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ARTICLE INFO ABSTRACT

Keywords:
Aerobic treatment

Most wastewater treatment plants involve activated sludge units, in which the organic matter to be removed is
oxidised by aerobic microorganisms. These units are highly energy intensive because of the power consumed to
force oxygen transfer to the wastewater by aeration. An innovative device is presented here; it is called the
“electrochemical microbial tree (EMT)” and is based on the opposite strategy: the organic matter is drawn up
from the wastewater towards the air phase by capillary action along a porous structure, which hosts the mi-
croorganisms that oxidise the organic matter.

The EMTs were made of carbon felt, with the bottom immersed in wastewater (14 cm), while the top emerged
into the air at different heights (4, 8 or 12 cm). COD removal increased linearly with the height of the aerial
section. The greatest height led to COD removal rates of 807 &+ 62 mg Oz/L/h, i.e. 2.6 times those of the control
experiments. During COD removal, the pH decreased from 7.6 to 7.4 + 0.2 with EMTs, while it increased to 7.9
=+ 0.1 in the controls. The biofilm on the immersed section developed as the height of the aerial section increased.
Many electroactive species were identified in the microbial populations, belonging to the Bacteroidia, Gam-
maproteobacteria and Clostridia classes. These observations revealed that electron transfer along the conductive
felt contributed to organic matter oxidation, in parallel with mass transfer by capillarity. These pioneering results
present the EMT as a promising new wastewater treatment disposal system that does not require any energy

Electroactive biofilm

Microbial electrochemical snorkel
Microbial elecrochemical technology
Microbial population

Biomimicry

input.

1. Introduction

Treating urban and industrial wastewater has become a crucial
element in the protection of public health and the reduction of the
environmental impact of human development [1]. Unfortunately,
wastewater treatment plants (WWTPs) are extremely energy-intensive
[2,3]. Electricity is their main energy source [4] and accounts for
25-50 % of the operating costs of traditional activated sludge plants [5].
It has been estimated that WWTPs represent around 1 % of the European
Union’s electricity consumption and up to 4 % of the USA’s [5]. In the
European Union, the overall energy consumption of WWTPs, approxi-
mately 27 TWh/year, is equivalent to the total annual electricity con-
sumption of Serbia [6].

A major objective of WWTPs is to remove the organic matter con-
tained in wastewaters, and their efficiency is assessed by the reduction of
the chemical oxygen demand (COD) of the treated outlet [7]. This
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objective is generally attained by implementing the aerobic oxidation of
the organic matter in activated sludge units. Conventional activated
sludge units are one of the most widely used secondary treatment
technologies [4]. This technology is well-mastered and efficient, even at
very large scale, but it suffers from the high cost of supplying oxygen,
because intensive aeration of wastewater is required to maintain the
sludge particles in suspension, to sustain microbial growth, and to
supply the microorganisms with the dissolved oxygen necessary to
degrade the organic matter [8]. Energy-intensive processes, such as air
bubbling, are used to enhance oxygen transfer from the gas phase (air) to
the liquid phase (wastewater) [8,9]. The electric energy consumed by
the aeration process is generally responsible for around half the power
consumed by WWTPs and ratios of up to 75 % have been reported [9].

In the current context of compulsory energy saving, reducing the
energy cost of aeration in WWTPs has become a key challenge. Intensive
research is being carried out in various ways, such as improving the
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aeration equipment [10], refining the strategies of dissolved oxygen
control [11] and even replacing air by pure oxygen [4]. Nevertheless, it
is difficult to expect huge energy saving to be achieved simply by
improving the existing set-ups, because the basic barrier is the low sol-
ubility of oxygen in aqueous systems.

With the objective of drastically reducing the energy cost of the
biodegradation of organic compounds in WWTPs, we propose a ground-
breaking concept based on exactly the opposite strategy. Oxygen is no
longer transferred from the air phase to the liquid wastewater but, on the
contrary, the organic matter to be oxidised is transported from the
wastewater towards the air phase. This new device, which we propose to
name the “electrochemical microbial tree (EMT)”, consists of a three-
dimensional porous structure colonised by a microbial biofilm. In
operation, the bottom section of the EMT is immersed in the wastewater
while the top section is exposed to the air above. The organic matter to
be removed from wastewater is drawn up from the immersed section to
the aerial section by capillarity and diffusion. In this upper section, the
organic matter is oxidised aerobically by the microorganisms that make
up the biofilm (Fig. 1.A).

Movement of the solution from the lower to the upper section is due
to the dual effects of capillary rise and water evaporation on the top
section exposed to air. Water evaporation from the top section of the
EMT acts as the driving force of capillarity. The name of the device
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proposed here is derived from its similarity to the life mechanism of
trees, in which water and mineral salts forming the sap are pumped from
the soil and carried through the xylem to the leaves by capillary action
[12,13]. In trees, this action is driven by water evaporation from the
leaves.

To the best of our knowledge, this is the first time that such a device
is described, following the recent granting of a patent [14]. Deploying it
in WWTPs would allow drastic energy saving, because the EMT is a
completely passive system, which does not require any energy supply in
operation. To some extent, which remains to be assessed, the conven-
tional activated sludge bioreactors, which require energy-intensive
aeration, could be replaced by EMT systems, which are zero-cost in
terms of operational energy expenditure. The purpose of this work is to
present the concept, provide initial proof of efficiency and outline
possible avenues for research, improvement, and development.

2. Materials and methods
2.1. Media and electrochemical microbial tree (EMT) set-up
Experiments were carried out using synthetic wastewater composed

of 160 mg/L peptone, 110 mg/L beef extract, 30 mg/L urea, 28 mg/L
KoHPO4, 7 mg/L NaCl, 4 mg/L CaCly-2H>0, 2 mg/L Mg>S04-7H20 and

Wastewater

Snorkel mechanism

Fig. 1. The Electrochemical Microbial Tree (EMT) combines two mechanisms. The lower, immersed section is colonised by a biofilm, which is mainly anaerobic
(yellow); the upper part, exposed to the air, is colonised by a biofilm, which is mainly aerobic (blue).
A) Organic matter is transported by capillarity to the upper section, where it is oxidised by aerobic microorganisms, for instance, in the case of acetate (Reaction 1):

CH;COO0™ + 20, — 2CO, + H,0 + OH"

(€8]

B) In parallel, according to the well known “microbial electrochemical snorkel” mechanism, organic matter is oxidised by the exoelectrogenic biofilm

on the immersed section (Reaction 2):

CH;COO0™ + 2H,0 — 2CO, + TH' + 8¢

(2)

and the electrons produced are transported via the conductive support to the aerial section, where they are released by the oxygen reduction reaction

(Reaction 3):

20, + 4H,0 + 8¢ —8OH

which can be catalysed abiotically or microbially.
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20 mM acetate. The medium was inoculated with 5 % (v/v) of vermi-
compost fertiliser obtained from cattle and/or horse manure (Or Brun,
France). The soluble Chemical Oxygen Demand (COD) after inoculation
was around 1,28 mg Oy/L.

Experiments were carried out in vertical tube reactors, consisting of
glass cylinders 37 cm high and 4.2 cm in diameter. The reactors were
equipped with nozzles at each extremity to allow the solution to flow
from bottom to top, while ensuring that the solution remained at a
constant height of 27 cm (Fig. 1). Each vertical tube reactor was placed
in a closed hydraulic loop including a single-channel peristaltic pump
(Masterflex®, Cole-Parmer, USA) and a 2-L storage tank (Schott bottles).
Where specified, the solution was recirculated in each loop at 1.5 mL.
min~!. In operation, the volume of solution remaining in the reactors
was thus 350 mL.

Each reactor was equipped with an EMT structure made of two strips
of carbon felt (RVG 4000, Mersen, France) 4 cm wide, 0.5 cm thick and
18, 22 or 26 cm high, assembled in a cross shape with a titanium rod (1
mm in diameter) through the centre, over the whole height (Fig. 2).
Control experiments were performed using non-porous structures,
which had the same cross shape and the same dimensions as the EMTs
(26 cm high). In this case, each of the two sheets of the cross were
composed of three superimposed plastic grids of 4 mm open mesh. The
volume hindrance of this structure was similar to that of the EMT and
allowed biofilm development. In contrast, the open mesh of 4 mm was
too large to allow significant capillarity and the material was not
conductive.

2.2. EMT formation and operation

Eight independent loops were run in parallel. Two EMTs measured
18 c¢cm, two 22 cm and two 26 cm. Two control experiments were run
using similar non-porous, non-conductive structures (plastic grids)
measuring 26 cm. The first 7 days were dedicated to preparing the EMTs
by letting a biofilm form over the entire structures and, hopefully, inside
the porous structure. During this period, the EMTs were fully immersed
in the vertical reactors and the solution was continuously recirculated.

On day 7, the 18-, 22-, and 26-cm high EMTs were adjusted so that 4,
8 and 12 cm, respectively, emerged above the free surface of the solu-
tion, meaning that the immersed section was 14 cm high for all the
EMTs. Acetate was added to adjust the COD to the initial value of 1,280
mg O/L. On day 12, the COD was adjusted again by adding acetate, and

& -

Top view 3 §
- N
, Out <+ -
N I: = I}[*
Carbon felt 5
4 cm wide 3
0.5 cm thick
In
3 & =
MT structure  Dyring biofilm During MT
formation operation

Fig. 2. Diagram of the electrochemical microbial tree (EMT). The EMT struc-
ture was made of two strips of carbon felt, 4 cm wide, 0.5 cm thick and 18, 22 or
26 cm high, assembled in a cross shape with a titanium rod (1 mm in diameter)
through the centre over the whole height. The EMT structure was fully
immersed in the vertical reactors during the biofilm preparation phase and was
then raised by 4, 8 or 12 cm in the operation phase.
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recirculation of the solution was stopped. A batch phase lasting 43 h
(Batch 1) was carried out in order to monitor the evolution of the COD in
the vertical reactors as a function of time. After this 43-hour batch
phase, recirculation of the solution was resumed. On day 14, the loops
were emptied under nitrogen flow and refilled with fresh solutions. On
day 17, the acetate concentration was adjusted again, recirculation was
stopped and the COD in the vertical reactors was measured periodically
for 19 h (Batch 2). After Batch 2, scanning electron microscopy (SEM)
and confocal scanning microscopy were used to image the EMT biofilms,
and the microbial populations of the immersed and aerial sections were
analysed.

2.3. Analytical procedures and microscopy imaging

The soluble COD was measured after filtering the samples with a
syringe filter (0.22 pm) using the Hach Lange LCK 314 system for con-
centrations ranging from 15 to 150 mg O,.L! and LCK 514 microkits for
concentrations ranging from 100 to 2,000 mg O,.L!. Removal of the
organic matter was monitored by taking successive samples from the
centre of the reactors. COD removal ratios (ACOD) were calculated as
follows:

COD, _ COD,
ACOD (%) = 7C0D0 100 (€)]
where COD; is the COD value at time t and COD, the initial value of
the first sample.

SEM images (Leo 435 VP-Carl Zeiss SMT, diaphragms of 30, 50 and
700 pm) were taken after fixing, dehydrating, and plating the biofilm.
Samples were immersed in a solution of 1/4 v/v phosphate buffer (0.4
M, pH 7.4), 1/2 v/v glutaraldehyde (4 % v/v) and 1/4 v/v distilled
water for 20 min. They were rinsed in a solution of 1/4 v/v phosphate
buffer (0.4 M, pH 7.4), 1/2 v/v saccharose (0.6 M) and 1/4 v/v distilled
water in two successive 15-min steps. Samples were then successively
immersed in baths of acetone 50 % (5 min), acetone 70 % (5 min),
acetone 100 % (30 min), 50 % acetone + 50 % hexamethyldisilazane
(HDMS) and finally 100 % HDMS until complete evaporation of the
solvent. They were then coated with a gold nanolayer (10-20 nm) by
cold cathode sputtering.

Confocal scanning microscopy (Axio Imager M2, light source HBO
200, filter Zeiss 09 (HP450, FT-10, LP520), Carl Zeiss, Germany) was
used to image the biofilms after 10 min staining with acridine orange
0.01 % (A6014, Sigma). Two samples were collected from the immersed
sections and 2 from the aerial sections of each EMT. Six different areas of
each sample were imaged, meaning that 12 areas were analysed for each
section of each EMT. For the EMTs with a 12-cm aerial section, only one
of the two duplicates was imaged because of a technical problem. For
each area imaged, a stack of n images superimposed perpendicular to the
surface was made. The images were consistently 3.7 pm apart, so n was
in the range of 40 to 160 images depending on the biofilm thickness. Zen
software (Carl Zeiss, Germany) was used to obtain projections and
determine the biofilm coverage rate of each area. The average value and
standard deviation were then calculated based on the 12 areas imaged
for each section of each EMT.

2.4. Molecular biology

Two samples of around 3 cm? were collected from the immersed
sections and another two from the aerial sections of each EMT. In the
case of the plastic controls, two samples were collected from the
immersed sections only, because the aerial sections presented no sig-
nificant biofilm development. The biofilm was collected by ultra-
sonication for 15 min followed by centrifugation for 15 min at 4,600 g
and 6 °C. Ten mL samples of solution were also collected at mid-height
in the vertical reactors: on day 14, before the solution was changed, and
on day 18, at the end of the experiment. DNA was extracted using a
DNeasy PowerBiofilm (Qiagen) kit, according to the manufacturer’s
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recommendations. High throughput 16S rRNA gene sequencing was
performed at the NGS facility of the PROSE Research Unit, INRAE
(Antony, France), using Personal Genome Machine (Ion Torrent™, Life
Technologies, USA) technology and methods. The archaeal and bacterial
hypervariable region V4-V5 of the 16S rRNA gene was amplified with
the 515F (5 -GTGYCAGCMGCCGCGGTA-3') and 928R (5'-CCCCGY-
CAATTCMTTTRAGT-3') primers and then sequenced according to a
protocol described elsewhere [15,16] with some modifications. Briefly,
the V4-V5 region was amplified according to the three-step Platinum
SuperFi DNA Polymerase protocol (Invitrogen). PCR products were
purified using Solid Phase Reversible Immobilization (SPRI) magnetic
beads (Mag-Bind TotalPure NGS magnetic beads, Omega Bio-Tek) ac-
cording to the manufacturer’s instructions. Purified amplicons were
quantified using D1000 ScreenTape and 2200 TapeStation (Agilent
Technologies). All the amplicons were then pooled in equimolar ratios to
prepare the library for sequencing.

The FROGS (Find, Rapidly, OTUs with Galaxy Solution) pipeline was
used to analyse the 16S rRNA tag reads. FROGS is a Galaxy workflow
designed to produce a matrix of OTU abundance from in-depth
sequencing amplicon data [17]. After merging the reads between 100
and 500 bp, the software was used to denoise the dataset, which was
then clustered using the Swarm algorithm. Chimeras were removed with
vsearch. OTUs with low abundance were removed, keeping only those
representing more than 0.005 % of the whole dataset. Taxonomic
affiliation was performed using Silval38 16S as a reference database.
For the 44 samples sequenced, the total number of high-quality reads
varied between 8,499 and 18,969, resulting in a total 838 OTUs.

A Principal Component Analysis (PCA) of all the data obtained after
sequencing was performed using the mixOmics R package [18] to
highlight the relationship between the samples taken in the different

A
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conditions. Low abundance OTUs were filtered out; OTUs with a fre-
quency of more than 0.5 % in at least one sample were kept. Following
this step, 174 OTUs were available for further analysis. Data were
transformed by means of a centred log ratio (CLR) transformation as
described in [18].

3. Results and discussion
3.1. COD removal according to the height above water

For the first 7 days, all the EMTs were fully immersed in wastewater
so that a continuous microbial biofilm formed over the entire structure.
On day 7, they were partly raised above the surface by 4, 8 or 12 cm,
such that the immersed sections of all the EMTs were 14 cm. On day 12,
the acetate concentration was adjusted to recover the initial COD value
of 1,280 mg Oy/L in the reactors, recirculation of the solution was
stopped, and the soluble COD was measured periodically (Batch 1,
Fig. 3.A).

After 2.5 h, the highest COD removal ratio (ACOD) of 45 + 3 % was
achieved with the EMTs having an upper section of 4 cm above the
wastewater surface. The other EMTs were less efficient, with ACODs of
16 + 6 % and 24 + 7 % for the EMTs raised by 8 and 12 cm, respectively.
The control experiments displayed significantly lower removal ratios, of
13 + 0 %. Whatever the height exposed to the air, the presence of the
EMTs significantly increased the COD removal ratios.

After 43 h, at the end of Batch 1, the ACOD values remained the same
for the controls (11 + 1 %) and the EMTs raised by 4 cm. In contrast,
they improved slightly, reaching 22 + 3 % and 37 + 7 %, for the EMTs
raised by 8 and 12 cm, respectively. At the end of Batch 1, the pH of the
controls was 7.9 + 0.1, whereas the pH of the initial wastewater was 7.6.

Batch 1 Batch 2
t=2.5h Final (t = 43h) t=2.5h Final (t = 19h)

55% 85%
e = 75%
R 4% I I 3,
[ Q -
T 3% B 55% —— I
T 5 ® 4%
3 I 3% g
§ 15% — [ g 25%
[~ a 15% |
8 5% 8 S0,

-5% 5%

Control 4 cm 8 cm m12cm

1600
< 1400 B
O 1200
£ 1000 E !
Q 800 +
8 600 y
2w |88
e i
E; o
o 200 +
[

0 T T T 1
0.0 5.0 10.0 15.0 20.0
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Fig. 3. COD removal. A) COD removal ratios during Batch 1 and Batch 2 after 2.5 h and at the end of the batches (43 h and 19 h for Batches 1 and 2, respectively). B)
COD recorded as a function of time during Batch 2. Green: controls; yellow: EMTs with an above-water section of 4 cm; orange: EMTs with an above-water section of
8 cm; blue: EMTs with an above-water section of 12 cm. In B, the bold and empty symbols indicate duplicates.
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This slight alkalinisation was consistent with the aerobic oxidation of
organic matter, which produces OH™ ions, e.g. with acetate according to
Reaction (1).

In contrast, the pH values of the solutions were 7.5 £+ 0.2, 7.2 £ 0.3
and 7.0 + 0.1 for the EMTs raised by 4, 12 and 8 cm, respectively. The
efficiency of the EMTs as regards COD removal decreased in the same
order: 4 cm above water greater than 12 cm above water greater than 8
cm above water, i.e. as the pH values decreased. It can consequently be
hypothesised that the acidification of the solutions due to the presence
of the EMTs actually affected the performance. In addition, the decrease
in pH in the solution loop during the 12 days of operation before the start
of Batch 1 may also have affected the efficiency of the EMTs. The phase
of biofilm formation may have been detrimental to the subsequent
operation of the system.

Consequently, at the end of Batch 1, on day 14, it was decided to
replace the solution in the loops with fresh wastewater, in order to
perform Batch 2 without the possible impact of the biofilm formation
phase. Recirculation was resumed during 3 days in order to allow the
system to cope with the disturbance caused by the total change of so-
lutions. In particular, during this period, oxygen that was unavoidably
introduced during the solution change operations was consumed by
acetate oxidation.

On day 17, acetate concentration was adjusted again to recover the
initial value of COD and recirculation was stopped. Batch 2 started
(Fig. 3.A). The duration of Batch 2 was reduced by 24 h in comparison to
Batch 1 (19 h instead of 43 h) because Batch 1 showed that the majority
of COD removal was achieved at the beginning of the batch. After 2.5 h,
the ACOD of the controls was 33 + 2 %, while those of the EMTs raised
by 4, 8 and 12 cm attained 52 + 0.4 %, 54 + 3 % and 62 + 6 %,
respectively.

After 19 h, at the end of Batch 2, the ACOD values remained rela-
tively constant, except in the case of the EMTs raised by 12 cm, where
they reached 75 % +1%. At the end of Batch 2, the controls displayed a
negative ACOD value because the COD value after 19 h was higher than
it was initially. The problem probably came from the inoculum con-
sisting of 5 % (v/v) of fertiliser derived from cattle and/or horse manure,
which settled at the bottom of the reactor. It contained particulate
organic matter, which slowly degraded into soluble organic carbon and
thereby slowly increased the soluble COD value.

The pH values at the end of Batch 2 confirmed the trends observed
previously: slight alkalinisation of the controls (pH 7.9 + 0.1) and slight
acidification of the reactors equipped with EMTs, with pH values of 7.4
+0.2,7.1 £ 0.0 and 7.1 + 0.1 for the EMTs with upper sections of 4, 8
and 12 cm, respectively.

Plotting the COD values against time (Fig. 3.B) showed that removal
was primarily achieved during the first hour. It was consequently logical
to use the values of the first hour to assess the maximum EMT efficiency.
In addition, using these values minimised disturbance due the soluble
COD slowly released by the inoculum. During the first hour, the COD
decreased from the initial value of 1,289 + 7 mg Oy/L to 976 + 36 mg
05/L in the case of the controls and to the minimum value of 482 + 72
mg Oy/L for the EMTs raised by 12 cm. During the first hour, the EMTs
with 12 cm upper sections ensured a COD removal rate of 807 + 62 mg
0O,/L/h, whereas it was 306 + 40 mg O5/L/h in the case of the controls.
The EMT multiplied the COD removal rate by a factor of 2.6, without any
energy supply.

Plotting the COD removed as a function of the aerial section height
clearly showed a proportional relationship (Fig. 4). The COD removed
during the first hour increased proportionally to the height of the EMT
section exposed to the air. This correlation confirmed that the upper
sections of the EMTs played a major role in COD removal. When the
height of the aerial section increased, the surface area of the aerobic
biofilm in contact with the air increased proportionally and the con-
sumption of organic matter in this part of the EMTs increased similarly.
The proportional relationship between the height of the aerial EMT
section and COD removal shows that the aerobic oxidation of the organic
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Fig. 4. COD removal as a function of the height of the above-surface section.
COD removal rates (mg O,/L/h) calculated during the first hour of Batch 2 are
plotted against the height in contact with the air. The value when this height is
zero is the COD removal rate measured for the control experiments. The values
are the average of the duplicates.

matter in the aerial section was the rate-limiting step. There was
therefore no rate-limiting effect due to mass transfer to the aerial section
by capillary action. It can be anticipated that the curve would bend and
reach an asymptote if the height of the aerial section was increased far
beyond 12 cm because mass transfer to the aerial section would finally
become rate-limiting. Here, the curve does not bend, meaning that the
EMTs with aerial sections of 12 cm did not reach maximum efficiency.
COD removal could be further increased by exposing even more than 12
cm of the EMT to the air.

3.2. pH evolution shows a “microbial electrochemical snorkel”
mechanism

The aerobic oxidation of acetate should cause alkalinisation of the
solution according to Reaction 1:

CH3COO™ + 20, — 2CO; + HyO + OH™ (€D)]

This was the case in all the control experiments. On the contrary, the
pH decreased in the reactors equipped with EMTs. This evolution of pH
values supports the occurrence of a secondary mechanism, related to the
“microbial electrochemical snorkel” principle (Fig. 1.B) [19-21]. Ac-
cording to this mechanism, the organic matter is oxidised by the exoe-
lectrogenic biofilm formed on the immersed section of the EMT.
Exoelectrogenic bacteria oxidise organic matter by transferring elec-
trons to the conductive support [22]. For instance, in the case of the
oxidation of acetate:

CH3COO™ 4 2 H,0 — 2 CO, + TH + 8¢ )

The electrons produced are transported by electric conduction along
the conductive support to the top section exposed to air, where they are
released to oxygen to form hydroxide ions:

0, + 4 H,O + 8¢ —»8 OH™ 3

A continuous biofilm and/or a continuous liquid phase in the EMT is
necessary to allow ion motion between the two sections to achieve
charge balance [23,24].

The microbial electrochemical snorkel principle has been success-
fully applied for the bioremediation of hydrocarbon-polluted marine
sediments [25] and soils [26] and it has been suspected to play some role
in biogeochemical cycles [27]. In the context of wastewater treatment,
the principle has been mainly implemented in wetlands, with interesting
results even at large scale [28]. It generally consists of filling the wetland
with an electrochemically conductive bed. This ensures electron flow
from the bottom to the uppermost layers of the bed, which are supplied
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with dissolved oxygen. In this context, the system is called “microbial
electrochemically assisted treatment wetland (METland)” [29] or
sometimes “electroactive biofilm-based constructed wetland (EABB-
CW)” [30].

According to the microbial electrochemical snorkel mechanism, the
pH of the immersed section should decrease (Reaction 3), as observed in
all the reactors equipped with EMTs. Consequently, the observed pH
evolution strongly suggests occurrence of this mechanism thanks to the
conductive properties of the carbon felt used as the porous structure of
the EMTs. Furthermore, it is a well-known fact that acidification of
electroactive biofilms inhibits their exoelectrogenic capacity
[24,31,32]. Here, the decrease in pH can explain the waning of the EMT
effectiveness after a few hours.

Acidification could also be the cause of the reduced performance
observed in Batch 1, which was carried out after the EMTs had been
running for 12 days in closed loops, without prior replacement of the
solutions. It should be mentioned that the changes in pH remained
moderate (from 7.6 to 7.0) because they were measured in the bulk of
the solutions. The decrease in the pH of the solutions was the result of
proton transfer from the biofilms. The pH values within the biofilms can
consequently be expected to be significantly lower.

3.3. Biofilm imaging

SEM images showed dense microbial clusters on the carbon fibres of
the immersed sections of the EMTs, while colonisation was sparser on
the sections exposed to the air (Fig. 5.A). Actually, the steps required to
prepare the surface for SEM imaging can disturb the structure of the
biofilms and it would therefore not be advisable to draw conclusions
about the fine structure of the films. However, the many images taken
showed that the biofilms formed around the fibres were never thick
enough to present a risk of clogging the felt porosity. In these conditions,
it can be said that, as expected, the biofilm in and on the EMTs was more
like a surface coating around the fibres than a thick structure within the
pores of the felt.

Images obtained by confocal scanning microscopy showed substan-
tial differences in the biofilm coverage ratios from one imaged area to
another (12 areas were analysed for each section of each EMT). How-
ever, the general trend displayed low biofilm coverage on the sections
exposed to the air, with biofilm coverage ratios from 8 + 8 % (4 cm
exposed) to 13 + 12 % (12 cm exposed), which did not depend signifi-
cantly on the exposed height (Fig. 5.B).

In contrast, for the immersed section, the biofilm coverage ratio
varied proportionally to the height of the exposed section, from 14 + 6
% when only 4 cm were exposed to 25 + 7 % when 12 cm were exposed.
The height of the upper section directly affected the development of the
biofilm on the immersed section. A larger surface area exposed to the air
promoted the development of the biofilm on the immersed section.

This observation is another argument supporting the microbial
electrochemical snorkel mechanism. The exoelectrogenic species that
grew on the bottom section of the EMTs (the anode part of the snorkel),
released the electrons resulting from their respiration metabolism to the
conductive felt. In the absence of electron acceptors in solution, oxygen
for instance, they “respired” the conductive carbon felt, hence their
initial name of “anode-respiring bacteria” [22]. If electrons produced by
the bacteria were not released from the felt structure, its potential would
decrease to the point of prohibiting the bacteria from continuing to
release their electrons to the support. Bacterial development and sur-
vival would no longer be possible. The extraction of electrons from the
conductive support is essential for the microbial development.

When the height of the aerial section increased, the surface area in
contact with the air increased proportionally and the electron flow
extracted from the felt structure increased in the same proportion. The
aerial section was the cathode of the snorkel. The larger the upper sec-
tion, the greater the electron flow extracted from the immersed section.
The exoelectrogenic bacteria could therefore grow more quickly on the
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Fig. 5. Biofilm coating. A) Representative SEM images showing a denser mi-
crobial colonisation of the fibres on the immersed section of the EMT structure.
B) Biofilm coating ratios extracted from images obtained by confocal scanning
microscopy for both the above-water and immersed sections. Each value is an
average based on the analysis of 24 images (6 spots imaged on two different
samples for each section of each duplicate) for the EMTs with 4-cm and 8-cm
sections above water. Due to a technical problem, only 12 images were ana-
lysed for the EMT with a 12-cm section exposed to the air.

submerged part. The microbial biofilm developed more abundantly
when the upper section had a larger surface area and was thus able to
extract more electrons (Fig. 1.B).

3.4. Microbial population analysis

The microbial populations of both the immersed and aerial biofilms
were analysed. Two samples were collected from each section of each
EMT. In the case of the controls, samples were collected only on the
immersed sections, because the aerial sections were not sufficiently
colonised. Microbial populations were also analysed in the solutions on
day 14 (before changing the solution) and on day 18 (the end of the
experiment). Sequencing data were first examined at class level (Fig. 6).
Samples displayed a total of 838 OTUs belonging to six major classes:
Bacilli, Bacteroidia, Gammaproteobacteria, Clostridia, Alphaproteobacteria
and Negativicutes.
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Fig. 6. Microbial populations of the solutions and EMT biofilms at class level. The percentages give the relative abundances of the classes. A) In solution, Column 1:
solution samples collected on day 14, before solution replacement; Column 2: solution samples collected at the end of the experiment; B) In biofilms: Columns 1 and
2: the two samples collected from the immersed biofilm; Columns 3 and 4: the two samples collected from the aerial biofilm (no such biofilm samples were taken for
the controls because the biofilm was too thin for an analysis to be attempted). The lines correspond to the different EMTSs, each in duplicate (numbered “1” and “27).

166 OTUs belonged to Bacilli (Firmicutes phylum). This class was very
little present in the solutions on day 14 but it was found in all samples,
both biofilms and solutions, at the end of the experiment, with a relative
abundance of 11 + 4 % to 30 & 16 %, except in the case of one of the
plastic controls. Forty-two of these OTUs were of the Bacillus genus,
which is known to contain electroactive species [33].

The Bacteroidia class (Bacteroidota phylum) was also present in all
samples but in greater abundance, from 27 + 7 % to 53 + 8 %, in the
immersed biofilms. Among the 74 OTUs of this class and the 21 class-
affiliated genera, 16 belonged to the Lentimicrobium genus (48 + 1 %
for the 12-cm-exposed EMTs) and 5 to the Cloacibacterium genus. These
facultative anaerobic bacteria accept both oxic and anoxic environ-
ments, are electroactive, and are commonly involved in the degradation
of organic compounds [34-37].

Gammaproteobacteria (94 OTUs) were present in all samples, except
in the solutions on day 14. This class was the most prevalent in all the
plastic controls (34 &+ 13 % in solutions, 43 + 13 % in the biofilms) and
in one 12-cm-exposed EMT (83 %). For the other EMTs, the relative
abundance of this class was 29 + 12 % in the upper section biofilms and
10 + 16 % in the immersed biofilms. The main genus was Pseudomonas
in the biofilms and Acinetobacter in the solutions. Both genera have been
described as hosting electroactive bacteria able to perform extracellular
electron transfer in aerobic conditions [36].

259 OTUs were affiliated to the Clostridia class. Its relative abun-
dance remained low in biofilms: 14 + 4 % and 24 + 5 % in the aerial and
immersed biofilms, respectively. The class was more present in the so-
lutions (20 + 11 % and 26 + 7 % on days 14 and 18). The two major
genera in this class were Sedimentibacter and Sporacetigenium.

The Negativicutes class (Firmicute phylum) was the most prevalent in

several samples on day 14 (66 + 6 % and 60 £ 12 % for the solutions of
the control reactors and the solutions of the 4-cm-exposed EMTs,
respectively). Its relative abundance then dropped to less than 10 % in
all samples at the end of the experiment.

Alphaproteobacteria were detected (63 OTUs) in the aerial biofilms
only, with a relative abundance that decreased as height increased: 18
+ 5%, 13 + 7 % and 9 + 4 % for upper section heights of 4, 8 and 12 cm,
respectively. The Brevundimonas genus was predominant. Some Bre-
vundimonas species have been described as being capable of extracel-
lular electron transfer [38]. The exposed height did not have a
significant impact on the microbial populations, except in the case of the
Alphaproteobacteria class.

The immersed and aerial biofilms displayed significant differences in
their microbial populations. The Principal Component Analysis (PCA)
confirmed this trend (Fig. 6). Component 1, accounting for 28 % of the
variance, distinguished the exposed and immersed biofilms. Component
2, accounting for 16 % of the variance, determined whether the samples
came from the solutions (on day 14 and at the end of the experiment) or
from the biofilms. The PCA therefore revealed four groups: samples
taken from solutions, biofilms taken from the aerial sections of the
EMTs, biofilms taken from the immersed sections of the EMTs, and
biofilms taken from the immersed sections of the controls. No biofilm
samples were taken from the upper section of controls because the
biofilms were too thin and the amount of DNA collected was insufficient
for analysis. Interestingly enough, according to component 2, the bio-
films from the EMTs were gathered on one side, while the biofilms from
the controls and the solutions were on the other.

Correlation circles associated with the PCA score plot showed which
OTUs were mainly responsible for the ordination of the samples in the
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previously described groups (Fig. 7). They confirmed the observations
made with abundance histograms. In particular, the OTUs in the solu-
tions on day 14 were specific to the Negativicute class. Consequently, this
class, whose abundance then decreased, did not play a crucial role in the
efficiency of the EMT measured in Batch 2. Alphaproteobacteria and
Gammaproteobacteria were characteristic of the biofilm samples taken
from the aerial sections of the EMTs and of the biofilms sampled from
the immersed sections of the controls. Bacilli were characteristic of the
emerged biofilms. Bacteroidia and Clostridia were mainly found in the
immersed biofilms of the EMTs and in solutions.

To sum up, the microbial populations of the immersed and aerial
biofilms differed significantly. The nature of the support (plastic con-
trols vs carbon-felt EMTs) also clearly affected both the quantity of
biofilm and the nature of the microbial populations. As the final remark
on this section, it should be emphasized that three of the most abundant
classes present in the immersed biofilms — Bacteroidia, Gammaproteo-
bacteria and Clostridia — had previously been found in exoelectrogenic
biofilms subjected to intense periodic aeration [36]. In particular, four
of the genera identified here — Cloacibacterium, Pseudomonas, Acineto-
bacter and Brevundimonas — were also present in bidirectional biofilms, i.
e. biofilms able to sustain both exoelectrogenic and electrotrophic be-
haviours [36]. Such development of numerous bacterial classes and
genera known to host electroactive species is another argument in
favour of the occurrence of the microbial electrochemical snorkel
mechanism.

3.5. Mass transfer vs Electron transfer?

Two different mechanisms can be put forward to explain why EMTs
enhance COD removal. Initially, it was thought that the organic matter
was drawn up from the solution to the upper, aerobic section of the EMT,
where it was oxidized by aerobic microorganisms, which were supplied
with oxygen coming from the air (Fig. 1.A). This mechanism corre-
sponds to mass transfer of the organic matter from the anaerobic, lower
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EMT section towards the upper section exposed to the air. A comparison
of the COD removal rates obtained with the EMTs vs the plastic controls
supports this mechanism. The plastic grids did not provide the porous
capillary structure necessary to draw up the organic matter and did not
support any significant biofilm development on their upper, aerobic
section. Consequently, they systematically achieved significantly lower
COD removal rates.

On the other hand, the pH of the solution decreased in the presence
of the EMTs, the biofilm development on the lower EMT section
depended on the height of the upper section and numerous electroactive
species were identified in the biofilm. All these elements consistently
support the occurrence of a microbial electrochemical snorkel mecha-
nism. This mechanism is supported by electron transfer from the lower
EMT section to the upper section through the conductive support.

The impact of the snorkel mechanism can be assessed by calculating
the related current density. The EMTs with an aerial section of 12 cm
ensured a COD removal rate of 807 + 62 mg O,/L/h, where it was 306

=+ 40 mg Oy/L/h for the controls. The COD removal rate achieved by the

EMTs was consequently 501 mg Oy/L/h. If it had been entirely due to
the snorkel mechanism, the current (I) produced would have been:
0.5VnF

"= 3600M, ®

where 0.5 g Oy/L/h is the COD removal rate, V is the volume of
solution, n = 4 is the number of electrons required to reduce one Os
molecule, F = 96,485C/mole e is the Faraday constant and Moy = 32 g
is the oxygen molar mass. The volume of solution in the vertical reactors
was 350 mL minus the volume taken up by the 14 cm of the aerial
section of the EMT, i.e. 0.297 L. The COD removal rate of 0.5 g O2/L/h
corresponded to a current of 0.5 A.

The surface area of the 14-cm immersed section of an EMT was 196
cm?. The current density due to COD removal related to the immersed
surface area would consequently be 25.5 A/m?. This value is in the range
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A) Score plot of the samples B) Correlation circle. OTUs on the correlation circles are named and coloured according to the colour chart used in Fig. 6.
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of the highest current densities reported in the literature for microbial
anodes of similar porosity in optimal conditions, i.e. with an applied
potential in controlled electrochemical set-ups [39,40]. A spontaneous
process such as the snorkel mechanism cannot be expected to generate
such a high current density.

Furthermore, the value of 0.5 A of current would imply that the
electron flow from the lower to the upper section, through the EMT
cross-section of 3.75 ecm?, corresponded to a current density of 1,300 A/
m?. This current density is related to the current that would flow along
the carbon felt from the cathode section to the anode section (by defi-
nition, direction of the current is opposite to the direction of electrons).
This value is incredibly huge in the context of microbial electrochemical
technologies.

Actually, it is not possible to directly measure the current that flows
between the anode and cathode sections of an EMT, or of any other type
of application of the microbial electrochemical snorkel concept, because
anode and cathode are not separated and there is no external circuit in
these systems. The short-circuited anode and cathode sections are not
distinguished and they can vary during system operation. Nevertheless,
a specific device has been implemented recently to evaluate such cur-
rents in large scale constructed wetlands equipped with electro-
conductive beds [41]. The current densities were always evaluated at
less than 0.3 A/m? [29].

If the microbial electrochemical snorkel mechanism was responsible
for the entire COD removal here, the cross-sectional current density
flowing along the EMT should be 1,300 A/m?2. The values evaluated in
the literature for comparable systems are not above 0.3 A/m2. This
comparison unambiguously shows that the snorkel mechanism was far
from being able to perform the entire COD removal. Both suction and
snorkel mechanisms coexisted, probably with suction as the highly
predominant mechanism.

3.6. Future research directions

Pioneering experiments have been presented here to describe the
concept of the electrochemical microbial tree. The system was designed
to promote the suction of the organic matter from wastewater to an
upper EMT section exposed to air, where it was oxidised. Here, several
consistent observations show the concomitant occurrence of a microbial
electrochemical snorkel mechanism that contributed to COD removal.
Distinguishing the contribution of each mechanism would be an inter-
esting fundamental challenge. It would require a comparison of the
performance of two identical structures, one conductive and the other
not. However, it seems very difficult to find a non-conductive felt having
the same structure as the carbon felt used in this initial study. Further-
more, the two structures should have the same surface properties,
because the capillarity phenomena depend directly on the surface
characteristics. It can be guessed that the precise distinction between the
two mechanisms will remain a fundamental challenge for a long time.

When compared to the rates achieved in the aerobic units of current
wastewater treatment plants, the maximum COD removal rate of 807 +
62 mg Oy/L/h may seem modest. However, two points need to be
emphasised here. First, EMTs are passive devices, which do not require
any energy input, thus suggesting massive savings compared to aerated
units. Such a huge advantage may well make a weaker performance
more acceptable. Second, the pioneering experiments presented here are
innovative, so there may be considerable room for improvement. For
example, it was observed that the COD removal rate increased with the
height of the aerial section. Fig. 4 shows that the upper performance
limit was not reached and that it would be sufficient to increase the
height of the aerial section to further increase the COD removal rate.

In addition, these ground-breaking results open up a wide field of
research, in biomimicry in particular. The EMT concept is similar to the
mechanism trees use to carry sap from their roots to their leaves, in
which water transpiration acts as the driving force. The sap rises through
the capillary structure of the xylem to reach the leaves of the tree, where
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it is enriched with compounds produced by photosynthesis. It then flows
down the central structure called the phloem [12,13]. This type of
passive two-way circulation could be very beneficial in the EMT system,
in order to balance the pH of the biofilm between the above-water
aerobic section and the immersed anaerobic section. The hydraulic ar-
chitecture of trees [42] allows this circulation to take place over heights
of several dozen metres. The xylem/phloem capillary structure could
therefore be a powerful source of inspiration for improving EMTs.

Ideally, the biofilm should coat the largest possible inner and outer
surface areas of the porous structure but it should not clog the capillaries
of the structure. Keeping pores filled with the liquid phase should ensure
that the organic matter can be drawn up by capillarity and diffusion
through the EMT. In addition, open pores in the upper section should
allow the biofilm in the above-water section to be exposed to air.
Actually, the ubiquity of the sap capillary rise process in plants,
including those living in mud (e.g. rice) and the most complex envi-
ronments (e.g. mangrove swamps), gives good hope that it will be
possible to design EMTs that are stable over time. In particular, the ar-
chitecture of plant matrices can be taken as inspiration to avoid capillary
clogging, which does not occur in plants, except in the context of severe
hydraulic stress, due to the formation of gas bubbles by cavitation
[43,44]. Similarly, drying out may be a problem for long-term operation
of EMTs. We observed that partial drying out had occurred on the aerial
section of some EMTs at the end of the three week experiment. This
drying can be mitigated by immersing the EMT in solution for a few
hours. A specific study of this point will be undertaken.

According to the reactional scheme above, acidification of the bot-
tom section (Reaction 3) may be balanced by alkalinisation of the top
section (Reaction 4). For this purpose, ion motion between the two
sections should be encouraged by an adequate choice of porosity in
order to optimise biofilm coating while keeping a sufficient portion of
the porosity filled by the liquid phase. The extracellular polymeric
substances that constitute the biofilm matrix are known to considerably
enhance ion binding and accumulation [45]. SEM images showed only
thin biofilms on the felt fibres (Fig. 5). Consequently, it should be
pertinent to encourage a higher level of biofilm development inside the
felt structure than those observed here, in order to increase the film’s
ionic conductivity, promote ion motion and thus favour pH balance
between the upper and lower sections. This is another key area of
progress for the future. In this context, it will be important to measure
the pH within the biofilms to gain a better understanding of the pro-
cesses at work in EMTs.

The many studies performed on the hydraulic architecture of trees
should provide a good reservoir of ideas for scaling-up efficient EMTs
[46]. In addition, the emerging concept of artificial trees created for
seawater and brackish water desalination could also serve as a basis for
EMT development on a large scale [47]. Scaling up to large scale could
also take advantage of the work achieved on microbial electrochemi-
cally assisted treatment wetland (METland) [28,30,41]. METlands are
constructed by simply replacing the electrically inert bed, most often
gravel, used in conventional wetlands, by an electrically conductive bed,
generally made of conductive granules, e.g. biochar. Some major ob-
jectives in designing METlands are similar to those of the EMT concept:
to elaborate a 3-dimensional electrochemical structure, stable over time,
which avoids clogging and promotes the development of a microbial
biofilm that is suitable to reduce COD. Following this analogy, a large-
size EMT may take a very simple design, as a porous, 3-dimensional
conductive bed, which could be compared to a METland, but with the
upper part exposed to the air. On this useful basis, great efforts remain to
be made to design the appropriate porosity architecture, following the
objectives and guidelines suggested above, because the idea of capil-
larity to draw up the organic matter and balance the pH gradient is not
present in the METland concept.
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4. Conclusion

The EMT concept has been described here and checked experimen-
tally for the first time. The system applied to synthetic wastewater was
found improve the maximum COD removal rate by a factor of 2.6
compared to controls not equipped with the EMT. The pH of the
wastewater decreased during COD removal, whereas it had been ex-
pected to increase. Also surprisingly, the biofilm on the immersed EMT
section developed as the height of the aerial section increased. These
observations revealed the occurrence of a microbial electrochemical
snorkel mechanism that contributed to COD removal. This mechanism
was confirmed by the presence of many electroactive species in the
microbial population of the biofilms.

These pioneering experiments have revealed many areas for
improvement. For instance, pH has been shown to play a crucial role and
controlling its distribution along the EMT should be an important way of
optimising its structure. Avenues for improvement have been suggested
in the previous section, in particular through a biomimicry strategy
inspired by the hydraulic architecture of trees. The EMT is a completely
passive device requiring no energy input. It can be designed very simply,
as a conductive porous bed with the upper part exposed to the air. It
should consequently be easily scalable to the large sizes required for
wastewater treatment units. The concept should open up a promising
avenue for significantly decreasing the energy cost of wastewater
treatment.
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