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9 Abstract

10 Wastewater biorefineries aim to generate value-added products in an economically viable process while removing pollutants. 
11 In this scenario, Purple phototrophic bacteria (PPB), the most versatile microorganisms on earth, are highly effective for 
12 sustainable wastewater treatment and nutrient recovery as cell protein. One of the most innovative approaches for applying 
13 PPB in the wastewater sector is their capacity for interchanging electrons with electroconductive materials. In contrast with 
14 classical biofilm-based techniques, we have demonstrated that a fluid-like electrode can accept electrons from planktonically 
15 grown PPB. We anticipate that such findings will impact in wastewater electrobioremediating capacity of PPB. Moreover, 
16 controlling the electrochemical nature of the extracellular electron acceptor (fluid-like electrode) allows for fine-tuning the 
17 metabolism of a planktonic PPB-dominated community to enhance their biodegradation rate (2-fold) while growing on 
18 brewery wastewater. For this purpose, a twin set of microbial electrochemical fluidized bed reactors (ME-FBR) were 
19 operated in identical conditions, except for illumination conditions (dark vs. infrared), to promote the development of PPB. 
20 Illumina sequencing revealed that both infrared radiation and polarization led to changes in the microbial population while 
21 producing an electrical current of 7 A·m-3. Indeed, the Geobacter genus was the electroactive bacteria outcompeting under 
22 dark conditions. In contrast, electroactive PPB genera like the Rhodopseudomonas and Rhodobacter outcompeted others 
23 under infrared illumination and electrostimulation. In this work, we have demonstrated how microbial selection can contribute 
24 to the sustainability of an electrobioremediation wastewater treatment by avoiding emissions of greenhouse gases such as 
25 methane. In addition, fluid-like bed bioreactors have shown their usefulness in recovering nutrients as PPB biomass, favoring 
26 planktonic growth and thus facilitating the recovery of a valuable product: the biomass of PPB.
27
28
29 Graphical abstract
30

31
32 Introduction
33
34 For more than a century, activated sludge has treated wastewater. This process has improved worldwide quality 
35 of life and health while reducing the environmental impact of eutrophication [1]. The increasing demands of the 
36 climate crisis require rethinking wastewater treatment. It is no longer enough only to remove pollutants; to address 
37 the coming crisis, places like wastewater treatment plants (WWTPs) also need to recover nutrients and energy into 



38 viable products or resources for reuse [1]. To achieve this goal, the underlying concepts of the WWTP need to be 
39 reimagined into a wastewater biorefinery concept
40
41 Purple Phototrophic Bacteria (PPB) are considered one of the most metabolically versatile microorganisms on 
42 earth[2]. These microorganisms have been found in very different ecosystems, including those with extreme pH 
43 and temperature, or environments polluted by recalcitrant compounds. Its ubiquity is due to its metabolic versatility, 
44 using infrared light (IR) and a wide variety of organic compounds as its main energy and carbon source[2]. These 
45 versatile characteristics allow them to grow photoheterotrophically under anaerobic conditions while using light as 
46 their energy source. Thus, PPB can simultaneously assimilate carbon and nutrients at high efficiency [3], facilitating 
47 the maximum recovery of these resources as bioplastics[4] , biohydrogen[5] and cellular biomass. The high protein 
48 content of PPB biomass makes it a promising product as single cell protein, which has been tested as a feed 
49 additive and bulk ingredient in aquaculture[6,7]. Despite its promising potential in recovering nutrients from 
50 wastewater, mixed culture products of PPB are not yet commercialized [8].

51 PPB are capable of exchanging electrons with extracellular electron donors and acceptors, such as iron and 
52 manganese oxides[9]. This capacity allows PPB to have a redox interaction with electroconductive materials, like 
53 electrodes[5,10–12], making them suitable for performing microbial electrochemistry. In processes such as 
54 wastewater treatment, where diverse microbial populations meet complex mixtures of organic compounds, 
55 electrodes become a control and stabilization element. They can help to overcome metabolic limitations or 
56 metabolic imbalances through a process called Electro-Fermentation (EF)[13].

57 In conventional microbial electrochemistry, solid electrodes (eg. rods, plates, and felts) are typically used as 
58 electroconductive materials[14] to support biofilm growth. Under such conditions diffusion and migration processes 
59 become a limiting factor for achieving optimal biodegradation rates. In contrast with such static electrodes, an 
60 innovative electrochemical configuration called the microbial electrochemical fluidized bed reactor (ME-FBR) uses 
61 a fluid-like electrode to minimize mass transfer and energy ensuring proper mixing inside the reactor. Furthermore, 
62 the fluid nature of the electrode allows, in addition to the biofilm-based interaction of static electrodes, interaction 
63 through contact with planktonic cells. [15]. Indeed, a fluid-like anode has been shown to be efficient for removing 
64 organic pollutants and nitrogen from industrial brewery wastewater[15,16] Furthermore, a fluid-like electrode serves 
65 as the sole electron donor for promoting microbial denitrification in an organic carbon-depleted medium[17]. 
66 Additional studies using alternative mobile electroconductive beds have confirmed how bacteria can charge such 
67 material with electrons from their metabolism[18–20].

68 However, the biotechnological potential of PPB in wastewater treatment and nutrient recovery is limited using 
69 current electrochemical tools constrained by the requirement of biofilm growth. Thus, in this work, we have 
70 overcome such a bottleneck by demonstrating how a fluid-like electrode stimulates PPB growth under planktonic 
71 conditions while enhancing assimilative metabolism and cell yield to electrobioremediate brewery wastewater to 
72 generate a valuable product: nutrient-rich PPB biomass. Therefore, our approach combines an efficient treatment 
73 of brewery wastewater with the generation of a value-added product, thus bridging the gap in the transition from 
74 classical wastewater treatment model to a sustainable biorefinery model.

75
76 Material and methods
77
78 Experimental Set-up and operating conditions
79 Two ME-FBR units were built following the design described in Tejedor-Sanz et al, (2018)[15]. The reactors were 
80 made of borosilicate with a total volume of 0.1 L. Using a three-electrode cell system, the reactors featured a 
81 fluidized working electrode (WE), a reference electrode located near the working, and a counter electrode (CE) 
82 located at the top of the reactor. Vitreous carbon (20 mL, 0.6 – 1 mm diameter) (Sigradur G, HTW, Germany) was 
83 used as fluidized anode (WE) and a graphite rod (Mersen, Spain) was immersed in the bed as a current collector. 
84 Platinized titanium mesh (Inagasa, Spain) was used as a cathode (Counter electrode). A 3 M KCl Ag/AgCl 
85 reference electrode (Hanna) was used as a reference electrode. 

86 The fluidization of the bed was achieved through the recirculation of liquid by means of a peristaltic pump (Heidolph 
87 5006, Germany) at a flow rate of 200 mL·min-1 (0.11 cm·s-1 linear velocity). A flow distributor was in the lower 
88 section of the reactor to ensure optimal flow sharing and fluidization. 



89 One of the reactors was operated under infrared illumination (IR) conditions and the other one was operated under 
90 dark conditions as a control (Fig 1). We used the same operating conditions for both reactors (influent, inoculum, 
91 and polarization potential). The reactors were inoculated (1:10 (v/v)) using sludge from anaerobic digester IWWTP. 
92 The reactors were operated with an open circuit potential as the acclimatization stage until steady-state conditions 
93 (in terms of chemical oxygen demand (COD) removal and optical density (OD)) was reached. The reactors were 
94 then operated under two polarization values until current densities were stable and steady state conditions were 
95 achieved. The bed was polarized first at 0.2 V, then at 0.4 V and finally it was operated under open circuit 
96 polarization (OCP). The OCP results shown in this work correspond to the experimental period after polarization.

97 We also evaluated the effect of only the electroconductive material on the performance of the ME-FBRIR reactor 
98 and biocompatibility regarding PPB growth yield. Thus, two reactors were operated under infrared lighting 
99 conditions with synthetic wastewater with acetate (40 mM) as sole electron donor and carbon source[21]. The 

100 second control reactor was used for growing PPB consortium in the absence of any fluidized material (Fig 1 SI).
101
102 Chemical analyses
103 Organic contaminants were analyzed using Total Organic Carbon (TOC) and Chemical Oxygen Demand (COD) 
104 after filtering (0.22 micrometer). TOC was measured by a TOC-VCSH Shimadzu analyzer. COD was quantified 
105 using a commercial kit (Merck Millipore, Germany) as previously described[16,22]. Acetate was analyzed by HPLC 
106 (HP series 1100, UV detector 210nm and Supelco C-610H column). The theoretical COD for synthetic wastewater 
107 was calculated from acetate HPLC determination as previously described[23]. Ammonium, nitrate, and nitrite were 
108 analyzed by ionic chromatography (Metrohm 930 Compact Ion Chromatograph Flex), for which they were filtered 
109 at 0.45 µm and later at 0.22 µm with a tangential filter. Methane headspace concentration was measured by gas 
110 chromatography (Varian 3350 chromatograph with a packed column, Porapack N 80/100) with nitrogen as the 
111 carrier gas (20mL·min-1) and a thermal conductivity detector. 
112
113 Microbiological analyses 
114 PPB growth was analyzed by measuring the absorption peaks of bacteriochlorophylls and carotenoids[5] in the 
115 wavelength range of 1100 to 400 nm (Shimadzu UV-1800 Spectrophotometer). The growth curve data corresponds 
116 to the absorbance at 590 nm to minimize measurement error[24].

117 16S Microbial community analysis was performed following the Illumina protocols and Miseq equipment. Illumina 
118 Basespace (16S) software was used for data analysis (Autonomous University of Barcelona, Spain). The v3 and 

Figure 1. ME-FBR scheme. Left: ME-FBRDARK. Right: ME-FBRIR. Wavy arrows indicate infrared radiation. The medium was recirculated from 
the upper part of the reactors to the lower part to fluidize the bed.



119 v4 regions of the 16S rRNA gene were amplified using the primers: 16S Amplicon PCR Forward Primer = 5' 
120 (TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG) and 16S Amplicon PCR 
121 Reverse Primer = 5' (GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC).
122
123 Electrochemical measurements and characterization
124 The fluidized reactors were polarized using a potentiostat (NEV-4 v.2, Nanoelectra S.L., Madrid, Spain). Electric 
125 current and electric potential were measured every second. Current density values were given per net volume of 
126 reactor (NRV) (Eq. 1 SI). Cyclic voltammetry (CV) was carried out in fluidized bed reactors at the end of the 
127 experiment with a scan rate of 10 mV · s-1 between 0.8 V and -0.8 V (vs. Ag/AgCl). Abiotic CV was performed with 
128 filtered (0.22µm) brewery wastewater to generate cell-free solution.

129 Moreover, to study the electrochemical response of our microbial consortium, we grew a PPB biofilm on a carbon 
130 rod using a conventional electrochemical cell in a three-electrode configuration. The electrochemical system was 
131 completed by a platinized titanium as a counter electrode, and a leakless reference electrode. The system was 
132 polarized at 0.2 V (vs Ag/AgCl) and inoculated with ME-FBRIR planktonic bacteria to promote biofilm formation (3 
133 weeks). The microbial electrochemical cell was fed daily with fresh culture medium with acetate as a carbon source.
134
135 Results
136
137 Inspired by the potential of purple phototrophic bacteria (PPB) in key environmental biotechnologies, we have 
138 explored their capacity for interchanging electrons with electroconductive materials. For the first time, we have 
139 combined infrared radiation with the operation of microbial electrochemical fluidized bed reactor (ME-FBRIR) for 
140 growing electroactive planktonic PPB in real brewery wastewater (Table 1SI).
141
142 Fluid-like electrode and IR illumination drives changes in microbial population
143 Environmental conditions determine the structure and activity of a microbial community and the presence of a 
144 polarized electrode acting as electron acceptor is no exception. Thus, electrode polarization typically triggers two 
145 knock-on effects in microbial processes. First, electrodes select for specific microbial phenotypes leading to a shift 
146 in the microbial population composition. Second, polarized electrodes allow for unique metabolic activities, leading 
147 to changes in gene expression from individual community members[25,26]. This microbial population shift takes 
148 place in microbial electrochemical systems[27,28] because microorganisms capable of taking advantage of the 
149 extra electrons donors or acceptors will eventually outcompete the others. Therefore, biodiversity analysis using 
150 Illumina 16S sequencing was the first stage to explore the structure of our microbial community. 

Figure 2. Relative abundance at the genus level. The legend boxes highlight the key genera that play a role in ME-FBRs. The heatmap shows the 
methane concentration in the reactor headspace for each of the conditions. Genera framed in methanogenic belong to the archaea domain.



151 We analysed the microbial community from brewery wastewater sludge used as the inoculum for our reactors. This 
152 sludge was characterized by a high content of organic compounds (mainly volatile fatty acids (VFAs)) and 
153 nitrogenous compounds but was limited in electron acceptors such as nitrate or sulphate. The analysis showed 
154 genera mostly of anaerobic and aerobic fermenters (Fig. 2). Moreover, some methanogenic activity was expected 
155 due to the presence of Methanotrix, a genus of methanogenic archaea[29].

156 The evolution of this inoculation community was explored while biodegrading real brewery wastewater using twin 
157 ME-FBR operated under either dark or IR illumination in the presence of fluid-like polarized anodes (at 0.2V and 
158 0.4V vs Ag/AgCl) and non-polarized as an open circuit (OCP). Such six independent operating conditions were 
159 grouped into five clusters of variance based on Principal Coordinates Analysis (PCoA) (Fig. 3 SI): 1) wastewater, 
160 2) OCPDARK, 3) OCPIR, 4) electrode polarization under dark conditions and 5) electrode polarization under IR 
161 conditions. These results revealed that both polarization and infrared radiation affected the population structure. In 
162 addition, the clear separation of the polarized samples (clusters 4 and 5) indicated that, under illumination 
163 conditions, the polarization exerted different selective pressures.

164 We observed several differences at all taxonomic levels, but specially at the genus level. We focused on those key 
165 genera previously described by other authors regarding their role: classical genera described as electroactive 
166 bacteria[30], PPB [2] and methanogenic bacteria[2,31].

167 The mere presence of a fluid-like electrode allowed electroactive bacteria (mainly from the Geobacter genus) to 
168 outcompete other species, even under open circuit conditions where electrical current cannot flow (Fig. 2). This 
169 process of Conductive-mediated Interspecies Electron Transfer has been recently named as CIET [32]. It is the 
170 first time this phenomenon has been described using a fluid-like electrode, although it was previously observed in 
171 a fixed electroconductive beds[33]. Furthermore, in the OCPDARK reactor we also observed the prominent presence 
172 of methanogenic bacteria from the Methanosarcina genus. The direct extracellular electron transfer between 
173 species of the Methanosarcina and Geobacter genus has been widely demonstrated[34,35]. We hypothesize that 
174 fluid-like electrode can mediated such extracellular electron transfer, favouring the syntrophic relationship, and 
175 therefore promoting the presence of both genera. This was consistent with the high methane concentration 
176 detected in the headspace (13.7%), the highest level of all the conditions tested in our study (Fig. 2). In contrast, 
177 the non-polarized illuminated reactor (OCPIR), had more PPB, specifically from Rhodopseudomonas, Rhodovulum, 
178 and Ectothiorhodospira genera. Interestingly, we found a significant lower abundance of those classical 
179 electroactive bacteria previously observed in OCPDARK. This result suggested that infrared radiation, as an extra 
180 source of energy, promoted the presence of PPB over classical electroactive and methanogenic bacteria.
181
182 To polarize or not to polarize the fluid-like electrode 

183 Next, the ME-FBRDARK was operated under polarized conditions (0.2 V and 0.4 V), revealing a higher abundance 
184 of bacteria from Geobacter genus compared to OCPDARK (Fig. 2). These results confirm previous studies where a 
185 fluid-like electrode, acting as a terminal electron acceptor (TEA), promotes the development of electroactive 
186 bacteria. This was shown using FISH techniques by the presence of electroactive bacteria at the inner layers of 
187 the biofilm, probably acting as a connector between other bacteria genera and the electrode[15]. In addition, we 
188 observed a significantly lower abundance of methanogenic species when the bed was polarized in comparison to 
189 OCPDARK. These results and the low methane concentrations detected in the headspace (Fig. 2) suggested that 
190 the electrode is a true TEA competing for electrons and minimizing or fully avoiding methanogenesis. We 
191 hypothesize that, under dark conditions, Geobacter acts as a connector in the electrically conductive fluidized bed, 
192 transferring electrons either to i) the electrode when the fluid-like anode is polarized and ii) to the methanogenic 
193 partners when the fluid-like anode is non-polarized (OCP).
194
195 In the case of the polarized and illuminated bioreactor ME-FBRIR, we also observed a high relative abundance of 
196 PPB (Fig. 2). In contrast to the OCPIR, the majority genera present in the polarized ME-FBRIR were 
197 Rhodopseudomonas and Rhodobacter. These two types of PPB have been reported to be electroactive[10,36,37], 
198 so their ability to interact with the electrode could justify why polarization selects for them. 

199 We must emphasize the importance of the genus Proteiniphilum in polarized reactors, under both dark and light 
200 conditions. This genus has been actively selected for in other bioanodes systems fed with complex organic 
201 compounds, such as wine industry wastewater[38,39]. It is considered a partner of electroactive bacteria, 
202 metabolizing complex molecules to oxidizable metabolites for them[40]. Our results suggest that in polarized ME-
203 FBRDARK, Proteiniphilum species could establish symbiosis with Geobacter, while in ME-FBRIR, it would act as a 
204 partner of electroactive PPB such as Rhodopseudomonas and Rhodobacter.
205



206 Fluid-like electrode enables photo-electro-fermentation
207 The interaction between the microorganisms and the fluid-like electrode can be monitored through current density, 
208 so the actual role of the electrode in the microbial process can be electrochemically explored. Regardless the 
209 absence or presence of illumination, electric current production was always detected during the operation of both 
210 reactors. The volumetric current density of ME-FBRDARK (max value of 40 A·m-3) was higher than the one measured 
211 in the ME-FBRIR (max value of 7 A·m-3) (Fig.3). 

212 As typically occurs in Microbial electrochemical systems just a percentage of electrons from microbial oxidation of 
213 organic pollutants were harvested as electrical current. We observed coulombic efficiencies (CE) of about 22% at 
214 0.2 V and 41.0% at 0.4 V for the ME-FBRDARK, confirming that fluid-like anode acts as terminal electron acceptor 
215 for bioremediating pollutants. These coulombic efficiency values suggested that the electrode was not acting as 
216 the sole electron acceptor in the oxidation processes. The detection of methane confirms the role of alternative 
217 electron sinks (Fig. 2). These CE values were similar or even slightly higher than those previously reported using 
218 ME-FBRdark [15]. 
219 The illuminated reactor (ME-FBRIR) had considerably lower CE values (1.1% at 0.2 V and 4.1% at 0.4 V) in 
220 comparison with the ME-FBRDARK. The metabolic versatility of PPB, predominant in illuminated reactor, allows them 
221 to use alternative metabolic pathways such as nitrogen and carbon fixation or hydrogen production as electron 
222 sink[41]. Such electron-sink pathways make PPB less dependent on an extracellular electron acceptor like an 
223 electrode, which is consistent with the low CE values.
224
225 Two-way extracellular electron transfer in PPB consortium

Figure 3. Current density in the fluidized anode polarized to 0.2V (0-5 days) and 0.4V (6 to 10 days).  



226 To understand the role of the electrode on PPB metabolism and how it modulates the activity of such 
227 microorganisms, we explored bacteria-electrode interaction by cyclic voltammetry analysis. We carried out the 

228 electrochemical analysis in two different situations: i) electron transfer from planktonic PPB to a fluid-like electrode 
229 and ii) electron transfer from a PPB-based biofilm to a rod-like electrode. Performing CV directly on the ME-FBR 
230 allows for the in situ study of the planktonic bacteria-electrode interaction. On the other hand, a biofilm-based 
231 system is a more stable scenario for accurately investigating the electrode’s role in the regulation of cellular 
232 metabolism and for establishing a comparison with previous electrochemical studies using PPB[42].

233 The results obtained in ME-FBR showed a different light-dependent electrochemical behaviour (Fig.4). In the ME-
234 FBRDARK, the appearance of a redox couple was observed in comparison with the abiotic voltammogram. These 
235 redox peaks revealed an electrochemical interaction between the microbial consortium and the fluid electrode. The 
236 midpoint potential of the redox pair (-0.19 V vs. Ag/AgCl) was similar to those obtained with pure cultures of species 
237 of the genus Geobacter[43]. Furthermore, we observed a sigmoidal shape that suggests catalytic biological activity.
238 The voltammograms corresponding to ME-FBRIR showed a non-reversible reduction peak at -0.16 V (vs. Ag/AgCl) 
239 and, in contrast to the ME-FBRDARK results, we did not observe any oxidation activity. These results were consistent 
240 with the low coulombic efficiencies observed and could indicate that in the illuminated reactor, the fluid-like 
241 electrode is not acting as a sole electron acceptor. It is worth highlighting that the reduction activity observed in the 
242 voltammogram could be related to reduction processes catalysed by PPB reported elsewhere[10,44].

243 The fluidized bed allows the electrode polarization to be more homogeneous in comparison to fixed bed 
244 systems[15,45]. However, the internal resistance of the bed is still too high to precisely control the potential for 
245 performing accurate CV[46]. Therefore, using PPB community grown in the ME-FBRIR as inoculum, we grew a 
246 PPB biofilm on a standard rod graphite electrode to give insights into the possible Extracellular Electron Transfer 
247 (EET) mechanism, and on metabolic processes.

248 Three redox pairs (RP1, RP2 and RP3) were clearly identified from cyclic voltammetry in the absence of acetate, 
249 under nonturnover (NTO) conditions. These redox-active compounds are possible EET sites, which could connect 
250 the electrode with bacterial metabolism to control different bioelectrochemical processes (Fig. 5). 
251 Classically, in microbial electrochemistry, the oxidation of organic compounds has been considered as the main 
252 anodic process[47]. However, other anodic processes like electrode-dependent anaerobic ammonium 
253 oxidation[48] has been recently described. To identify those real EET sites capable of regulating bioelectrochemical 
254 anodic processes we proceeded to investigate the metabolism of different substrates: acetate and ammonium. The 
255 CVs under turnover (TO) and nonturnover conditions revealed that the Ef1 was the EET site related to the oxidation 
256 of acetate (Fig. 5B). The electroactivity of the PPB-based biofilm was confirmed by the oxidative catalysis observed 
257 in the TO voltammogram, together with an increase in electrical current when medium was spiked with acetate 
258 (Fig. 4 SI). 

Figure 4. Steady-state voltammograms of ME-FBR at the end of the operation using brewery wastewater: ME-FBRDARK (A) and ME-FBRIR (B). The discontinuous 
voltammogram corresponds to the abiotic conditions. Scan rate: 10 mV/s. The figure shows the third cycle after steady state was reached



259 Furthermore, we explored our biofilm-based system under autotrophic conditions regarding ammonium oxidation, 
260 and no appreciable shift in current density was detected when medium was spiked with ammonium (Fig. 5 SI). 

261 The ability of PPB to uptake electrons from standard graphite electrode has been widely described [10,44]. 
262 Therefore, to study the cathodic processes that our consortium may catalyse, we used nitrate as a model reducible 
263 compound. In the presence of NO3-, the voltammogram showed an increase in the cathodic activity at potentials 
264 below 0 V. These voltammograms were like those previously reported[5]. These results suggested that the PPB 
265 consortium might be able to uptake electrons to reduce nitrate in which the Ef2 site would participate. The similarity 
266 of this voltammogram (Fig.5C - Blue line) with the one obtained in the ME-FBRIR (Fig. 4B) suggests that the 
267 reduction peak observed could be related to some reduction reaction catalysed by the consortium. Therefore, a 
268 fluid-like electrode might also serve as electron donor for PPB allowing relevant applications such as nitrate 
269 reduction or bioelectrosynthesis.
270
271 Synergic effect between PPB and fluid-like electrodes
272 We operated both reactors, (Fig. 1) fed with brewery wastewater, to obtain steady state in regards of Total Organic 
273 Carbon (TOC) and Total Nitrogen (TN) removal rates. 
274 Under OCP, no significant differences were observed in the TOC removal rate between both reactors. Therefore, 
275 the results indicated that just the presence of PPB did not result in a measurable enhancement in biodegradation 
276 in a ME-FBR without polarization. 

Figure 5. Steady-state voltammograms of the PPB biofilm-based system using mineral medium. A: Voltammogram under non turnover conditions at a scan 
rate of 10 mV · s-1. Ef1, Ef2 and Ef3 indicate the formal potentials of the redox peaks found. B; Voltammogram under non turnover (orange line) and turnover 
(blue line) with acetate as substrate (Scan rate: 1 mV · s-1. C: Voltammogram under non turnover (blue line) and turnover (orange line) with nitrate as 
substrate (Scan rate: 1 mV · s-1).



277 Other authors have shown that the mere presence of the electrically conductive material accelerates the microbial 
278 metabolic processes without the need for external polarization[23,33,49]. This was confirmed by the results 
279 obtained in the ME-FBRDARK, in which we observed that there were no significant differences regarding TOC 
280 removal in absence of polarization (OCPDARK: 167.5 g TOC ·m3·day-1) and under different values of polarization 
281 (185.5 g ·m3·day-1 at 0.2 V and 131.1 g TOC ·m3·day-1 at 0.4 V) (Fig. 6A). Methane production and microbial 
282 community analysis (Fig. 2) suggest that, despite presenting similar biodegradation rates, the microbiological 
283 processes in both systems (OCPIR and OCPDARK) are diametrically opposed.
284

285 In contrast with a conventional ME-FBR, infrared illumination led ME-FBRIR to a 2-fold increase in TOC removal 
286 rate under external polarization conditions at 0.2 V and 0.4 V (316.9 g ·m3·day-1 and 320.1 g·m3·day-1 respectively) 
287 compared with non-polarized conditions (OCPIR: 140.0 g ·m3·day-1). The presence of electrically conductive 
288 material under OCP did not stimulate PPB in comparison with the electrode-free control (Fig. 2 SI), and electric 
289 current through an external circuit seem to be a strong requirement to enhance the metabolism of the PPBs. 
290 Furthermore, throughout the experiment, we did not detect concentrations higher than 4% of methane in the ME-
291 FBRIR. This indicates that infrared radiation, by promoting the growth of PPB in the reactor, prevents the activity of 
292 methanogenic bacteria. In summary, these results indicated that both IR radiation and external polarization must 
293 coexist to achieve a significant improvement in the TOC removal.
294 Regarding the nitrogen removal rates, ME-FBRIR also outperformed the ME-FBRDARK throughout the experiment 
295 (Fig. 6B). In dark conditions, we did not observe any significant effect of external polarization on TN removal. Under 
296 OCP conditions, ME-FBRIR achieved rates of 32.7 g ·m3·day-1, slightly higher than those obtained in the ME-
297 FBRDARK (17.4 g ·m3·day-1). However, when we applied external polarization to the illuminated reactor (ME-FBRIR) 
298 we observed an increase of close to 50% in the removal of TN as compared to the OCPIR. The main nitrogen 
299 compound in the influent was ammonium, although low concentrations of nitrate and nitrite were detected. The 
300 ability of PPB to assimilate nitrogen as biomass[7,50] and our negative results for electrochemically-assisted 
301 ammonium oxidation suggested that assimilation is the main nitrogen removal process in the ME-FBRIR.
302
303 Fluid-like electrode can modulate PPB biomass production 

Figure 6.  A: Total Organic Carbon (TOC) removal rate ± standard error under Open Circuit Potencial (OCP), 0.2 V and 0.4 V. B: Total Nitrogen (TN) removal 
rate ± standard error under Open Circuit Potencial (OCP), 0.2 V and 0.4 V. HRT=48 hours.



304 The use of PPB in wastewater treatment has been successful in nutrient and energy recovery through nutrient 
305 partitioning[51]. Biomass growth and yield are key in nutrient recovery so we have studied if electrochemistry and 
306 IR radiation can be used as tools to drive biomass production.

307 The impact of electrode potential on biomass production is reported to be controversial since polarization can both 
308 enhance[52] or supress[53] cell growth. Thus, biomass production rates and biomass yields were examined in our 
309 ME-FBR to determine the role of electrode polarization. The results of both ME-FBRDARK and ME-FBRIR revealed 
310 that electrode potential does not have a significant effect on the biomass production rate (Fig. 7A). Regarding the 
311 effect of the IR illumination, we measured biomass production rates in the ME-FBRIR 3-fold higher than those from 
312 ME-FBRDARK. The additional results (Fig. 2 SI) showed that the biomass production of a ME-FBRIR under OCP was 
313 not significantly different from an electrode-free reactor, which suggests that OCPIR behaves like a conventional 
314 PPB culture. The IR illumination promoted the growth of PPB in the ME-FBRIR, which present assimilation rates as 
315 high as reported elsewhere[50] and supports why the biomass production rate was higher.

316 However, when we explored the conversion of organic pollutants to biomass (yield), we did observe an effect of 
317 polarization in the ME-FBRIR. In the ME-FBRDARK, we observed biomass yields like those described for other 
318 anaerobic sludge-based systems[54]. Biomass yield values between 0.1 and 0.2 gVSS · gCOD-1 were obtained, 
319 apart from the ME-FBRIR without external polarization (OCPIR), in which the highest biomass yield was obtained 
320 (0.26 gVSS · gCOD-1). This indicated that, despite the completely different metabolism of our electroactive microbial 
321 consortium, the biomass yield was similar to conventional anaerobic cultures. However, it is generally accepted 
322 that PPB consortia shows higher biomass yields than anaerobic sludge[55], which is consistent with the higher 
323 value observed in the OCPIR. Carbon fixation as an electron sink has been described as one of the main reasons 
324 to justify why values of biomass yield is higher in PPB[41]. However, the PPB consortium biomass yield was 
325 reduced (Fig. 7B) under anodic polarization. It has been described that the presence of a polarized electrode 
326 (anode) can greatly affect the intracellular redox state (NAD+/NADH ratio)[56]. Small variations in this ratio could 
327 trigger large metabolic effects[57]. Reduction in biomass yield may indicate that the Calvin cycle could be inhibited 
328 by the action of anodic polarization, favouring other electron utilizing pathways such as hydrogen production or 
329 nitrogen fixation which are less sensitive to the redox state of the cell[58] (Fig. 8). 
330

Figure 7.  A: Volatile Suspended Solids (VSS) production rate ± standard error under Open Circuit Potencial (OCP), 0.2 V and 0.4 V. B: Biomass yield ± 
standard error under Open Circuit Potencial (OCP), 0.2 V and 0.4 V. HRT=48 hours.



331
332 PPB Planktonic growth predominates in infrared illuminated ME-FBRIR

333 The biofilm formed on the surface of the fluidized bed particles was examined by scanning electron microscopy 
334 (SEM) after the polarization period. The low porosity of the vitreous carbon, together with the stress caused by the 
335 collision between the particles in fluidization, makes it difficult for the bed to colonize. In ME-FBR with vitreous 
336 carbon, planktonic interaction is favoured[21], which was consistent with the density of the biofilm observed in the 
337 reactors (Fig. 9). We found dispersed aggregates of microorganisms and extracellular substances attached to the 
338 surface, only in the areas most protected from collisions between fluidized particles. The predominant morphology 
339 in the ME-FBRDARK biofilm was short rods with a low presence of exopolymeric substances forming small 
340 aggregates. On the other hand, in ME-FBRIR, we observed more colonization areas and a vast presence of EPS, 
341 in which rod-shape morphologies predominate. It should be noted that in some areas it was possible to observe 
342 rosette-like clusters, characteristic of mature cultures of the Rhodopseudomonas genus (SIIR6)[59]. Despite certain 
343 differences in the colonization of the material between the reactors, most of the microorganisms were planktonic.

344
345
346 Conclusions

Figure 9. Scanning electron microscopy (SEM) micrographs of the colonization on the particles of the fluidized reactors after two months of operation.

Figure 8.  Conceptual model of the photoheterotrophic growth of Purple Phototrophic bacteria under open circuit conditions (left) and anodic polarization 
conditions in an electrochemical fluidized bed reactor. Under open circuit potential conditions, the PPBs use carbon fixation as an "electron sink" maximizing 
biomass production (left). Under fluid anodic polarization, PPBs use the electrode as an "electron sink" preventing CO2 fixation (right). TCA stands for 
tricarboxylic acid cycle. CBB stands for Calvin–Benson–Bassham cycle.



347
348 In this study, we have demonstrated that purple phototrophic bacteria can be grown planktonically and 
349 photoheterotrophically under the control of a fluid-like electrode. This novel method is remarkable by overcoming 
350 the limitation of the growth of electroactive PPB at a large scale with the conventional strategy of reliance on biofilm 
351 formation. We demonstrated for the first time that fluid-like electrodes can effectively electrobioremediate brewery 
352 wastewater using PPB, outperforming traditional electroactive non-photoheterotrophic processes. Additionally, our 
353 results indicated that IR illumination and external polarization must be used simultaneously to significantly improve 
354 TOC and nutrient removal. Furthermore, we observed that polarization and illumination play a fundamental role in 
355 microbiological and phenotypic selection, minimizing or eliminating methanogenic activity by improving the 
356 sustainability of the wastewater treatment process. Finally, we conclude that using fluid-like electrodes may 
357 accelerate the transition from the wastewater treatment model into the biorefinery model to maximize the recovery 
358 and reuse of water, carbon, and nitrogen.

359
360 Author Contributions

361 Carlos Manchon: conceptualization, investigation, writing original-draft and visualization. Daniel Serna: investigation. 
362 Fernando Muniesa-Merino: conceptualization, investigation and writing review & editing. Yeray Asensio: 
363 conceptualization, investigation and writing review & editing. Colin Wardman: writing review & editing. Abraham Esteve-
364 Núñez: investigation, writing review & editing, project administration and funding acquisition.
365
366 Conflicts of interest

367 There are no conflicts to declare.
368
369 Acknowledgements

370 This work was supported by the Spanish Ministry of Science, Innovation, and Universities—State Research Agency 
371 (AEI) and the European Regional Development Fund (ERDF) through the project MET-FLUID - Microbial 
372 electrochemical reactors based on fluid-like electrodes: a new biotech platform for performing environmental 
373 applications. Ref. RTI2018-101974-B-C-21 (MCIU/AEI/FEDER, UE). In addition, this work was also supported by 
374 Madrid Regional Government through the project REMTAVARES. Ref: P2018/EMT-4341. Carlos Manchon was 
375 funded by the Industrial Ph.D. fellowship program from the Regional Government of Madrid: IND2020/AMB-17843.
376
377 References
378
379 [1] W. Verstraete, P. van de Caveye, V. Diamantis, Maximum use of resources present in domestic “used water,” 
380 Bioresour Technol. 100 (2009) 5537–5545. https://doi.org/10.1016/J.BIORTECH.2009.05.047.

381 [2] M.T. Madigan, D.O. Jung, An Overview of Purple Bacteria: Systematics, Physiology, and Habitats, (2009) 1–15. 
382 https://doi.org/10.1007/978-1-4020-8815-5_1.

383 [3] G. Capson-Tojo, D.J. Batstone, M. Grassino, S.E. Vlaeminck, D. Puyol, W. Verstraete, R. Kleerebezem, A. Oehmen, 
384 A. Ghimire, I. Pikaar, J.M. Lema, T. Hülsen, Purple phototrophic bacteria for resource recovery: Challenges and 
385 opportunities, Biotechnol Adv. 43 (2020). https://doi.org/10.1016/J.BIOTECHADV.2020.107567.

386 [4] T.O. Ranaivoarisoa, R. Singh, K. Rengasamy, M.S. Guzman, A. Bose, Towards sustainable bioplastic production 
387 using the photoautotrophic bacterium Rhodopseudomonas palustris TIE-1, Journal of Industrial Microbiology and 
388 Biotechnology. 46 (2019) 1401–1417. https://doi.org/10.1007/S10295-019-02165-7.

389 [5] I.A. Vasiliadou, A. Berná, C. Manchon, J.A. Melero, F. Martinez, A. Esteve-Nuñez, D. Puyol, Biological and 
390 Bioelectrochemical Systems for Hydrogen Production and Carbon Fixation Using Purple Phototrophic Bacteria, 
391 Frontiers in Energy Research. 6 (2018) 107. https://doi.org/10.3389/FENRG.2018.00107.

392 [6] A. Alloul, M. Wille, P. Lucenti, P. Bossier, G. van Stappen, S.E. Vlaeminck, Purple bacteria as added-value protein 
393 ingredient in shrimp feed: Penaeus vannamei growth performance, and tolerance against Vibrio and ammonia 
394 stress, Aquaculture. 530 (2021) 735788. https://doi.org/10.1016/J.AQUACULTURE.2020.735788.

395 [7] J. Delamare-Deboutteville, D.J. Batstone, M. Kawasaki, S. Stegman, M. Salini, S. Tabrett, R. Smullen, A.C. Barnes, 
396 T. Hülsen, Mixed culture purple phototrophic bacteria is an effective fishmeal replacement in aquaculture, Water 
397 Research X. 4 (2019) 100031. https://doi.org/10.1016/J.WROA.2019.100031.



398 [8] T. Hülsen, A.C. Barnes, D.J. Batstone, G. Capson-Tojo, Creating value from purple phototrophic bacteria via single-
399 cell protein production, Current Opinion in Biotechnology. 76 (2022) 102726. 
400 https://doi.org/10.1016/J.COPBIO.2022.102726.

401 [9] A. Ehrenreich, F. Widdel, Anaerobic oxidation of ferrous iron by purple bacteria, a new type of phototrophic 
402 metabolism., Applied and Environmental Microbiology. 60 (1994) 4517. /pmc/articles/PMC202013/?report=abstract 
403 (accessed October 16, 2021).

404 [10] A. Bose, E.J. Gardel, C. Vidoudez, E.A. Parra, P.R. Girguis, Electron uptake by iron-oxidizing phototrophic bacteria, 
405 Nature Communications 2014 5:1. 5 (2014) 1–7. https://doi.org/10.1038/ncomms4391.

406 [11] K. Xiao, J. Liang, X. Wang, T. Hou, X. Ren, P. Yin, Z. Ma, C. Zeng, X. Gao, T. Yu, T. Si, B. Wang, C. Zhong, Z. 
407 Jiang, C.-S. Lee, J.C. Yu, P.K. Wong, Panoramic insights into semi-artificial photosynthesis: origin, development, 
408 and future perspective, Energy & Environmental Science. (2022). https://doi.org/10.1039/D1EE03094A.

409 [12] M.S. Guzman, K. Rengasamy, M.M. Binkley, C. Jones, T.O. Ranaivoarisoa, R. Singh, D.A. Fike, J.M. Meacham, A. 
410 Bose, Phototrophic extracellular electron uptake is linked to carbon dioxide fixation in the bacterium 
411 Rhodopseudomonas palustris, Nature Communications 2019 10:1. 10 (2019) 1–13. https://doi.org/10.1038/s41467-
412 019-09377-6.

413 [13] Z. Gong, H. Yu, J. Zhang, F. Li, H. Song, Microbial electro-fermentation for synthesis of chemicals and biofuels 
414 driven by bi-directional extracellular electron transfer, Synthetic and Systems Biotechnology. 5 (2020) 304–313. 
415 https://doi.org/10.1016/J.SYNBIO.2020.08.004.

416 [14] Mustakeem, Electrode materials for microbial fuel cells: nanomaterial approach, Materials for Renewable and 
417 Sustainable Energy 2015 4:4. 4 (2015) 1–11. https://doi.org/10.1007/S40243-015-0063-8.

418 [15] S. Tejedor-Sanz, P. Fernández-Labrador, S. Hart, C.I. Torres, A. Esteve-Núñez, Geobacter Dominates the Inner 
419 Layers of a Stratified Biofilm on a Fluidized Anode During Brewery Wastewater Treatment, Frontiers in Microbiology. 
420 9 (2018) 378. https://doi.org/10.3389/FMICB.2018.00378.

421 [16] Y. Asensio, M. Llorente, P. Fernández, S. Tejedor-Sanz, J.M. Ortiz, J.F. Ciriza, V. Monsalvo, F. Rogalla, A. Esteve-
422 Núñez, Upgrading fluidized bed bioelectrochemical reactors for treating brewery wastewater by using a fluid-like 
423 electrode, Chemical Engineering Journal. 406 (2021) 127103. https://doi.org/10.1016/J.CEJ.2020.127103.

424 [17] S. Tejedor-Sanz, P. Fernández-Labrador, C. Manchon & A. Esteve-Núñez, Fluidized bed cathodes as suitable 
425 electron donors for bacteria to remove nitrogen and produce biohydrogen, Electrochemistry Communications. 116 
426 (2020) 106759. https://doi.org/10.1016/J.ELECOM.2020.106759.

427 [18] C. Borsje, T. Sleutels, W. Zhang, W. Feng, C.J.N. Buisman, A. ter Heijne, Making the best use of capacitive current: 
428 Comparison between fixed and moving granular bioanodes, Journal of Power Sources. 489 (2021). 
429 https://doi.org/10.1016/J.JPOWSOUR.2021.229453.

430 [19] C. Borsje, T. Sleutels, M. Saakes, C.J.N. Buisman, A. ter Heijne, The granular capacitive moving bed reactor for the 
431 scale up of bioanodes, Journal of Chemical Technology and Biotechnology. 94 (2019) 2738–2748. 
432 https://doi.org/10.1002/JCTB.6091.

433 [20] A. Deeke, T.H.J.A. Sleutels, T.F.W. Donkers, H.V.M. Hamelers, C.J.N. Buisman, A. ter Heijne, Fluidized capacitive 
434 bioanode as a novel reactor concept for the microbial fuel cell, Environ Sci Technol. 49 (2015) 1929–1935. 
435 https://doi.org/10.1021/ES503063N.

436 [21] S. Tejedor-Sanz, J. Quejigo, A. Berná, A. Esteve-Núñez, The Planktonic Relationship Between Fluid-Like Electrodes 
437 and Bacteria: Wiring in Motion, ChemSusChem. 10 (2017) 693–700. https://doi.org/10.1002/CSSC.201601329.

438 [22] S. Tejedor-Sanz, T.B. de Gregoris, J. José Salas, L. Pastor, A. Esteve-Núñez, Integrating a microbial 
439 electrochemical system into a classical wastewater treatment configuration for removing nitrogen from low COD 
440 effluents, Environmental Science: Water Research & Technology. 2 (2016) 884–893. 
441 https://doi.org/10.1039/C6EW00100A.

442 [23] A. Prado, R. Berenguer, A. Esteve-Núñez, Electroactive biochar outperforms highly conductive carbon materials for 
443 biodegrading pollutants by enhancing microbial extracellular electron transfer, Carbon N Y. 146 (2019) 597–609. 
444 https://doi.org/10.1016/J.CARBON.2019.02.038.



445 [24] S. Mehrabi, U.M. Ekanemesang, F.O. Aikhionbare, K.S. Kimbro, J. Bender, Identification and characterization of 
446 Rhodopseudomonas spp., a purple, non-sulfur bacterium from microbial mats, Biomolecular Engineering. 18 (2001) 
447 49–56. https://doi.org/10.1016/S1389-0344(01)00086-7.

448 [25] Z. Gong, H. Yu, J. Zhang, F. Li, H. Song, Microbial electro-fermentation for synthesis of chemicals and biofuels 
449 driven by bi-directional extracellular electron transfer, Synthetic and Systems Biotechnology. 5 (2020) 304–313. 
450 https://doi.org/10.1016/J.SYNBIO.2020.08.004.

451 [26] R. Moscoviz, E. Trably, N. Bernet, Electro-fermentation triggering population selection in mixed-culture glycerol 
452 fermentation, Microbial Biotechnology. 11 (2018) 74–83. https://doi.org/10.1111/1751-7915.12747.

453 [27] J. Toledo-Alarcón, L. Fuentes, C. Etchebehere, N. Bernet, E. Trably, Glucose electro-fermentation with mixed 
454 cultures: A key role of the Clostridiaceae family, International Journal of Hydrogen Energy. 46 (2021) 1694–1704. 
455 https://doi.org/10.1016/J.IJHYDENE.2020.10.042.

456 [28] R. Moscoviz, E. Trably, N. Bernet, Electro-fermentation triggering population selection in mixed-culture glycerol 
457 fermentation, Microbial Biotechnology. 11 (2018) 74–83. https://doi.org/10.1111/1751-7915.12747.

458 [29] T. Noike, G. Endo, J.-E. Chang, J.-I. Yaguchi, J.-I. Matsumoto, Characteristics of carbohydrate degradation and the 
459 rate-limiting step in anaerobic digestion, Biotechnology and Bioengineering. 27 (1985) 1482–1489. 
460 https://doi.org/10.1002/BIT.260271013.

461 [30] C. Koch, F. Harnisch, Is there a Specific Ecological Niche for Electroactive Microorganisms?, ChemElectroChem. 3 
462 (2016) 1282–1295. https://doi.org/10.1002/CELC.201600079.

463 [31] J.L. Garcia, Taxonomy and ecology of methanogens, FEMS Microbiology Reviews. 87 (1990) 297–308.

464 [32] A.E. Rotaru, M.O. Yee, F. Musat, Microbes trading electricity in consortia of environmental and biotechnological 
465 significance, Current Opinion in Biotechnology. 67 (2021) 119–129. https://doi.org/10.1016/J.COPBIO.2021.01.014.

466 [33] A. Aguirre-Sierra, T.B.-D. Gregoris, A. Berná, J. J. Salas, C. Aragón, A. Esteve-Núñez, Microbial electrochemical 
467 systems outperform fixed-bed biofilters in cleaning up urban wastewater, Environmental Science: Water Research 
468 & Technology. 2 (2016) 984–993. https://doi.org/10.1039/C6EW00172F.

469 [34] A.E. Rotaru, F. Calabrese, H. Stryhanyuk, F. Musat, P.M. Shrestha, H.S. Weber, O.L.O. Snoeyenbos-West, P.O.J. 
470 Hall, H.H. Richnow, N. Musat, B. Thamdrup, Conductive particles enable syntrophic acetate oxidation between 
471 Geobacter and methanosarcina from coastal sediments, MBio. 9 (2018). https://doi.org/10.1128/MBIO.00226-18.

472 [35] A.E. Rotaru, P.M. Shrestha, F. Liu, B. Markovaite, S. Chen, K.P. Nevin, D.R. Lovley, Direct interspecies electron 
473 transfer between Geobacter metallireducens and Methanosarcina barkeri, Applied and Environmental Microbiology. 
474 80 (2014) 4599–4605. https://doi.org/10.1128/AEM.00895-14.

475 [36] K. Hasan, K.V.R. Reddy, V. Eßmann, K. Górecki, P.Ó. Conghaile, W. Schuhmann, D. Leech, C. Hägerhäll, L. 
476 Gorton, Electrochemical Communication Between Electrodes and Rhodobacter capsulatus Grown in Different 
477 Metabolic Modes, Electroanalysis. 27 (2015) 118–127. https://doi.org/10.1002/ELAN.201400456.

478 [37] D. Xing, Y. Zuo, S. Cheng, J.M. Regan, B.E. Logan, Electricity Generation by Rhodopseudomonas palustris DX-1, 
479 Environmental Science and Technology. 42 (2008) 4146–4151. https://doi.org/10.1021/ES800312V.

480 [38] P.D. Kiely, R. Cusick, D. F. Call, P. A. Selembo, J.M.  Regan & B. Logan, Anode microbial communities produced 
481 by changing from microbial fuel cell to microbial electrolysis cell operation using two different wastewaters., 
482 Bioresource Technology. 102 (2011) 388–394. https://doi.org/10.1016/J.BIORTECH.2010.05.019.

483 [39] D. Nosek, P. Jachimowicz, A. Cydzik-Kwiatkowska, D. Nosek, P. Jachimowicz, A. Cydzik-Kwiatkowska, Anode 
484 Modification as an Alternative Approach to Improve Electricity Generation in Microbial Fuel Cells, Energies (Basel). 
485 13 (2020) 1–22. https://EconPapers.repec.org/RePEc:gam:jeners:v:13:y:2020:i:24:p:6596-:d:461967 (accessed 
486 July 13, 2021).

487 [40] B.E. Logan, R. Rossi, A. Ragab, P.E. Saikaly, Electroactive microorganisms in bioelectrochemical systems, Nature 
488 Reviews Microbiology 2019 17:5. 17 (2019) 307–319. https://doi.org/10.1038/s41579-019-0173-x.

489 [41] J.B. McKinlay, C.S. Harwood, Carbon dioxide fixation as a central redox cofactor recycling mechanism in bacteria, 
490 Proceedings of the National Academy of Sciences. 107 (2010) 11669–11675. 
491 https://doi.org/10.1073/PNAS.1006175107.



492 [42] A.E. Guardia, M. v. Beligni, N. Cortéz, J.P. Busalmen, Electrochemistry of R. palustris Azul during phototrophic 
493 growth, Electrochimica Acta. 355 (2020) 136757. https://doi.org/10.1016/J.ELECTACTA.2020.136757.

494 [43] H. Richter, K.P. Nevin, H. Jia, D.A. Lowy, D.R. Lovley, L.M. Tender, Cyclic voltammetry of biofilms of wild type and 
495 mutant Geobacter sulfurreducens on fuel cell anodes indicates possible roles of OmcB, OmcZ, type IV pili, and 
496 protons in extracellular electron transfer, Energy & Environmental Science. 2 (2009) 506–516. 
497 https://doi.org/10.1039/B816647A.

498 [44] A. Bose, E.J. Gardel, C. Vidoudez, E.A. Parra, P.R. Girguis, Electron uptake by iron-oxidizing phototrophic bacteria, 
499 Nature Communications 2014 5:1. 5 (2014) 1–7. https://doi.org/10.1038/ncomms4391.

500 [45] Y. Asensio, M. Llorente, A. Sánchez-Gómez, C. Manchon, K. Boltes, A. Esteve-Núñez, Microbial Electrochemical 
501 Fluidized Bed Reactor: A Promising Solution for Removing Pollutants From Pharmaceutical Industrial Wastewater, 
502 Frontiers in Microbiology. 12 (2021) 3536. https://doi.org/10.3389/FMICB.2021.737112/BIBTEX.

503 [46] J. Rodrigo Quejigo, L.F.M. Rosa, F. Harnisch, Electrochemical characterization of bed electrodes using voltammetry 
504 of single granules, Electrochemistry Communications. 90 (2018) 78–82. 
505 https://doi.org/10.1016/J.ELECOM.2018.04.009.

506 [47] B.E. Logan, Microbial Fuel Cells, Microbial Fuel Cells. (2008) 1–200. https://doi.org/10.1002/9780470258590.

507 [48] D.R. Shaw, M. Ali, K.P. Katuri, J.A. Gralnick, J. Reimann, R. Mesman, L. van Niftrik, M.S.M. Jetten, P.E. Saikaly, 
508 Extracellular electron transfer-dependent anaerobic oxidation of ammonium by anammox bacteria, Nature 
509 Communications 2020 11:1. 11 (2020) 1–12. https://doi.org/10.1038/s41467-020-16016-y.

510 [49] A. Prado, C.A. Ramírez-Vargas, C.A. Arias, A. Esteve-Núñez, Novel bioelectrochemical strategies for domesticating 
511 the electron flow in constructed wetlands, Science of The Total Environment. 735 (2020) 139522. 
512 https://doi.org/10.1016/J.SCITOTENV.2020.139522.

513 [50] T. Hülsen, E.M. Barry, Y. Lu, D. Puyol, J. Keller, D.J. Batstone, Domestic wastewater treatment with purple 
514 phototrophic bacteria using a novel continuous photo anaerobic membrane bioreactor, Water Research. 100 (2016) 
515 486–495. https://doi.org/10.1016/J.WATRES.2016.04.061.

516 [51] T. Hülsen, D. J. Batstone & H. T. Keller, Phototrophic bacteria for nutrient recovery from domestic wastewater, Water 
517 Res. 50 (2014) 18–26. https://doi.org/10.1016/J.WATRES.2013.10.051.

518 [52] B. Korth, F. Harnisch, Spotlight on the Energy Harvest of Electroactive Microorganisms: The Impact of the Applied 
519 Anode Potential, Frontiers in Microbiology. 10 (2019) 1352. https://doi.org/10.3389/FMICB.2019.01352.

520 [53] F. Scarabotti, L. Rago, K. Bühler, F. Harnisch, The electrode potential determines the yield coefficients of early-
521 stage Geobacter sulfurreducens biofilm anodes, Bioelectrochemistry. 140 (2021) 107752. 
522 https://doi.org/10.1016/J.BIOELECHEM.2021.107752.

523 [54] W. Yoochatchaval, A. Ohashi, H. Harada, T. Yamaguchi, Syutsubo, Characteristics of Granular Sludge in an EGSB 
524 Reactor for Treating low Strength Wastewater, Int. J. Environ. Res. 2 (2008) 319–328.

525 [55] C. Nairn, I. Rodríguez, Y. Segura, R. Molina, N. González-Benítez, M.C. Molina, R. Simarro, J.A. Melero, F. 
526 Martínez, D. Puyol, Alkalinity, and not the oxidation state of the organic substrate, is the key factor in 
527 domesticwastewater treatment by mixed cultures of purple phototrophic bacteria, Resources. 9 (2020). 
528 https://doi.org/10.3390/RESOURCES9070088.

529 [56] R. Moscoviz, J. Toledo-Alarcón, E. Trably, N. Bernet, Electro-Fermentation: How To Drive Fermentation Using 
530 Electrochemical Systems, Trends in Biotechnology. 34 (2016) 856–865. 
531 https://doi.org/10.1016/J.TIBTECH.2016.04.009.

532 [57] O. Choi, T. Kim, H.M. Woo, Y. Um, Electricity-driven metabolic shift through direct electron uptake by electroactive 
533 heterotroph Clostridium pasteurianum, Scientific Reports 2014 4:1. 4 (2014) 1–10. 
534 https://doi.org/10.1038/srep06961.

535 [58] J.M. Dubbs, F.R. Tabita, Regulators of nonsulfur purple phototrophic bacteria and the interactive control of CO2 
536 assimilation, nitrogen fixation, hydrogen metabolism and energy generation, FEMS Microbiology Reviews. 28 (2004) 
537 353–376. https://doi.org/10.1016/J.FEMSRE.2004.01.002.



538 [59] A. Hougardy, B. Tindall, J. Klemme, Rhodopseudomonas rhenobacensis sp. nov., a new nitrate-reducing purple 
539 non-sulfur bacterium, Int J Syst Evol Microbiol. 50 Pt 3 (2000) 985–992. https://doi.org/10.1099/00207713-50-3-985.

540  

541 Fluid-like electrodes and Purple Phototrophic Bacteria: bridging 
542 the gap in wastewater biorefineries
543 Carlos Manchon,a,b Fernando Muniesa-Merino, a Daniel Serna, a Yeray Asensio, a Colin Wardman, a,c and 
544 Abraham Esteve-Nuñez* a,b

545 a Universidad de Alcalá, Alcalá de Henares, Madrid, España
546 b Nanoelectra, Madrid, Spain.
547 c IMDEA Water, Alcalá de Henares, Spain
548
549 HIGHLIGHTS

550  A Fluid-like electrode can accept electrons from the metabolism of planktonic PPB

551  A Fluid-like anode enhances biodegradation rate (2-fold)

552  Geobacter genus was the electroactive bacteria outcompeting under dark conditions

553  Electroactive PPB outcompeted others under IR illumination and electrostimulation

554  Fluid-like bed bioreactors are useful in recovering nutrients as PPB biomass

555

556 Declaration of interests
557
558 ☒ The authors declare that they have no known competing financial interests or personal 
559 relationships that could have appeared to influence the work reported in this paper.
560
561 ☐The authors declare the following financial interests/personal relationships which may be considered as 
562 potential competing interests: 
563

564
565
566
567
568


