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A set of six low-cost 3D printed microbial electrochemical cells (MECs), each containing four electrodes and
one ceramic membrane were constructed. The electrodes included a polarized working electrode (WE,
polarized at +0.2 V vs. Ag/AgCl), a reference electrode (RE) and a counter electrode (CE) typical in three-
electrode electrochemical cells and an additional fourth electrode i.e., auxiliary electrode (AE). The AE
was identical to the WE, but it was kept in open circuit. This study was conducted to evaluate the
potential of AE as a measurement of the bulk potential and control for the effect of polarization of the
WE. Two different salinity levels, i.e., 12 and 50 mS cm ~1 were tested in triplicate along with propionate
concentrations of 0.1 g Ltand 1 g L~ to study the oxidation of propionate by the microbial community
present in the reactor. Continuous monitoring of the electrode potentials, cyclic voltammetry (CV) at
different scan rates and electrochemical impedance spectroscopy (EIS) data were obtained throughout

the experiment to compare the results from the AE and the WE. The open-circuit auxiliary electrode (AE)
Received 3rd May 2025

Accepted 16th June 2025 was useful to control the state of the electrolyte and to distinguish changes in the system caused by the

continuous polarization. The use of the AE allowed to compare the changes in the EIS diffusion slope

DOI: 10.1039/d5ra03133h caused by the WE polarization. This study showed that AE in MECs helps to understand and predict the
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1 Introduction

Microbial electrochemical technologies (METs) are promising
technologies that combine electrochemical processes with the
electroactive catalytic capabilities of microorganisms."> METSs
applications include electrical current production from waste
oxidation in microbial fuel cells (MFCs)** or to produce mole-
cules from CO, fixation in microbial electrosynthesis cells
(MESs).° However, METs are not yet mature’ and the experimental
studies lack sufficient standardization.® In METs electroactive
microorganisms grow by profiting from the energy difference
between two distinctive redox levels: the bulk electrolyte potential
and the electrode potential.® The electrical potential of bulk
electrolyte with respect to a reference electrode is referred to as
bulk electrolyte potential.>'® MFCs consist of two simultaneous
electrode-electrolyte reactions that mutually affect each other. As
microbial activity can induce variability between replicates and
experiments, real-world MET applications are difficult to imple-
ment and troubleshoot. An alternate approach is to control the
electrode potential and reduce the variability caused by changes
in electrode potential.'*> A typical potential-controlled MET
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electrochemical reactions more precisely.

experiment involves the use of a potentiostat and a three-
electrode cell which includes a working electrode (WE), a refer-
ence electrode (RE), and a counter electrode (CE).* The use of this
setup allows one to set a constant potential to the WE in relation
to the RE and use the CE to close the circuit.

The variability of media composition is another important
parameter due to its effect on the bulk redox potential values
and the microbial activity.™ It was observed that dissolved
organic carbon and ammonium concentration were strongly
corelated to changes in microbial community structure. Thus,
changes in the bulk potential, typical in complex media, make
the comparison of different MET studies difficult. As an
example, natural sediments involve both an organic and an
inorganic matrix that can highly vary depending on the loca-
tion, season, or historical events such as microbial activity.”®
Thus, METs require additional tools to detect changes
happening in the bulk potential of complex media and correct
possible inconsistencies derived from changes in the bulk
potential while helping to standardize between experiments.

In anodic studies, a reducing environment and an oxidizing
electrode are necessary. If the cathodic half-cell in the MFC is
maintained constant (e.g., using ferredoxin), changes in the
anode affect the final power output. When the anode is in a more
reductive environment the whole-cell potential increases and the
current flows. However, if the oxygen coming from the cathode
leaks inside the anode, the redox value of the anode environment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increases, leading to power drops.'®” Similarly, in sediment
microbial fuel cell (SMFC) installations, events such as tides,
waves or storms can dig up the anode from inside the sediment
into the overlaying oxygenated water, causing the power output to
stop. The bulk potential serves as a reference value to guide
oxidation or reduction potentials depending on the MET appli-
cation (power source vs. synthesis). Thus, monitoring the bulk
potential is an important piece of information for MET operation.
The use of an auxiliary electrode (AE), incorporated inside
a microbial electrochemical cell, monitors the open circuit (OC)
potential as a measure of the bulk electrolyte potential. The
concept of AE was first introduced as a ‘Pin electrode’ in a MFC
half-cell and further developed to assess its application in
sensing, power modulation and electrosynthesis.'®* Additionally,
MFC as a smart sensor was successfully demonstrated using an
AE without disturbing internal redox system.*

The microbial growth on the electrode surface changes in
electrochemical characteristics of the electrode® by mediating
the transfer of electrons (electroactive) or electrically isolating
the electrode from the environment (non-electroactive). It has
been demonstrated that electroactive microorganisms can be
grown on the anodic or working electrode surface by applying
a controlled anode potential ranging from —58 to 680 mV vs. Ag/
AgCl reference electrode.”*® In a previous report, poising or
polarization of working electrode at +200 mV vs. Ag/AgCl
reference electrode, not only reduce the start-up time of MECs
but also results in increased current production.* In this study,
the WE was polarized at +200 mV vs. RE. By using the integrated
non-polarized AE, this paper shows how it can be used to
compare electrochemical techniques and clearly distinguish the
effect that continuous polarization can have on electrochemical
parameters over time for sediment clean-up. For this reason,
a new type of reactor was developed to showcase the utilization
of the AE in a four-electrode system (three-electrode cell + AE).
Information on the construction, behaviour and variability of
the do-it-yourself (DIY) reactors is provided to promote the use
of AE in other MET experiments. Future improvements of the
system are suggested as well as ways to further reduce the
variability of METs performance in treating complex substrates.

2 Methods and materials

2.1 Inoculum and media

Sediment was collected from the Lough Atalia estuarine lagoon
(53.28'N, —9.03'W) in Galway (Ireland), 2 meters from the north-
east shore. This location was identified as a potential location for
SMFC installation due to sediment accumulation, eutrophication
and mesohaline conditions.”* Sediment samples were harvested
from the mud located immediately below the vegetation level.
The sediment was sieved (2 mm grid) to eliminate macrofauna,
stones and plant debris followed by centrifugation at 10 000 rpm
for 6 minutes and the supernatant (pore water) was analysed
[Table 1, see ESIt] and discarded. The centrifuged sediment was
stored at —18 °C until further use in the experiment. Each reactor
was inoculated with 10 g of sediment.

Artificial seawater (ASW) was used as the electrolyte in two
different concentrations resulting in salinities of 50 and 12
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mS ecm ™' and pH 8.5 and 8.2, respectively [Table 1, see ESIt].
Propionic acid was used as an additional carbon source at
different stages of the experiment. Two different solutions were
produced for the two assessed salinity levels. A stock of 1 g L™*
and 10 g L' were prepared for each salinity level and kept
refrigerated (4 °C) until use.

2.2 Reactor set-up

A novel reactor type was 3D printed (Ultimaker 3, Utrecht,
Netherlands) with polylactic acid (PLA) plastic on a cubic frame
(10 cm) with an additional clamping square [Fig. 1A]. The
interior of the cube was covered with acrylic sheets (1 mm
thickness). A cubic geometry was selected to optimize the space
used by each reactor. A total of four electrodes were installed
including a three electrode system with working electrode (WE),
CE and reference electrode (RE) as well as the previously
described open-circuit AE. The AE and WE were kept in
a symmetric configuration with equal distances between them
(5 cm) with the help of an acrylic electrode support [Fig. 1A and
E]. WE and AE were composed of graphite plates (5 x 5 x 1.5
cm) drilled in the middle in which a nylon screw was inserted.
The acrylic support included two nylon screws (M8) that helped
to keep the electrodes in place and at constant distance between
each other. A Ti wire (1 mm @) was utilized as current collector
and joined to the electrodes by exercising pressure with a nylon
nut until the resistance was below 4 Q. The graphite plates were
previously polished with P80 SiC sandpaper to clean and obtain
uniform surfaces. An acrylic lid was installed and clamped on
the top using four 3D-printed PLA U-shaped structures [Fig. 1A]
and nylon screws (M8). Neoprene gaskets were utilized to seal
the space between the reactor frame and lid.

Three ports were installed in the lid including two sampling
ports for the WE and CE chambers and a gas space port
[Fig. 1A]. The WE and CE sampling ports used an acrylic tube
that descended inside the reactor until 1 cm from the bottom,
while the gas space port was kept at the same height of the lit.
The WE and CE chambers were kept separated using unglazed
ceramic membranes (Jodhpur, India) as described previously*
and kept at fixed distance by using silicone sealant. The ceramic
membrane was confirmed to not have leaks.

The reactors were filled to keep 2 cm of gas space for each
reactor and the final electrolyte volume was 430 mL for the WE
chamber and 160 mL for the CE chamber. Silver/silver chloride
reference electrodes were prepared and tested before use to keep
homogeneous reference values throughout the experiment and
placed between WE and AE inside the electrode holder [Fig. 1C
and E]. The CEs consisted of platinized titanium mesh and tita-
nium wire providing enough surface to drive counter electron
reactions resulting from the WE constant polarization and the AE
and WE electrochemical analyses (Section 3.1) and placed at the
other side of the ceramic membrane [Fig. 1C and E].

2.3 Experimental design

A total of six cubic reactors were built and kept at constant
temperature inside a temperature-controlled chamber at 30 °C
[Fig. 1D]. Reactors were labelled from A to F with A, C and E the
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Fig. 1 Cubic reactor 3D model and schematic showing the WE and AE placed in the electrode holder, CE in yellow, ceramic membrane in
orange, 3D-printed clams and RE between the WE and AE (A). Photograph of the OpenTCC and the wiring of the 6 WE, 6 AE, 6 CE and 6 RE (B).
Photograph of the top of one cubic reactor setup with labels on the WE, CE, AE and RE (C). Photograph of the six cubic reactors inside the
OpenTCC, note the syringes and gas flushing system (D). Photograph of a side view of the cubic reactor showing the electrode holder (E).

high salinity (50 mS cm™") and B, D and F the low salinity (12
mS cm ™) reactors. Continuous stirring (120 rpm) was applied for
each of the reactors with a magnetic bar. The wiring of the 24
electrodes (4 x 6 reactors) was facilitated by providing connection
strips on top of the temperature-controlled chamber [Fig. 1B]. The
connection strips were then used to connect the electrode probes
to the different available channels of a VMP3 potentiostat (Bio-
logic, Seyssinet-Pariset, France) and a Picolog ADC-24 data-logger
(PicoTech, Cambridgeshire, UK). A constant polarization poten-
tial of 0.2 V vs. RE was applied to the WE of each reactor. The
experiment was conducted in five phases: initial start-up with
ASW (Phase I), addition of sediment (Phase II), low concentration
propionate spikes (Phase III), high concentration propionate
spike (Phase IV) and a final phase with fresh ASW and high
propionate concentration (Phase V) [Fig. 2].

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were obtained spaced over time (every 2-3
days) throughout the length of the experiment for both AE and
WE. Additionally, EIS of the whole system (WE/AE to CE) were
also produced. CVs were performed at different scan rates 100, 50,
10, 5, 1 mV s ' to assess differences between electrolyte and
surface level electrochemical responses.”® The EIS was executed by
applying a 10 mV peak-to-peak excitation single sinusoidal wave
from 10 Hz to 10 kHz centred at a constant potential of 0.2 V.

2.4 Data analysis and treatment

The WE, AE, CE potentials and the current production from the
WE were monitored and plotted over time for the different
phases of the experiment. A total of 50 CVs (10 timepoints x 5
scan rates) and 9 EIS were obtained during the 90-day experi-
ment. Due to the high amount of CV analyses obtained, an
automated programming script was developed. Oxidative and
reductive curves were isolated and plotted together for each of
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the scan rates under evaluation. At the end, only the mean and
95% CI (confidence intervals) were plotted for each of the
timepoints of analysis. Similarly, EIS were obtained and plotted
both in Nyquist and Bode plot form. Due to the noisy results
obtained from the EIS of the electrodes, a linear fit was obtained
for the region of interest of the electrode Nyquist plot (between
1-8 and 1-6 for the real and imaginary parts of the Nyquist plot,
respectively). All plots and continuous CI calculations were
conducted using the R programming platform. The electrolyte
quality characterization was compared using a two-tailed t-test
using Excel (Microsoft 365 version 2110).

2.5 Chemical analyses

The electrolyte composition of the WE chamber was analysed
for total organic carbon (TOC) using a TOC analyser (Shimadzu
TOC-L series, Kyoto, Japan) and tested for pH and conductivity
using a pH meter (Mettler Toledo, FiveEasy F20, pH probe
Mettler Toledo, LE438 PH, Greifensee, Switzerland) and
conductivity meter (Horiba LAQUAtwin EC-22, Kyoto, Japan).
Ammonium, conductivity, pH, iron, phosphate and sulfate were
analysed using Gallery Plus discrete analyzer (Thermo Scien-
tific, Waltham, United States) as described earlier.>” Elemental
composition was obtained using an inductive coupled plasma
instrument (Agilent ICP-OES 5110, Santaclara, USA) whereas
ions were obtained using ion chromatography (Dionex Aquion,
Thermo Scientific, Waltham, United States) with an IonPac
AS14A 4 x 250 mm column coupled with an AG14A 4 x 50 mm
guard column and sodium carbonate 3.03 mM/sodium bicar-
bonate 0.97 mM eluent at a flow rate of 1 mL min~" as described
previously.”” VFA concentrations were analysed by high perfor-
mance liquid chromatography (HPLC 1260 Infinity II, Agilent,
Santaclara, USA) equipped with a Hi-Plex H column held at 60 °
C and a refractive index detector held at 55 °C with H,SO, (5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Simplified curves for each of the cubic reactor phases. Marked with red circles, the CV for WE and AE, yellow squares for the electrode EIS
analyses and green squares for the whole cell EIS. The graphs show the mean values for the potential vs. RE in each of the salinity levels for the WE
(A), AE (B) and CE (C) and finally the current production (D). Shadowed areas indicate the Cl for each of the parameters measured. A blue color is
used for the low salinity and orange for the high salinity level of the triplicate reactors.

mM) as the mobile phase at a flow rate of 0.7 mL min~" as re-
ported earlier.?®

3 Results

3.1 Experimental phases

The experiment ran over 90 days. The system was continuously
monitored by measuring each of the electrode potentials (WE,
AE and CE) vs. RE. During open-circuit of the WE, both AE and
WE behaved similar to each other. This can be observed for days
0 to 18 and 30 to 38 days [Fig. 2A and B].

During the open circuit part of Phase I, a mean WE potential
of 0.17 V vs. RE was obtained [Fig. 2A and B]. Between days 18
and 25, a polarization of 0.2 V vs. RE was applied to the WE
[Fig. 3A] to provide an anode potential suitable to induce
microbial film growth. The polarization generated a back-
ground current lower than 1 pA [Fig. 3D]. The AE showed
a stable potential that remained below 0.2 V at both salinities
[Fig. 3B]. However, an increased pull toward 0.2 V was found for
the higher salinity level [Fig. 3]. Slight increases in current and
lower AE potentials were observed when nitrogen flushing was

© 2025 The Author(s). Published by the Royal Society of Chemistry

applied on day 20 [Fig. 3B]. No redox peaks were evident in the
CV response for WE or AE.

3.2 Initial sediment addition

When the sediment was added to each of the reactors operating
at open circuit, the AE potential progressively changed towards
lower values and stabilized around —0.5 V vs. RE. However,
Reactor B (low salinity) did not maintain the low potential and
the AE potential increased towards the values observed during
Phase I [Fig. 4B]. After stabilization of the open circuit poten-
tials following sediment addition (by day 39), the WE potential
was set again at 0.2 V vs. the RE. The current increased rapidly
after the initial polarization and then decreased. However,
posterior (day 40) currents up to 1.2 mA for Reactor F increased
the mean of the low salinity reactors [Fig. 5 and 6]. This
behaviour was missing for the other reactors which causes
a large CI for the low salinity reactors further intensified by the
low currents in Reactor B [Fig. 7D]. This can also be observed by
the large CI for CE [Fig. 7C] due to the CEs being driven to
reducing values except for Reactor B.

RSC Adv, 2025, 15, 21568-21581 | 21571
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While the variability for the current production was large,
the polarization imposed in the presence of sediment in Phase
1I developed a distinctive redox peak at —0.1 V vs. RE. This redox
peak was not visible in the CVs recorded using the AE [Fig. 6C]
and was only possible to detect in the CVs recorded for the WE
in the low-speed CV scan rate of 1 mV s~ [Section 3.7]. The
redox peak is clearly visible in both high and low salinity elec-
trolyte, but the high salinity reactors develop a higher current
peak due to the important contribution of the peak in Reactor A
[Fig. 6D]. Note how the distinctive redox peak presents higher
mean currents for the high salinity reactors and particularly in
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Reactor A, while the continuous mean current production is
higher for the low salinity and Reactor F.

3.3 Propionate spikes

After the initial polarization, spikes of propionate at low
concentration (0.1 g L") were introduced while maintaining
the WE polarization [Fig. 5A], which generated current for each
of the reactors. During this process, Reactor B recovered
reduced conditions by simply tightening its lid which can be
observed by the values of the AE between days 46 and 50
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vs. RE. Note how Reactor B (low salinity) separates itself while increasing the Cl of the low salinity reactors. CE (C) similarly changes towards more
reducing conditions. The current (D) shows a strange behaviour due to the low scale of the axis and the effect of the posterior polarization in the
smoothing function. Color blue is used for the low salinity and color orange for the high salinity triplicate reactors.
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[Fig. 5B]. Current production up to 4 mA was obtained for
Reactor B (low salinity) and Reactor A (high salinity) for the 2nd
and 3rd spike, respectively [Fig. 5D]. The CE and AE values for
the low salinity reactors seem to run in parallel because of the

A)

C)

influence of the poorly closed lid on the environment of Reactor
B [Fig. 5C].

After assessing the low propionate concentration, a 1 g per L
spike was provided to each of the reactors (day 61). The AE
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Fig. 6 Auxiliary electrode potential (A), CV of the AE (B), current production (C) and CV of the WE (D). CVs for AE do not show any redox peak, (B)
while the CVs for WE show a distinctive peak at —0.1 V vs. RE (D). Red dots show the time of the CV analyses. Shadowed areas indicate the Cl for
each of the parameters measured. A blue color is used for the low salinity and orange for the high salinity level.
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potential increased in Reactor B due to a possible leak of air
during handling of the reactor but recovered back to reducing
redox environments on day 65 [Fig. 7B]. The CE kept a mean value
of —1 Vvs. RE, driving the reducing reactions required for the WE
polarization [Fig. 7A and C]. The current did not increase to a level
over the previously obtained currents at the low propionate
concentration, showing a maximum of 2.4 mA for Reactor D
[Fig. 7D], which also showed the lowest AE potential [Fig. 7B].

While mean current values reached up to 2 mA for both
salinity levels in the low propionate concentration spikes,
a mean current value of less than 1 mA was obtained on the high
propionate concentration spike [Fig. 8A and D]. The CVs per-
formed during this propionate spike show how the low propi-
onate concentrations increased the redox peak for both salinity
levels [Fig. 8C and E]. However, the high salinity level practically
removed the redox peak that became part of a straight oxidation
line [Fig. 8F]. The high redox peak for Reactors A and B corre-
sponds well with the higher currents shown during the 3rd low
propionate concentration spike [Fig. 5D and 8A].

3.4 CV speed effect

CV rates have a particular effect on the CV fingerprints. The
high scan rate CVs in the WEs [Fig. 9A] indicate higher current
means than the AE counterparts [Fig. 9A]. However, the CV
curves do not center around a specific potential point and peaks
oscillate between —0.2 and +0.2 V vs. RE. The CV of AEs do not
show an intermediate peak and remain relatively flat except for
oxidative currents at the higher potentials [Fig. 9A]. Slower scan
rates define the redox peak and the value gets centered at —0.1 V
vs. RE [Fig. 9B]. However, towards the end of the experiment, the
CV fingerprint on day 70 resembles more those found in the AE,
with increasing currents at increasing oxidative potentials

21574 | RSC Adv, 2025, 15, 21568-21581

[Fig. 9B]. Note how the last CVs (days 61 and 70) show higher
currents in the AE than in the WE [Fig. 9A and B].

3.5 Evolution of EIS of full cell and the electrodes over time

The EIS of the electrodes showed differences when comparing
WE and AE. Overtime, the EIS tended to show a lower slope for
the WE in both salinities [Fig. 10]. This change in slope was
more marked for the high salinity. However, other parameters
obtained from the Nyquist plot such as resistance and capaci-
tance of the electrode were not possible to be obtained as the
response showed a chaotic behaviour. However, the modulus
values (y-axis) in the Bode plot tend to increase over time for the
WE [Fig. 10], while the modulus values for AE kept steady
[Fig. 10]. Similarly, the phase values in the Bode plots decrease
for the frequencies between 10 and 1000 Hz for the WE while
maintaining the same range in the AE. These patterns seem to
affect more the low salinity reactors than those with the higher
salinity. The EIS with higher propionate concentrations (days 61
and 70) seem to accelerate the changes described above [days 61
and 70] and also affect the AE Nyquist results [Fig. 10] and the
alpha and modulus values of the high and low salinity reactors,
respectively [Fig. 10].

The EIS of the whole system does not seem to draw as clear
differences as those found for the single electrodes. The Nyquist
plots show similar behaviour for both WE and AE, with a slightly
lower impedance for the WE in the low salinity reactors [Fig. 11].
The lower impedance in the high salinity reactors correspond to
the lower impedance found during testing of the ceramic
membranes (see Section 3.2). This is also visualized in the Bode
plots, for which the alpha changes [bottom axis in Fig. 11] are in
a larger range («¢ —50) for the high salinity than for the low
salinity (¢ —30) reactors.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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redox peak disappearing after the high propionate concentration spike.

4 Discussion

4.1 Open circuit AE potential and monitoring for
troubleshooting reactors

This study showed that the open circuit AE provides an addi-
tional control parameter for electrochemical polarisation tech-
niques. CV and EIS analysis are sometimes difficult to interpret
during initial screening of microbial electrochemical processes
due to the large amount of variability and technical factors
involved.* In this study, the use of open circuit AE enabled that
the changes to CV [Fig. 6 and 9] and EIS [Fig. 10] over time and
conditions were clearly distinguishable.

The open circuit AE can be used to monitor the bulk ORP
(oxidation-reduction potential) for each of the reactors. Small
changes in the electrolyte composition during nitrogen flushing
[Fig. 3] or changes caused by the sediment addition [Fig. 4]
resulted in changes to the ORP as monitored by the AE potential
values. The open circuit AE can, therefore, serve as a trouble-
shooting approach to detect oxygen intrusion into Reactor B
[Fig. 3 and 6]. This presents a useful method to monitor elec-
trolyte conditions in MFC and MET. It may represent a low-cost
alternative to oxygen sensors, and could aid in alleviating, early
on, the biases derived from reactor malfunctioning. As an
example, Reactor B showed an increase in the AE potential that
was traced to a leak in this reactor permitting ingress of air,
which was solved by tightening the clamps of the reactor lid.
The increased values of the AE potential correlated with its low
current production that skewed the comparison between the
low and high salinity reactors.

The ORP monitoring is a valuable addition to be considered
in MET as it can be helpful in monitoring bulk potential
changes, detecting anomalous behavior or correcting for the
effect of polarization in electrochemical analyses. Thus, an AE

© 2025 The Author(s). Published by the Royal Society of Chemistry

can solve some of its challenges during screening and labora-
tory tests with different substrates (that generate different bulk
potential values) and correct for the effect on current of varia-
tions in inoculum and microbial population dynamics that
cause changes in the AE potential.

The AE kept a stable potential during Phase I polarization
[Fig. 3]. This suggests the AE could be used as a new type of
reference electrode. Thus, the open circuit AE could be a new
method of applying potentiostatic METs if positive feedback on
the WE-AE interaction is avoided. Keeping enough resistance
between the WE and AE would then be necessary for this
application. The high salinity reactors showed a slight increase
in their potential [Fig. 3] for the utilized WE-AE distance (5 cm).
Due to possible changes in electrolyte conductivity, additional
controls should be included for the AE to be effective. Similarly,
if there is oxygen intrusion, the AE would not be able to detect it
because it still needs a constant electrochemical potential value
to be compared.

4.2 Current production

4.2.1 Non-faradaic initial response and current generation
peaks. After stabilization of the open circuit potentials
following sediment addition, the WE potential was set at 0.2 V
vs. RE [Fig. 4]. This generated a current output in all reactors,
which subsequently decreased and stabilized. This effect is
clearly observed for the individual reactors rather than by
plotting mean currents, due to the smoothing effect of the mean
value of the triplicates. This initial peak-shaped response in
current can be caused by an initial attraction of charge that was
apparently not continued over time. This points to a non-
faradaic attraction of the salts and other negative charged
components inside the reactor.*® The variable response between
the reactors was probably caused by small changes in the
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Fig. 10 Mean EIS fingerprints of the electrode for each time point represented in the form of Nyquist (A) and Bode (B) plots. For each repre-
sentation the measurements are shown for the 50 mS cm™* (high salinity) and 12 mS cm™ (low salinity), salinities are indicated at the top of the
graph. Fingerprints were overlaid over time for both the WE (top panels) and AE (bottom panels). Times are color-coded with a gradient from blue
(32 days) to yellow (72 days). Time point before the sediment addition (day 6) is indicated in grey.

electrolyte and sediment concentration, but could also be
derived from small changes between the WE surfaces. Due to
the high-sensitivity of non-faradaic currents, understanding
their response can also be important to detect variability
between different electrode setups or discovering new factors
involved in the electron transport mechanisms.

Reactor F, despite being a replicate under the same low-
salinity conditions, showed a clear increase in current density
following initial polarization, unlike reactor B, which main-
tained a low current (Fig. 4). This highlights the importance of
replicates in METs, at least during screening experiments pre-
senting different start-up times.**

4.2.2 Propionate spikes. The low propionate concentration
spikes resulted in a replicable response of the current for the
different reactors at each salinity level [Fig. 8]. The mean current
was around 2 mA per reactor and up to 4 mA maximum (0.05
mA cm ") was obtained for both Reactors B (low salinity) and A
(high salinity). For each low propionate concentration spike, it
took approximately four days to recover the current to background
levels. However, high concentrations of propionate did not reach
similar values, with mean current production below 1 mA per
reactor [Fig. 8D] and just about 2.5 mA for Reactor D [Fig. 8D]. The
time required to return to background currents was about 10 days.

The supplied propionate was not completely oxidized in the
high salinity spikes, with acetate concentrations increasing for

© 2025 The Author(s). Published by the Royal Society of Chemistry

the low salinity [Table 3, see ESIf]. This indicates that the
currents obtained from the low propionate concentration
spikes were not from pure electrochemical origin and there was
a microbial process catalysing the electron transfer to the WE. It
is possible that the high propionate concentrations had a toxic
effect on the microbial communities present inside the reactors
and inhibited the previously developed electroactive microor-
ganisms. This could be checked by comparing reactors with and
without the propionate spikes and sampling the electrode
surfaces to characterise the microbial community, e.g. by fluo-
rescence in situ hybridization (FISH).*

4.3 Electrochemical analyses

4.3.1 Cyclic voltammetry. The biocatalysis of organic
compounds deduced from the propionate spike currents was
further confirmed using CV [Fig. 9]. The characteristic redox
peak developed at the WE during the sediment addition [Fig. 6]
was further defined during the low propionate concentration
spikes and almost disappeared after the high propionate
concentration spike [Fig. 8]. Slight variations between replicates
were found that could be caused by the different response to the
stress of the microbial communities present inside the reactors.
Variation between replicates can completely distort the results
and make interpretation unclear with only one measurement.**
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However, the redox peak tended to disappear during the
subsequent CVs [Fig. 9].

The comparison between AE and WE CVs shows completely
different patterns highlighting again the use of open circuit AE
to control, troubleshoot and interrogate system parameters.
The fact that the last timepoints tends to present high oxidation
currents in the AE might point to purely electrochemical effects
and non-faradaic currents of attraction and repulsion of the
charged, dissociated propionate. However, it could also be
partially caused by the detachment of the redox intermediates
from the WE into the electrolyte, that are object to the same
effect of non-faradaic currents of attraction and repulsion
described for the substrate propionate.

The apparent contradiction between current production and
CV peak currents in Phase II, where high current production did
not correspond with a higher CV redox peak [Fig. 4], dis-
appeared when several CVs were obtained during propionate
spikes [Fig. 9]. This highlights again the need of applying
several CVs over time to learn from the system response. The
possible changes in microbial activity and charge concentra-
tions should tend to equalize over time if the same environment
is provided. CV is a valuable technique to characterize METs,
however, a single CV should be considered carefully if final
conclusions are to be obtained. Additionally, CV cannot be
applied over time without the risk of influencing the microbial
communities.** The range of potentials and speeds are

21578 | RSC Adv, 2025, 15, 21568-21581

important parameters that should be carefully planned, avoid-
ing oxygen and hydrogen evolution that might damage surface
attached microorganisms or alter the community composition.
Therefore, in METs that use potentials close to the hydrogen
generation potential (MES), the range of potentials during CVs
should be restricted to avoid damages to the biofilm integrity
caused by uncontrolled gas production.

4.3.2 Electrode EIS. EIS is a sensitive analytical technique
which is often used to characterize material properties.*
However, its use in MET is controversial due to the limitations
caused by large surface electrodes and the high distances to the
RE.*® The relatively small surface of the electrodes used in this
experiment (70 cm?) is actually large from the perspective of
electrochemical analyses where surfaces of 1 cm” are common.*
Similarly, the relatively small distance from the WE and AE to the
RE (1 to 4 cm) is undoubtedly large for electrochemical analysis
standards that must be kept to the minimum, in the order of
millimeters.” This was probably the cause of the behavior
observed during the electrode EIS [Fig. 10]. However, the clear
differences in the diffusion slope show the effect that polarization
had on the close distance of the electrode. This could be caused
by the attraction of more negative charges on the polarized
electrode and not by the effect of microbial growth.

Changes in resistance and capacitance are typical in MET
electrodes during long-term experiments.*” They can be diag-
nosed using EIS and determine if changes are caused by

© 2025 The Author(s). Published by the Royal Society of Chemistry
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membrane clogging®*® or electrode passivation.*>** However,
electrode-related EIS require new solutions in order to improve
the quality of the EIS results in METs. The use of a small elec-
trode portion for the EIS could be a potential solution. The large
surface of the electrodes typical in METs can completely change
the CV and EIS fingerprint of the system due to material
capacitance. During recording of a CV, many of the redox
processes may remain hidden and during EIS recording, chaotic
results can be produced, difficult to interpret. As shown in
Fig. 9, this could be partially compensated by selecting slower
scan rates. However, large surfaces could force to excessively
low scan rates that can cause changes in the microbial
communities adapting to the changing potentials. Therefore,
using polarized small surface AE is necessary to standardize
both CV and EIS analyses of METs.

4.4 Future perspectives of open-circuit auxiliary electrodes
in microbial electrochemical systems

MET offer promising solutions for wastewater treatment, bio-
energy production, and environmental remediation. However,
several challenges still hinder their large-scale application. Key
limitations include inconsistent electrochemical performance,
fluctuations in redox conditions, low electron transfer effi-
ciency, and difficulty with real-time monitoring and control.**
Biofilm stability in dynamic environments, such as river clean-
up applications, remains a significant challenge, as external
disturbances can disrupt microbial activity and electron trans-
fer.** Additionally, BES often suffer from oxygen intrusion,
material degradation, and performance variability, reducing
their long-term operational efficiency.”> The incorporation of an
AE represents a significant advancement in BES and METs. As
presented in this study, the AE can be utilized for real-time
monitoring of bulk potential without interfering with redox
reactions, facilitating enhanced system control, operational
stability, and standardization in diverse applications.

Incorporation of AE in MET can be helpful in tracking bulk
redox potential, allowing precise control over microbial elec-
trocatalysis and contaminant degradation. The AE can be
particularly useful for treating complex wastewater streams,
such as textile effluents and industrial discharges, by stabilizing
biofilm activity and optimizing electron transfer. Additionally,
in anaerobic digestion-assisted METs, AE-based monitoring can
optimize nutrient recovery and energy conversion.

The AE can support electrolyte monitoring in BESs,
improving system efficiency and power output. It can be
employed in SMFCs to maintain electrochemical stability by
detecting shifts in bulk potential caused by environmental
disturbances like tides or oxygen diffusion. In MESs, the AE can
play a crucial role in maintaining optimal redox conditions for
CO, conversion into value-added products such as acetate and
methane, making it an essential tool in bio-based chemical
production. In agriculture and soil remediation, AE-assisted
METs can be utilized for enhancing microbial electrochemical
soil remediation, aiding in the degradation of agricultural
pollutants. Additionally, it can be applied in electrochemical-
assisted irrigation systems, optimizing soil redox conditions
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to enhance nutrient availability and water retention for
sustainable farming practices.

Similarly, the AE can particularly be valuable in river and
pond clean-up, where fluctuating environmental conditions
pose challenges in bioelectrochemical control.** Integrating AE
technology into floating microbial fuel cells and bio-
electrochemical reactors can facilitate the degradation of
organic matter and removal of nitrates and phosphates,
contributing to ecosyste restoration. Furthermore, AE-assisted
adaptive process control can help stabilize electrochemical
conditions despite variations in river flow, temperature, and
oxygen levels, improving scalability for aquatic bioremediation.

The AE enhances electrochemical sensing by improving the
accuracy of EIS and CV, reducing variability in bio-
electrochemical research. It can also function as a low-cost
alternative to oxygen sensors, detecting oxygen intrusion that
may disrupt anaerobic processes. Additionally, AE-based
monitoring improves ORP-based control strategies, ensuring
optimized microbial metabolism for energy-efficient bio-
electrochemical processes. Ieropoulos et al. (2018) employed AE
in both anodic and cathodic compartment and observed an
increment of 79% and 33% with anodic AE and cathodic AE,
respectively.”® Furthermore, it was successfully demonstrated
that AE can be employed as an innovative tool for sensing open
circuit potential to monitor and control BESs real time.*®

In industrial-scale applications, AE technology might play
a critical role in scaling up BES-based treatment systems.
Recently, Khandelwal et al. (2024) demonstrated application of
algae-assisted MFCs in biogas upgradation.*® AE can support
BES employed in biogas upgradation, CO, sequestration and
other electrochemical based carbon capture processes. Gajda
et al. (2021) sucessfully demonstrated various innovative
methods of in situ modulation for electrosynthesis using AE and
concluded that AE-based sensing can also enhance renewable
energy storage applications, particularly in microbial battery
systems that convert organic waste into electrical energy."

Despite its advantages, the practical implementation of AEs
in large-scale METSs still can face some challenges. Issues such
as biofouling, material degradation, and electrolyte composi-
tion can impact long-term stability, requiring periodic recali-
bration. Additionally, integrating AE-based monitoring into
real-world systems demands highly sensitive instrumentation
capable of withstanding environmental fluctuations, particu-
larly in river clean-up applications where flow rate, temperature,
and oxygen levels vary significantly. Addressing these limita-
tions through material innovation and system optimization is
essential for widespread adoption.

By integrating AE technology into BESs, researchers and
industries can enhance the stability, scalability, and efficiency
of microbial electrochemical processes, paving the way for next-
generation sustainable energy and environmental solutions.

5 Conclusions

The AE was shown to be useful for troubleshooting, bulk
potential monitoring and control of electrochemical analyses in
MET. The use of replicates and CVs at different timepoints
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helped to identify trends from the propionate spikes. The EIS
analyses showed a decreased value of the diffusion slope for the
WE, but this was probably caused by the attraction of negatively
charged particles. The EIS obtained were noisy and thus require
smaller electrodes surfaces. Similarly, the high variability in
electrolyte composition indicated that continuous feeding
should be preferred to analyse the effect of MET on the elec-
trolyte quality. Overall, the open circuit AE could distinguish
electrochemical fingerprints and its installation in METs, such
as MFCs, is highly recommended.
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