N

N
N

HAL

open science

Microbial anodes: What actually occurs inside pores?

Poehere Chong, Benjamin Erable, Alain Bergel

» To cite this version:

Poehere Chong, Benjamin FErable, Alain Bergel. Microbial anodes: What actually oc-
curs inside pores?. International Journal of Hydrogen Energy, 2018, 44 (9), pp.4484-4495.
10.1016/j.ijhydene.2018.09.075 . hal-01921846

HAL Id: hal-01921846
https://hal.science/hal-01921846

Submitted on 14 Nov 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01921846
https://hal.archives-ouvertes.fr

OATAO

Open Archive Toulouse Archive Ouverte

OATAO is an open access repository that collects the work of Toulouse
researchers and makes it freely available over the web where possible

This is an author’s version published in: http://oatao.univ-toulouse.fr/21164

Official URL :
https://doi.org/10.1016/j.ijhydene.2018.09.075

To cite this version:

Chong, Poehere®® and Erable, Benjamin*= and Bergel, Alain®2 Microbial anodes:

What actually occurs inside pores? (2018) International Journal of Hydrogen
Energy. ISSN 0360-3199

Any correspondence concerning this service should be sent
to the repository administrator: tech-oatao@listes-diff.inp-toulouse.fr



mailto:tech-oatao@listes-diff.inp-toulouse.fr
https://doi.org/10.1016/j.ijhydene.2018.09.075
https://doi.org/10.1016/j.ijhydene.2018.09.075
http://www.idref.fr/229204317
http://www.idref.fr/107988569
http://www.idref.fr/070140375

Microbial anodes: What actually occurs inside pores?

Poehere Chong’, Benjamin Erable, Alain Bergel

Laboratoire de Génie Chimique, CNRS, Université de Toulouse, 4 Allée Emile Monso, 31432 Toulouse, France

ABSTRACT

Microbial anodes were formed under constant polarization either free in solution or inside
channels of 1 mm or 5 mm height. Both the 5 mm and 1 mm high channels allowed the
colonization of electrodes over several centimetres of penetration depth. The channel
impacted the evolution of the biofilm along the electrode and limited the maximum cur-
rent density to 5.4 A.m 2
bioanodes. Several effects related to the channel configuration can be explained by a

, whatever the height, while 13.1 A.m 2 was achieved with the free

theoretical analysis of mass transfers. Nevertheless, other observations, such as the sta-
bilizing effect of the channels on the long-term current, the time of 2 days that was always
sufficient for the electrodes reach the maximum current, and the decoupling between
current production and biofilm development, remain difficult to explain and open up
exciting questions for future research on the mechanisms of electroactive biofilm

formation.

Introduction

Microbial anodes are the cornerstone of most microbial elec-
trochemical processes [1,2]. A huge number of studies have
consequently aimed to improve their electrochemical perfor-
mance. In this context, 3-dimensional porous electrodes have
being increasingly used to offer the largest possible surface
area for the development of the microbial electroactive biofilm
[3]. Various types of porous electrodes have been imple-
mented, mainly in the form of felts [4—6], foams [5,7,8],
sponges [7,9-11], and multi-layered structures [12,13], made
from a wide range of materials: carbon [14—18], including
carbonaceous materials obtained by the pyrolysis of natural
plants (pomelo peel, kenaf, corn stem, etc.) [19-21] and
various metals [22—-25].

A large range of pore sizes have been investigated, from
some nanometres [26], through a few micrometres [27] and

* Corresponding author.

hundreds of micrometres [28] to several millimetres [11].
However, correlation between the bioelectrochemical perfor-
mance of a 3-dimensional porous microbial anode and its pore
size is not yet evident. A major obstacle that hinders the
advance of knowledge in this area is the practical difficulty of
designing experimental set-ups that allow access to the bio-
film developing inside a porous structure. A recent study in
this direction has described a stacked electrode configuration
that allowed each layer to be independently imaged [12]. The
purpose of the present study was to go ahead in this direction
by designing a simple experimental set-up that would enable
biofilm penetration inside a 3-dimensional structure to be
approached. The main idea was to set a long (10 cm), flat
electrode at the bottom of an insulating channel (Fig. 1) that
could be disassembled at the end of the experiment in order to
take images of the biofilm development along the electrode
length. The width of the channel was chosen large enough
(1 cm) not to impact the microbial colonization, so that the
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Fig. 1 — Schematic of the experimental channel device.

study could focus on the impact of the height of the channel as
the sole parameter.

A quick glance at the literature helped in choosing char-
acteristic sizes to work with. It is easy to accept that the nar-
rowest pore sizes, smaller than cell sizes, cannot be accessed
for biofilm development (although they may impact the per-
formance of microbial anodes by other effects, like improving
biofilm anchorage or the electron transfer rate [29]). Porous
electrodes with pore sizes of a few micrometres been reported
to be penetrated by microbial colonization, mostly when
specific conditions were implemented with minimal synthetic
media and pure cultures [6,27,30,31]. Nevertheless, larger pore
sizes are required to avoid clogging by the biofilms that form in
rich media. Clogging of the small pore sizes explains why open
felts have been reported to produce current density similar to
that of two-dimensional electrodes, for instance [32].

Considering that the thickness of mature electroactive
biofilm can reach hundreds of micrometres [5,32,33], it can be
speculated that pore sizes of a few millimetres may be the
relevant choice to avoid pore clogging and allow the biofilm to
upholster the largest possible surface area inside a porous
structure. This kind of rule of thumb is supported by experi-
mental results. The highest current densities reported so far
with porous electrodes have generally been obtained with
pore sizes of the order of millimetre [5,11,13] and multi-
layered structures. Current density as high as 390 A.m 2 has
been reached with a multi-layered carbon anode with inter-
layer distance of 1-3 mm [13]. Accordingly, channels charac-
teristic sizes of 1 and 5 mm have been chosen in this study.

Materials and methods
Channel device fabrication
The channel device (Fig. 1) consisted of two rectangular

parallelepiped parts (10 cm x 2.5 cm x 1 cm) made of Teflon.
The upper part was machined with a channel along the whole

length that was 1 cm wide and had two different heights, h:
1 mm (CH1) and 5 mm (CHS). A carbon cloth (Paxitech SAS
France, France) was inserted between the upper and lower
Teflon parts, thus forming an anode of 10 cm x 1.0 cm surface
area applied against the bottom part. The anode was electri-
cally connected with a platinum wire, whose part outside the
carbon cloth was insulated with a heat-shrinkable sheath. The
three pieces were assembled by means of 14 plastic screws
uniformly distributed over the whole device. Insulating var-
nish (Electrofuge 200-ND, CRC Industries France SAS) was
applied all around the outer section of the carbon cloth and
dried overnight in a heat chamber at 40 °C.

Microbial anode formation

Primary bioanode formation
Primary bioanodes were first prepared to serve as the sole
source of microbes for channel device and free electrodes
experiments. They were formed using a garden compost
leachate as the solution and inoculum. As described else-
where [34], the leachate was obtained from a mixture of 1.5 L
of garden compost and 2.25 L of tap water supplemented with
60 mM of KCl. This mixture was first stirred overnight at room
temperature then filtered through a large-mesh cloth. The pH
of the final compost leachate was 7.6 and its conductivity was
26Sm™.

The 3-electrode electrochemical reactors were composed
of a carbon cloth (8 x 4 cm?) as the working electrode (WE), a
stainless steel grid as the counter electrode (CE) and a satu-
rated calomel electrode (SCE, Radiometer, +0.242 V/SHE) as the
reference electrode. The working electrode was electrically
connected with a platinum wire, whose part outside the car-
bon cloth was insulated with a heat-shrinkable sheath. All
potentials are expressed with respect to the SCE and current
density values for these primary electrodes were calculated
with respect to the whole anode surface area of 64 cm? (both
32 cm? faces of the electrode were exposed to the solution).
Reactors were filled with 700 mL of garden compost leachate
and deaerated by 15 min nitrogen bubbling. Primary bioanodes
were formed by applying a constant potential (—0.20 V/SCE)
with a multi-channel potentiostat (VMP BioLogic SA, France).
Sodium acetate (20 mM), used as the substrate, was added
every time the current density decreased to around 1 A.m~2.
Reactors were placed in a thermostatic bath to maintain the
temperature at 40 °C. Primary bioanodes were considered
mature, i.e. appropriate to be used as inoculum, when a stable
current density of around 10 A.m 2 was reached.

Formation of secondary bioanodes in the channel devices and on
free electrodes

The channel devices were implemented in a batch reactor
filled with 2.5 L of minimal synthetic medium composed of
50 mM bicarbonate buffer, 10 mL L~ ! macronutrients, 1 mLL*
micronutrients, 1 mL L™! vitamins, 4.5 gL ' KCland 2.4 g L.™?
NaH,PO4-H,0O (see Supplementary Data Figure S.1). The
mature primary bioanode used to inoculate the reactor was
set at the centre. Three clean working electrodes were ar-
ranged circularly around the primary bioanode: two channel
devices, one 1 mm high (CH1) and the other 5 mm high (CH5),
and a free carbon cloth electrode used as the control. The free



electrode (a piece of commercial carbon cloth without any
treatment) had the same dimensions as the electrode inside
the channel devices, i.e. 10 cm x 1 cm, but both its sides were
exposed to the solution, while only one side was exposed in
the channel devices. Consequently, current densities were
related to a surface area of 20 cm? for the free bioanodes and
10 cm? for the channel devices. The counter electrode was a
circular platinum grid of 6 cm diameter, set above the primary
bioanode.

The four electrodes (the primary bioanode used as the
inoculum, the two channel devices and the free electrode)
were individually addressed as WE polarized at —0.20 V/SCE
with an N-stat device (Biologic SA, France) added to the multi-
channel potentiostat. The concentration of sodium acetate
was measured periodically with an enzymatic kit (K-ACETAK,
Megazymes) and maintained at 20 mM. Reactors were flushed
with nitrogen for 20 min at the beginning and were main-
tained at 40 °C in a heat chamber. Experiments were per-
formed at least in duplicate and up to 4 identical experiments
were carried out for some conditions, as indicated in the Re-
sults section.

Microbial anode analysis

At the end of the experiment, the channel devices were dis-
assembled and the bacterial colonization of the electrodes
was assessed by epifluorescence microscopy and analysed by
statistical analysis of the biofilm volume coverage ratios.

Epifluorescence microscopy. Biofilms were observed with a Carl
Zeiss Axiomalger M2 microscope equipped for epifluor-
escence with an HBO 50 W ac mercury light source and the
Zeiss 09 filter (excitor HP450-490, reflector FT 10, Barrier filter
LP520). Images were acquired with a monochrome digital
camera (evolution VF) every 0.5 pm along the Z-axis and the
set of images was processed with the Axiovision® software.
Electrodes were stained with acridine orange 0.01% (A6014
Sigma) for 10 min, then thoroughly rinsed in three different
water baths before drying at room temperature. Acridine or-
ange stains both the intracellular and extracellular nucleic
acids and thus gives a fair representation of the global biofilm
structure. To visualize the bacterial profile along the channel,
images were taken every 1.5 cm along the electrode (eight
different locations). For each location, four different spots
were analysed and averaged, so 32 spots (8 locations x 4 spots)
were analysed for each bioanode.

Biofilm volume coverage ratios. Ateach spot, a picture was built
up to estimate the biofilm volume coverage ratio as described
elsewhere [32,35]. For each picture, n images were taken along
the z-axis, every 3.9 um, forming a stack. For each image (i), the
biofilm surface area ratio (6;) was determined and then
multiplied by the thickness of the layer (6) and the image sur-
face area Ajmage to calculate the local biofilm volume (V;):

Vi= 0; X 6 X Aimage 1)

The final biofilm volume coverage ratio was calculated as:

Biofilm volume coverage ratio = Z Vi/Vr 2

i=1

where n varied between 50 and 80, depending on the biofilm
thickness, and Vr was the total volume scanned by the n
images:

Vi = NX 06X Ajmage (3)

Results
Choice of the experimental device

Inside a multi-layered structure or inside a pore of a mono-
lithic electrode, mass transports occur in parallel to the
length of the structure. The coupled transports and reactions
inside such structures are usually modelled by making dif-
ferential mass balances inside an elementary unit perpen-
dicular to the main direction [36]. In an elementary unit, at
stationary state, concentrations are assumed to be uniform
and mass transport through the cross-sections balance the
consumption or production by reaction on the electroactive
surfaces (Fig. 2). This simplified approach allows establishing
in an easy way a mono-dimensional transport-reaction
equation:

doi Cross — section area = iﬁ Differential reactive area 4)
i

where ¢; is molar flux of the species i, which can be described
through the Nernst-Planck equation, j is the local current
density, which may depend on concentrations of different
species, n; is the number of electron exchanged for the con-
sumption/production of 1 mol of the species i, F is the Faraday
constant; the sign - or + depends whether the i species is
consumed or produced by the reaction, respectively.

For multi-layered electrodes, considering two electrode
layers spaced of 2 h distance (Fig. 2) the Cross-section area is
equal to 2 h I, were h is the half-distance of the electrode
layers, and | is the width of the electrode layers, and the Dif-
ferential reactive area is two-times 1 dx because of the presence
of two electrodes. The one-dimensional transport-reaction
between two parallel, flat electrodes is thus:

dpih =+ dx (5)

J
nF

For the channel device elaborated in this study, the Cross-
section area is equal to h | and the Differential reactive area is 1 dx,
so that the differential transport-reaction equation is also Eq.
(5). Actually, the symmetry plane in the middle of two elec-
trode layers is just replaced in the channel device by an
insulating plane. Both kinds of interface correspond to Neu-
mann boundary conditions, with the first derivative of the
concentrations equal to zero. Consequently, the channel de-
vice with a height h gives a right model of what occurs inside a
multi-layered structure with an inter-electrode distance of
2 h.

The relevancy of the channel device can enlarge by
considering a cylindrical pore (Fig. 2). In this case the Cross-
section area is equal to = r?, were 1 is the pore radius, and the
Differential reactive area is 2r r dx, which leads to the differen-
tial transport-reaction equation:
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Fig. 2 — Schematic of one-directional transport for A) two adjacent layers of a multi-layered electrode B) the channel device
used in this study, C) a cylindrical pore inside a monolithic electrode. The grey colour corresponds to the electrode surface;
the hatched areas show the sections perpendicular to the x-axis, through which mass transports take place; the differential
transport-reaction equation is established between two sections spaced of dx.
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Comparing Egs. (6) and (5) shows that a channel device
with height h gives a relevant approach of a cylindrical pore
with radius r equal to 2 h.

In conclusion, the channel devices with height h elaborated
in this study give a relevant representation of the transport-
reaction behaviour of multi-layered structured spaced by a
distance 2 h and of cylindrical pores of radius 2 h.

Primary bioanode formation

Primary bioanodes were formed on carbon cloth electrodes
polarized at -0.20 V/SCE in garden compost leachate
with successive acetate additions (20 mM). The chro-
noamperometry curves of three bioanodes run in parallel gave
fairly reproducible results (Fig. 3). After around 12 days of po-
larization, stable and mature electroactive biofilm had devel-
oped, which was consistent with previously reported studies
[33, 34].

Secondary bioanodes in the channel devices and on the free
electrodes

The primary bioanodes were used to form secondary bio-
anodes in a synthetic medium. Each reactor contained two

electrodes in channel devices 1 and 5 mm high (CH1 and CH5
respectively) and a free electrode (control) of identical di-
mensions (1 cm x 10 cm). Experiments with 31 days of polar-
ization were replicated 4 times in identical conditions. For the
sake of clarity, the results of only one reactor are plotted in
Fig. 4 the other results are provided in Supplementary Data
(Fig. S2).

Free electrodes started to generate current after less than
20 h and reached current densities of around 15 A.m~2 during
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Fig. 3 — Chronoamperometry of primary bioanodes formed
at —0.20 V/SCE with successive additions of 20 mM acetate
to garden compost leachate at 40 °C. Acetate was added
when current density fell to close to 0.
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Fig. 4 — A) Chronoamperometry of secondary bioanodes
formed at —0.20 V/SCE in synthetic medium at 40 °C during
31 days (arrows correspond to the acetate additions up to
20 mM) and B) Visualization of the 4 phases observed with
a channel of 5 mm height.

the first 3 days. The CH1 and CHS electrodes needed more time
to start producing current, at least 1 and 2 days, respectively,
and the maximum current densities remained 2.5 times lower
than those of the free electrodes.

The initial behaviour of the free electrodes was similar for
all replicates but their long-term performance showed more
difference. For all free electrodes, the current decreased after a
few days, but at different rates and, at the end of the 31 days of
polarization, the free electrodes produced significantly
different current densities - from near zero to 3 A.m~2,

In comparison, the channel devices gave more stable re-
sults during the 31 days of experiment. Independently of the
channel height, all the CH1 and CHS5 chronoamperometry
curves presented similar features, which can be described in
four successive phases (Fig. 4B): I) an initial lag period, II) a
rapid increase of the current density to a maximum value Jimax,
followed by III) a slow decrease, and ending by IV) a long-term
stabilization of the current density at a value lower than Jmax.

Effect of channel height on electrochemical performance

Four parameters were defined to characterize the formation
phases of the secondary bioanodes: i) the start-up time, which
corresponded to the duration of phase I and was defined as the
time required for the initial current density reach 0.1 A.m 2, ii)
the maximum current density value Jmay, iii) the duration of
current increase (phase II), which was equal to the difference
between the time at which Ji,.x Was reached and the start-up

time, and iv) the value of the long-term current density. The
mean value of each parameter is reported in Table 1. For the
first three parameters, the mean value was based on values
from ten experiments: quadruplicate of 31 days (Fig. 4A and
Figure S.2) duplicate of 10 days (Fig. SA and Figure S.3) and
quadruplicate of 4 days (Fig. 5B and Figure S.4). The mean
value of the fourth parameter (long-term current density) was
obtained from the four experiments that lasted 31 days
(Fig. 4A and Figure S2).

Some of the results reported in Table 1 could have been
anticipated because of the geometric hindrance created on
mass transport by the channel set-up:

- The free bioanodes started producing current at 0.8 days,
while the bioanodes inside the channels started at 1.2 and
1.8 days for channel heights of 5 and 1 mm, respectively:
decreasing the channel height from 5 to 1 mm increased
the initial lag period by 50%.

The bioanodes in the channel devices reached consider-
ably lower maximum current density than the free bio-
anodes (5.4 +1.5 vs. 13.1 +2.9 A.m ?).

Decreasing the channel height from 5 to 1 mm decreased
the long-term current density by 25%.

Some other results reported in Table 1 are more counter-
intuitive:

- The channel height had no effect on the Jiax value.

- Free bioanodes and bioanodes inside the different chan-
nels always showed an increasing phase (phase II) of two
days; it always took two days for all bioanodes to reach the
maximum current density, whatever the experimental set-
up.

- The long-term current densities provided by CH1 and CH5
electrodes were respectively 30 and 70% higher than those
of the free electrodes, suggesting that the channel config-
uration may favour current stability.

Effect of channel height on microbial colonization

Bioanodes were formed under identical conditions as previ-
ously described but polarization was stopped after 4 days (4
runs) and 10 days (2 runs). Four days of polarization approxi-
mately corresponded to the end of phase II, when the bioanodes
reached maximum current density, and 10 days corresponded
to the current decrease during the third phase. At the end of
each experiment of 4, 10 or 31 days, the channel devices were
dismantled and biofilm development was assessed by

Table 1 — Average values of the start-up time, Jimax,

duration of phase II (based on 10 experiments) and long-
term current density (based on 4 experiments).

Start-up J max Duration Long term
time (A/m?) Phase II current
(days) (days) (A/m?)
Control 0.8 +0.1 13.1+29 2+06 1.7 +0.9
5 mm 12+0.1 54+15 22+09 29+1.0
1 mm 1.8 +0.5 54+ 1.5 22+11 22+0.7
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Fig. 5 — Chronoamperometry of secondary bioanodes
formed at —0.20 V/SCE in synthetic medium at 40 °C during
A) 10 and B) 4 days (arrows correspond to acetate additions).

epifluorescence microscopy. Pictures were taken along the
10 cm length of the electrodes at a regular distance of 1.5 cm. An
example of the electrode colonization obtained after 31 days
along the two channel heights is illustrated in Fig. 6.

Such image analysis was performed on duplicates of CH1
and CHS5 bioanodes for each operation time (4, 10 and 31 days)
to obtain the biofilm volume ratios along the electrode plotted
in Fig. 7.

After 4 days, the full length of all bioanodes was colonized
by bacteria. CH1 and CHS5 provided biofilm volume ratios be-
tween 15 and 40%, with a slightly higher microbial density for
CH1 bioanodes.

After 10 days, significant differences appeared depending
on the channel height. The bioanodes in the 1 mm channels
did not show significant evolution compared to their 4 day
status and biofilm volume ratios remained less than 32% on
most of the length of the bioanodes. In contrast, in the 5 mm
channels, colonization had significantly increased. Biofilm
volume ratios reached 55% at the extremities and around 30%
at the centre.

After 31 days, the bioanodes in the 5 mm channels had kept
the same general colonization profile as after 10 days, with
only a global increase in the biofilm volume ratio of around
5%. In contrast, the bioanodes in the 1 mm channels showed
significantly higher colonization than at day 10, particularly at
the channel extremities, with biofilm volume ratios of up to
60%. The bioanodes in the 1 mm channels showed more
pronounced colonization profiles, with a greater difference in
biofilm coverage ratios between the centre and the

extremities. The channels imposed some limiting constraint
on colonization of the centre of the electrodes, and this
constraint was stronger in the 1 mm channels.

Discussion
Initial internal colonization (phases I and II)

After 4 days, the full interior length of both CH1 and CH5
electrodes was totally colonized by bacteria (Fig. 7A). This
confirmed observations already described in the literature
[5,11,13,20] that millimetre pore sizes are fully appropriate for
deep penetration of electroactive microorganisms. Here, it
was shown that, after 4 days, the electrode colonization was
almost uniform over the full electrode length, which means
that the electroactive microorganisms could penetrate to
significant depths, of several centimetres, inside channels at
least 1 mm high. Accordingly, it might be concluded that a
porous structure of a few millimetres in size could be imple-
mented with several centimetres depth. Nevertheless, this
conclusion must be qualified, because the maximum current
densities, Jmax, reached by the bioanodes inside the channels
were significantly lower, around 2.5 times less, than those
reached by the free bioanodes (Table 1).

The free bioanodes benefited from the continuous diffu-
sion of acetate from the solution bulk, without any constraint.
In contrast, the bioanodes confined in the channels probably
consumed the 20 mM acetate contained in the volume of the
channel first, and then had to wait for the diffusion of acetate
through the small section area of the channel. It would be no
surprise to find that this diffusion along narrow channels
significantly limited the substrate supply. Consequently,
during the initial phases of bioanode formation (phases I and
II in Fig. 4), the free bioanodes and the bioanodes inside
channels encountered very different situations in terms of
substrate availability. The free bioanodes benefited from
continuous, semi-infinite, linear diffusion with a very low
ratio of electrode surface area to solution volume, equal to
8.107%3 cm ™' (20 cm? in 2.5 L). In contrast, for the bioanodes
inside the channels, the initial phases I and Il unfolded as if in
a small vessel having the volume of the channel, with very
high “electrode surface area/solution volume” ratios of 2 and
10 cm ! for CH5 and CH1, respectively. It has been shown and
theorized elsewhere [40] that a high ratio drastically limits the
maximum current density that can be reached. Actually, in
conditions of high electrode surface area/solution volume
ratio, the fast depletion of the substrate precludes the full
development of the electroactive biofilm. Here, the bioanodes
formed inside the channels reached lower ]« than the free
bioanodes because their initial formation occurred similarly
to what could happen in a small closed vessel having the
channel volume.

For a raw theoretical approach to this phenomenon, the
time required for the 20 mM of acetate initially present in the
volume of the two channel devices be totally consumed was
calculated. The charge (Q, coulomb) provided by the initial
20 mM of acetate (C°) contained in the channel device volume
(Veu = 2xLxh) was:
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Q= Cn, FVey )

where ne = 8is the number of moles of electrons consumed by
the oxidation of 1 mol of acetate. Integrating the CA curves,
from day O to different times, gave the time required for this
charge be fully consumed by the electrochemical reaction, i.e.
the time needed to consume the 20 mM acetate initially pre-
sent inside the channel volume (Table 2). All the initial acetate
was consumed after only 2 (CHS) and 2.3 (CH1) days of po-
larization. These times correspond to very early bioanode
formation, at the beginning of phase II (Figs. 4 and 5).

Current then continued to increase for at least more than
one day, showing that acetate transport from the bulk solu-
tion was an absolute requirement during the bioanode
formation.

Theoretical approach to mass transport along the channels

Mass transport of the substrate to the electrode is essential
and, in addition, it has been shown that mass transport can
also severely impact the pH balance of bioanodes. Acetate
oxidation led to the formation of protons:

CH;COO™ + 4H,0 — 2HCO;™ + 9H' + 8¢ ®)

From this equation, it appeared that 1 mol of acetate led to
the formation of 9 mol of H and 2 mol of HCO3. Each mole of
HCOj3 can neutralize 1 mol of H' close to the electrode:

HC037 -+ H' - HzCOg (9)

This assumption is valid only at fairly low pH (pK, = 6.35).
Nevertheless, even if the carbonate produced by acetate
oxidation consumed the maximum possible amount of pro-
tons, 7 mol of H* would still be produced for 1 mol of acetate
consumed. The local accumulation of protons has been widely
shown to adversely impact bacterial development and the
biofilm electrocatalytic activity [41—44]. pH values of less than
6.7 have been shown to lower the electrochemical perfor-
mance of bioanodes by killing the electroactive bacteria
[45—47]. Dhar et al. measured the pH gradient inside enriched
Geobacter spp biofilms (thickness around 130 pm) for concen-
trations of the phosphate buffer of 2.5, 50 and 100 mM. With
phosphate concentrations of 2.5 and 50 mM, they found that
local acidification (pH < 6.6) took place in the 40 um thick inner
layer of the bioanodes, which caused bacterial death. Current
density was consequently decreased by 40% and 72%, for the
phosphate concentrations of 50 mM and 2.5 mM, respectively,
relative to that produced with 100 mM phosphate [33]. So, to
mitigate local acidification near the bioanodes, buffering
species must be transported from the bulk solution to the
electrode.

In order to assess the impact of mass transport, a simple
numerical approach was developed on the basis of the theo-
retical framework recently detailed elsewhere for micro-
structured electrode surfaces [29]. Transport of both the sub-
strate (acetate) and the buffering species (HCO3) inside the

Please cite this article in press as: Chong P, et al., Microbial anodes: What actually occurs inside pores?, International Journal of
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Fig. 7 — Average value of biofilm volume coverage ratios
based on CH1 and CHS5 electrodes (duplicates with 4 spots
analysed for each at each location) after A) 4 days, B) 10
days and C) 31 days of polarization.

channels was modelled. In the present study, buffering was
ensured by bicarbonate buffer at 50 mM, which means that
the synthetic medium at pH 7.3 contained 45 mM of HCO3 ions
able to neutralize the H produced.

As demonstrated previously [29], in the vicinity of the
anode surface, mass transport of acetate and HCO3 can be
assumed to be mainly ensured by diffusion. Migration,
playing a minor role, can be neglected. Inside the channels,
diffusion is assumed to occur following the x axis across the
section area of the channel and to be coupled with the
consumption of acetate at the electrode surface (Fig. 2). The
current is taken to be uniformly distributed along the elec-
trode length. This assumption may be fairly valid during
phases I and II, as the electrode colonization is not far from

Table 2 — Parameter values used to determine the time
needed to consume the initial 20 mM of acetate contained

inside the channel volume; average values obtained from
6 experimental runs.

C®molm™>) n. Veg(m® Q(C) t(days)
1 mm 20 8 1x10°° 15.4 2.3+0.5
5 mm 20 8 5x 10°° 77.2 2.0+0.2

being uniform after 4 days (Fig. 7A). Then, the current
probably diverges significantly from a uniform distribution.
According to this approach, the differential mass balance
done in an elementary unit of thickness dx (Eg. (5)), only
involves the transport by diffusion, which leads to the con-
tinuity equation:

d2c

DW = janude/(n F h) (10)

where D (m?.s7}) is the diffusion coefficient of the species, C
(mol.m~3) the concentration, janode (A.m~?) is the current
density related to the anode surface area (10 cm?), F is the
Faraday constant (96 485 C mol™%), h (m) is the channel height,
and n. is the number of electrons exchanged per mole of
substrate consumed. According to the reaction (8), n = 8 for
acetate and n = 8/7 for HCO3, assuming that 2 protons are
neutralized by the 2 molecules of HCO3 produced by the re-
action, so that only 7 HCO3 molecules have to come from the
bulk.

At the inlet of the channel (x = 0) the concentrations are
assumed to be equal to the bulk concentration:

x =0, C = Cbulk (12)

Mass transport along the channels is assumed to have a
plane of symmetry at the centre (Fig. 2), so that at x = L
L =5 cm = half of the channel length) the first derivative of
the concentration profiles is equal to zero:

—_

dc
X=L £=0 (12)
With these two boundary conditions, solving Eq. (10) gives
the concentration profiles along the electrode length:

C/Co = janode L?/(ne FRDC™*) (x2/(2L%) — x/L) + 1 (13)
where we have the modified Damkohler number Day,oq [48]:

Damod = (janode L)/( ne FD Cbulk) (14)

which characterizes the maximum consumption rate by the
electrochemical reaction with respect to the maximum
diffusion rate, and a geometric ratio:

¢{=L/h (15)

which corresponds to the ratio of one-half of the electrode
surface area to the section area available for diffusion.

The products £éDapeq (Table 3) were very much higher than
1 for both acetate and HCO3 and for both CH1 and CH2 con-
figurations. This means that the consumption rates of acetate
and HCO3 by the electrochemical reactions (8) and (9) were
considerably faster than the maximal diffusion rates inside
the channels. Obviously, the situation was worse for the



Table 3 — Parameter values used to model the diffusion of acetate and HCO3 inside the channel devices; the synthetic

medium contained 50 mM of bicarbonate buffer at pH 7.3, which means 45 mM of HCO3 ions (pKa = 6.35); diffusion

coefficients from Ref. [50].

h (mm) D (m2s™}) janode (A.m?) Ne ¢tk (mol.m—3) 4 Dlymod “Daymoq
Acetate 1 1.64107° 5.4 8 20 50 10.3 517
5 1.6410°° 5.4 8 20 10 10.3 103
HCO3 1 1.1810°° 5.4 8/7 45 50 46.2 2310
5 1.18107° 5.4 8/7 45 10 46.2 462

narrower channel (CH1). This simple theoretical approach
confirms that mass transport of the substrate, and particularly
of the buffering species, was strongly limited inside the
channel electrodes.

Actually, such high values of the modified Damkohler
number showed that the J,.x Value could not be sustained
with a uniform distribution as assumed here for this simple
approach. The value of Jimax Was certainly the result of a non-
uniform distribution of Janoqe along the electrode, with higher
values at the extremities and lower ones in the central parts.
Modelling this situation accurately would require taking the
tertiary potential distribution [49] into account, which would
be beyond the scope of the present study.

Following the initial colonization (phases II and III)

When the acetate initially contained in the channel volume
had been completely consumed, i.e. towards the end of phase
II (see section 4.1), biofilm development and electrochemical
performance were limited by slow mass transfers (see section
4.2). Accordingly, the colonization profiles at days 10 and 31
showed a marked difference between the extremities of the
channels and the centre. Biofilm volume ratios were always
higher at the extremities and this difference was much more
marked on the CH1 electrodes, in which mass transfer was the
most constrained. For the same reason, colonization of the
CH1 bioanodes was slower than that of the CH5 bioanodes;
progress of the internal colonization took more time in the 1-
mm-high channels, and the long-term current density was
lower (Table 1). These observations are fully consistent with
the mass transport limitation expressed by the Damkdhler
numbers.

Unsuspected observations and further research needs

In addition to the observations discussed in the three sections
above, which were quite easy to explain, the original experi-
mental set-up proposed here also revealed some unsuspected
phenomena, opening up new avenues for further basic
research on the mechanisms of electroactive biofilm formation.

It was intriguing to note that the start-up time (phaseI), i.e.
the time necessary for the current to start to be produced, was
clearly impacted by the presence or absence of the channel
and by the height of the channels (Table 1) while, in contrast,
the time required for the current density to reach its
maximum (duration of phase II) was not affected, and was
equal to around 2 days in all cases. The early colonization of
the electrode surface and the mechanisms by which bacteria
approach the electrode and then start to organize an

electroactive biofilm on the surface should be the subject of
more intensive research, in particular because this early for-
mation phase, during which the biofilm may be the most
sensitive to external interventions, might be the most suitable
period for driving the biofilm towards the highest possible
electroactive efficiency. Here, the electroactive efficiency of
the bioanodes inside the channels was fixed in two days. This
observation strongly suggests that it will be essential to un-
ravel the mechanisms at work during this short period in
order to find levers to boost biofilm electroactivity. In this
context, modelling the distribution of the Nernst potential
along the electrode may be of interest as it has recently been
demonstrated to impact the electroactivity of biofilms [35].

In the framework of unsuspected results, the decoupling
between the evolution of the production of current and the
progress of the colonization of the bioanode is noteworthy.
The current reached its maximum at the end of phase II and
then decreased (phase III) and stabilized (phase IV). In
contrast, the biofilm volume continued to increase during
phase IIl in the CH5 channels and even during phase IV in the
CH1 channels (Fig. 7). Consequently, the current reached its
maximum when bacterial colonization showed the lowest
biofilm volume coverage ratios and, conversely, the lowest
current density was produced at the end of the experiments
when microbial colonization of both CH1 and CHS5 bioanodes
was found to be highest. These observations show the
absence of direct correlation between the current density and
the global microbial colonization inside a channel a few mm
high, which contrasts with some previously reported results
on open structures [29].

Several hypotheses can be suggested. The biofilm devel-
opment might be related to thickening of the matrix, possibly
with DNA release into the matrix, rather than multiplication
of the cells. A proportion of the cells might also be dead,
notably because of limiting mass transport, while others
progress in colonizing the electrode surface. Biofilms may also
continue to develop during phases III and IV with non-
electroactive cells instead of anode-respiring bacteria. To
support or reject these hypotheses, further work is currently
in progress to characterize the status of the bioanodes by
LIVE/DEAD staining after 4 days and 31 days of polarization
and to compare the composition of the microbial commu-
nities by 16 S RNA sequencing.

Finally, in spite of the detrimental effects, the limited
mass transport inside the channels revealed some possibly
virtuous effects on the long-term stability here. The free
bioanodes did not show excellent stability when maintained
for several weeks, some showing drastic falls in current
density while, in contrast, all the bioanodes inside channels



produced stable and more reproducible long-term current.
Actually, our experience on the medium used here has
shown that it was necessary to replace it periodically by
fresh medium in order to maintain long-term current density
[51]. This effect had so far been attributed to the possible
depletion of some micro-nutrients or vitamins. Nevertheless,
this hypothesis, which could explain part of the current
decrease, cannot explain why the current was more stable
inside channels.

The observation made here may suggest that the channel
device could protect the biofilm by reducing the opportunities
for electroactive bacteria to detach from the electrode surface.
Obviously, the channel protected the electrode against all
kinds of parasitic liquid movement, but the solution was not
stirred and this protecting effect was probably limited. It can
also be speculated that the limited mass transport inside the
channels resulted in thinner biofilms, which were not at a
sufficiently advanced state of development to trigger dispersal
mechanisms. When the population density of biofilms rea-
ches a threshold level, internal signals can be produced that
induce biofilm dispersion [52]. The signalling molecules are
produced in the deepest layers [53] or are linked to quorum
sensing [54]. Here, limited mass transports in the channels
may keep the biofilm in an under-developed state, below the
threshold where dispersal occurs, while, in contrast, the
dispersal phenomena are fully operational in free bioanodes.
Further basic research is needed to confirm this hypothesis,
which may open up a new way to design bioanode structures
and could enhance the stability of current density by limiting
the development state of the biofilm.

Conclusion

The mechanisms of electroactive biofilm settlement inside
pores are far from being fully deciphered and designing
optimal microbial porous anodes is a fascinating challenge for
electrochemical engineers. In this context, an innovative
analytical set-up has been presented here. Some of the
experimental observations it has brought can be explained by
the analysis of mass transports along the channels, while
others, more difficult to anticipate, open up intriguing
research questioning. In particular, the clear decoupling be-
tween the production of current and biofilm development
should be an exciting and promising topic to investigate in
further research works. Practically, it can be kept in mind that
a porosity size of a few millimetres allows electrode coloni-
zation on several centimetres of penetration depth and en-
hances the stability of current density. Nevertheless, it clearly
impacts the evolution of the biofilm and limits the maximum
current density that can be reached.
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