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h i g h l i g h t s

Bioanodes were designed by replacing synthetic medium by costless wastewater.

Using wastewater ensured 50% of the current density obtained in synthetic medium.

Bioanodes differed in biofilm structures and redox charge contents.

Current densities were directly correlated to the enrichment in Geobacteraceae.

Wastewater is a suitable medium to design bioanodes for food waste treatment.
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a b s t r a c t

The objective was to replace synthetic medium by wastewater as a strategy to design low-cost scalable

bioanodes. The addition of activated sludge was necessary to form primary bioanodes that were then

used as the inoculum to form the secondary bioanodes. Bioanodes formed in synthetic medium with

acetate 10 mM provided current densities of 21.9 ± 2.1 A/m2, while bioanodes formed in wastewater gave

10.3 ± 0.1 A/m2. The difference was explained in terms of biofilm structure, electrochemical kinetics and

redox charge content of the biofilms. In both media, current densities were straightforwardly correlated

with the biofilm enrichment in Geobacteraceae but, inside this family, Geobacter sulfurreducens and an

uncultured Geobacter sp. were dominant in the synthetic medium, while growth of another Geobacter

sp. was favoured in wastewater. Finally, the primary/secondary procedure succeeded in designing bioan-

odes to treat food wastes by using wastewater as dilution medium, with current densities of 7 ± 1.1 A/m

1. Introduction

The treatment of the domestic and industrial wastes that are

produced by developed countries consumes huge amounts of ener-

gy. Abating the organic matter to a level that permits its disposal in

natural environments generally involves aerobic processes, which

consume considerable amounts of electrical energy for aeration

(Miksch et al., 2013). Nowadays, much research focuses on extract-

ing the chemical energy contained in so much wasted organic mat-

ter in order to treat it and, even better, to generate a positive

energy balance. Microbial electrochemical technologies (METs)

may be the tools that will make this dream a reality (Wang and

Ren, 2013). They would offer the great advantages of abating

organic matter in anaerobic conditions, thus saving the cost of

aeration, and converting the chemical energy of organic com-

pounds directly into electrical energy (microbial fuel cells), hydro-

gen (microbial electrolysis cells) or other services (microbial

desalination cells, for example).

All these applications are based on the implementation of

microbial bioanodes that use electrochemically active microorgan-

isms able to oxidize the organic compounds and to transfer the

electrons produced to the electrode material. Lab studies have

had considerable successes in bioanode design by working in

well-controlled conditions, in synthetic medium and with acetate

as substrate (Rimboud et al., 2014). Current densities of 5 A/m2

have been obtained on graphite electrodes (Liu et al., 2008) and

even more with sophisticated electrode designs, e.g. 80 A/m2 with

stainless steel foam (Ketep et al., 2014) and up to 67 A/m2 with lay-

ered corrugated carbon (Baudler et al., 2014).
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A few bioanodes have also been successfully designed to treat

real raw effluents (Pant et al., 2010) but current densities remain

modest, for example 0.18 A/m2 has been reported with urban was-

tewater (Rodrigo et al., 2007), 2 A/m2 with brewery wastewater

(Feng et al., 2008), 3 A/m2 with chocolate industry wastewater

(Patil et al., 2009), and 4–6 A/m2 with paper mill effluent (Ketep

et al., 2013). So far, the gap is large between the performance

reached in synthetic media and that obtained in raw effluents.

Designing METs for the treatment of food wastes should be of

great economic interest because food wastes are generated abun-

dantly in concentrated form and need to be treated before disposal

(Pant et al., 2013). In 2010, more than 34 million tons of food waste

was generated in the United States, of which less than 3% was

recovered and recycled, according to the U.S. Environmental

Protection Agency (Li et al., 2013). Despite the high economic

interest, studies that have investigated bioanodes able to treat food

wastes remain rare (Table 1).

Food wastes are generally high in soluble COD and consequent-

ly need to be diluted to be oxidized by bioanodes. For this purpose,

synthetic medium, drinking water or deionized water has general-

ly been used. To our knowledge, only one study (Tenca et al., 2013)

has overcome the problem by using food processing water with a

fairly low COD (1.8 g/L) that did not require dilution. If the objec-

tive is to treat large quantities of wastes, it will not be possible

to scale up large-sized METs that require huge amounts of phos-

phate or other buffer salts and the addition of micro-nutriments

and vitamins. The cost would be too high, the release of salt would

induce serious new environmental problems or require costly

downstream separation and re-cycling processes. Using tap water

would be less costly, but unfortunate in a world that should be

increasing its efforts to preserve drinking water. Pant et al.

(2013) have proposed a clever solution to this critical issue by

using domestic wastewater as a dilution medium. The current den-

sities obtained were modest (65 mA/m2) but the idea is surely

interesting enough to deserve further investigation. Actually, if

efficient bioanodes could be formed by diluting food wastes, or

any other concentrated wastes, in wastewater, it would open up

a cost-free method that could be easily scaled-up to large sized

industrial METs.

The purpose of the present work was to help to define a scalable

strategy for bioanode design by assessing the suitability of waste-

water as a dilution medium. The work was based on the compar-

ison of bioanodes designed in identical conditions in wastewater

and in a synthetic medium. Bioanodes were formed in an optimal

synthetic solution composed of phosphate buffer, macro-nutri-

ments, trace minerals and vitamins, as commonly used in MET

studies. In parallel, the same procedure was implemented in was-

tewater without any supplementation. The synthetic medium was

inoculated with activated sludge and the necessity for the same

inoculation with wastewater was discussed. In both cases, the

bioanodes were formed in electroanalytical conditions under con-

stant applied potential. The well-controlled electroanalytical con-

ditions allowed the bioanode itself to be characterized by

minimizing the interactions and rate-limiting steps that can occur

in microbial fuel cells and microbial electrolysis cells (Rimboud

et al., 2014). The design procedure consisted of, firstly, forming a

primary bioanode that was then used to inoculate a secondary

bioanode. This procedure has already been described in the lit-

erature and has led to secondary bioanodes displaying twice the

current of the primary ones (Liu et al., 2008) and sustaining their

performance over long periods (Baudler et al., 2014). This strategy

designed in lab conditions with synthetic medium should be of

great interest for real effluent because of its effectiveness and its

capacity to be reproduced at large scale.

The bioanodes formed in synthetic medium and wastewater

were compared by crossing electrochemical measurements, micro-

scopy imaging and analysis of the microbial communities by 16S

rRNA pyrosequencing. The comparison was performed with acet-

ate as the substrate and the practical interest of the procedure

was then checked with food wastes.

2. Methods

2.1. Electrochemical setup

Sealed vessels (600 mL) served as electrochemical cells that

hosted the microbial medium and 3 electrodes. The 3-electrode

set-ups consisted of a carbon cloth working electrode of 2 * 3 cm2

geometric surface area (Paxitech, Grenoble, France), a saturated

calomel reference electrode (SCE, Radiometer Analytical, +0.24 V

vs. SHE) and a 2 * 3 cm2 platinum grid used as the auxiliary elec-

trode. The anode and cathode were connected to the electrical cir-

cuit by a 12-cm-long, 1-mm-diameter platinum wire. The anode

(working electrode) was located at around 10 cm from the auxil-

iary electrode and as close as possible (around 0.5 cm) to the refer-

ence electrode. The working electrode was polarized at 0.15 V vs.

SCE using a VSP potentiostat (Bio-Logic SA) interfacing with a com-

puter (software EC-Lab) and the current was recorded every

10 min. Chronoamperometry was sometimes interrupted to per-

form cyclic voltammetry at low scan rate (1 mV/s) in the ÿ0.6 to

+0.3 V vs. SCE range.

The reactors were maintained at 27 °C ± 2 °C in a water bath

and were initially purged with nitrogen for 15 min to remove oxy-

gen. Substrate solutions in reactors were continuously lightly stir-

red (100 rpm).

Table 1

Studies using food wastes as a substrate to power microbial fuel cells or microbial electrolysis cells.

Food waste type sCOD

(gO2/L)

Dilution

medium

Inoculum Bioanode type Configuration Performances

(A/m2)

References

Food processing wastewater

(Cereal)

8.9 Synthetic

medium

Sludge Toray carbon paper

(22.5 cm2)

MFC 0.24 Oh and Logan (2005)

Food industry waste

(Yoghurt waste)

N/A Synthetic

medium

Anaerobic

sludge

Graphite felt (10 cm2) MFC 0.4 Cercado-Quezada et al.

(2010)

Canteen food waste 12 Tap water Anaerobic

sludge

Graphite plate (70 cm2) MFC 1.6 Goud et al. (2011)

Food waste from student’s

cafeteria

27.5 Synthetic

medium

Anaerobic

sludge

Carbon felt (50 cm2) MFC 0.45 Choi et al. (2011)

Food waste leachate 12.7 Deionized water Anaerobic

sludge

Carbon felt (21 cm2) MFC 0.1 Li et al. (2013)

Fermented reconstituted

food waste

13 Domestic

wastewater

Compost Carbon felt (10 cm2) MFC 0.065 Pant et al. (2013)

Food processing wastewater 1.8 No dilution Acclimated

biomass

Graphite fiber brushes MEC 2 Tenca et al. (2013)



2.2. Synthetic medium, activated sludge, wastewater and food wastes

The syntheticmedium contained (Liu et al., 2008): NaH2PO4�H2O

(2.69 g/L), Na2HPO4 (4.33 g/L), KCl (0.13 g/L) and 10 mL/L macronu-

trients (NH4Cl 31 g/L; MgSO4�7H2O 10 g/L; CaCl2 0.57 g/L). pH was

adjusted to 7.0 and the solution was sterilized in an autoclave

(121 °C for 20 min). Trace mineral mix (10 mL/L, ATCC MD-TMS)

and vitamin mix (10 mL/L, ATCC MD-VS) were added by filtration.

Acetate (10 mM)was finally added as the substrate. Before inocula-

tion, the medium was purged with nitrogen for 15 min. Acetate

concentration was monitored by an enzymatic kit (K-ACETAK,

Megazyme).

Activated sludge sampled in a wastewater treatment plant

(Castanet-Tolosan, France) was used as the inoculum (3.3% v/v)

for the primary bioanode design. The chemical oxygen demand

of the activated sludge was 4100 mgO2/L.

Wastewater was collected from the same wastewater treatment

plant (Castanet-Tolosan, France). The average soluble COD was

about 390 mg/L, ammonium 48 mg/L, nitrate concentration less

than 0.5 mg/L and sulfate 27 mg/L. The average pH was 7.8.

Food wastes were prepared with common food components in a

reproducible way to mimic the mean composition of food wastes

from supermarkets and water was added to obtain a waste with

10% dry mass. The raw components were defrosted 24 h before

weighing. One kilogram of reconstituted biowaste was prepared

with 81 g of potatoes, 34 g of tomatoes, 81 g of minced meat, 7 g

of biscuit and 42 g of milk powder. 756 mL of water was added

and the components were ground and mixed together. This mix-

ture was stored 5 days at 30 °C in 1 L bottles for fermentation.

During these 5 days, food waste fermented (i.e. hydrolyses and aci-

dogenesis steps) with its indigenous flora, mostly anaerobic. The

food waste was then centrifuged and the supernatant sampled

and frozen at ÿ20 °C. The final pH was 3.4 and soluble COD

42.6 gO2/L. The composition was analyzed using an HPLC giving

(g COD/L): butyric acid 9.7, lactic acid 5.3, acetic acid 0.4, others

(proteins, sugars, other organic acids, lipids) 27.2.

Addition of 10 mL of waste into the 600 mL reactors corre-

sponded to 700 mg/L COD, which was of the same order of magni-

tude as 10 mM acetate in term of COD.

COD was measured using kit LCK514 kit (Hach Lange, range of

measurement 100–2000 gO2/L). Volatile fatty acids composition

was analyzed using an HPLC (Thermo Scientific, France) equipped

with a Rezex ROA-Organic acid H+ (8%), 250 * 4.6 mm phase-re-

verse column (Phenomenex, France) thermostated at 30 °C and

associated with a refractive Index detector in series with a UV

detector. The elution was performed at 170 lL/min with an aque-

ous solution of sulphuric acid 10 mM (pH 2.2). Before analysis,

samples were thawed, diluted 10 times in the eluent and filtered

at 0.2 lm. The column was calibrated with a mixture of methano-

ate, acetate, lactate, propionate and butyrate, in the analysis

concentration range.

2.3. Bioanode formation

Experiments were systematically carried out in duplicate. A

total of 8 reactors were implemented to study 4 different condi-

tions: synthetic medium with 10 mM acetate inoculated with fresh

activated sludge in reactors R1 and R2; wastewater with 10 mM

acetate inoculated with fresh activated sludge in R3 and R4; waste-

water with 10 mM acetate without inoculum in R5 and R6; waste-

water with reconstituted food waste inoculated with fresh

activated sludge in R7 and R8.

The primary bioanodes were formed with 4 consecutive batch-

es. Each batch corresponded to the replacement of the reactor solu-

tion with fresh solution. After 4 batches, a clean working electrode

(same surface area as the primary) was immersed in each reactor.

The electrodes were connected together and consequently polar-

ized at the same potential (0.15 V vs. SCE). From this step onwards,

activated sludge was no longer present in the solutions. The sec-

ondary bioanode was developed under semi-batch conditions,

with either full replacement of the reactor solution or a simple sub-

strate pulse into the reactors. The last phase of the procedure was

to remove the primary bioanode and characterize the secondary

bioanode alone. At the end of the experiments, the bioanodes were

cut into 3 portions to be imaged by scanning electron microscopy,

epifluorescent microscopy and for 16S rRNA pyrosequencing.

2.4. Microscopic imaging

2.4.1. Scanning electron microscopy (SEM)

Bioanodes were fixed in phosphate buffer (400 mM, pH = 7.4)

with 4% glutaraldehyde. They were rinsed in phosphate buffer con-

taining saccharose (0.4 M) and dehydrated by immersion in

increasing concentrations of acetone (50%, 70%, 100%), then in ace-

tone and hexamethyldisilazane (50:50), and in 100% hexam-

ethyldisilazane (HMDS). The last batch of HMDS was dried until

complete evaporation. The bioanodes were observed with a LEO

435 VP scanning electron microscope.

2.4.2. Epifluorescence microscopy

Biofilms were stained with acridine orange 0.01% (A6014

Sigma) for 10 min, then carefully washed with distilled water

and dried at ambient temperature. The samples were imaged with

a Carl Zeiss Axiomalger M2 microscope equipped for epifluores-

cence with an HBO 50W ac mercury light source and the Zeidd

09 filter (excitor HP450-490, reflector FT 10, Barrier filter LP520).

Images were acquired with a monochrome digital camera (evolu-

tion VF) every 0.5 lm along the Z-axis and the set of images was

processed with the AxiovisionÒ software.

Epifluorescence images were analyzed by grey scale interpreta-

tion to calculate the proportion of the electrode surface covered by

the biofilm. The grey intensity threshold between the areas cov-

ered by the biofilm and the non-covered areas was set manually.

Grey levels greater than the threshold value were considered as

biofilm-covered areas, while grey levels lower than the threshold

were considered as clean areas.

2.5. Microbial community analysis

Samples of 2 mL were taken from the wastewater and from the

activated sludge. Primary bioanodes were collected from R1, R3

and R5 at the end of step 2 (Fig. 1) and secondary bioanodes at

the end of the experiments. The biofilms were collected by sonica-

tion in 2 mL of distilled water (3 min at 80 W). Cells were concen-

trated by centrifugation and re-suspended in 500 lL of water. The

DNA was extracted from 250 lL of each sample using the MOBIO

PowerSoilÒ DNA Isolation kit according to the manufacturer’s

instructions.

DNA concentrations were checked with absorbance at 260 nm.

Sequencing of V3–V4 regions from ribosomal genes was then per-

formed on the GeT-PlaGe platform in Toulouse using Illumina

Miseq technology. The resulting data were analyzed with the open

source software package QIIME ‘‘Quantitative Insights Into

Microbial Ecology’’ (Caporaso et al., 2010b). 16S DNA sequence

quality was checked using a sliding window 50 nt long and require

an average quality above 35. The sequences were thus trimmed to

the end of the last window with the required average quality and

discarded if their final length was less than 250 nt. In addition,

remaining reads where the longest homopolymer was more than

6 nt long or containing an ambiguous base were also discarded.

Sequences were then aligned with PyNAST (Caporaso et al.,

2010a) using the Silva 108 database core-aligned set formatted



for QIIME as a template (Quast et al., 2013). Putative chimeric

sequences were identified with ChimeraSlayer and removed from

the dataset (Haas et al., 2011). Remaining sequences were clus-

tered in Operational Taxonomic Units (OTUs) at 97% sequence

similarity using uclust (Edgar, 2010). OTU taxonomic assignment

was then performed with the RDP classifier (Cole et al., 2009), a

0.8 bootstrap cut-off using the longest sequence in each OTU as

the representative sequence. Finally OTUs identified as Archaea

or Eukarya were discarded.

For phylogenetic analysis, the 3 major OTUs belonging to

Desulfuromonadales where introduced into the ARB software to

check the quality of alignments and of the taxonomic assignation

(Ludwig et al., 2004). Sequences of representative species of the

current known diversity of the order Desulfuromonadales together

with sequences of uncultured bacteria close to our sequences were

then exported for deeper phylogenetic analysis. Exported

sequences were aligned with PyNAST as stated above.

Unambiguously aligned positions were extracted from the align-

ment using the BMGE program with block size of one and allowing

40% gaps in columns (Criscuolo and Gribaldo, 2010). The maximum

likelihood tree was then inferred with PhyML using the GTR model

with optimized equilibrium frequencies, a gamma correction to

take the heterogeneity of evolutionary rates across sites into

account (4 discrete classes of sites, an estimated alpha parameter

and an estimated proportion of invariable sites) and SPR & NNI

topology searches with 5 random starting trees (Guindon and

Gascuel, 2003). The robustness of each branch was estimated by

the non-parametric bootstrap procedure implemented in PHYML

(100 replicates of the original data set and the same parameters).

The phylogenetic tree was edited and exported using FigTree

(http://tree.bio.ed.ac.uk/software/figtree/).

3. Results and discussion

3.1. Bioanode formation under applied potential

Six bioelectrochemical reactors, R1 to R6, were run in parallel

following the same procedure with 3 different solutions (in

duplicate):

– R1 and 2 were filled with synthetic medium and inoculated

with activated sludge,

– R3 and 4 were filled with wastewater and inoculated with acti-

vated sludge,

– R5 and 6 were filled with wastewater only, without supplemen-

tary inoculum.

Each solution contained acetate 10 mM. The carbon cloth elec-

trodes were polarized at 0.15 V vs. SCE. Evolutions of the current

densities were reproducible for each duplicate so, for the sake of

clarity, only one curve is plotted for each solution in Fig. 1.

The bioanodes were designed following a procedure organized

in 3 successive steps. The first step consisted of forming the prima-

ry bioanodes with 4 consecutive batches (inset of Fig. 1). The cur-

rent increased at the beginning of the second batch for reactors

R1–4, which were inoculated with activated sludge. During the

third batch, current densities up to 0.7 ± 0.6 and 3.1 ± 0.1 A/m2

were obtained for R1–2 and R3–4, respectively. In R5–6, not

inoculated with sludge, the current density did not exceed

0.15 ± 0.1 A/m2. As commonly reported, the current was generated

by the biofilm-catalysed acetate oxidation:

CH3COO
ÿ þ 2H2O ! 2CO2 þ 7Hþ þ 8eÿ ð1Þ

and the current decreased at the end of each batch because of acet-

ate depletion.

The second step started when a clean electrode (secondary elec-

trode) was introduced into each reactor and polarized at the same

potential as the primary bioanode. From this time on, the solutions

used for the successive batches no longer contained the activated

sludge. Starting from the second step of the procedure, the primary

bioanode played the role of inoculum. Current intensities increased

for all the reactors due to the colonization of the secondary elec-

trode. Finally, the primary bioanodes were removed from the reac-

tors and, during the third step, the current was provided by the

secondary bioanodes alone. The secondary bioanodes gave maxi-

mum current densities of 21.9 ± 2.1 A/m2 and 10.3 ± 0.1 A/m2 with

the synthetic medium (R1–2) and the wastewater (R3–4), respec-

tively. This means that, in synthetic medium and wastewater, the

secondary bioanodes gave respectively around 30 and 3 times

higher current density than their corresponding primary bioanode.

During the second and third steps of the procedure, the solu-

tions no longer contained the activated sludge used as an inoculum

to form the R1–4 primary bioanodes. The primary electrode was

expected to act as selected inoculum that emitted electroactive

microbial cells to colonize the clean surface of the secondary elec-

trode. As already reported, this strategy brought a considerable

improvement from the primary to the secondary bioanodes. In pre-

vious studies, a multiplication factor of 2 has been reported

Fig. 1. Current intensities (mA) during bioanode formation in 3 different solutions: Synthetic medium – R1; Wastewater effluent – R3 and R5. Activated sludge (3.3% v/v) was

added as an inoculum in R1 and R3 but not R5. Each solution contained 10 mM acetate. Electrodes were polarized at 0.15 V vs. SCE. The arrows in the inset indicate

replacement of the solution by the same fresh solution.



between primary and secondary bioanodes designed in synthetic

medium (Baudler et al., 2014; Liu et al., 2008). Here, in synthetic

medium and in similar conditions (same applied potential, same

procedure), the multiplication factor was 30. Actually, the sec-

ondary bioanodes reached pretty common performance levels

and the difference with the reported studies was due to the low

currents provided by the primary bioanodes. These results demon-

strate the efficiency of the strategy even when starting with

relatively poorly efficient primary bioanodes.

The improvement factor of 3 obtained here in wastewater also

showed the interest of the strategy when implementing real efflu-

ents. Comparing reactors R1–2 and R3–4 demonstrated that waste-

water could be used as a low-cost medium to replace the more

efficient but costly synthetic media. Around half of the current

intensity found in synthetic medium was obtained in wastewater

under identical conditions.

The R5–6 reactors constituted an exception, for which the pri-

mary/secondary electrode procedure was not fully successful. In

these reactors fed with wastewater without additional inoculum,

the primary bioanodes did not show significant electroactivity.

The secondary bioanode showed similar poor catalytic activity in

R5 but the duplicate R6 led to an improvement factor of 13

(from 0.2 to 2.6 A/m2). With a primary biofilm showing almost

no electroactivity, colonization of the secondary electrode by

electroactive microbial cells could not be guaranteed and led to

poor reproducibility.

The R5–6 reactors showed that wastewater itself was not an

efficient inoculum. This could be due to the microbial composition

of the wastewater, but it is more likely to have been caused by the

too low concentration of viable bacterial biomass introduced into

the reactors. Foladori et al. (2010) quantified the biomasses in was-

tewater and in activated sludge and found that activated sludge

had a 22 times higher concentration of viable cells than waste-

water. It was also previously proved that activated sludge used

as inoculum accelerated the start-up process and facilitated the

co-enrichment of both fermentative and electrogenic bacteria at

the anode (Li et al., 2013).

3.2. Biofilm structure

At the end of the chronoamperometry (38 days) the bioanodes

were imaged by epifluorescence microscopy and scanning electron

microscopy (SEM) (Supplementary Material – Fig. S1).

Epifluorescence images were analyzed by grey scale interpretation

to calculate the proportion of the electrode surface covered by the

biofilm. Coverage ratios were evaluated as 77%, 92% and 39% for R1,

R3 and R5, respectively. The significantly lower biofilm coverage

observed on the bioanodes formed in wastewater alone (R5) cor-

roborated their lower electrochemical performance and the

hypothesis of lower colonization due to the insufficient biomass

contents of wastewater. SEM confirmed the low colonization of

the bioanode formed in the absence of activated sludge (R5), which

did not exhibit obvious microbial colonization at the lowest mag-

nitude. It was necessary to resort to higher magnitudes to identify

colonized patches on the fibre surfaces.

Nevertheless, for R1 and R3 with activated sludge as initial

inoculum, performance of the secondary bioanode (19.9 A/m2

and 10.4 A/m2, respectively) was not correlated with the biofilm

coverage ratios (77% and 92%, respectively). Higher performance

but lower coverage was indeed obtained in synthetic medium

compared to wastewater.

The coverage ratio alone was not sufficient to explain the differ-

ences in electrochemical performance. SEM showed that the

anodes from R1 and R3 were covered with a significant layer of

biofilm but with marked difference in the structures. Biofilms

formed in wastewater inoculated with activated sludge (R3)

completely covered the electrode surface and almost masked the

woven structure of the carbon cloth electrode. They had a chaotic

structure whereas the biofilms formed in synthetic medium (R1)

appeared less thick and were more regularly wrapped around each

fibre of the carbon cloth. The latter structure was more favourable

for producing high current densities, because it exposed a larger

surface area of biofilm to the solution and thus enhanced mass

transfers with the solution, either for feeding the microbial cells

with substrate or balancing the biofilm internal pH by proton

extraction (Torres et al., 2008).

The synthetic medium did not contain any component that

could be used as electron acceptor by the cells, except possible

traces of dissolved oxygen. Any alternative electron acceptor could

only come from the activated sludge inoculum in R1–2. Microbial

cells were forced to use the electrode as final electron acceptor

and consequently formed a biofilm tightly wrapped around the

electrode fibres. In contrast, wastewater, which contained around

30 mg/L of sulfates and traces of nitrates, offered dissolved electron

acceptors to the cells, and a biofilm could thus develop far from the

material surface in the spaces between the fibres. If this hypothesis

is right, biofilms formed in inoculated wastewater can be expected

to present a larger microbial diversity than those formed in

inoculated synthetic medium.

In summary, the coverage ratio observed for the bioanodes

formed in inoculated wastewater was higher than for those formed

in synthetic medium but the electrochemical performance was

lower. The more compact structure of the biofilm obtained in was-

tewater did not favour mass transfers with the solution and the

electron transfer inside the biofilms was probably impeded by

non-electroactive microbial species. SEM at higher magnitudes

did not show obvious differences between R1 and R3 bioanodes.

Curved rod and rod-shaped bacteria were observed in both cases,

embedded in extracellular polymeric substances.

3.3. Electrochemical characterization

Catalytic cyclic voltammetries were recorded at the same time

(day 37) with each secondary bioanode (Fig. 2). The bioanodes

formed in synthetic medium (R1) revealed a current–potential sig-

moid shape with zero-current potential of ÿ0.45 V vs. SCE and the

maximum plateau reached at around ÿ0.02 V vs. SCE. The overpo-

tential of 0.43 V required for the sigmoid to reach the maximum

current was too large to strictly correspond to a Nernst–

Michaelis law. The Nernst–Michaelis equation links the current

density (j, A/m2) provided by a bioanode to the applied potential

(E, V), assuming that electron transfer from the biofilm to the elec-

trode is fast enough to ensure the Nernst equilibrium at any poten-

tial during the voltammetric record (Kato Marcus et al., 2007):

j ¼ jmax=ð1þ exp½ÿF=RTðEÿ EKÞ�Þ ð2Þ

where jmax is the maximum current density provided at the plateau,

F the Faraday constant (96,485 Cb molÿ1 eÿ), R the gas constant

(8.3145 J molÿ1 K), T the temperature (300 K), and EK the anode

potential (V) at which j = jmax/2. This equation predicts that the

maximum current plateau is reached at an overpotential of around

0.2 V. Here, the overpotential required to reach the maximum pla-

teau was significantly larger, which indicated that electron transfer

to the electrode was not fast enough to ensure the Nernst equilibri-

um. Nevertheless, the electron transfer kinetics of the bioanodes

formed in the inoculated synthetic medium was considerably more

efficient than that of the electrodes formed in inoculated waste-

water. In this case, an overpotential of more than 0.7 V was not suf-

ficient to reach the maximum current. Finally, the voltammetry (R5)

confirmed that the bioanodes formed without the activated sludge

inoculum did not exhibit significant electroactivity.



Non-turnover cyclic voltammetries were recorded at day 30

when the acetate was almost fully depleted (Fig. 3). The bioanodes

formed in synthetic medium (R1) exhibited a single well-defined

redox system with potential midpoint around ÿ0.4 V vs. SCE,

which was also observed, in a slightly less obvious form, with

the bioanodes formed in inoculated wastewater (R3). A similar cur-

rent peak around ÿ0.4 V vs. SCE has already been reported with

bioanodes formed from pure cultures of Geobacter sulfurreducens

and has been attributed to the redox reaction of multiheme cyto-

chrome OmcZ (ÿ0.42 V) or OmcB (ÿ0.39 V) (Zhu et al., 2012). It

may consequently be expected that the microbial communities

forming these bioanodes contained Geobacter related species.

Consistently with the catalytic CV, the bioanodes formed without

the activated sludge inoculum (R5) did not possess an efficient

redox system, below 0.2 V vs. SCE.

The current peaks of non-turnover voltammetry give an assess-

ment of the redox compounds that can be electrochemically

accessed by the electrode. The charge calculated by integrating

the current under the anodic peak is proportional to the quantity

of redox compounds that can release electrons to the electrode.

Here, the charge under the peak was difficult to calculate because

of the presence of a remaining catalytic current (exposure of the

bioanodes to a stringent substrate deficiency was avoided, as it

could have harmed them). Nevertheless, the charge was assessed

by integrating the current peak after extracting the catalytic cur-

rent, assumed to be the current at 0.15 V vs. SCE. The charge den-

sities were 0.33 and 0.06 C/m2 for the bioanodes formed in

synthetic medium (R1) and wastewater (R3), respectively.

Although approximate, this calculation clearly points out the lower

electron transfer capability of the bioanodes formed in wastewater

with respect to those formed in synthetic medium. Actually, the

Fig. 2. Catalytic voltammetries recorded on day 37. (R1): biofilm formed in

synthetic medium with activated sludge inoculum; (R3): biofilm formed in

wastewater with activated sludge inoculum; (R5): biofilm formed in wastewater

without the activated sludge inoculum. The dotted sigmoid curve in the R1 CV

represents the Nernst–Michaelis equation.

Fig. 3. Non-turnover cyclic voltammetry recorded after almost complete depletion

of acetate (day 30). (R1): biofilm formed in synthetic medium with activated sludge

inoculum; (R3): biofilm formed in wastewater with activated sludge inoculum;

(R5): biofilm formed in wastewater without the activated sludge inoculum. The

dotted lines in the R1 and R3 CVs represent the estimation of the catalytic current

that was extracted to integrate the current under the anodic peaks.



biofilms formed in wastewater were thicker but they offered the

electrode a smaller amount of accessible redox compounds.

The value of 0.33 C/m2 found in the synthetic mediumwas close

to the values of 0.5 and up to 1 C/m2 reported in the literature for

well-developed G. sulfurreducens (Schrott et al., 2011). The sec-

ondary bioanodes designed here in synthetic medium confirmed

their excellent electrochemical characteristics, which were not

far from those of bioanodes composed of G. sulfurreducens only.

The bioanodes formed in wastewater presented better biofilm cov-

erage and thicker biofilm (see Section 3.2) but they produced lower

current density and exhibited less efficient electron transfer kinet-

ics (see catalytic voltammetry). The lower electrochemical perfor-

mance was explained by the smaller amount of accessible redox

compounds here. The lower accessible charge in a thicker biofilm

also corroborated the possible significant presence of non-elec-

troactive strains in the biofilm microbial community.

3.4. Analysis of the microbial communities

The microbial communities of primary and secondary bioan-

odes and primary and secondary media were analyzed by 16S

rRNA pyrosequencing. The activated sludge used as inoculum

and the wastewater used as the medium were also analyzed for

comparison. The microbial community distribution is given in

Table 2 in percentage of total sequences at the phylum level.

At the pylum level, the activated sludge inoculum was com-

posed of 44% of Proteobacteria, 38% of Bacteroidetes, and 18% of

others. Wastewater microbial composition was also dominated

by Proteobacteria (60%). The Proteobacteria phylum included a

majority of Betaproteobacteria (28%) for the activated sludge, while

it was divided between Beta- Gamma- and Epsilonproteobacteria for

wastewater. These results are consistent with those of other stud-

ies that have reported Proteobacteria and Bacteroidetes as the 2

groups most frequently retrieved in wastewater treatment plants

(Wagner et al., 2002).

The microbial communities of the primary and secondary

bioanodes were also dominated by the Proteobacteria. Inside this

phylum, Deltaproteobacteria emerged as the dominant class for

the bioanodes formed in R1 and R3. Comparison between primary

and secondary biofilms indicated an enrichment from 36% to 60%

of Deltaproteobacteria in R1 and from 33% to 41% in R3. In contrast,

Deltaproteobacteria represented respectively only 13% and 6% for

primary and secondary bioanodes formed in R5 that did not

provide significant currents, and did not show improvement from

primary to secondary.

Among the Deltaproteobacteria class, a majority of

Desulfuromonadales was identified, which are known to have elec-

troactive representatives. From the primary to the secondary

bioanodes, their percentage of total sequences increased from 33

to 59% in R1 and, from 25% to 36% in R3 while remaining at 1%

and 3% in R5 (Fig. 4). Going deeper in the taxonomic classification

showed that all the Desulfuromonadales belonged to the family of

Geobacteraceae. The strong presence of Geobacteraceae in the most

efficient bioanodes (R1), their quasi-absence in the poorly perform-

ing bioanodes (R5) and the clear enrichment from primary to

secondary bioanodes strongly suggested that the bioanode elec-

troactivity was related to the selection of Geobacteraceae.

Plotting the current density provided by the different bioanodes

versus the percentage of Geobacteraceae demonstrated a fair corre-

lation between the bioanode performance and the Geobacteraceae

selection (Fig. 5). Enrichment in bacteria belonging to the family

Geobacteraceae was the essential driving force of the optimization

procedure. High current densities have often been reported to be

associated with the dominance of Geobacter-related species

(Kiely et al., 2011; Zhu et al., 2013). However, this observation

was confirmed for the first time here by a correlation supported

by several values of the current density being a function of

Geobacteraceae percentage.

A maximum-likelihood phylogenetic tree that included several

sequences of type species from the order Desulfuromonadales,

together with sequences from uncultured bacteria closely related

to our OTUs was reconstructed and is presented in the

Supplementary Material (Fig. S2).

The bioanodes from R1 and R3 did not develop the same species

among Geobacteraceae. In the synthetic medium (R1), OTUs 52989

and 14374 made up more than 50% of the Desulfuromonadales

identified at the primary bioanode and up to 83% at the secondary.

In wastewater (R3), OTU 1660 was dominant, representing more

than 70% of the Desulfuromonadales in both primary and secondary

biofilms.

OTU 52989 corresponds to G. sulfurreducens, while OTUs 14374

and 1660 remain as uncultured bacteria in the database. OTU

14374 is close to the branch to which Geobacter chapellei,

Geobacter psychrophilus and Pelobacter propionicus belong, whereas

OTU 1660 belongs to the same branch as G. metallireducens, G. grbi-

ciae and G. hydrogenophilus.

The medium used to form the bioanodes had a great impact on

the microbial species that composed the biofilms: the synthetic

medium favoured the growth of G. sulfurreducens and OTU 14714

(related to an uncultured Geobacter sp.), while growth of another

Geobacter sp. (OTU 1660) was favoured in wastewater.

Those OTUs make up less than 0.1% in the activated sludge

inoculum and less than 1% in wastewater. Only a strong selective

pressure can explain their dominance in the bioanodes. The micro-

bial enrichment was also demonstrated by the diversity indexes,

calculated for each bioanode and each corresponding medium

(Supplementary Material – Table S1). Chao1, estimating total spe-

cies richness, was higher for each primary bioanode than for the

secondary bioanode. It was inversely correlated to the anodic per-

formance. Shannon and Simpson indexes also showed that diversi-

ty decreased at the secondary bioanodes, confirming the

enrichment in electroactive bacteria. Diversity was systematically

Table 2

Microbial community distributions in percentage of total sequences at the phylum level for primary bioanodes (PB), secondary bioanodes (SB) in reactors R1, R3 and R5, Activated

Sludge (AS) used as inoculum and wastewater (WW). Distribution at the class level is given for the Proteobacteria group. The red circles highlight the main classes as determined

by pyrosequencing of 16S rRNA.

Phylum Proteobacteria % Bacteroidetes % Firmicutes % Others

Class a b c d e Total

AS – inoc 5 28 5 3 3 44 38 3 15

WW – effluent 2 18 18 3 19 60 23 9 8

R1-PB 1 3 12 36 18 70 20 3 7

R3-PB 0 3 0 33 21 57 26 5 12

R5-PB 2 20 5 13 3 43 32 12 13

R1-SB 0 1 1 60 0 62 24 4 10

R3-SB 1 2 1 41 4 49 33 5 13

R5-SB 3 14 2 6 43 68 17 5 10



lower in the biofilm than in the medium, except for R5, which did

not show any enrichment in Deltaproteobacteria and did not pro-

vide significant current.

Up to the family level, the formation of bioanodes in synthetic

medium or in wastewater obeyed a fairly similar process: the elec-

trochemical pressure selected for Geobacteraceae and the electro-

chemical performance of the bioanodes were roughly related to

the percentage of Geobacteraceae. The synthetic medium (SB1-

Chao1 = 4750) resulted in a more stringent selection than the was-

tewater medium (SB3-Chao1 = 5586) and resulted in biofilms

mainly wrapped around the fibres of the electrode on which elec-

troactive bacteria grew in priority. Wastewater allowed the devel-

opment of a larger diversity of microbial species, probably

including a high number of non-electroactive bacteria. This result-

ed in the formation of compact biofilms that were able to fill the

inter-fibre spaces. These bioanodes produced lower current densi-

ty, probably because of less efficient mass transfers and electron

transfers, as demonstrated by the cyclic voltammetry, which indi-

cated less efficient electron transfer kinetics due to a smaller

amount of accessible redox compounds. Surprisingly, at the species

level, the bioanodes formed in synthetic medium or in wastewater

revealed clearly different features. Among the Geobacteraceae, the

synthetic medium favoured the growth of G. sulfurreducens and

OTU 14714 closely related to an uncultured Geobacter sp., while

wastewater promoted the development of another Geobacter sp.

(OTU 1660). Actually the smaller efficiencies of these bioanodes

may also be related to the different Geobacter species that were

involved.

3.5. Scalable strategy applied to food wastes

Finally, the interest of the strategy was checked by replacing the

acetate substrate by food waste. Two reactors (R7 and 8) were run

in parallel (duplicates) in the conditions described above, with

wastewater inoculated by activated sludge and following the 3-

step procedure (Fig. 6A). A food waste dose having a volume of

10 mL was chosen to obtain a COD close to that of 10 mM of acet-

ate (0.65 gO2/L). The addition of 10 mL of food waste (43 gO2/L) in

the 600 mL reactors led to a COD of 0.7 gO2/L.

The general trend was similar to the previous results obtained

with acetate (Fig. 1) and the improvement factor from the primary

to the secondary bioanodes was considerable. The current density

provided by the primary bioanodes did not exceed 0.2 A/m2 after 3

batches, while the secondary bioanodes reached 8.1 (R7) and 5.9

(R8) A/m2. This means an improvement by a factor of 35 on aver-

age. Here, the primary/secondary procedure proved to be extreme-

ly efficient. Actually, a premature and wrong conclusion

encouraged by looking at the primary bioanodes only might be

that food wastes were not appropriate to feed a microbial anode

when wastewater was used as the dilution medium. In contrast,

the secondary bioanodes demonstrated the high potential of food

wastes combined with wastewater dilution.

pH monitoring revealed that pH decreased by 0.5 unit for each

new batch of wastewater supplemented with 10 mL of food wastes

(Fig. 6B). Then, pH went back to its initial value as the organic acids

contained in the waste were consumed. This auto-regulation of the

pH was observed with food waste pulses of 0.7 gO2/L but was com-

promised when the concentration of the pulse was doubled (data

Fig. 4. Major bacterial orders identified for primary bioanodes (PB) and secondary bioanodes (SB) of the reactors R1, R3 and R5. Activated sludge (AS) and wastewater (WW)

were also analyzed.

Fig. 5. Correlation between the maximal current densities and the percentage of

Geobacteraceae in bioanode microbial communities.



not shown). The pH decreased to 5.7 with a 20 mL dose of food

waste. Organic loading rate (OLR) is an important parameter for

optimizing the performance. Goud et al. (2011) have shown that

high OLR operation caused a large drop in pH (to 5.5–5.6), which

suppressed the power generation of their MFC. They suggested

enhancing the buffering capacity to improve power yields at higher

loading rates. In our system, the buffering capacity of wastewaters

remained low and dilution was required to avoid inhibition due to

pH decrease. The low cost of wastewater used as dilution medium

comes at the price of strict OLR control.

From a practical point of view, wastewater used as dilution

medium was shown to be a promising solution for designing scal-

able bioanodes. With 10 mM acetate as substrate, wastewater

ensured 50% of the current density obtained in the optimal syn-

thetic medium. In this last section, replacing acetate by food

wastes led to 33% of the current density that was obtained in the

ideal case using acetate in synthetic medium. This result is really

quite encouraging, given the large gap that exists in the literature

between the performance levels reported in synthetic media

amended with acetate and in real wastes (see Section 1).

If the objective was to treat large quantities of concentrated

wastes, it would not be reasonable to contemplate large-sized elec-

tro-microbial technologies requiring huge amounts of phosphate

salts and the addition of costly micro-nutriments and vitamins.

Here, using low-cost (or even cost-free) wastewater proved to be

a fair alternative solution at the cost of an acceptable performance

loss and the necessity for careful OLR control to master pH evolu-

tion. The causes of the lower performance in wastewater have been

identified as the biofilm structure and microbial composition and

work should now be pursued on this basis to improve the bioanode

electrochemical properties.

4. Conclusion

Bioanodes can be designed by replacing the costly synthetic

media commonly used in small-sized reactors by wastewater that

can be implemented at very large scale. Obviously, the synthetic

medium ensured higher current densities but wastewater succeed-

ed in producing 50% of the performance. In both cases, the electro-

catalytic efficiency was correlated with the selection of microbial

species of the Geobacteraceae family.

The primary/secondary procedure allowed bioanodes able to

treat food wastes to be successfully designed using wastewater as

the dilution medium. This strategy offers a way to scale-up bioan-

odes to large size at low cost in order to treat concentrated wastes.
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