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The practical implementation of microbial electrolysis cells (MECs) is hindered by challenges in optimizing
system performance with complex substrates. This study addresses that gap by evaluating MECs fed with hy-
drolysate, an appealing substrate rich in organic-acids. Through systematic variation of substrate concentration
(20-60 %), pH (5-8), and applied anodic potential (—0.2 to +0.4 V vs standard hydrogen electrode [SHE]), the
optimal operational conditions were defined as 40 %-hydrolysate, pH 8, and +0.4 V vs SHE, yielding a mean
current density of 3.4 A/m? and coulombic efficiencies (CE) of 38 % and 96 % based on total organic carbon

(TOC) and total volatile fatty acids (VFAs), respectively. Scalability was demonstrated using a 10 L rotating disk
bioelectrochemical reactor (RDBER) at 0 and 0.4 V vs SHE, achieving a maximum hydrogen production rate of
30.57 L/m?/d and minimal methane formation at 0.4 V. These findings offer a framework for optimizing MECs

under real-feedstock conditions.

1. Introduction

Rising global demand for clean energy is driving a wave of innova-
tion in renewable technologies, offering a powerful path away from
fossil fuels and toward sustainable development. Among various energy
carriers, hydrogen (Hy) has emerged as a particularly promising candi-
date, offering high energy density, clean combustion, economic
viability, and broad environmental benefits. These features position it as
a key solution to the challenges of rising global energy demand [1,2].
Microbial electrolysis cells (MECs) are bioelectrochemical systems in
which exoelectrogenic bacteria oxidize organic matter at the anode,
producing carbon dioxide (COs), protons (H™), and electrons (e ). These
electrons are transferred to the cathode, where, under an externally
applied voltage, they reduce protons to generate hydrogen gas [3,4].
The merit of using MECs for hydrogen production is their ability to
simultaneously treat a variety of wastewaters by removing organic and
inorganic pollutants [5,6]. The utilization of organic waste for energy
generation aligns with several sustainable development goals (SDGs), i.
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e., clean water and sanitation (SDG 6), renew-able energy (SDG 7),
public health protection (SDGs 3; 11), resource value (SDG 12) and
climate action (SDG 13), as well as the European Union’s strategy to
reduce reliance on fossil fuels through biofuel production [7].

One of the major components of MECs is the proton exchange
membrane (PEM), which separates the biotic anode from the abiotic
cathode compartments. However, PEMs present certain limitations, such
as high cost and increased internal resistance, which reduce the overall
feasibility of the system. To address this, by excluding the PEM and
operating under industrial conditions, substrate complexity and opera-
tional conditions become the main factors influencing system efficiency,
primarily by shaping the MEC microbiome and affecting competing
pathways such as methanogenesis. Combining such strategic opera-
tional controls, i.e., substrate, pH, and anodic potential, can selectively
inhibit methanogens, thereby improving membraneless MEC perfor-
mance by enhancing electron transfer efficiency and increasing
hydrogen yield.

First, substrate composition plays a central role, as it determines the
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availability of biodegradable organic matter and electron donors. High
organic loading can enhance the current generation up to a certain
threshold. Beyond this point, it may lead to substrate inhibition, accu-
mulation of volatile fatty acids (VFAs), or stimulation of methanogens,
effects that are particularly pronounced using complex, industrial sub-
strates such as hydrolysates [8,9]. Methanogens are a major challenge in
MECs because they compete with exoelectrogens for substrates and
electrons, as both acetate and hydrogen can be diverted toward methane
formation [10]. Acetoclastic methanogens compete with exoelectrogens
for acetate, thereby decreasing electron transfer efficiency to the anode
and corresponding cathodic hydrogen production. In addition, hydro-
genotrophic methanogens are able to directly utilize hydrogen and CO,
for methane formation, thereby lowering the cathodic hydrogen re-
covery [11]. By consuming hydrogen and acetate, they reduce the
electrons available for hydrogen production, lowering overall efficiency.
Excess substrate concentration can result in VFA accumulation, creating
niches for methanogens and diverting electrons to methane production
rather than electricity [12]. In addition, denitrifying and
sulfate-reducing bacteria can act as alternative electron sinks in complex
media, such as sludge hydrolysate, that would otherwise be transferred
to the anode by exoelectrogens [13,14]. Therefore, optimizing substrate
concentration is crucial for enhancing energy recovery in MECs.

Second, the pH of the process directly affects microbial metabolic
activity, proton gradients across biofilms, and the efficiency of hydrogen
evolution reactions at the cathode. Neutral to slightly alkaline condi-
tions (pH 7-8) have also been shown to support optimal exoelectrogenic
activity and hydrogen recovery [15,16]; however, the optimal pH can
shift depending on the substrate buffering capacity, nutrient profile. It
also depends on the operational goal, whether focused on maximizing
hydrogen yield, enhancing chemical oxygen demand (COD) removal, or
maintaining microbial community resilience. Adjusting the pH, away
from 6.5 to 7.5, may suppress methanogenic activity, as methanogens
generally prefer neutral conditions [17]. Third, the applied anodic po-
tential is another critical factor in MECs, as it governs the thermody-
namics and kinetics of extracellular electron transfer (EET). A more
positive anodic potential can enhance electron extraction and increase
current density, thereby improving hydrogen output. However, it also
influences microbial community structure and may selectively enrich or
inhibit specific functional groups within the biofilm [18,19]. Mean-
while, applying optimal anodic potentials can enrich electroactive
bacteria at the anode, thereby reducing acetate availability for metha-
nogens. In parallel, enhanced cathodic Hy production increases the Hy
partial pressure, which further suppresses hydrogenotrophic metha-
nogens. Combining such strategic operational controls, i.e., substrate,
pH, and anodic potential, can selectively inhibit methanogens, thereby
improving membraneless MEC performance by enhancing electron
transfer efficiency and increasing hydrogen yield.

The lack of studies conducted under industrial conditions is consid-
ered a critical gap, as scale-up often introduces operational and bio-
logical challenges that can significantly reduce MECs efficiency [16-19].
While MEC optimization studies have mostly used synthetic feed (and
sterile, in many cases) [20-24], selected feedstocks, such as hydrolysate
from the dark fermentation process, offer high organic-acid content and
broad availability but present challenges, including compositional
variability, nutrient imbalances, and the presence of inhibitory com-
pounds (e.g., ammonia, sulfides, and/or heavy metals). Widely studied
exoelectrogens, such as Geobacter and Shewanella, catalyze anodic
oxidation of only a limited set of short-chain fatty acids, like acetate,
propionate, and lactate, raising questions about how they cooperate or
compete within mixed microbial communities on diverse organic carbon
sources [9], and how operational conditions influence this interaction to
enhance cathodic hydrogen recovery. For instance, by using a pure
culture of G. sulfurreducens, we could previously demonstrate the
inhibiting effect of butyrate (>10 mM) as well as Na® (>100 mM) [25].
Moreover, real wastewater may exhibit low conductivity and insuffi-
cient alkalinity. Low ionic strength leads to higher ohmic losses, while
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weak buffering capacity results in pH gradients that impair anodic
biofilm activity and reduce MEC efficiency [26]. Overall, such substrate
complexity can compromise MEC performance and stability through its
effects on microbial community dynamics in both planktonic and bio-
film phases.

Therefore, advancing MECs toward real-world application requires a
clear understanding of how operational parameters influence perfor-
mance under real wastewater conditions. However, MEC optimization
using primary sludge hydrolysate remains largely unexplored. In this
study, a systematic investigation of the effects of hydrolysate concen-
tration, pH, and applied anodic potential on the performance of mem-
braneless MECs using real hydrolysate obtained from primary sludge
fermentation. We examined the impact of substrate concentration on the
balance between electron donor availability and potential inhibitory
effects, assessed the influence of pH, and explored the role of anodic
potential in modulating electron transfer efficiency and shaping the
anodic microbial community composition. Through the integration of
electrochemical measurements, carbon utilization analysis, and meta-
genomic profiling, this research provides a comprehensive understand-
ing of how to mitigate potential competing pathways in membraneless
MECs along with enhancing electroactive bacteria and optimizing
hydrogen production was aimed. Furthermore, the optimized opera-
tional conditions identified were applied in a scaled-up MEC system to
assess hydrogen production, and a techno-economic analysis was con-
ducted to evaluate the overall feasibility of the process.

2. Materials and methods
2.1. Hydrolysate characteristics

The hydrolysate utilized in this study was derived from a semi-
technical pilot-scale system located at the Biisnau wastewater treat-
ment plant in Stuttgart, Germany (equivalent population 10,000). It was
produced via dark fermentation of primary sludge, as substrate, oper-
ated under controlled conditions, including hydraulic retention time
(HRT) of 36 h, pH of 7, and temperature of 32 °C, as reported in details in
our partners’ earlier publication [27]. Following fermentation, a
two-step particle separation process was performed using a chamber
filter press and subsequent microfiltration. Afterwards, the hydrolysate
was centrifuged, step-filtered using a 0.45 pm filter, and stored at 4 °C
until use in experiments. The detailed characteristics of hydrolysate is

Table 1

Characteristics of the fermentation hydrolysate used in this study.
Parameter Unit Value
Total organic carbon (TOC) mM 350 + 4
Total inorganic carbon (TIC) mM 11+1
Total nitrogen (TNb) mM 37.3+1.2
Total Phosphorus (TP) mg/L 269 + 11
Acetate mM 34.28 + 0.03
Propionate mM 25.67 + 0.35
Butyrate mM 3.4+£03
Lactate mM ND
NH;-N mg/L 154 + 4
NO3 mg/L 2.58 + 0.26
Ca®* mg/L 421 +71
Fe?* mg/L 1.1+0.3
K" mg/L 60.84 + 7.05
Mgt mg/L 51.77 + 4.99
Mn?* mg/L 0.92 + 0.14
Na® mg/L 114+9
S mg/L 251 +£3.1
Si*t mg/L 11.2 +3.2
Zn** mg/L 3.01 + 0.58
Cl™ mg/L 164 £ 19
S0 mg/L 20.85 + 2.71
Tonic conductivity mS/cm 8.75 + 0.56
pH 42404

ND, not detected.
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shown in Table 1.

2.2. MEC setups and experimental design

A 250 mL cylindrical microbial electrolysis cell (C-MEC), as previ-
ously described by Harrer et al. [25], was used in this study (see sup-
plementary material). The anode, made of graphite felt (6 x 3 cm, GFD
2.5, SGL Group, Germany), provided a total projected surface area of 36
cm?. Prior to use, it was sequentially rinsed with isopropanol and
deionized water. The cathode was composed of a platinum mesh (104
mesh/ cmz, Chempur, Germany) with an active surface area of 1.25 cm?.
The Ag/AgCl reference electrode was used to set the anodic potential at
0V versus standard hydrogen electrode (SHE), corresponding to —0.199
V vs. Ag/AgCl. Chronoamperometric measurements were carried out
using a Gamry Interface 1010 single-channel potentiostat (GAMRY In-
struments, USA). During operation, the MECs were maintained at 30 °C
inside an incubator and continuously stirred using magnetic stirrers.
Anoxic conditions were maintained throughout the experiments by
purging the headspace with a gas mixture of 80 % N3 and 20 % CO». The
wild-type strain Geobacter sulfurreducens PCA was used as starting
inoculum to promote the development of a stable and electroactive
biofilm. The strain was pre-cultured at 30 °C for approximately 48 hin a
growth medium containing 15 mM sodium acetate and 40 mM fumarate,
following the protocol described by Klein et al. [28]. The suspension was
then inoculated into the first C-MECs at a final ODggg of 0.1.

Prior to starting the series of optimization experiments, the C-MECs
inoculated solely with G. sulfurreducens were fed with hydrolysate. Once
biofilm enrichment and system stabilization were achieved, a piece of
the anodic graphite felt (3 cm?) was vortexed in fresh hydrolysate, and 1
mL of the suspension was introduced into each C-MECs used for the first
series of experiments. By doing this procedure, the initial grown
planktonic cells are excluded between each feed-cycle. As illustrated in
Fig. 1, the experimental sequence began by evaluating the effect of
hydrolysate concentration (20 %, 40 %, and 60 %) on MEC performance.
After this step, the medium in the reactors was replaced with fresh
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hydrolysate at the concentration that showed the highest efficiency to
investigate the effect of pH, tested across a range of 5, 5.5, 6, 6.5, 7, and
8. Following pH optimization, the reactors were refreshed with hydro-
lysate adjusted to the previously determined optimal pH to assess the
impact of the applied anodic potential, which was varied at —0.2V, 0V,
+0.2 'V, and +0.4 V vs. SHE. All experiments were conducted in batch
mode, performed in triplicate, and the results are presented as mean +
standard deviation.

Afterwards, to validate the obtained optimal operational conditions
in a scalable design, a 10 L rotating disk bioelectrochemical reactor
(RDBER) was used (see supplementary material), as also described in an
earlier application [29,30]. Briefly, graphite plates (total anodic surface
area of 0.5 m?) served as the anode, and titanium-coated half-disc
electrodes (0.25 m? total area) were used as cathodes. A reference
electrode (SE23I, Sensortechnik Meinsberg, Germany) was connected
externally. The complete system, including peripheral components, had
a total volume of 12.6 L. Temperature was maintained using heating
mats, and pH was automatically regulated via a Biostat® control unit.
Fluid circulation was achieved using a peristaltic pump (Masterflex™,
Fisher Scientific) connected to stainless steel piping. Anodic potential
was controlled using a potentiostat (Gamry Interface 5000E). Anode
rotation was maintained at 1 RPM using a stepper motor. In the first
operational cycle of RDBER, G. sulfurreducens was inoculated at an
initial ODggg of 0.1 in the synthetic medium used during pre-culturing,
containing 15 mM acetate but excluding fumarate. Afterwards, two
consecutive fed-batch cycles were employed using real hydrolysate, and
by applying anodic potential of 0 V and +0.4 V, respectively (Fig. 1).

2.3. Analytical methods and calculations

The acetate, propionate, and butyrate concentrations were measured
using a high-performance liquid chromatography (HPLC) system (Ulti-
Mate 3000 SD, Thermo Scientific, Waltham, MA, USA) equipped with an
Aminex HPX-87H column (300 x 7.8 mm, Bio-Rad, Munich, Germany).
Detection was performed using a UV detector at 275 nm, and data
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Fig. 1. Schematic of the cylindrical microbial electrolysis cell (C-MEC) setup and experimental design. The system was filled with unsterile hydrolysate and enriched
with Geobacter sulfurreducens over 10 days. Subsequently, the carbon felt anode was distributed to fresh MECs operated under varying hydrolysate concentrations (20
%, 40 %, and 60 %), pH values (5-8), and applied anodic potentials (—0.2 to +0.4 V vs. standard hydrogen electrode (SHE)).
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analysis was managed via Chromeleon 11 software. Before injection,
samples were filtered through 0.2 ym PTFE membrane syringe filters.
The mobile phase consisted of 5 mM sulfuric acid, delivered at a flow
rate of 0.6 mL/min. The column temperature was maintained at 45 °C
throughout the analysis. The total organic carbon (TOC) content in the
samples was measured using a DIMATOC® 2100 analyzer (DIMATEC
Analysentechnik GmbH). The major inorganic constituents in the hy-
drolysate were quantified using an ion chromatography (IC) system for
anions, i.e., NO3, SOz, and Cl, (790 Personal; Metrohm, Switzerland),
and an inductively coupled plasma optical emission spectroscopy (ICP-
OES) spectrometer 5110 (Agilent, USA) was used for the rest. Gas vol-
ume was quantified using a BlueVCount gas counter (BlueSens, Herten,
Germany), which enables real-time monitoring of gas flows. Gas
composition was analyzed using micro-GC 490 supported with PPQ and
MolSieve columns (Agilent, USA).

The mean current density was calculated using Eq. (1), with J (A/m?)
representing the current density over the anode surface area (m?) and t
(s) corresponding to the time interval. CE was calculated as shown in Eq.
(2), where I is the current (A) generated overtime ¢ (s), F is Faraday’s
constant (96,485 C/mol), b is the number of theoretical moles of elec-
trons released per mole of oxidized compound (4 for TOC), and A(M)
(moles) represents the electron donor consumption during this period.

t

/Jdt

Mean current density = 07 1)
t
/ Idt
o) —_ O
CE (%) F-b-A(M) @

Hydrogen energy efficiency (u2) was determined by quantifying the
energy content of hydrogen produced relative to the electrical energy
input, using Eq. 3; ny2 represents the moles of hydrogen generated, and
AHys is the calorific value difference of hydrogen in comparison to
electrical energy of 285.83 kJ/mol. The electrical energy input (Eipy, in
kJ) was computed by integrating the product of voltage (V) and current
(A) measured over the experimental period. Cathodic hydrogen recov-
ery efficiency (ycqn2) was calculated to evaluate the efficiency of
hydrogen production at the cathode relative to the electrical current
supplied. It was determined by dividing the experimentally measured
moles of hydrogen (nys,measured) by the theoretical moles of hydrogen
(Ny2, theoretical), calculated using Faraday’s law based on the total charge
transferred. The calculation is presented in Eq. 4, and theoretical
hydrogen production is defined in Eq. 5. To assess energy efficiency,
hydrogen yield per unit of energy input (kg Ho/kWh) was calculated (Eq.
6), myy is the mass of hydrogen produced (kg/day m?), and Einpy is the
electrical energy input (kWh/day m?). The H, production cost (€/kg Hy)
quantifies the energy-related expense associated with producing 1 kg of
hydrogen, calculated using the system’s electrical energy input and the
unit electricity price, as shown in Eq. 7, using current electricity price of
0.18 €/kWh [31]; Einpy is electrical energy input (kWh), C is unit cost
of electricity (€/kWh) and my is theoretical mass of hydrogen produced
(kg). The net economic yield of hydrogen (€/kg Hj) represents the
financial return per kilogram of hydrogen generated. It is calculated as
the difference between the average market selling price of hydrogen (10
€/kg) and its production cost [32]. In this study, only the cost of elec-
trical energy input was taken into account (Eq. 8).

ny,. AH
. LY @)
input
1,
Neatss, = Ha measured 4)

DH, theoretical
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I[dt
Theoretical H, production = éiF ®)
E
Yir, e =2 x 100 ©
Einput
Einput X C
H, production cost = Zinput X “elec -
My,
H, net economic yield = H, market price — H, production cost (8)

2.4. Microbial community identification

To examine microbial community composition, whole genome
sequencing was performed Nanopore sequencing (Oxford Nanopore
Technologies, Oxford, UK); it was carried out using a MinION Mk1b
device fitted with a R10.4.1 flow cell and run with MinKNOW software
version 22.10.7. For this purpose, 3 cm? pieces of anodic graphite felt
were collected under anoxic conditions for the different performed ex-
periments. Samples were then immediately frozen at —80 °C for pres-
ervation. DNA was extracted using the DNeasy PowerBiofilm Kit
(Qiagen, Hilden, Germany). The concentration and purity of the
extracted DNA were assessed using a NanoDrop 2000 spectrophotom-
eter and a Qubit dsDNA assay Kit (Thermo Scientific, Waltham, MA,
USA). DNA samples were stored at —20 °C until the MinION sequencing.
Basecalling and demultiplexing were performed with dorado version
7.3.9 in super accuracy mode. Sequencing reads were aligned against
metagenome-assembled genomes (MAGs) from the GTDN database [9]
with BLAST v2.12 for taxonomic identification and abundance estima-
tion. PCA was conducted, as a multivariate analysis tool, to study the
combined impacts of different parameters on various performance in-
dicators as well as microbial dynamics, using Minitab 22.3. Further-
more, co-occurrence network analysis based on Spearman correlations
was conducted to highlight global interrelations among genera in
response to all tested conditions, using R (version 4.1.0) and Gephi
(version 0.10); only significant correlations (p < 0.1) were involved in
the construction of the network.

3. Results and discussion
3.1. Effect of substrate concentration

MEC performance with hydrolysate concentrations of 20 %, 40 %,
and 60 % was evaluated at pH 7 and anodic potential of 0 V vs SHE.
These hydrolysate concentrations were selected to mimic potential
dilution scenarios in full-scale plants, where primary sludge hydrolysate
might be mixed with municipal wastewater or return streams, covering a
range from low to high organic loading to systematically investigate the
effect of substrate concentration. As shown in Fig. 2a, and consistent
with current density profiles over time (see supplementary material),
mean current density peaked at 40 % hydrolysate (i.e., 0.46 A/m?;
Fig. 2a), reflecting optimal substrate availability and microbial electron
transfer capacity. Limited substrate and low conductivity (1.75 mS/cm)
at 20 % hydrolysate reduced microbial activity and increased internal
resistance, whereas at 60 %, high substrate concentration diverted
electrons toward non-electrogenic pathways like methanogenesis,
resulting in reduced current output relative to VFA degradation. Among
the existing VFAs, acetate removal was most efficient, while butyrate
removal remained limited. Although VFA and TOC removal rates kept
increasing when increasing hydrolysate concentration, peaking at 60 %
hydrolysate (i.e., 2.9, 2.2, and 32.6 mM/d for acetate, propionate, and
TOC, respectively), TOC-based CE was highest at 40 % (i.e., 12.7 %j;
Fig. 2c), declining at lower (5.8 % at 20 % hydrolysate) and higher
concentrations (2.7 % at 60 % hydrolysate; Fig. 2b). As expected, VFA-
based CE was consistently higher than TOC-based CE across all
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Fig. 2. Effects of hydrolysate concentration (20 %, 40 %, and 60 %) on microbial electrolysis cell performance. (a) Mean current density, (b) Volatile fatty acids
(VFSs) and total organic carbon (TOC) removal rates, (c) Total organic carbon (TOC) and volatile fatty acid (VFA)-based coulombic efficiency (CE), (d) Microbial
community composition at the domain level, and (e) Microbial community composition at the genus level.

conditions, with no significant difference between 20 % and 40 %,
highlighting efficient VFA utilization but more favorable total electron
recovery achieved at 40 % hydrolysate supporting previous findings on
the importance of optimal substrate loading in BESs performance [33,
34].

By looking at the microbial composition of anodic biofilms, it was
found that the domain-level composition remained stable across hy-
drolysate concentrations (Fig. 2d), with bacteria dominant and archaea
comprising a minor fraction, increasing slightly from 1.9 % to 3.9 %
when increasing hydrolysate concentration from 40 % to 60 %. When
looking at the genus level classification, at 20 % hydrolysate, Azospira
was the most abundant genus, known for its ability to utilize VFAs such
as acetate as electron donors [23]; its high relative abundance may have
partially contributed to the VFA consumption observed under these
conditions (Fig. 2b), despite the limited current generation. The genus
Azospira, known as a facultative anaerobic denitrifier [24], has been
widely found in BESs; however, its direct involvement in extracellular
electron transfer to anodes has yet to be confirmed [25,26]. Because the
measure reflects relative abundance, this result likely stems from poor
electroactive biofilm formation under these conditions, consistent with
the low current density and CE observed. Aligning with this, the abun-
dance of Azospira decreased at higher hydrolysate concentrations. A
similar observation was reported by Li et al. [27], who showed that
when COD increased from 200 to 400 mg/L, the relative abundance of
Azospira decreased from 22.05 % to 9.77 %, suggesting that higher
organic loading can reduce its competitiveness in BESs. The genus
Azospira has been widely found in BESs; however, its direct involvement
in extracellular electron transfer to anodes has yet to be confirmed [35,
36]. Additionally, the abundance of fermentative bacteria and Geobacter
was relatively low, further limiting VFA production and electrogenic
activity. At 40 % hydrolysate, a more optimal balance between
fermentative bacteria, e.g., Petrimonas, Macellibacteroides, and Proteini-
philum [37-39], and exoelectrogens (e.g., Geobacter) might have facili-
tated effective VFA conversion and electron transfer to the anode,
resulting in the highest current density and CE. At 60 % hydrolysate,

Azospira and sulfate-reducing bacteria such as Solidesulfovibrio were
enriched. Given their reported ability to utilize VFAs [40], they can
potentially compete with exoelectrogens like Geobacter and divert
electrons from current-generating pathways, contributing to reduced
MEC performance.

Overall, the data emphasize that 40 %-hydrolysate provides the most
favorable balance between substrate availability and microbial com-
munity function, supporting electron transfer and system performance.

3.2. Effect of pH

The effect of pH on MEC performance was evaluated across pH 5-8
using 40 % hydrolysate and an applied potential of 0 V. Mean Current
density increased from 0.06 A/m? at pH 5 to 1.03 A/m? at pH 8 (Fig. 3a).
Substrate degradation showed clear pH dependence (Fig. 3b). At pH
5-6.5, acetate and TOC removal were high, indicating effective carbon
utilization, while propionate accumulation at pH 5-5.5 suggests reduced
metabolic activity for its oxidation. At pH 6, peak removal efficiency was
observed, with acetate, propionate, and butyrate consumed at 7.48,
2.70, and 1.36 mM/d, respectively, alongside TOC removal of 53.15
mM/d, suggesting that this range likely supports an optimal balance
between fermentative activity and microbial community structure.
Additionally, microbial biofilms can buffer local environments, creating
microzones with near-neutral pH that support continued metabolic ac-
tivity [41]. As shown in Fig. 3c-TOC-based CE was below 1 % at pH
values below 6. However, CE increased sharply above this threshold,
peaking at 18.6 % at pH 8. Low CE under acidic conditions likely
resulted from electron diversion to non-electrogenic pathways and in-
hibition of electroactive microbes. As previously reported by Dhar et al.
[42], Geobacter-dominated biofilms are sensitive to moderately acidic
environments, with reduced activity or viability observed below pH 6.5.
VFA-based CE showed no significant difference between pH 7 and 8,
suggesting stable VFA conversion efficiency in this neutral to mildly
alkaline range.

Domain-level microbial composition remained stable across pH 5, 7,
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removal rates, (c) Total organic carbon (TOC) and volatile fatty acid (VFA)-based coulombic efficiency (CE), (d) Microbial community composition at the domain

level, and (e) Microbial community composition at the genus level.

and 8 (Fig. 3d), with bacteria consistently dominant (>90 %) and
archaea representing a minor fraction. However, a slight but meaningful
increase in archaeal abundance at pH 7 indicates that neutral conditions
were more favorable for archaea. Slightly alkaline environments support
the proliferation of electroactive bacteria such as Geobacter spp., which
rely on direct anode respiration, while also suppressing non-electrogenic
organisms. This microbial selection promotes more efficient substrate
oxidation and electron capture [15,43], contributing to the observed
increases in CE. At acidic pH (5-6), propionate accumulation could be
due to the activity of the genus Propionicimonas. At these pH levels, the
microbial community showed elevated abundances of fermentative
bacteria (e.g., Petrimonas, Sedimentibacter, and Macellibacteroides) and
methanogens such as Methanosarcina, while electroactive bacteria like
Geobacter remained at low relative abundance. Notably, Azospira was
more abundant under these acidic conditions. At neutral pH of 7, system
performance improved, with higher mean current density and CE. The
microbial community shifted toward electrogenic activity, characterized
by an increase in Geobacter and a decrease in fermenters. At pH 8, per-
formance peaked, with Geobacter dominating (i.e., 44 % relative abun-
dance) and Methanosarcina significantly reduced. A bulk pH of 8 can
buffer pH gradients and local acidification within the biofilm, due to the
release of protons, which would otherwise inhibit key metabolic pro-
cesses, disrupt proton transport, and reduce the efficiency of EET [44].
This stabilized microenvironment favors electroactive bacteria such as
Geobacter. These findings agree with previous studies reporting that
neutral-to-alkaline pH enhances electrogenic activity [43]. A reduction
in methanogen abundance may be due to the reduced activity of key
enzymes involved in both acetoclastic and hydrogenotrophic methano-
genesis, as well as the inhibition of proteins essential for electron
transport and ATP synthesis under alkaline conditions [45]. Metha-
nogen suppression at high pH, due to their alkaline sensitivity, has been
reported [17], allowing exoelectrogens to use available electrons for
current generation better, leading to improved MEC performance.

The higher performance observed within the pH range of 7-8 can be
attributed to the optimal activity of key enzymes involved in

extracellular electron transfer (EET), such as multi-heme c-type cyto-
chromes, within this pH range [44,46]. On the other hand, acidic con-
ditions increase the redox potential and cause proton accumulation,
which impairs electron flow and hinders EET activity, leading to lower
efficiency [42]. These findings highlight the importance of pH control in
supporting efficient current generation, sustained substrate degradation,
and the development of a stable and functionally effective anodic mi-
crobial community. Although pH 8 resulted in the lowest organic acid
removal, it produced the highest current density and is therefore suit-
able for systems in which hydrogen production is prioritized over
organic pollutant removal. Therefore, in order to achieve higher overall
organic-C removal, an optimized prior dark fermentation stage and/or a
downstream treatment phase, which is usually the case when dis-
charging the effluent to the sewage system, is required.

3.3. Effect of applied anodic potential

The effect of anodic potential on MEC performance was assessed at
—0.2, 0, 0.2, and 0.4 V vs. SHE, using 40 % hydrolysate and pH 8. As
shown in Fig. 4a, the mean current density was minimal at —0.2 V (0.08
A/mz), increased to 0.88 A/m? at 0 V, and rose further to 2.44 A/m? and
3.40 A/m? at 0.2 V and 0.4 V, respectively, indicating enhanced elec-
trochemical activity with increasing potential. This trend is attributed to
the improved electrochemical driving force at more positive potentials,
especially when dealing with complex substrates, which facilitates
electron transfer from electroactive microorganisms to the electrode. As
shown in Fig. 4b-TOC and acetate removal rates increased significantly
with rising applied potential. TOC removal improved from 11.82 mM/
d at —0.2 V to 30.24 mM/d at 0.4 V, while acetate removal increased
from 0.67 to 3.92 mM/d across the same potential range, reflecting
increased microbial oxidation and electron transfer efficiency. Propio-
nate degradation peaked at 0-0.2 V but declined at 0.4 V, likely due to
microbial shifts. Butyrate removal was minimal (<0.1 mM/d) across all
voltages. These findings support previous studies that demonstrate
higher voltages promote substrate degradation by increasing



M. Golalikhani et al.

Mean current density [A/m?]
N
Relative abundance [%]

0- Acetate
— EPmpionale —_
8 5 Butyrate {50 O
= TOC =
£ £
o 4 405
S S
s 3 305
5 2 20§ _
@ o &
<9 100 o
> = 260
©
0 F L 0 °
VFA-based =
°) ETOC—baasseed 3
—100 s
= 2 40
> =
g8 3
ko) [i4
o
£ 60
[0}
o
5 20
£ 40
oS
3 20
[$)
04
0,4

-0,2 0 0,2 E
Applied anodic potential [V]

International Journal of Hydrogen Energy 202 (2026) 153107

[ Archaea
[ Bacteria

[ Others (<1.0%)
B Clostridium

B Coriobacteriia_g
B Chryseobacterium
Christensenellales_g
Proteiniphilum
Saccharofermentanales_g
Desulfovibrionaceae_g
[ Rectinemataceae_g
| Thermoguttaceae_g
B Rectinema
B Propionicimonas
1 Magnetospirillum
B Mycobacterium
B Azospirillum
1 Bacteroidales_g
I Cellvibrionaceae_g
B Macellibacteroides
Methanosarcina
Sedimentibacter
Petrimonas
Solidesulfovibrio
B Paenirhodobacter
Methanobacterium

Bl Geobacter

-0,2 0 0,2 0,4
Applied anodic potential [V]
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community composition at the domain level, and (e) Microbial community composition at the genus level.

electrochemical gradients and microbial activity [23,47]. TOC-based CE
increased progressively with applied anodic potential, rising from 2.2 %
at —0.2 V to 38.0 % at +0.4 V (Fig. 4c). VFA-based CE also showed a
sharp increase, from 7.6 % at —0.2 V to 95.7 % at +0.4 V, approaching
nearly complete recovery of electrons from VFAs. This upward trend
indicates improved electron capture and transfer efficiency under more
favorable redox conditions. Increasing potential improved substrate
oxidation and electron flow, boosting exoelectrogen activity. The
highest CE at 0.4 V indicates optimal microbial metabolism and efficient
EET. In addition, the near-100 % VFA-based CE can be attributed to
potential unconsidered intermediate acids production due to fermenta-
tion and/or minor internal hydrogen recirculation as an electron donor
by Geobacter.

Domain-level microbial composition shifted with increasing anodic
potential (Fig. 4d), with bacteria remaining the dominant group. At the
same time, archaeal abundance declined from —0.2 V to 0.4 V, sug-
gesting that higher potential created conditions unfavorable for archaea,
especially methanogens, due to increased electrochemical activity or
altered redox conditions. Meanwhile, the weak performance of MEC at
an applied potential of —0.2 V correlated with a high relative abundance
of hydrogenotrophic methanogens, such as Methanobacterium, which
likely diverted electrons toward methane production rather than anodic
reduction. Fermentative genera such as Sedimentibacter (4.99 %) and
Bacteroidales g (4.13 %) were prominent, indicating roles in hydrolysis
and acidogenesis, although they do not contribute to electron transfer.
At low potential, low Geobacter abundance limited the electron flow
toward the anode. As potential increased, MEC performance improved
with higher current density, CE, and VFA removal, driven by a shift
toward exoelectrogens and a decrease in methanogens. At 0.4 V, per-
formance peaked, with Geobacter dominating and methanogens and
SRBs (like Solidesulfovibrio) declining, indicating that higher potential
promotes exoelectrogens over competing microorganisms.

3.4. Multivariate assessment of operational and microbial interactions

To generalize the interactions among the tested parameters and
resulting performance indicators as well as anodic microbial dynamics,
PCA was conducted. Firstly, the analyzed interactions among the tested
conditions and performance indicators are shown in Fig. 5a and b. The
first two principal components (PC1 and PC2) accounted for 75.2 % of
the total variance, indicating strong explanatory power and data inter-
pretability. The score plot in Fig. 5a shows that employing acidic pH
values (<7.0) induced noticeable variations with other conditions.
Changing the anodic potential from —0.2 to +0.4 V vs SHE substantially
contributed to the overall variations among samples. Further, the
loading plot in Fig. 5b highlights the superior contribution of pH and
anodic potential in the resulting variations among samples, as compared
with hydrolysate concentration. Strong positive correlations between
mean current density and both CE and anodic potential were observed,
highlighting that organic carbon was the primary electron donor in the
system, rather than an unfavorable contribution from cathodic
hydrogen. However, this was not the case for acetate, butyrate, and TOC
removal rates, which showed weak correlations with current density and
CE. This suggests the presence of competing carbon-consumption
pathways, including methanogenesis. Additionally, their strong posi-
tive correlations with hydrolysate concentration support this
hypothesis.

Secondly, the interactions among the tested parameters and corre-
sponding anodic microbial composition are shown in Fig. 5¢ and d, with
a similarly high total variance of 68.3 % explained by PC1 and PC2.
Slightly different from variations among performance indicators, it can
be noticed that the anodic potential and hydrolysate concentration
contribute equally (and lower than the pH contribution) to the obtained
variations. The lowered contribution of anodic potential in total vari-
ance could be justified by its particular and very strong positive corre-
lation with Geobacter (Fig. 5d). The figure clearly shows a strong positive
correlation between Geobacter and both anodic potential and pH;
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however, strong negative correlations were observed between Geobacter
and other microorganisms, particularly Methanosarcina. This observa-
tion aligns with the fact that the composition represents only the anodic
community, where the dominance of exoelectrogenic bacteria, specif-
ically Geobacter in this case, is expected to contribute most significantly
to MEC efficiency. The observed positive correlation between Geobacter
and the hydrogenotrophic methanogen Methanobacterium likely sup-
ports the potential (but minor) establishment of direct interspecies
electron transfer (DIET) between both genera. The capability of Meth-
anobacterium to perform DIET with Geobacter has been confirmed in
earlier studies [48]. Given that this cooperation may compete with the
anode for electrons, our hypothesis of considering this competition
minor is supported by the corresponding increase in current density and
CE.

Furthermore, to explore microbial interactions across all tested
conditions, a co-occurrence network was constructed based on
spearman correlations, visualizing only significant correlations among
genera with relative abundances above 1 % (Fig. 5e). Given that the size
of nodes represents the maximum obtained abundance of each genus in
all samples, it can be clearly shown how Geobacter, followed by Azospira,
developed across the tested conditions. As indicated by the network
edges, Geobacter exhibited mostly negative correlations with other
genera (e.g., Azospira, Clostridium, Petrimonas, and Azospirillum), high-
lighting its dominant and functionally critical role within the anodic
consortium. In particular, the negative correlation between Geobacter
and the abundant Azospira suggests that Azospira may have been a
major competitor for carbon sources in the process. The genus Azospira,
known to oxidize organic acids such as acetate, propionate, butyrate,
and lactate, has previously been found abundant in BESs treating com-
plex wastewater [35,49,50]. The numerous positive correlations among
microbial genera—excluding Geobacter—such as Clostridium, Meth-
anosarcina, Petrimonas, Sedimentibacter, Desulfovibrionaceae, and Syntro-
phomonadaceae, which are widely associated with anaerobic
fermentation and subsequent methanogenesis [51], highlight their
competing role within the anodic biofilm. Analysis of closeness cen-
trality in the constructed network shows that both Geobacter and these
major competitors are highly connected to other genera, emphasizing

their counteractive interactions under the tested conditions.

3.5. Upscaling in a 10 L-RDBER: techno-economic assessment

To evaluate the influence of applied potential on system performance
during scale-up, RDBER was operated under two different applied
anodic potentials. The selected range was based on the C-MEC results
and to emphasize the energy-efficiency considerations. The potential of
0 V vs SHE was considered as a practical lower bound providing suffi-
cient overpotential for acetate oxidation, while +0.4 V vs SHE was
examined as the potential to induce the highest current density, to
eventually evaluate the energy efficiency of both potentials. The
experiment started with synthetic medium, and following a 7-day
enrichment phase using G. sulfurreducens, the medium was replaced
with 40 % hydrolysate at pH 8. An anodic potential of 0 V was applied
for 7 days, during which current density gradually increased, reaching to
maximum 1.12 A/m? (Fig. 6a). This was accompanied by a steady
decline in acetate and TOC concentrations, indicating active substrate
oxidation (Fig. 6b). Following the depletion of acetate, a new batch cycle
with 40 % hydrolysate was employed at higher anodic potential of +0.4
V. Under these conditions, a higher current density was achieved,
peaking at 1.94 A/m2. Acetate and TOC were consumed more rapidly
compared to the 0 V phase, suggesting enhanced electron transfer and
microbial metabolic activity at the elevated potential. Gas composition
data (Fig. 6¢) revealed that hydrogen was the dominant gas produced
under both conditions, while methane (CH4) remained consistently low
throughout the experiment. The extremely low CH4 concentrations,
even after the system was fed with unsterile hydrolysate, highlight the
scalability of the optimal operational conditions, i.e., pH and anodic
potential, obtained by the 250 mL C-MECs. This also confirms the lower
thermodynamic favorability of methanogenesis at optimized anodic
biofilm conditions.

A comparative evaluation of hydrogen production rates from other
studies using single-chamber MECs fed with real wastewater highlights
the need to optimize both operational parameters and reactor configu-
ration based on the substrate composition. For instance, in a pilot-scale
continuous-flow MEC, Cusick et al. [52] achieved 6.08 L-Hy/m?-d while
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treating winery wastewater, 0.9 V applied cell voltage and pH > 6. Wang
et al. [53] achieved 29.6 L—Hz/mz-d in a 10 L batch-operated system
treating lignocellulosic hydrolysate at 1.36 V applied cell voltage, with
an energy efficiency of 62 %; Heidrich et al. [54] achieved 0.006 L-Hy/L
d in a 88 L-MEC treating domestic wastewater at a cell voltage of 1.1 V,
with an average energy efficiency of 48.7 % and CE of 41.2 %. Fan et al.
[55] reported 0.32 L—Hz/mz-d and 33 % CE in a 100 L-RDBER operated
using synthetic medium at 0 V; in this study, however, the achieved
maximum hydrogen production rate, CE, and energy efficiency were
30.57 L-Hy/m?.d, 86.1 %, and 59 %, respectively, at applied anodic
potential of +0.4 V.

Furthermore, to assess the energy efficiency of RDBER while pro-
ducing Hy from hydrolysate, the electrochemical, energetic, and eco-
nomic performance were considered, in relation to the applied anodic
potential. As shown in Fig. 6d, applying 0.4 V anodic potential increased
the maximum cell voltage from 1.57 V (at 0 V) to 2.25 V. This trend
paralleled hydrogen productivity, with peak voltages aligning with the
maximum hydrogen gas evolution. The higher cell voltage indicates
increased energy input, which impacts system efficiency and applica-
bility. Hydrogen production was significantly higher under 0.4 V,
reaching 30.57 L—Hz/mz-d (based on cathode surface area), compared
with the production at 0 V (i.e.,, 20.37 L-Hz/mz-d). Despite this
improvement in volumetric output, key energy efficiency metrics
revealed that enhanced hydrogen yield does not necessarily correspond
to more efficient energy utilization (Fig. 6e). Specifically, hydrogen
energy efficiency (ng2), defined as the ratio of the energy content of the
produced hydrogen to the total electrical energy input, was higher at 0
V, reaching 83.7 %, compared to 59 % at 0.4 V. This indicates that,
although hydrogen production was lower under lower applied potential,
the system was more energy efficient. In contrast, the additional energy
input at 0.4 V led to lower ny2 values, suggesting that the system was less
efficient in recovering the supplied electrical energy into chemical en-
ergy in the form of hydrogen. Cathodic hydrogen recovery (f\cat,n2), was
slightly lower at 0.4 V (81.0 %) compared to 88.5 % at 0 V. Although this
indicates a modest reduction in the fraction of electrons converted to

hydrogen, the difference is not substantial. The slight decrease at 0.4 V is
likely attributed to increased utilization of the produced H; as an elec-
tron donor and/or to alternative cathodic pathways that do not
contribute to hydrogen generation, such as sulfate or nitrate reduction,
given their minor presence in the hydrolysate.

In contrast to ny2 and Neat,n2, CE increased with the applied anodic
potential, indicating improved electron recovery from substrate oxida-
tion as measured by the current. This trend is likely associated with
enhanced activity of electroactive bacteria and more favorable condi-
tions for EET at elevated potentials. The increased CE suggests that a
greater proportion of the chemical energy from the substrate was
captured electrochemically; however, the observed discrepancy be-
tween CE and the other efficiency metrics indicates that not all electrons
contributing to current ultimately ended up in hydrogen production.
Fig. 6f further supports these observations. Hydrogen yield normalized
to energy input was higher at 0 V (0.03 kg Ha/kWh) compared to 0.4 V
(0.02 kg Hp/kWh), highlighting the superior energy conversion effi-
ciency at 0 V. Notably, the net economic gain remained similar across
both operating conditions, 4.02 and 4.01 €/kg Hy at 0 V and 0.4 V,
respectively, indicating that although energy efficiency was lower at 0.4
V, the increased hydrogen production helped offset the additional en-
ergy cost from an economic perspective. Overall, these findings
demonstrate that while the application of anodic potential enhances
hydrogen production and electron recovery, it adversely affects
hydrogen energy efficiency. Therefore, system operation at 0 V is likely
preferable when maximizing energy efficiency is the primary objective,
whereas operation at 0.4 V is justified in applications prioritizing
volumetric productivity or capacity.

Overall, for continuous operation of membraneless-MECs fed with
hydrolysate, maintaining the pH at 8 and applying anodic potential of
+0.4 V are recommended to support stable electroactive biofilms and
suppress competing pathways. In addition, due to the high organic
strength of hydrolysate, adequate dilution is recommended to maintain
the effective loading rate. This can be achieved either through a defined
effluent-to-influent recirculation ratio or by adjusting the hydraulic
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retention time, thereby improving operational stability and hydrogen
recovery.

4. Conclusions

Substrate-based tuning was found to be crucial for optimizing MEC
efficiency. Sludge-hydrolysate concentration above 40 % reduced MEC
performance, due to increased competition for carbon with exoelec-
trogens, indicating that moderate organic loading is more effective.
Alkaline pH enhanced MEC efficiency by shifting the microbial
composition toward more efficient exoelectrogenesis, likely by regu-
lating the H'-gradient within anodic biofilm. Higher anodic potentials
further increased electrochemical efficiency by facilitating EET, allow-
ing Geobacter to outcompete other microorganisms. Optimal perfor-
mance was achieved at 40 %-hydrolysate, pH 8, and +0.4 V, yielding a
current density of 3.4 A/m?, while enriching Geobacter and minimizing
methanogenic activity. In the scaled-up system, hydrogen production
peaked at +0.4 V (30.57 L/m?/d), but energy efficiency was higher at 0
V (83.7 % vs. 59 %). Nonetheless, net economic returns remained
comparable (~4 €/kg Hy), supporting the feasibility of productivity-
focused operation. These results demonstrate that coordinated optimi-
zation of biological and electrochemical parameters is key to advancing
MECs toward practical energy recovery applications.
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