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ABSTRACT

Long-term stable operation of bioelectrochemical systems (BES) presupposes the avoidance of mass transfer limitations of the

electroactive biofilm. Excessive pH-gradients from bulk to electrode interface or substrate limitations of the electroactive biofilm

are known to diminish the electrical performance of BES. In this study the impact of the morphology of a mixed-species

electroactive biofilm cultivated on the electrical performance of a microbial electrolysis cell (MEC) was investigated to identify

the optimal biofilm for real-life applications in wastewater treatment. Noninvasive monitoring by means of optical coherence

tomography and an industrial biofilm sensor allowed for a real-time evaluation of the morphology of the biofilm. The maximum

current density of approximately 3.5 A/m2 was found for a mean biofilm thickness in the range of 100-150 um, beyond which

thicker biofilms caused mass transfer limitations. Along with local biofilm detachment a continuous decline in efficiency

demonstrates the need for active biofilm control to adjust the biofilm thickness.

1 | Introduction

Effective mass and charge transfer is crucial for the efficiency of
bioelectrochemical systems (BES) (Yang et al. 2021). For the
utilization of electroactive bacteria (EAB) as bio-catalysts for the
conversion of waste streams to energy or value-added chemicals
(e.g., hydrogen), their growth and metabolism must not be
hampered by extrinsic limitations. In BES, usually, EAB colo-
nize the electrodes developing a conductive biofilm. Substrates
providing a carbon source for the EAB (e.g., acetate, glucose)
require to diffuse from the bulk phase to the substratum, while
equally the products from the bacterial metabolism require to
be removed avoiding the development of local accumulations
within the biofilm. Insufficient diffusive mass transfer is

generally known as a limitation of productive biofilm systems,
including BES (Philipp et al. 2024).

In the case of BES issues associated with the mass transfer focus
on two major aspects. The impact of substrate supply to the
electroactive biofilm on the current production has been ex-
tensively investigated by various groups (Cheng and
Logan 2011; Ullah and Zeshan 2020). Generally, higher organic
loads allow for greater current densities. Substrate-limiting
conditions for different biofilm thicknesses have recently been
demonstrated by Pereira et al. 2022. For example, the maximum
non-limited thickness of a mixed-culture biofilm with a bulk
acetate concentration of 8 mmol/L (equivalent to a chemical
oxygen demand (COD)=512 mg/L) was found at a mean
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biofilm thickness of 55 um. The second issue that needs to be
considered is the accumulation of protons within the electro-
active biofilm, leading to local acidic environments. With the
conversion of organic substrates, usually protons are produced
to maintain charge neutrality in the solution. Geobacter sul-
furreducens, a model EAB, is completely inhibited at pH <5,
and their growth rate drastically decreases in more acidic en-
vironments (Patil et al. 2011). Similarly, the current production
by G. sulfurreducens was reduced by 50% when the bulk pH is
reduced from 6.9 to 6.15, corroborating the inhibition of the
metabolism by acidic pH environments (Renslow et al. 2013). In
laboratory experiments, pH gradients are often tried to be
avoided by the addition of buffer systems to the medium. Too
weak buffer systems though result in buffer-limiting conditions,
depending on the thickness of the biofilm (Pereira et al. 2022).

Charge transfer of electrons from the oxidation reaction of the EAB
to the electrode is considered the other limiting factor for efficient
BES. Electron transfer from EAB to the electrode is commonly
described by two different mechanisms of extracellular electron
transfer. Direct electron transfer (DET) via cytochromes or con-
ductive transfer via bacterial nanowires and mediated electron
transfer via electron shuttles/redox mediators (Schroder 2007). The
distance of DET mechanisms is limited. DET via cytochromes,
incorporated in the bacterial periplasm require direct physical
contact with the electrode, limiting this mechanism to a monolayer
of bacteria (Schroder 2007). Conductive pili, however, enable the
conduction of electrons to further distant solids (Reguera
et al. 2006). Even though considering the electroactive biofilm as a
conductive matrix of bacterial nanowires, with increasing distance
a higher electrical resistance of the biofilm hampers electron
transfer towards the electrode (Babauta et al. 2012; Jain et al. 2011).
Mediated electron transfer utilizing molecular electron shuttles
(e.g., quinones) underlay the same diffusive mass transport
restrictions as substrate supply at larger distances of the micro-
organism to the electrode. Both electron transfer mechanism seem
to be dependent on the local pH in the biofilm (Malvankar
et al. 2011; Wu et al. 2016).

In summary, though thicker biofilms contain a higher biomass
possibly contributing towards current production, inherently the
biofilms growing an impermeable substratum will develop mass
transfer gradients limiting the current production of the EAB
closest to the electrode. This is in contrast to perfused biofilms
(e.g., on carbon veils), where substrate supply can be more uni-
formly distributed supporting a steady-state development
(Greenman et al. 2020; Ledezma et al. 2012). Various models have
been developed to describe the relationship between biofilm
thickness and current production in microbial fuel cells, sug-
gesting the need for a regulated biofilm thickness to avoid mass
transfer limitation (Kato Marcus et al. 2007; Oliveira et al. 2013;
Picioreanu et al. 2010). From experimental investigations different
optimal thickness ranges for a G. sulfurreducens biofilm (between
30 and 100 um) for maximum current production have been re-
ported (Pinck et al. 2020; Read et al. 2010; Reguera et al. 2006;
Sun et al. 2016). Although, Renslow et al. suggested an electron
transfer of EAB to the anode over distances of several 100 um,
even passing inactive zones with dead biomass (Renslow
et al. 2013). Most experimental studies or theoretical models
presented thus far in the literature discussing the impact of bio-
film morphology on the current production of microbial fuel cells

have investigated single-species biofilms. By targeting the appli-
cation of BES for the energy recovery from waste streams, how-
ever, mixed-culture biofilms will form on the electrodes. In
contrast to monocultural biofilms, mixed-species biofilms are far
more complex, as the variety of microorganisms present within
the biofilm enables symbiotic as well as competitive interactions
between microorganisms. For example, under anaerobic condi-
tions commonly found in the anodic chambers of BES and in the
presence of hydrogen (from the cathode of a microbial electrolysis
cell (MEC)) a common competitive relationship for electron
donors that has recently been investigated is between electrogens
and hydrogenotrophic or acetoclastic methanogens (Dzofou
Ngoumelah et al. 2024; Georg et al. 2020). Herein, the suppression
of methanogens is desired to achieve higher current production
and Coulombic yields (Jadhav et al. 2019). As the biofilm mor-
phology is among others subject to the bacterial composition of
the consortium for mixed species wastewater biofilms, their
relationship between morphology and current production is cru-
cial and yet lacks a comprehensive understanding.

In this study, an electroactive wastewater biofilm was cultivated
in meso-fluidic flow cells and closely monitored by means of
optical coherence tomography (OCT), a laboratory technique
commonly used in the investigation of electroactive biofilms
(Hackbarth et al. 2020; Molenaar et al. 2018; Pereira et al. 2022).
Additionally, an industrial heat-transfer based biofilm sensor
was integrated into the flow cells to evaluate its feasibility as an
on-line monitoring tool in larger-scaled BES, in which labora-
tory monitoring methods are not suitable (Netsch et al. 2025).
Aim of this study was to investigate the correlation between the
morphology of the mixed-species wastewater electroactive bio-
film and the current density produced in a MEC to identify an
optimal biofilm thickness for maximum current production.
Thereby providing a desirable thickness to which electroactive
biofilms should be controlled to for a stable and efficient cur-
rent production in real-life wastewater BES.

2 | Materials and Methods
2.1 | MEC Flow Cell Setup

Mesofluidic flow cells as previously described by Netsch et al. and
Hackbarth et al. were operated as single chamber MEC (Hackbarth
et al. 2020; Netsch et al. 2025). The anodes were made of a graphite-
polypropylene (C-PP) compound material (PPG86—Whitecell Ei-
senhuth GmbH & Co. KG, Osterode, Germany) and integrated
along the middle axis into the bottom of the flow cell made from
polyoxymethylene (POM). The anodic area was A,node = 1951 mm?2
(LXxBX H=101X 20 X 4 mm3). In each flow cell two stainless
steel (Grade—V4A—1.4571) electrodes (Acathode = 1437 mm?2) were
mounted on the sides above the anode with a vertical distance
between anode and cathode of 6 mm. The ratio of cathodic to
anodic area was approximately 1.36 to avoid cathodic limiting
conditions, possibly interfering with the current production. The
flow cell was closed with a polycarbonate (PC) optical window to
allow for biofilm imaging by means of OCT along the entire anodic
electrode area. On the back of the anode a heat-transfer biofilm
sensor DEPOSENS® (Lagotec GmbH, Magdeburg, Germany) was
integrated. The mounting of the sensor to the back of the anode
enables the biofilm monitoring by the sensor without interfering
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with the hydrodynamic conditions in the flow cell or introducing a
different substratum material at the point of visualization and
electron transfer.

Figure 1 shows the experimental set-up with triplicates of the
mesofluidic flow cells connected with flexible tubing (Tygon
A-60-G, Carl Roth, Germany) to medium flasks and a magnetic
gear pump (PAT Niemzik, Haan, Germany) for the recircula-
tion of the cultivation medium. A volumetric flow rate of
100 mL/min was set resulting in a mean flow velocity in the
flow cell of 0.5 cm/s. The dimensions of the flow channel were
L X B x H=220 x 40 x 9mm®. In the flasks the medium was
continuously sparged with nitrogen gas to ensure anaerobic
conditions. The medium was heated to a temperature of
30°C + 2°C (measured by the medium temperature probe of the
biofilm sensor), to maintain constant cultivation conditions.

2.2 | Biofilm Cultivation Procedure and Medium
Composition

The flow cell triplicates were inoculated with a pre-conditioned
wastewater from a microbial fuel cell (MFC) reactor (construction
based on (Haupt et al. 2022)) operated for over half a year with an
acetate-based cultivation medium. The inoculum was extracted
from the bulk phase of the MFC reactor and anaerobized before
introduction to the system. Each flow cell was inoculated with
1L. After inoculation concentrated cultivation medium was
injected into the system. The medium composition was modified
from Hackbarth et al. (2023) containing: 84 mg/L KH,PO,,
44 mg/L K,HPO,, 40 mg/L NH,CI, 42 mg/L MgCl,, 0.2 ml 0.4 mM
CaCl, solution, 2 mL nutrient broth trace element solution (100x
concentrated) (Coppi et al. 2001), 0.2mL selenite-tungstate

solution (13 mM NaOH, 17 uM Na,SeOs, and 12 uM Na,WO,),
2 mL Wolin's vitamin solution (German Type Culture Collection
DSMZ 141). The cultivation medium was autoclaved and anae-
robized by N,-sparging before introduction to the system. As
carbon source sodium acetate (15 mmol/L unless noted other-
wise; COD =960 mg/L) was added.

Biofilm cultivation was performed as batch mode for the first
7 days of the experiment to avoid flushing out planktonic bacteria
and support initial attachment of the biofilm. After 7 days the
medium was continuously replenished with cultivation medium
at a volumetric flow rate of 0.4 mL/min with a peristaltic pump
(Reglo digital, Ismatec). Excess medium from the system was
removed via overflow. Since, the focus of this study was the
cultivation of thick anodic biofilms causing mass transfer limita-
tions in the close proximity of the anode at a constant medium
composition. The reactor medium was continuous replenished
aiming to set a constant acetate concentration and buffer capacity.
Thereby, removing the effect of varying medium composition
observed in batch or fed-batch experiments.

Two experimental runs were performed with each triplicate
flow cells, however in experiment B in one flow cell no elec-
troactive biofilm was cultivated successfully. Table 1 shows the
conditions for the experimental runs. Note that the system
volume was reduced in Exp. B due to the change of 1 L flasks to
0.5 L flask for the integration of dissolved oxygen probes.

2.3 | Sampling and Measurements

Liquid samples (5 mL) were taken from the bulk medium and the
inflow daily. Acetate concentrations were determined via ion

250 mm

OW

FIGURE 1 | (left) Experimental setup showing three flow cells (A) with integrated biofilm sensor operated in parallel. The cultivation medium

was stored in flasks (B) and pumped with magnetic gear pumps (not in image) through the flow cells from bottom to top. Medium for the continuous
operation was added into the piping system via peristaltic pump from storage flasks (C). (right) Sketch of the mesofluidic flow cell with the imaging
positions for the OCT scans. Red rectangles (4 X 6 mm2) denote the Positions A-C (from top to bottom) that were monitored daily. Blue rectangles
(10 x 16 mm?2) show the imaging areas (1-10) that were monitored weekly.

3 of 14

85U SUOWILLIOD BAIER1D 3[ceotidde U3 Aq paueob 812 SBILe VO '8N 4O SBNI 10} AReIg 1T BUIIUO 8|1 UO (SUORIPUCD-PUR-SWLBIALIOD™AB| 1M AReIq] 1B 1UO//SURU) SUORIPUOD PUE SULS L 3U3 88S *[G202/90/2T] U0 ARigIT 8uliuO A8 ‘BiBojouyse L i Iniisul eunsie Aq 21062 1A/200T OT/10p/uod" A3 1M AReqjeul|uo s euIno ous 10 o A feue//say woJy pepeojunmo ‘0 ‘0620.60T



TABLE 1 | Overview of the experimental conditions of both experimental runs. Note that in Exp. B in one flow cell no electroactive biofilm

developed and was therefore excluded from the study.

Duration (d) No. flow cells Vgystem (L) Cacetate (IMmMol/L) COD (mg/L) ODs00, moculum
Exp A 54 3/3 1.3 20 1200 0.1
Exp B 62 2/3 0.8 15 960 0.05

chromatography (Metrohm 881 Compact Pro Ion Exchange
Chromatograph with a Metrosep Organic Acids 250/7.8 column,
Metrohm, Switzerland). Electrical conductivity and pH of the
liquid samples were measured daily with lab-grade probes
(WTW—SenTix 41, TetraCon 325, Xylem, Weilheim, Germany).
Dissolved oxygen concentration was monitored with fiber-optical
oxygen probes (ROB10, Pyroscience, Aachen, Germany). The
optical cell density (ODggy) Was measured with a UV/VIS spec-
trometer (Lambda XLS +, PerkinElmer, Rodgau, Germany).

2.4 | Biofilm Monitoring and OCT Analysis

Biofilm development on the anode of the MEC was monitored by
means of OCT and the heat-transfer biofilm sensor. The biofilm
sensor measures the increasing thermal resistance on the sub-
stratum due to accumulating biofilm and reports a dimensionless
signal (in arbitrary units a.u.) as output. For the validation of the
sensor signal as indicator for the biofilm thickness it was corre-
lated with the biofilm thickness calculated from OCT images at
the position of the sensor (OCT Position A—see Figure 1 (right)).
A more detailed description of the working principle of the bio-
film sensor has extensively been describe in a previous publica-
tion by this group (Netsch et al. 2021, 2025). The temperature
difference between heater and medium probe was set at AT=5K
to reduce impact of locally different cultivation temperature. The
sensor's reference measurement in clean state was set to zero at a
volumetric flow rate of 100 mL/min.

Additionally, for validation of the sensor measurement and in-
depth analysis of the morphology of the electroactive biofilm daily
OCT-scans of three selected positions A-C (W X L=4 X 6 mm?)
along the middle axis of the anode were performed monitoring a
total surface of 72 mm? (approximately 4% of total anodic area).
OCT images were acquired with a GANYMEDE spectral-domain
base-unit (GAN610, Thorlabs GmbH, Liibeck, Germany) with a
OCT9G scanner and OCT-LK4-BB lens (all components from
Thorlabs GmbH, Liibeck, Germany). The lateral pixel resolution
was set to 8 um/px and vertical pixel resolution to 2.06 um/px. As
the entire biofilm growing on the electrode contributes towards the
anodic current generation a “full scan” of 10 positions over the
entire width of the electrode (W X L =10 X 16 mm?2) were taken
weekly to visualize the biofilm on a total of 82% of the anodic area.
Images of the “full scan” reveal the representativeness of the daily
OCT imaging scheme and uncover uneven biofilm distribution. To
reduce the data quantity the “full scan” images were taken with a
reduced lateral pixel resolution of 24 um/px. Imaging positions on
the electrode are displayed in Figure 1.

Biofilm parameters obtained from the OCT images were cal-
culated according to Wagner and Horn using in-house ImageJ
macros (Wagner and Horn 2017). The distance of the bulk-
biofilm interface to the electrode is described by the mean

biofilm thickness Lr with Lr; being the local biofilm height
(Equation 1). The substratum coverage (SC) specifies the per-
centage of electrode, on which biofilm has grown (Equation 2).
OCT images are displayed in the later sections as height maps
showing the distance of the bulk-biofilm interface from the
substratum (electrode).

_ 1 X
Lp=—-)Lr; (um) L
N i=1
SC = AOCT — Auncovered (%) (2)
Aocr
2.5 | Electrochemical Measurements

Anodes (working electrode) were contacted directly by a socket
incorporated into the anode material, while the cathodes
(counter electrode) were contacted with Grade 2 titanium
screws. An Ag/AgCl-reference electrode (SE23-I, Xylem Ana-
lytics, Waldheim, Germany) was installed at the outlet of the
flow cell in a custom-made stainless-steel electrode holder. All
electrodes were connected with a potentiostat (Interface 5000 P,
Gamry Instruments, Warmister, USA) for anodic potential
control and electrochemical measurements. Calculated current
densities from the chronoamperometry are in reference to the
anodic area A,pode = 1951 mm2. The Coulombic Efficiency (CE)
was calculated according to Equation 3, giving the ratio of
electroactively consumed acetate to the total acetate consump-
tion in the system. The CE was determined for each time
interval between two liquid sampling points (¢, and t;), whereas
Ac (acetate) described the total acetate consumption in the time
interval. The total amount of electroactively consumed acetate
was determined by the number of electrons released to the
anode. This was calculated by the integral of the resulting
current I in the time interval, the number of electrons released
per mol of acetate (z, = 8), the reactor volume (V) and Faraday's
constant (F = 96485 C/mol).

2
I(t)dt
_ Sy - 3
Ze'V-Ac(acetate)-F
3 | Results
3.1 | Current Development

Figure 2 shows the development of key parameters (current
density iznode, mean biofilm thickness Ly, bulk concentration of
acetate Cycetate and sensor signal D) in the MECs over the course
of the cultivation period. Anodic current production com-
menced within the first 2 days after inoculation and displayed a
rapid development along with increasing mean biofilm thick-
ness. Interestingly, between Days 3 and 4 of the experiment the
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FIGURE 2
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From top to bottom the development of the current density, mean biofilm thickness, concentrate of acetate in the bulk medium and

sensor signal shown for the MECs of experiment A (left) and B (right). Compare with Table 1.

5of 14

85U SUOWILLIOD BAIER1D 3[ceotidde U3 Aq paueob 812 SBILe VO '8N 4O SBNI 10} AReIg 1T BUIIUO 8|1 UO (SUORIPUCD-PUR-SWLBIALIOD™AB| 1M AReIq] 1B 1UO//SURU) SUORIPUOD PUE SULS L 3U3 88S *[G202/90/2T] U0 ARigIT 8uliuO A8 ‘BiBojouyse L i Iniisul eunsie Aq 21062 1A/200T OT/10p/uod" A3 1M AReqjeul|uo s euIno ous 10 o A feue//say woJy pepeojunmo ‘0 ‘0620.60T



current production in four of the MECs seems to stagnate (A2)
or even decrease (Al, B1, and B2), before continuing the rapid
trend of current increase (in detail see Figure SI-1). Metabolic
changes of the EAB from catabolism to anabolism on the anode
may explain the inflection in the current development. This
effect was possibly not visible for MEC A3 due to an overlap of
the exponential growth phase on different sections of the anode
due to the delayed bacterial growth.

After 7 days of cultivation, the MEC operation was switched
from batch mode to continuous addition of fresh medium and
removal of bulk medium. Before changing the operation condi-
tions all MECs reached a maximum current density of 2.4 A/m?
(A1), 3.5A/m2 (A2), 1.8 A/m2 (A3), 3.7A/m? (B1) and 6 A/m2
(B2). While the steep increase of the current density was aligned
with the rapid anodic biofilm development the height of the
current density peak must be put in relation to the pH of the
medium. During batch operation the pH increased from 7.2 at
inoculation to a pH between 9.0 and 9.2 for all flow cells. The
drop of the current density with the continuous addition of
medium (pH = 7.2), therefore, is likely the consequence of the
resulting pH decreases to more neutral values around 7.5.

During continuous operation the current density remained
stable for approximately 10 days in the MECs Al, A2, and B2.
While MECs A3 and B1 still showed an increasing current
density presumably along with the delayed biofilm growth on
some parts of the electrode (compare Section 3.2 After
approximately 25 days (Al and A2) or 30-35 days (A3, Bl, and
B2), respectively, all MECs reached a secondary maximum
current density at approximately 3.5 A/m2. Beyond the maxi-
mum the MECs deteriorated in their stability and total current
output. Despite, the continuous replenishment of the cultiva-
tion medium, the acetate concentration in all MECs steadily
decreased along with the current density. Simultaneously, these
MECs showed an increased consumption of acetate by non-
electroactive bacteria in the system, which in summary leads to
a reduced CE, from approximately 40%-60% in the early stages
of the experiment to 5%-15% during the latter stages (more
details in Figure 6). The decreasing current production after the
secondary maximum may have been caused by a reduced
concentration of acetate in the bulk, that could have led to a
substrate limitation of the EAB in the proximity of the anode.

To determine, if the anodic biofilm was substrate-limited at Days
40 (Exp A) and Day 57 (Exp B) continuous medium addition was
interrupted and the acetate concentration was increased to
20 mmol/L (COD = 1200 mg/L) or 15 mmol/L (COD = 960 mg/L),
respectively. In Exp B in both MECs the current rapidly increased
to a range similar the secondary maximum, indicating the limit-
ing factor for current production was the availability of the carbon
source for the electroactive biofilm. In contrary, the MECs of Exp
A showed an additional drop in the current density suggesting
other limiting factors beyond the substrate availability reduced
the current production.

3.2 | Biofilm Development and Detachment

The electrodes of MECs Al, A2, and B2 showed an almost
complete coverage of the substratum within the first few days

after inoculation. As an example, Figure 3 shows the height
maps deriving from OCT images of a “full scan” of the electrode
of MEC B2. The height maps of the other MECs are additionally
provided in the Supporting Information. The biofilm in all
MECs grew mostly steady with a growth rate between 3 and
7 um/d until approximately Day 35. The distribution of the
biofilm was mostly homogeneous for the electrode areas that
were well covered during the inoculation, visible by the com-
paratively low standard deviation of the mean biofilm thickness
for MECs Al, A2, and B2 (see Figure 2). In contrary the elec-
trode of MECs A3 and B1 was unevenly covered, whereas larger
areas of the electrode (imaging position 1—closest to the
inflow) initially remained uncovered (compare Figure SI-2).
Possibly, the free jet at the inlet has caused increased shear
forces hampering bacterial attachment (compare with fluid
dynamic simulation by Hackbarth et al. (2020)). This is in line
with the delayed coverage of the electrode found by Godain
et al. (2024) when cultivating an electroactive biofilm at higher
shear stress. The uncovered areas however, were covered within
the next few days, so that biofilm growth simply was delayed.
This aligned with the reduced current production in
both MECs.

After Days 30-35 in both experiments, OCT imaging detected a
rapid increase in the biofilm accumulation rate, accompanied
by a rising sensor signal from the biofilm sensor. The surge of
the biofilm accumulation rate can be explained with two dif-
ferent causes. Firstly, it seems a secondary biofilm layer rapidly
developed on top of the initial biofilm layer (compare
Figure 4A,B). While the bottom layer displayed a very homo-
geneous and compact structure (reddish color) the secondary
biofilm grew spottier in higher filamentous patches (blackish/
yellowish). The different morphologies of the two biofilm layers
indicate the dominance of different bacteria in the two
respective biofilm layers. We infer that the slow growing bottom
biofilm layer was dominated by EAB contributing towards the
current production, while the secondary biofilm layer likely
originated from another fast-growing microbial species.

The second cause for the biofilm deterioration was a partial
detachment of the biofilm mainly caused by gas bubbles (most
likely CO,, or CH,) forming at the anodic interface. An example
of this phenomenon is displayed in Figure 4C-E, where over
several days, a locally isolated gas bubble developed below the
biofilm surface with an approximate area of 12.5 mm? (~0.5% of
the anode area). Consequently, the electroactive biofilm layer
was locally lifted from the anode and partially ripping patches
of biofilm off. The structure of the biofilm seemed to prevent
the diffusion of gaseous products from the conversion of organic
substrates at the anode. Biofilm detachment events were visible
on several occasions, although the biofilm was rarely com-
pletely detached. Below the lifted biofilm, the electrode was
freed from biofilm, suggesting the gas bubbles formed directly
at the electrode interface. However, the detachment events
could not be directly correlated with a sudden drop of the
current density, but are in line with the overall decreasing
current density beyond approximately Days 30-35, due to the
limited area affected by the individual detachment events and
the relatively long time interval (several days) for the develop-
ment of the gas bubbles. For example, the detachment event in
MEC B1 on Day 48 (compare Figure 2) did not show a change
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FIGURE 3 | Height maps derived from OCT images showing the distance of the bulk-biofilm interface from the electrode substratum of MEC B2
(see Table 1) For Days 7, 21, 35, and 49 a full scan displaying approximately 82% of the electrode were taken. The height map displays the thickness of
the biofilm according to the heat map for the range of 0-400 um. The direction of flow was from bottom to top.

in the decreasing trend of the current density. Though not
clearly distinguishable, it is suggested that both causes may
have contributed towards the deteriorating current production
as a result of the biofilm structure.

3.3 | Correlation Biofilm Thickness and Current
Density

The dependency of the current density from the accumulated
biofilm on the electrode is displayed in Figure 5, in the top
subplots separately for the first 7 days during batch mode and
the correlated data points during continuous operation (bottom
subplots).

During the initial attachment and growth phase of the elec-
troactive biofilm in batch operation of the first 7 days a steeper
correlation of the current density with the mean biofilm
thickness was visible, compared to the growth trends during
continuous operation up to the maximum current production.
The slope of this correlation during batch operation
(97.08 + 32.84 A/mm3) exceeds the slope of the current
growth up to its maximum during continuous operation
(26.29 + 12.9 A/mm3) by a factor of 3.7 (compare Figure SI-7

and Table SI-1). This decrease in the specific current production
per volume of biomass indicates a decreasing efficiency of the
electroactive biofilm growing at larger distances from the
anode. Hereby, two factors may simultaneously play a role, as
with increasing distance from the electrode an increased con-
ductive resistance of the biofilm matrix has been found
(Malvankar et al. 2012). On the other hand, the larger substrate
gradient may have decreased the efficiency of the electroactive
bacteria in the closer proximity of the anode.

All MECs reached a maximum in their produced current density
of between 3.2 and 3.5A/m2 at a mean biofilm thickness of
100-115um. Although MEC B2 having an increased biofilm
growth, it reached its maximum at a mean biofilm thickness of
150 um. Further biofilm growth however, did not contribute to-
wards an elevated current production of the MECs (see Figure 5).
A steady decrease of the current density can be seen for all MECs
at higher biofilms thicknesses. This may be a consequence of the
increasing diffusion depth for both educts (acetate) and products
(protons and CO,) of the metabolism of the EAB. Interestingly,
the decline of the current density differed in the magnitude
among the MECs. While MECs Al and A2 produced only a
current density of less than 1 A/m2 at a mean biofilm thickness in
the range of 200 um, the MECs A3, B1, and B2 were able to
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Secondary biofilm layer
MECB1—-Pos C (t=46d)

Sub-biofilm gas bubbles
MEC B1 — Pos 5 (t = 48 d)

FIGURE 4 | (left) Shows the growth of fluffy high structures of the secondary biofilm layer, that developed as patches on top of the homogeneous
primary biofilm layer. A cross-section (A) and the corresponding height map (B) are displayed. The high yellowish patches in the height map display
areas covered by the secondary biofilm layer. (right) Shows a gas bubble entrapped below the biofilm in MEC B1 on Day 48. Displayed are a cross-
section (C), the height map (D) and the corresponding image (E) of the biofilm. The black lines in the height maps mark the position of the respective

cross-sections.

produce approximately 2A/m2 with a mean anodic biofilm
thickness between 300 and 400 um.

The decline in the efficiency of the electroactive biofilm could
also be seen in the development of the CE over time. Figure 6
displays the CE for all MECs of time.

The highest efficiency in terms of fraction of acetate con-
sumption by the EAB was visible towards the end of the initial
growth phase in batch mode (Day 7). Here, due to the polar-
ization of the anode at —199 mV vs. Ag/AgCl, a favorable niche
supports the high selectivity for EAB. Similar to the current
development, a lower secondary maximum of the CE was vis-
ible, that coincided with the peak acetate concentration during
the continuous mode. This secondary maximum was in the
range of 35%-50%. Interestingly, the maximum point,
around Day 20 for all MECs, preceded that of the current
density by a few days. Possibly, the secondary growth phase
during the continuous mode may have been triggered by an
increased acetate concentration, leading to the higher CE. For
the remainder of the biofilm cultivation; however, a continuous

decline of the CE was visible. This aligns with the suggested
increased acetate consumption by non-electroactive bacteria.
Between Days 45-50 the CE for all MECs had decreased
to 5%-15%.

3.4 | Evaluation of State of Anodic Biofilm by
Means of the Biofilm Sensor

From the correlation of the current density with the mean
biofilm thickness on the anode, an optimal biofilm thickness
range for maximum current production can be deduced for
continuous operation. This suggests for long-term stable
operation the control of the biofilm thickness within the
range of 100-150 wm. Biofilm monitoring of the anodes in the
mesofluidic flow cells was performed by the installed heat-
transfer biofilm sensor on the back of the anode and con-
firmed by means of OCT scans. The correlation of the biofilm
sensor signal with the mean biofilm thickness at the OCT
Position A (point of sensor measurement) is displayed in
Figure 7.
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FIGURE 5 | Correlation of the current density with the mean biofilm thickness (Pos. A-C—compare—Figure 1) of the initial growth during the
batch phase (Day 0-7—top) and during continuous operation ¢ > Day 7 (bottom). Note the different scale of the x-axis for the top and bottom graphs.

Despite subject to some fluctuations the sensor signal and
mean biofilm thickness displayed a linear correlation
(R?2=0.87) with a resulting sensitivity of 20.8 pm/a.u. Devia-
tions from the linear correlation may have been caused by
unstable flow conditions due to excessive biofilm growth in
the periphery of the flow cell at later stages of biofilm culti-
vation. Rapid increases/decreases in the sensor signal are
caused by a variance of the volumetric flow rate, then during
zeroing at the beginning of the experiment (compare
Figure 2). Additionally, if the minimum required flow velocity
for a sensor measurement by means of the biofilm sensor was
not exceeded, the sensor signal may have stagnated, for ex-
ample, MEC Al. Applying the model for the calculation of the
sensor sensitivity presented in Netsch et al. 2025 with the
volumetric flow rate of 100 mL/min an improved sensitivity of
16 pm/a.u. is suggested compared to the determined sensi-
tivity in this study. The deviation may be explained with the
nonlinearity of the sensor sensitivity for thicker biofilms
(Netsch et al. 2025).

As mentioned above, the sensor signal was correlated with the
OCT-scans of Pos. A in the flow cells imaging the point of
sensor measurement. However, since the biofilm on the entire
surface of the electrode contributes towards current production,
the representativeness of the biofilm measurement needs to be
investigated. Comparing the mean biofilm thickness at Pos. A
with the mean biofilm thickness derived from full scans
including approximately 80% of the electrode area revealed a
slight underestimation. With the exception of MEC BI, the
biofilm at Pos. A generally had the tendency to be thinner by a
margin of up to approximately 25% compared to the full scan
within the first 41 Days of the experiment. The non-equal bio-
film growth was likely a consequence of local variations in the
hydrodynamic conditions, as also found by Hackbarth et al.
using the same flow cell design (Hackbarth et al. 2020). Later
comparisons were subject to larger fluctuations due to local
detachment events or spotty overgrowth, which increasingly
compromised the representativeness of the OCT images. A
more detailed analysis is shown in the Supporting Information

9 of 14

85U8017 SUOLILLIOD 3AFE810 (el dde 8y} Aq pausenob ae sapie YO ‘88N JO S3|nJ o4 A%eid1 38Ul UO A8|IM UO (SUOIPUOO-pUB-SWISI L0 A8 | ImAIq 1 U1 |UO//SANL) SUORIPUOD PUe SWB | 8L 88S *[5202/90/2T] Uo Ariqiauliuo A11M ‘81Bojouyos | Ind InMisul eunsie Aq 2T06210/Z00T OT/10p/u0d" A8 1M Akeid 1 puluo'S [puIno Bows 1S o A feue// sy Woiy papeojumod ‘0 ‘0620260T



T T T T T T T T T T T T
m MEC A1
100 = MECA2 ]
u m MEC A3|/
| |
80 | n -
S 07 .
< - u
w '.
O 40 " . .
a" am
s mg ™a o
20 " = s " i
LTl BT LR, ¥
1"a " omy C Y I R, i
. Ll L
0w Iﬂ.. =
T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60

t (d)

T T T T T T T T T T T T
= MEC B1
100 = MEC B2
80 1 | 7
~ 604 o .
= " =
L u -
O 40« - .
u
20 .
.
0 .
T -I T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60

t (d)

FIGURE 6 | Development of the coulombic efficiency (CE) of the MECs over the course of the biofilm cultivation. The CE was calculated based

on Equation 3 for the time interval between to sampling points of 24 h.
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FIGURE 7 | Correlation of the dimensionless sensor signal with the

mean biofilm thickness calculated from the OCT scans of Pos. A
(compare Figure 1).

(SI). For upscaled BES with larger electrode areas, the uneven
biofilm distribution displayed here, would suggest the use of
multiple sensors to avoid misinterpretation due to non-
homogeneous biofilm growth or locally limited detachment
events, in consideration of the hydrodynamic conditions of the
reactor.

4 | Discussion

As previously described electroactive biofilms are influenced
by the trade-off between high bacterial accumulation in the
biofilm and the resulting mass transfer limitations from the
biofilm morphology. Diffusion coefficients of dissolved species
in biofilms are reduced by several biofilm characteristics,
including high cell density (Fan et al. 1990), low porosity

(Yang et al. 2021), high biofilm age and large distance from the
bulk phase (Renslow et al. 2010). Furthermore, Renslow et al.
(2010) found a large variability of the local diffusion coefficients
in the interior of biofilms due to the local variability of the
biofilm structure. The development of sub-biofilm gas bubbles
(compare Figure 4) may hint towards local insufficient diffusive
mass transfer of reaction products. Comparing the diffusion
coefficients of the possible gases CO, and CH, with that of the
substrate (acetate) it becomes obvious, that diffusion restric-
tions affecting the transport of product gases out of the biofilm
will similarly impede the diffusive transport of substrate into
the biofilm, as the diffusion coefficient of acetate is slightly
lower than those of CO, and CH, (compare Table 2).

Reduced diffusion coefficients along with large biofilm thick-
ness lead to mass transfer limitations in the electroactive bio-
film resulting in substrate limitations (Pereira et al. 2022), as
this was the case in the MECs of Exp B, visible during the
spiking with substrate in the batch experiment. The substrate
limitation in this study may has been enhanced by the devel-
opment of the fast-growing non-electroactive secondary biofilm
layer (Sleutels et al. 2016). The increased diffusion length for
the substrate along with the increased substrate consumption of
the secondary layer, has reduced the availability of substrate for
electroactive consumption in the proximity of the anode,
reducing not only the CE, but also the total current production.

Also, more acidic pH environments in the anodic proximity (Li
et al. 2017; Renslow et al. 2013) as a consequence of increased
diffusion length can lead to a reduced electroactive metabolism.
Franks et al. (2009) showed the magnitude of the resulting
pH gradient in a G. sulfurreducens biofilm, with a decrease of 1
pH-unit in an approximate 70 um thick biofilm. Although the
slope of the pH-gradient depends on the respective biofilm
characteristics, the 200-400 pum thick anodic biofilms in this
study likely have developed an even larger pH decrease from
bulk towards the anodic interface. The effect of the pH on EAB
has been demonstrated by Patil et al. (2011), showing the
highest current production at a pH around 9, while in acidic
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TABLE 2 | Comparison of the diffusion coefficients in water for
the relevant chemical species in the electroactive biofilm. The diffusion
coefficients were taken from Cussler (2009).

Diffusion coefficient in water

Chemical species (X 107° cm?/s)

H* 93.1
CO, 19.2
CH,4 14.9
Acetate 12.1

pH environments pH <5 EAB are partially or completely in-
hibited, which is further reinforced by weak-buffer systems
(Pereira et al. 2022). Metabolically inactive regions will result in
less effective biofilms. Both substrate limitation and pH inhi-
bition occur simultaneously in a BES, as they will similarly
increase with growing biofilm thicknesses and might not be
distinguishable in the decline of the produced current.

Yang et al. (2021) suggest the regulation of the biofilm thickness
and porosity to enhance mass transfer in an electroactive bio-
film. This poses the question of an optimal electroactive biofilm
thickness in BES. This may simplify the effect of the biofilm
morphology in the mass transfer; however, the monitoring of
the continuous growth by means of the biofilm sensor might be
an easy and viable indicator for the prediction of impaired
current production due to the anodic biofilm morphology. The
optimal biofilm thickness for current maximum production has
mostly been investigated for mono-cultural biofilms (e.g., G.
sulfurreducens) showing viable biofilms up to a thickness of
80 um (Pinck et al. 2020). Considering, however, the application
of microbial fuel cells in wastewater treatment, a more complex
mix of microbial species is expected. Similar to the overgrowth
of the electroactive biofilm layer in this study (compare
Figure 4A,B) undesired microorganism in the electroactive
biofilm should be removed or their growth suppressed. Such an
overgrowth of an electroactive biofilm was also reported by Yan
et al. (2021) in a Geobacter dominated biofilm, where aerobes
seemed to have developed a secondary biofilm layer, that could
be removed by washing with norspermidine and recovering the
Geobacter dominance of the biofilm.

In this study a complex mixed culture preconditioned from a
municipal wastewater treatment plant was used, developing the
maximum current production during continuous operation a
higher range of thickness between 100 and 150 pm. If the
described optimal range of biofilm thickness found in this study
can be applied widely for different mixed culture electroactive
biofilms, requires more extensive analysis. Though, a global
study by Santoro et al. (2021) found comparable power outputs
from different wastewater inocula in identical systems, while
the enriched bacteria in the biofilm differed from each other.

Although not specifically identified, large-scale pilot-plant micro-
bial fuel cells in wastewater treatment applications by several
groups (e.g., Blatter et al. (2021) or Babanova et al. (2020)) have
shown a continuous decline in the current production, possibly
attributed to increasing mass transfer limitations. The decline in
current production and CE over time along with increasing anodic

biofilm thickness in this study, clearly shows the necessity of bio-
film control mechanisms. Unlike biofilm control in technical sys-
tems such as, for example, membrane applications a complete
biofilm removal is not targeted. Moreover, given the maximum
current production found in the range of 100-150 um the aim
should be to continuously set the biofilm to this thickness. It was
shown by Islam et al. that periodic treatment ultrasound of an
MFC with carbon brush electrodes revitalized the electroactive
biofilm to the same maximum current density as before its decline
over a period of 40 days (Islam et al. 2017). Similarly, flow-induced
increase of shear forces was investigated by the same group of
researchers showing a recovery of the current production (Islam
et al. 2019). In both cases, the physical control mechanisms re-
moved large fractions of the biofilm followed by a quick
reattachment of living cell. Thereby, showing the need for a
removal of dead cells, as a high ratio of living cells in a thinner
biofilm is most desirable (Islam et al. 2019). Heat-transfer biofilm
sensors can allow for a condition-based use of control mechanisms,
by detecting excess biofilm thickness or surges in the biofilm
growth rate which might indicate an overgrowth of the electro-
active biofilm layer. Applicable biofilm control mechanisms may be
limited due to constructive restrictions in BES reactor design.
Control mechanisms used in other fields of productive biofilm
applications may present more viable options. Hwang et al. used
nitrogen sparging to adjust the biofilm thickness in a membrane
biofilm reactor with a nitrifying biofilm (Hwang et al. 2010). Wei
et al. (2024) used air-scouring in a membrane aerated biofilm
reactor for biofilm control, while Zhang et al. (2017) used
mechanical abrasion to remove salt precipitation and biofilm from
an air cathode in microbial fuel cells. Although, targeting different
deposits on the substratum the control mechanisms were equally
utilized to remove mass transfer limitations in productive biofilm
applications.

5 | Conclusions

Within this study, the development of the anodic biofilm in a
MEC was monitored over a period of up to 62 days to quantify
the relationship between the accumulation of biofilm and cur-
rent production. A trade-off between the accumulation biomass
and the cultivation niche for electroactive bacteria within the
microbial consortium, driven by the availability of electron
donor (nutrients) and electron acceptor (anode) is suggested for
the mixed-species wastewater biofilm.

« The optimal range of biofilm thickness for an electroactive
biofilm cultivated from wastewater was determined
between 100 and 150 um producing up to 3.5 A/m?2.

« A combination of mass transfer limitation due to the excess
biofilm thickness along with increased substrate con-
sumption by non-electroactive bacteria have led to
decreasing substrate concentration in the proximity of the
anode. The lower availability of substrate for EAB resulted
in a declining current production.

« The deteriorating biofilm performance was caused by a
combination of overgrowth of the primary electroactive
biofilm layer with a fast-growing secondary biofilm, along
with local detachment of the primary biofilm due to gas
development beneath the biofilm at the anodic interface.
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« To identify the optimal biofilm thickness in large-scale
applications, heat-transfer biofilm sensors can viably sup-
port the monitoring of electroactive biofilm in the electro-
des of BES. However, for the evaluation of the performance
of the BES, the sensor information must be coupled with
knowledge of the local hydrodynamic condition as well as
the medium composition (pH, substrate concentration)

This study urges the consideration of control of electroactive
biofilms. Effective mechanisms to adjust the thickness of the
electroactive biofilm should be further investigated in lab-scale
systems with small electrodes to allow for a precise investiga-
tion of the impact of the control mechanisms on the electro-
active biofilm thickness and its current production. Well-
adjusted protocols need be developed for the periodic applica-
tion or condition-based triggering of control mechanisms for a
long-term stable current output. The choice of mechanisms
though should not neglect the target of upscaled BES, wherein
constructive, operational and economic constraints may limit
the sustainable applicability of some mechanisms.
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