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h i g h l i g h t s

� Efficient bioanodes were designed from hydrolyzed sewage sludge.

� Bioanodes electrochemical kinetics were studied using voltammetric analyses.

� Electrochemical systems identified displayed reversible Nernstian kinetics.

� Microbial communities were analysed by 16S-RNA pyrosequencing.
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a b s t r a c t

Bioanodes were formed under constant polarization at ÿ0.2 V/SCE from fermented sewage sludge.

Current densities reached were 9.3 ± 1.2 A mÿ2 with the whole fermented sludge and 6.2 ± 0.9 A mÿ2

with the fermented sludge supernatant. The bioanode kinetics was analysed by differentiating among

the contributions of the three redox systems identified by voltammetry. Each system ensured reversible

Nernstian electron transfer but around a different central potential. The global overpotential required to

reach the maximum current plateau was not imposed by slow electron transfer rates but was due to the

potential range covered by the different redox systems. The microbial communities of the three bioan-

odes were analysed by 16S rRNA gene pyrosequencing. They showed a significant microbial diversity

around a core of Desulfuromonadales, the proportion of which was correlated with the electrochemical

performance of the bioanodes.

1. Introduction

Microbial electrochemical technologies (METs) are emergent

environmentally friendly technologies that rely on electron trans-

fer reactions catalysed by the microbial biofilms that sponta-

neously develop on the electrode surface. Microbial bioanodes

are thus able to catalyse the oxidation of the organic matter con-

tained in a large variety of natural environments and industrial

or domestic wastes (Pant et al., 2010; Wang et al., 2012). Among

these wastes, sewage sludge has been identified as a good candi-

date to develop and feed microbial bioanodes. Sludge is produced

in large quantities all over the world as a side-product of domestic

or industrial wastewater treatment. Sludge degradation requires

further costly processes (Tyagi and Lo, 2013) but it could be

valorized in METs, such as microbial fuel cells (MFCs), to produce

electrical power.

Raw sludge, however, is mainly composed of microorganisms

and consequently constitutes highly complex organic matter,

which is difficult to exploit by means of MFCs (Abourached et al.,

2014). Various preliminary treatments of sludge have been sug-

gested to improve MFC performance: ultrasonication (Jiang et al.,

2009; Oh et al., 2014), alkalinization (Xiao et al., 2011; Oh

et al., 2014), microwave treatment or ozonation (Mohd Yusoff

et al., 2013). Though a slower process, fermentation has been iden-

tified as the simplest and easiest pretreatment of sludge before it is

fed into an MFC (Abourached et al., 2014; Yang et al., 2013).

Fermentation does not require an external supply of energy or

addition of chemicals. Moreover, more and more sewage treatment

plants are being equipped with digesters, which use the raw sludge

to generate methane and produce fermented sludge on site as a

side-product. Fermentation results in increased volatile fatty acid

(VFA) contents beneficial to the downstream MFC operation

(Freguia et al., 2010; Tyagi and Lo, 2013).
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Nevertheless, the power densities and Coulombic efficiencies

displayed by MFCs fed with sewage sludge still remain low

(Abourached et al., 2014). Two causes can be distinguished.

Firstly, the difficulties proper to the sludge itself and, secondly,

the problems linked with the MFC design. As mentioned by

Abourached et al. (2014), operations with sewage sludge in MFCs

are hindered by non-optimized MFC designs and high internal

resistance. Generally speaking, the different processes that interact

in an MFC (cathode kinetics, ion migration, possible biofouling of

the separator and cathode surfaces, etc.) can drastically limit the

global MFC performance and lead to an underestimate of the real

potential of the bioanode. The accurate characterization of the

bioanode kinetics requires strict electroanalytical conditions using

a three-electrode electrochemical set-up (Rimboud et al., 2014).

The studies devoted to bioanodes formed in raw effluents, i.e. efflu-

ents that have not been modified or diluted by addition of buffer,

salts or any other chemicals, that have been performed in electro-

analytical conditions remain rare (Rimboud et al., 2014) but they

have shown the great potential of the technique, for example when

applied to raw effluents coming from paper mills (Ketep et al.,

2013).

In this framework, the purpose of the present work was to char-

acterize the capability of sewage sludge to form microbial anodes

by breaking free of the possible detrimental interactions that occur

with complete MFC devices. In this aim, bioanodes were formed

under constant polarization in 3-electrode set-ups. Fermented

sewage sludge was used as both the inoculum and the feeding

medium for bioanode formation and operation. The bioanodes

were characterized by chronoamperometry and cyclic voltamme-

try; their electrochemical behaviour was discussed in the light of

the composition of the bacterial communities analysed by 16S

rRNA gene pyrosequencing. The current densities provided by the

bioanodes formed in these conditions revealed higher potential

than shown so far for sewage sludge exploited in METs. The work

also exposed a major drawback to be overcome for going ahead

with future large-scale development.

2. Methods

2.1. Sludge collection and analysis

Activated sludge was taken from a sewage treatment plant in

Evry, France. The initial pH was 6.7 and the sludge contained

41.3 g Lÿ1 of solid matter. Sludge was fermented for 7 days under

anaerobic conditions in a tank to favour the degradation of organic

matter to volatile fatty acids (VFAs) by acidogenesis. Soluble COD

increased from 288 to 1212 mg Lÿ1 during this anaerobic step

and the resulting fermented sludge had a pH of 7. The fermented

sludge was divided into different samples which were frozen for

storage. Samples were subsequently defrosted for electrochemical

experiments and sludge analyses. Depending on the chosen exper-

imental conditions, electrochemical experiments were performed

on the whole sludge or on the sludge supernatant only. The sludge

supernatant was obtained by 30 min centrifugation at 4000 rpm.

VFA concentrations were measured in the supernatant using ion

chromatography (DIONEX DX 120, column IONPACÒ ICE-AS1

(9 � 250 mm)). The mobile phases were heptafluorobutyric acid

(0.4 mmol Lÿ1) and TBAOH (5 mmol Lÿ1). Acetic, propionic, butyric,

lactic, formic and valeric acids were found to be present in quanti-

ties ranging from 10 mg/L to 500 mg/L.

2.2. Electrochemical set-up

Bioanodes were formed and operated in 3-electrode set-ups

consisting of two H-shaped compartments separated by an anion

exchange membrane (FumasepÒ FAA-PK, Germany) having a sur-

face area of 7.1 cm2. The working electrode was a 2 cm2 carbon

cloth (PaxitechÒ, France) connected by a platinum wire as the cur-

rent collector, the counter-electrode was a 10 cm2 platinum grid

and the reference electrode was a saturated calomel electrode

(SCE, potential 0.24 V vs. SHE). The working and reference elec-

trodes were in the anodic compartment while the

counter-electrode was in the cathodic compartment (see scheme

in Rimboud et al., 2015). The anodic medium was 500 mL of fer-

mented sludge of pH 8.3 after defrosting, without any addition of

buffer, salts or other compound. The catholyte was a

K2HPO4 250 mM solution, with pH adjusted to 8.3 by addition of

HCl 37% in order to have the same pH in both compartments at

the start of experiments. The pH was regularly measured in each

compartment throughout the experiments but not controlled; it

remained free to drift over time. Anodic pH remained restricted

to values compatible with biofilm well-being, varying between

7.3 ± 0.2 and 8.8 ± 0.5 depending on the experimental conditions

(medium renewal, acetate pulses). Cathodic pH showed higher

variations, from 8.3 to 10.4 ± 0.7. The concentration of acetate

was determined by means of an enzymatic measurement kit

(K-acetak, Libios, France).

2.3. Procedure for bioanode formation and operation

The microbial anodes were formed under constant polarization

at ÿ0.2 V/SCE using a multichannel potentiostat (Biologic, France,

EC-Lab software). Currents were recorded versus time and

current densities J were expressed with respect to the geometric

surface area of the anode carbon cloth (2 cm2). At some times,

the constant polarization was interrupted and cyclic voltammetry

was recorded, starting from the polarization potential and scan-

ning to ÿ0.6 V and then back to +0.3 V/SCE at 1 mV sÿ1. Two

voltammograms were recorded in succession each time. They were

mostly identical and only the second one is reported here for the

sake of simplicity.

The bioanodes were first formed in a first batch (cycle 1) using

500 mL of whole fermented sludge in the anodic compartment.

When the current fell down to zero, the bioanodes were removed

and placed in a new reactor containing fresh sludge supernatant.

Two successive batches were run in sludge supernatant (cycles 2

and 3). Each batch was considered ended when the current fell

down to zero. Finally, three more cycles (cycles 4–6) were per-

formed with pulses of 15 mM acetate (2 mL of acetate 4 M). No

medium change was made during these last three cycles operated

with acetate. The acetate concentration of 15 mMwas chosen so as

to have the same quantity of extractable electrons as with the

sludge supernatant. All the electrochemical experiments were con-

ducted in a stove thermostated at 40 °C.

The quantity of electrons extractable per litre from each VFA

([e], mol eÿ Lÿ1) was calculated as the product of the VFA concen-

tration by the number of electrons (ne) produced by the complete

oxidation of the VFA to CO2 and protons. The quantities derived

for each acid were added to estimate the quantity of electrons

extractable per litre of medium.

Coulombic efficiency is defined as the ratio of the quantity of

electrons effectively extracted to the quantity that could theoreti-

cally be released by complete oxidation of the substrate. For each

cycle of substrate consumption, the quantity of electron extracted

was determined by integrating the current with respect to time.

The theoretical extractable quantity was calculated from the sol-

uble COD of the fermented sludge (on average 1212 mg Lÿ1,

74 mmol of electrons) for the first three cycles, and from the acet-

ate concentration (15 mM, 60 mmol of electrons) for the last three

cycles.



2.4. Population analysis

The bioanodes were collected at the end of the experiments and

kept à ÿ20 °C until DNA extraction. Total DNA was extracted with

the MOBIO PowerSoilÒ DNA Isolation reagent kit according to the

manufacturer’s recommendations. Extracted DNA was quantified

by fluorometry (QuBit™ fluorometer with Quant-it™ assay kit,

Invitrogen) and DNA quality was checked by PCR. 16-S amplicon

pyrosequencing was performed using a Roche 454 FLX instrument

with titanium reagents from the Research and Testing Laboratory

(Lubbock, TX) according to RTL protocols (www.researchandtest-

ing.com) with bacterial primer sets 28F (50-TTTGATCNTGGCTCA

G-30)/519R (50-GTNTTACNGCGGCKGCTG-30).

Subsequent data analyses were conducted following exactly the

procedure detailed previously (Rimboud et al., 2015). After filter-

ing, the remaining sequences were used for picking Operational

Taxonomic Units (OTUs) using 97% sequence similarity as the

threshold. Sequences identified as Archaea and Eukarya were then

discarded as they resulted from unwanted amplification. Finally,

the abundance and relative abundance were computed for each

OTU and rarefaction curves were generated.

3. Results and discussion

3.1. Sludge composition

The concentrations of several VFAs (formic, acetic, propionic,

butyric and valeric acids) were measured in the supernatant of

the fermented sludge, together with lactic acid as another possible

fermentation product (Table 1).

No formic or valeric acid was detected. The absence of valeric

acid (C5) suggested that the degradation process was

well-advanced. The soluble COD evolved from 288 in the raw

sludge supernatant to 1212 mg Lÿ1 after fermentation. The final

TOC was 426 mg Lÿ1. The four VFAs identified made up respec-

tively 78.0% and 76.7 % of the soluble COD and TOC. On the basis

of the soluble COD, around 74 mmol of electrons could ideally be

expected to be extracted from 0.5 L of sludge supernatant.

Among them, 56 mmol of electrons could be extracted from the

four VFAs identified (Table 1).

3.2. Chronoamperometries

Three bioanodes were formed under constant polarization at

ÿ0.2 V/SCE in parallel, in identical conditions. The applied poten-

tial of 0.2 V/SCE was in the range of the most used values to form

bioanodes (Rimboud et al., 2014). The first batch cycle used the

whole sludge in the anodic compartment, the second and third

cycles were performed with the sludge supernatant. The last three

cycles were achieved by adding 15 mM sodium acetate without

changing the medium. In each case, a cycle was considered to have

ended when the current dropped quickly towards zero (Fig. 1). The

cycles performed with sludge renewal lasted for 23–25 days, while

acetate pulses lasted for 16–17 days.

The pH in the anodic compartment underwent fast neutraliza-

tion after medium change, decreasing from 8.3 to 7.3 ± 0.2 in

around 24 h. In parallel, a slight alkalinization occurred in the

cathodic compartment as the pH increased from 8.3 to 8.8 ± 0.1.

In contrast, during the last three cycles performed with acetate

pulses and no medium renewal, a progressive alkalinization was

observed in both anodic and cathodic compartments. The pH

reached 8.8 ± 0.5 and 10.4 ± 0.7 in the anodic and cathodic com-

partments respectively. A similar alkalinization of the anodic med-

ium fed by acetate pulses has previously been observed with

biofilms grown in compost leachate or paper mill effluents

(Cercado et al., 2013; Ketep et al., 2013). It has been attributed to

spontaneous reactions induced by the addition of acetate in

non-buffered complex media, because the alkalinization occurred

in the same manner in the absence of electrochemical phenomena.

As previously observed, this alkalinization did not inhibit bioanode

operation (Pocaznoi et al., 2012b).

The three electrodes displayed very similar electrochemical

performance. They produced higher current density and higher

Coulombic efficiency during the first cycle than in the second

and third cycles (Fig. 2). The average values were 9.3 ± 1.2 A mÿ2

and 14.4 ± 2.1%, respectively for the first cycle, while only

Table 1

Proportion of each VFAs in the hydrolyzed biological sludge supernatant.

Acid Formula Concentration

(mg Lÿ1)

Concentration

(mM)

ne [e] (mM)

Formic CHO2 nd nd 2 0

Acetic C2H4O2 599.2 10.0 8 79.8

Propionic C3H6O2 157.8 2.1 14 29.8

Butyric C4H8O2 17.9 0.2 20 4.0

Lactic C3H6O3 17.5 0.2 12 2.3

Valeric C5H10O2 nd nd 26 0

Fig. 1. Chronoamperometries under constant polarization at ÿ0.2 V/SCE. The cycles

were considered to have ended when the current dropped quickly towards zero.

The duration of each cycle could consequently differ slightly from one electrode to

another.



6.2 ± 0.9 A mÿ2 and 4.0 ± 0.5%, were reached in the second and

third cycles, which led to similar values. This was unusual, as

bioanodes ordinarily demonstrate opposite behaviour: the first

cycle generally produces lower performance because of the pri-

mary establishment of the electroactive biofilm. Here, the only dif-

ference between the first and the following two cycles was the

presence of the solid matter contained in the whole sludge used

in the first cycle. Even though this solid matter settled to the bot-

tom of the reactor very fast (in a few hours) and was not in contact

with the bioanodes, it had a beneficial effect on the bioanode per-

formance. The solid matter may have been a source of substrate

released to the solution, or it may have provided the bioanode with

appropriate microbial species to sustain the biofilm development.

Whatever the hypothesis used to explain its positive impact, the

presence of solid matter improved the performance of the three

bioanodes designed here.

The fourth cycles performed with acetate pulses gave average

current density and Coulombic efficiency of 7.9 ± 0.8 A mÿ2 and

6.0 ± 0.3%, respectively. Acetate, which cannot be fermented, is

known to be an excellent substrate allowing a high electron flux

to the anode (Abourached et al., 2014; Chae et al., 2009; Freguia

et al., 2010). It was introduced here at the concentration of

15 mM to obtain the same amount of extractable electrons as with

the four identified VFAs contained in the sludge supernatant. The

increase of the current density observed between cycles 3 and 4,

the concomitant increase in CE and the shorter cycle time con-

firmed that acetate was more suitable for electricity production

than the longer carbon-chained VFAs contained in the fermented

sludge (Chae et al., 2009; Freguia et al., 2010).

However, performance was progressively altered and current

densities decreased from 7.9 ± 0.8 (first acetate pulse) to

5.9 ± 0.7 A mÿ2 for two reactors after the third acetate pulse (last

cycle), while one reactor provided no current at all. This decrease

of the peak currents is inherent in batch conditions and is related

to the progressive exhaustion of the medium. Nevertheless, the

decrease was fast here, starting as early as the second acetate

pulse. In similar experimental conditions but with a different raw

medium (leachate formed from a garden compost) stable current

peaks have been reported for several acetate pulses (Pocaznoi

et al., 2012a). The supernatant of fermented sludge proved to be

subject to fast exhaustion here, in a compound that is required to

support biofilm activity.

Coulombic efficiencies recorded here (Fig. 2B) were lower than

those reported in previous studies dealing with raw sewage sludge

(CE 33.3 ± 1.5%, Abourached et al., 2014). This was a logical result

considering the choice of electroanalytical conditions. CE is propor-

tional to the ratio of the electrode surface area to the solution vol-

ume. Here, a very small electrode surface area (2 cm2) was used in

a fairly large volume of solution (0.5 L). Such a small ratio should

allow the biofilm to develop in the best possible conditions as

recently modelled (Rimboud et al., 2014). Electroanalytical condi-

tions were chosen to assess the best possible bioanode kinetics

but this was at the price of low CE values. In the present case, CE

was even lower because the richness of the sewage sludge

favoured alternative oxidation reactions that did not use the anode

as a final electron acceptor.

In contrast, as expected, observed current densities were high

compared to those found in the literature. The maximum of

9.3 ± 1.2 A mÿ2 was 4 times higher than one of the best current

densities recently reported with raw sewage sludge by

Abourached et al. (2014), who claimed a 275% increase with

respect to previous MFC designs. The present study showed that

there is still significant room for improvement. Actually, the max-

imum current density obtained here with the whole fermented

sludge (10.8 A mÿ2) was of the same order of magnitude as those

reported in the literature where, using similar inocula (wastewa-

ter), bioanodes were formed under constant polarization in ideal

synthetic culture media that were based on phosphate buffer,

ammonium and potassium chloride, with minerals and vitamins

(10.3 A mÿ2 for Torres et al., 2009; 13 A mÿ2 for Zhu et al., 2014).

The present work reveals that fermented sewage sludge is an

excellent candidate to form efficient bioanodes, that dilution in

an optimized synthetic medium is not required, and that whole

sludge, including the solid matter, even though it settles quickly,

is necessary for the best performance.

3.3. Characterization of the bioanode kinetics by cyclic voltammetry

Typical cyclic voltammograms recorded with the bioanodes in

catalytic (A) and non-catalytic (B) conditions are presented in

Fig. 3, together with the first derivative of the catalytic voltammo-

gram (C).

The catalytic signal (Fig. 3A) was observed from around

ÿ0.5 V/SCE and the plateau of maximum catalytic current was

reached around ÿ0.3 V/SCE. The voltammogram obtained in

non-catalytic conditions (condition of substrate depletion,

Fig. 3B,) displayed at least two clear redox systems, numbered 1

and 2, and additional less visible signals may also have been pre-

sent as three signals were identified by deriving the catalytic CV

(Fig. 3C). The derivative of the catalytic CV confirmed the presence

of the systems numbered 1 and 2 detected on the non-catalytic CV,

centred at ÿ0.465 and ÿ0.375 V/SCE, respectively. It also revealed

a third redox system, 3, which was partially covered by signal 2

and appeared only as a shoulder.

The Nernst–Michaelis–Menten equation was used to model the

catalytic voltammograms. This equation was originally established

as the Nernst–Monod equation by Marcus et al. (2007)), but we

consider it more accurate to refer to it as the Nernst–Michaelis–

Fig. 2. Maximum current densities (A mÿ2) and Coulombic efficiencies (%) per

batch cycle displayed by bioanodes 1 (red), 2 (blue) and 3 (green). The first cycles

were performed with the whole fermented sludge, the 2nd and 3rd cycles with the

fermented sludge supernatant and the last three cycles with pulses of 15 mM

sodium acetate. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)



Menten equation because enzymatic kinetics are involved during

the time of voltammetry rather than microbial growth:

J ¼ Jmax

1

1þ exp ÿ F
RT
ðEÿ EKÞ

ÿ � ð1Þ

in which F is the Faraday constant (96,485 C per mole eÿ), R the gas

constant (8.3145 J molÿ1 Kÿ1), T the temperature (40 °C, 313 K) and

E the applied potential (V). Two parameters have to be extracted

from the experimental catalytic CV: the value of the maximum cur-

rent density Jmax (Jmax = 10.6 A mÿ2) and value of the potential EK at

which J = Jmax/2 (EK = ÿ0.385 V/SCE). The theoretical curve (dashed

black line, Fig. 3A) gave a fair representation of the J–E general trend

but did not fit it accurately. Curiously, at small overpotentials, the

theoretical curve showed slower kinetics than experiment. Such a

difference did not make sense physically, because the theoretical

curve based on Nernstian reversible electron transfer should lead

to the fastest possible electron transfer. To make the representation

more theoretically logical, the EK value was artificially adjusted to

ÿ0.425 V/SCE V/SCE so that the theoretical curve fitted the first part

of the experimental one perfectly (dotted black line, Fig. 3A). This

second representation was more satisfactory but it differed signifi-

cantly from the experimental JÿE curve at the largest

overpotentials.

Here, an original theoretical approach is proposed to improve

understanding of the catalytic CV displayed by bioanodes. The CV

derivative revealed three distinct redox systems. Logically, a speci-

fic Nernst–Michaelis–Menten equation can be attributed to each

system with its own (Jmax,i, EK,i) pair of parameters for each. On

the CV first derivative (Fig. 3C), the potential of each peak corre-

sponds to the point at which the CV derivative stops increasing

and starts to decrease, i.e. the inflexion point on the catalytic CV.

In Eq. (1), the inflexion point corresponds to the (EK, Jmax/2) pair

(this can be easily demonstrated by calculating the root of the sec-

ond derivative of Eq. (1)). Consequently the potential of each peak

observed on the CV derivative gave the EK,i value of each system, so

EK,1 = ÿ0.465 V/SCE, EK,2 = ÿ0.375 V/SCE and EK,3 was assessed to

be ÿ0.295 V/SCE. The corresponding Jmax,i values were extracted

from the experimental catalytic CV as illustrated on the scheme

presented in Fig. 3D:

JEK ;1 ¼ Jmax;1=2 ð2Þ

JEK ;2 ¼ Jmax;1 þ Jmax;2=2 ð3Þ

JEK ;3 ¼ Jmax;1 þ Jmax;2 þ Jmax;3=2 ð4Þ

where JEK,1, JEK,2 and JEK,3 are the current densities corresponding to

potentials EK,1, EK,2, and EK,3, respectively. The three maximum cur-

rent densities Jmax,1, Jmax,2 and Jmax,3 were graphically determined as

3.4, 4.4 and 2.7 A mÿ2, respectively.

The three theoretical CVs corresponding to each redox system

are plotted in Fig. 3E. The final theoretical CV displayed by the

three redox systems is given by summing the three curves. The

resulting theoretical curve fitted the whole experimental CV very

well, which demonstrated that the experimental signal corre-

sponded to the sum of three Nernstian electron transfers.

This result is of great importance for the basic understanding of

biofilm-anode electron transfers. When only one redox system was

considered in the model to calculate the theoretical curve, the

experimental kinetics appeared less efficient than the assumed

Nernstian electron transfer. In contrast, the multi-system model

developed here showed that the biofilm-anode electron transfers

were fully efficient, as they each different redox systems ensured

Nernstian kinetics at the scan rate of 1 mV sÿ1. Actually, the devi-

ation from a single-system Nernst–Michaelis model was not the

mark of less efficient electron transfer, but it was due to the

Fig. 3. Cyclic voltammetries recorded with bioanode 3. (A) Catalytic voltammogram

recorded during maximum current production after the first medium renewal. (B)

Non-catalytic voltammogram recorded after depletion of substrate introduced by

the first medium renewal. (C) First derivative analysis of the catalytic voltammo-

gram. (D) Scheme to illustrate the relation between EK,i and Jmax,i and their relation

to experimental values. (E) Modelling of the catalytic voltammogram from the three

signals identified on the first derivative analysis using the Nernst–Michaelis–

Menten equation.



involvement of several redox systems, each being centred on a dif-

ferent potential value, and each ensuring reversible electron trans-

fer. In this case, if the objective of further work is to improve the

biofilm-anode electron transfer kinetics, the effort should not con-

cern the electrode surface characteristics in priority, because the

electrode ensures fast electron transfer with each redox system,

but should concentrate on the nature of the redox systems that

the biofilm develops.

Much of the literature devoted to microbial bioanodes has

shown that several parameters exist to act on the nature of the

redox systems expressed by a biofilm. For instance, when bioan-

odes are formed under chronoamperometry, the applied potential

has a direct impact on the number and the potential of the redox

systems involved in electron transfer, both in multispecies biofilms

(Aelterman et al., 2008; Zhu et al., 2014) and in pure cultures (Zhu

et al., 2012). The nature of the substrate has also been shown to

affect the enzymatic systems that the cells express to ensure the

extracellular electron transfer. For example, different redox sys-

tems have been detected by Kaur et al. (2013) when working alter-

natively with different VFAs as substrates. Acetate and butyrate

gave pretty similar CV with a single well-defined redox system,

while propionate stimulated several other redox systems.

The multi-system Nernst–Michaelis–Menten theoretical

approach developed here should have a considerable impact on

the understanding of bioanode kinetics and guide future research

endeavours. It would now be of great interest to analyse the bioan-

ode kinetics in view of this new approach that differentiates

between the contributions of the various redox systems. The main

conclusion drawn here is that each system is very efficient and is

able to ensure reversible (Nernstian) electron transfer at a scan rate

of 1 mV sÿ1. The global overpotential that was necessary to reach

the maximum current plateau was due to the width of the poten-

tial range covered by the different successive systems. In such a

case, bioanode improvement should mainly be achieved through

control of the biofilm redox composition. Future research endeav-

ours should consequently focus the different operating parameters

that can promote the expression of low-potential redox systems. In

contrast, since the electron transfer rate of each redox system was

fast, working on the electrochemical properties of the electrode

surface would be less relevant.

3.4. Analysis of the microbial communities

At the end of chronoamperometry, the microbial community of

each bioanode was analysed by 16S rRNA gene pyrosequencing.

The number of operational taxonomic units (OTUs) identified per

bioanode was 206, 149 and 108, for bioanodes 1, 2 and 3, respec-

tively. These numbers were used to calculate the different diversity

indexes summarized in Table 2.

Bioanode 1 showed the greatest diversity of species repre-

sented, with a Chao-1 index of 238 compared to 200 and 145 for

electrodes 2 and 3, respectively. It also presented the most diverse

population, as illustrated by a higher Shannon index than the other

two electrodes. However, the Simpson indexes calculated for the

three anodes were close, ranging between 0.92 (bioanode 2) and

0.94 (bioanode 3). This meant that the microbial community of

bioanode 1 was the richest, but the evenness of all three biofilms

remained similar.

Five phyla dominated the microbial communities. Three phyla:

Proteobacteria, Firmicutes and Bacteroidetes, are commonly found

among the microbial communities of bioanodes, as pointed out in a

recent review and other works (Chae et al., 2009; Zhi et al., 2014).

Two other phyla, Chlorobi and Spirochaetes, are not known as

common providers of electroactive species.

All the major orders (representing at least 1% of the sequences

on at least one electrode) are presented in the bar charts of

Fig. 4. Twenty-three major orders were detected, which

accounted for 95% of identified sequences, but only seven of them

accounted for more than 10% of sequences on at least one

electrode: Desulfuromonadales (d-proteobacteria), Clostridiales

and Thermoanaerobacterales (Firmicutes), Bacteroidales

(Bacteroidetes), Ignavibacteriales (Chlorobi), unclassified

Spirochaetes and Spirochaetales (Spirochaetes). The table with

the abundance of each order is available in the Supplementary

material (Fig. S1).

Sequences assigned to Desulfuromonadales were the most

numerous in the three bioanodes. This order was the only one rep-

resented by more than 10% of the sequences in each bioanode,

ranking respectively second, fourth and first major order in bioan-

odes 1, 2 and 3. Many bacteria belonging to this order have been

identified as efficient electroactive bacteria in the literature,

including Geobacter sp. (Bond et al., 2002; Bond and Lovley,

2003; Nercessian et al., 2012), Desulfuromonas sp. (Bond et al.,

2002), Geoalkalibacter sp. (Badalamenti et al., 2013;

Carmona-Martinez et al., 2013). Phylogenetic identification using

the ARB software revealed that the representative sequences of

major OTUs belonging to this order were classified as

Geobacteraceae related to Geobacter metallireducens (96% identity

for the major OTUs of electrodes 1 and 3), a well-known electroac-

tive bacterium (Bond et al., 2002) and as Desulfuromonadaceae

related to Desulfuromonas michiganensis (93% identity for the third

major OTU on electrode 2).

In addition to Desulfuromonadales, some other orders detected

here have also been reported as including electroactive species,

among them are: Clostridiales (Firmicutes), highly abundant on

electrode 1 (19%) (Niessen et al., 2005), Rhodocyclales

(Proteobacteria) abundant on electrodes 2 and 3 (7% and 9%)

(Lefebvre et al., 2010) and Pseudomonadales abundant on elec-

trode 3 (7%) (Friman et al., 2012).

Other major orders were unevenly distributed on the different

electrodes and included bacteria commonly found in

anaerobic sludge, as expected considering the sludge pretreatment

(Rivière et al., 2009). Among them, Clostridiales and

Thermoanaerobacterales belong to the Firmicutes phylum and

Bacteroidales to the Bacteroidetes phylum. Ignavibacterales, which

belong to the Chlorobi phylum, were very abundant on electrode 1.

Species belonging to this order have been found previously as the

most represented taxa in a bioanode formed with activated sludge

(Yoshizawa et al., 2014).

Bioanode 2 revealed drastically lower performance in the fifth

cycle and was no longer able to provide current in the last cycle.

Two orders of Spirochaetes were found as the second and third

major orders in this bioanode, making this phylum the second

most represented on this electrode. To the best of our knowledge,

Spirochaetes have never been found as a major component of elec-

troactive biofilms. It may consequently be assumed that the pres-

ence of Spirochaetes was related to the loss of electroactive

performance of the bioanode. The other obvious microbial features

that differentiated bioanode 2 from the others was the high abun-

dance of sequences from the order Thermoanaerobacterales

(belonging to the Firmicutes phylum). This order, which has never

been found as major component of bioanodes, may also be symp-

tomatic of bioanode malfunction.

Table 2

Number of species and diversity indexes of the three bioanodes.

Bioanode Number of species Chao-1 Shannon Simpson

1 206 238 5.46 0.94

2 149 200 4.70 0.92

3 108 145 4.74 0.93



In summary, the three bioanodes showed similar statistical bio-

diversities, as reflected by their diversity indexes (Table 2), but dif-

ferent populations (Fig. 3). However, a correlation was observed

between the electrochemical performance and the proportion of

Desulfuromonadales. Desulfuromonadales represented 11.4%,

15.1% and 23.3% of the total population of the bioanodes 2, 1 and

3, which produced increasing current densities and Coulombic effi-

ciencies (Fig. 2). A similar correlation has recently been reported

for bioanodes formed in different media (synthetic culture medium

or waste water) and fed with food waste as the substrate (Blanchet

et al., 2015). Current densities have proved to be straightforwardly

correlated with the enrichment in Geobacteraceae, although the

species differed depending on the medium. Here, the electrochem-

ical performance of the bioanodes can be correlated with the pro-

portion of a Desulfuromonadales, while the other phyla, less

strongly – or not at all – involved in the electron transfer process,

were not present in reproducible ratios in the different bioanodes.

Around a core of Desulfuromonadales, which probably provided

the bioanodes with the main electroactive species, the microbial

community of the other species showed significant dispersion.

Finally, the abundance of the phylum Spirochaetes may be related

to the loss of electroactivity.

3.5. Relevance of the three redox systems detected

As the bioanode microbial communities were dominated by

genera related to Geobacteraceae and Desulfuromonadaceae, the

voltammetric results were compared to the data available in the

literature obtained with bioanodes formed from pure cultures of

Geobacter sulfurreducens. The three redox systems found here were

centered around ÿ0.465, ÿ0.375 and ÿ0.295 V/SCE, corresponding

to ÿ0.22, ÿ0.13 and ÿ0.05 V/SHE. In the literature, for G. sulfurre-

ducens bioanodes, Marsili et al. (2010) have detected three redox

systems at respectively ÿ0.235, ÿ0.108, ÿ0.056 V/SHE for bioan-

odes formed under a polarization potential of 0.24 V/SHE. Zhu

et al. (2012), using various polarization potentials, have identified

up to seven redox systems; three of them were observed at ÿ0.21,

ÿ0.16 and ÿ0.09 V/SHE with the bioanodes conditioned at ÿ0.25

and ÿ0.09 V/SHE. All these systems matched well with the three

systems detected here by derivation of the catalytic CV records.

Redox systems recorded in other works with G. sulfurreducens

bioanodes (Fricke et al., 2008; Katuri et al., 2010) also corre-

sponded with at least two of the values found here. These compar-

isons indicated that the multi-system model was able to

satisfactory fit the whole CV record based on relevant redox poten-

tial values. Conversely, CV analysis supported that species related

to Desulfuromonadales identified in this work may constitute the

main actors of the electrochemical activity of the biofilms.

4. Conclusions

Using electroanalytical conditions revealed that fermented raw

sewage sludge was an excellent medium to develop efficient

bioanodes. The presence of the whole sludge, including solid mat-

ter, enhanced the performance, and the reason now needs to be

determined by further studies. The innovative kinetic analysis

based on a multi-system Nernst–Michaelis–Menten law that was

proposed here opened up a new approach for understanding

bioanode electron transfers and guiding further practical improve-

ments. Finally, the electrochemical performance was linked to the

proportion of Desulfuromonadales in the microbial communities,

while the development of Spirochaetes may be related to the loss

of electroactivity.
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Fig. 4. Relative abundance of bacterial orders found on electrodes 1 (red), 2 (blue) and 3 (green). Only orders represented by at least 1% sequences in at least one of the

samples are shown. They account for 95% of total identified sequences. Bacterial phyla are indicated when they are represented by several orders. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)



Appendix A. Supplementary data

Supplementary data associated with this article can be found, in

the online version, at http://dx.doi.org/10.1016/j.biortech.2015.05.

069.
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