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A B S T R A C T

Carbon capture and utilisation are crucial for reducing fossil fuel dependence and transforming the chemical and 
energy industries. Microbial electrosynthesis (MES) is a promising technology where electrotrophic microor
ganisms convert CO2 into valuable biochemicals using electricity. Despite recent advancements, replicability in 
MES remains poorly understood, with scarce pre-inoculation abiotic data and limited exploration of abiotic and 
biotic performance correlations. This study introduces a novel miniaturised reactor, modelled after a state-of-the- 
art flat-plate directed-flow-through bioelectrochemical reactor (DFBR). Four miniaturised reactors were tested in 
parallel under abiotic conditions to evaluate the impact of electrode material, reactor design, and assembly on 
replicability of electrochemical behaviour. Using the dynamic time warping (DTW) algorithm, reactor similarity 
was quantified for the first time based on electrochemical performance. Kernel scatterplot smoothing on micro- 
CT data revealed that electrodes, particularly the commonly used carbon felt, are a significant source of vari
ability in electrochemical performance, as further supported by additional abiotic electrochemical tests. Addi
tionally, the miniaturised reactors were inoculated with an enriched mixed culture to examine microbial 
activity’s effect on replicability, achieving concentrations up to 4.55 g L-1 acetate, 0.96 g L-1 butyrate, and 0.38 g 
L-1 caproate after 60 days. Variations in abiotic conditions, including maximum reachable current density, onset 
potential, and porosity, influence biofilm growth and performance. The miniaturised DFBR effectively represents 
the serpentine DFBR, while the adaptable reactor design and proposed statistical methods set a new benchmark 
for MES research.

1. Introduction

Converting carbon dioxide (CO2) into valuable chemicals, fuels, and 
feed, known as carbon capture and utilization (CCU), is a critical strat
egy for global defossilisation and reshaping the chemical, energy and 
feed industries [1]. The outlook of a chemical industry centred around 
renewable feedstock and electrical energy is an attractive prospect to 
many societal, industrial and government stakeholders [2]. Microbial 
electrosynthesis (MES) is a promising technology to meet the growing 
demand for both commodity and specialty chemicals, while also 
enhancing the value of electrical energy generated from renewable 
sources [3]. MES involves the utilisation of electrotrophic microorgan
isms to drive the reduction of CO2 into valuable biochemicals (e.g. 
carboxylates and alcohols) using electrons provided by a solid-state 

electrode [4,5]. Either bacteria in suspension or a biofilm on the cath
ode surface catalyse the production of biochemicals in MES [4,6,7]. To 
date, the highest production rates of carboxylates (acetate, butyrate and 
caproate) have been achieved in an MES cell using a 3D structured 
electrode, which allowed the formation of a uniform biofilm throughout 
the electrode [8,9].

In biofilm-driven, continuously operated MES, an electrolyte flowing 
through a porous electrode matrix has been shown to result in higher 
current densities and improved biofilm coverage, higher microbial ac
tivity and higher overall productivity [6,10]. Despite these advances, 
the potential industrial application of such a reactor configuration 
continues to be hampered by the knowledge gaps on microbial meta
bolism and multiple operating conditions. Furthermore, while these 
systems have showcased notable carboxylate production rates, the 
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experiments remain characterised by extended durations. In the context 
of carboxylate production, numerous recent studies report the obser
vation of caproate production only after 150 days [8,11,12]. The 
development of scalable reactor designs undeniably provides profound 
insights into the potential performance of the technology on a macro- 
scale [9,12–16]. However, these reactor systems are not suitable for 
rapidly screening optimal operating conditions and expediting experi
ments. Given the demand for a better understanding of the underlying 
phenomena that drive MES, the utilisation of small, or miniaturised, 
reactor designs could be a viable way to provide these essential insights. 
Miniaturised MES could enable crucial research into these processes in a 
smaller biofilm with better control over the microenvironment. It is 
important to emphasise that these miniaturised reactors must enable 
research into phenomena relevant to larger, scalable reactor systems.

For microbial fuel cells (MFCs), extensive research has already been 
dedicated to the implementation of miniaturised reactors, although for 
reasons that may not be directly applicable to MES. Existing literature 
highlights miniaturised MFCs as a more effective approach to producing 
electricity, making them relevant for powering small devices (e.g. sen
sors) or stack assemblages [17–19]. In a microliter-sized MFC, the sub
strate availability on the established biofilm is significantly increased, 
thereby improving the mass transfer flux of the substrate from the so
lution to the anode [20]. Furthermore, reducing the size of an MFC leads 
to a weakening of the large-scale pH gradient, a property that is unde
sirable for larger MFCs [21,22]. However, it is important to note that 
MFCs operate under fundamentally different conditions to MES systems: 
MFCs are designed to generate power via anodic oxidation, whereas 
MES requires continuous external energy input to drive reductive pro
cesses at the cathode. As such, the operating mode, electron flow di
rection, and performance targets differ considerably, thus requiring 
largely different design concepts.

For bioelectrochemical systems (BESs) in general, tremendous 
progress has been made towards the screening of electroactive organ
isms. To facilitate the development of novel technologies using (genet
ically engineered) electroactive bacteria, there is a need for miniaturised 
arrays that can assess the electrochemical attributes of a variety of 
electroactive bacterial strains within a short timeframe. In a publication 
by Yates et al. [23], an adapted eight-chamber nanolitre-scale electro
chemical flow cell was used to grow biofilms of various electroactive 
bacteria on electrodes held at a constant potential. The research 
compared the performance of unmodified strains in nano- and millilitre- 
scale reactors and found similar maximum current densities. Work by 
Molderez et al. [24] took a different approach and developed a 128- 
channel potentiostat connected to a 128-gold electrode array, allowing 
simultaneous electrochemical measurements with independent elec
trical signal inputs. The research assessed the impact of 11 different 
electrode potentials on the growth and electrochemical characteristics 
of anodic electroactive biofilms formed by microbial communities. Un
like these existing methods for screening electroactive organisms, a 
device presented in a recent study can simulate a gas-fed and mediator- 
based BES [25]. It uses 3.5 mL cuvettes as reaction vessels with 
commercially available screen-printed electrodes and a photometer 
equipped with an autosampler to measure cell density and mediator 
redox state in real-time. This setup achieved relatively high current 
densities and significantly reduces experimental times compared to 
traditional bioelectrochemical reactor systems, making it a valuable tool 
for fundamental research in this field.

The nano- to millilitre scale, membrane-less, reactors presented in 
the aforementioned studies play a crucial role in accelerating the elec
trochemical characterisation of natural and genetically engineered 
electroactive microorganisms, as they can provide valuable insights into 
the behaviour of microorganisms under controlled conditions. However, 
it is important to recognise that these reactors do not accurately repre
sent scalable reactor designs nor are they intended for evaluating 
operating conditions relevant to larger-scale biofilm-driven MES sys
tems. For instance, Roman-Casas et al. employed the Micro Flow Cell 

(ElectroCell Europe, Denmark), featuring carbon felt electrodes with a 
projected surface area of 10  cm2 and 3–4  mL chamber volumes, in a 
study on selective butyric acid production from CO2 [26]. While this 
system enables flexible small-scale operation and is suitable for 
screening different chemicals, electrodes, and membrane materials, its 
parallel-plate geometry does not reflect the flow-through, porous-elec
trode configurations used in recent scalable MES reactor designs [9,16]. 
This highlights a notable gap in the current MES research landscape, 
namely the lack of a small-scale reactor system that bridges the gap 
between miniaturised reactors and the practical requirements of larger- 
scale operations.

Another area that requires further exploration in the MES research 
field is the study of data replicability across multiple reactors, which 
ideally should show consistent trends. While several significant studies 
have presented the performance metrics (e.g. production rates) of 
multiple reactors, the underlying reasons for variations between re
actors’ performance have not been thoroughly addressed [8,12,27–32]. 
Moreover, there is a significant lack of research on abiotic behaviour, 
particularly on the electrochemical responses of the system, which often 
remain disconnected from the observed cell performance following 
inoculation.

In this study, a miniaturised directed-flow-through bio
electrochemical reactor (DFBR) with a total volume of only 1 cm3 is 
presented, which is representative of a larger DFBR design proposed by 
Cabau-Peinado et al. [9]. This larger DFBR achieved a three-times 
denser biofilm, volumetric current density, and productivity compared 
with the previous state of the art. Following the work of Cabau-Peinado 
et al., Deutzmann et al. also demonstrated high performance using a 
similar serpentine DFBR [16]. Like the serpentine DFBR, the mini
aturised design features a channel completely filled with a porous 3D 
carbon-based electrode and no free-flowing liquid in the cathode 
chamber. The design presented here mirrors the flow-through geometry 
of the serpentine DFBR, allowing for more targeted, resource-efficient, 
and time-efficient investigation of this scalable concept under well- 
controlled conditions. While the miniaturised DFBR itself is not inten
ded for scale-up, it was specifically designed to be representative of the 
larger, scalable serpentine DFBR. This allows key performance in
dicators such as biomass-specific growth rates, biofilm coverage, and 
product formation to be assessed under comparable conditions, while 
enabling faster and more resource-efficient experimentation. To gain 
deeper insight into the replicability of this novel system, the electrodes 
and reactors were abiotically characterised using micro-CT imaging and 
conventional electrochemical techniques followed by statistical anal
ysis. Following inoculation, the biofilm that developed on the cathode 
demonstrated the ability to produce C2, C4, and C6 carboxylic acids. 
This comprehensive data set highlights the potential of the miniaturised 
DFBR design to provide deeper insights into the phenomena driving 
scalable MES processes. It should be noted that the aim of this work was 
not to demonstrate replicability, but rather to explore current limita
tions in replicability within MES research and propose strategies to 
better address them.

2. Materials and methods

2.1. Cathode assembly and micro-CT imaging

Unmodified carbon felt was used as the cathode electrode material 
(CTG Carbon GmbH, Germany). Before cutting, the felt was cleaned with 
1 M HCl (24 h) and 1 M NaOH (24 h). After this treatment step, 25 pieces 
of carbon felt with the following dimensions were cut: 5 mm × 6 mm ×
40 mm. Ten pieces with corresponding weights (average weight 0.145 g) 
were selected for plasma treatment with compressed air (Plasma Cleaner 
PDC-002-HPCE, Harrick Plasma, USA) for 30 min. After plasma treat
ment, 6 electrodes were selected. The carbon felt was then attached to a 
6 mm × 5 mm × 40 mm graphite plate (Fuel Cell Store, USA) with a 3 
mm wide layer of conductive coating (Graphite Conductive Adhesive, 
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Electron Microscopy Sciences, USA) to improve the electric connection 
between both parts. This process involved applying 1 mm-wide strips of 
tesa® standard masking tape along both edges of the 5 mm side of the 
graphite plate. A thick layer of graphite conductive adhesive was then 
applied over the exposed area and any excess adhesive was carefully 
removed with a spatula to achieve a uniform layer of the paint. After the 
tape was removed, the carbon felt was positioned on top of the adhesive- 
coated graphite plate. To ensure proper contact and slight pressure be
tween the layers, a Schott bottle cap was placed on top.

Micro-CT imaging was used to gain insight into the structure and 
porosity of carbon felt electrodes. Before scanning, the graphite plate 
with carbon felt attached was glued to a cylindrical glass rod. Once the 
scan was complete, the sample was removed from the glass rod and 
returned to the Petri dish where it was stored. The images were acquired 
with a TESCAN CoreTOM Micro CT (TESCAN GROUP, Czech Republic) 
with X-rays at 80 kV. The voxel size used was 25 µm. Image analysis of 
the micro-CT scans and determination of electrode porosities were 
performed in Dragonfly (version 2022.2.0.1409).

2.2. Miniaturised reactor design

Several design considerations had to be made whilst developing the 
miniaturised DFBR, as it had to represent the larger serpentine DFBR 
proposed by Cabau-Peinado et al. [9]. In addition, the reactor design had 
to be adaptable to enable other experiments (e.g. imaging) in the future. 
Key design features that had to be translated to a miniaturised scale 
included: (1) dimensions of the serpentine DFBR channel, (2) direct flow 
through the 3D/fibrous electrode, (3) graphite plate current collector 
connected to the carbon felt electrode with graphite adhesive, (4) the 
reference electrode. To mimic the dimensions of the serpentine DFBR 
channel, a section of the flow pattern was taken that had a height of 0.5 
mm and a width of 5.429 mm. These were translated into similar di
mensions (height 0.5 mm and width 5 mm) on the miniaturised reactor 
(Fig. 1). By also translating the recirculation rate from the larger reactor 
to the smaller-scale system, it was expected to achieve similar fluid 
dynamics (see Section 2.3). The miniaturised reactor’s bubble column 
was also resized to be more compatible with smaller volumes while still 
allowing gas to bubble through, being able to accommodate a total of 30 
mL of liquid.

To connect the carbon felt and graphite plate to the potentiostat, a 

different method was used than in the serpentine DFBR, where a square 
graphite plate was glued to the serpentine carbon felt with graphite 
adhesive. In this work, a titanium (Ti) rod was screwed into the graphite 
plate to ensure a good connection between all the different parts and to 
minimise the number of parts to be stacked.

Just like the serpentine DFBR, the reference electrode was placed in 
the catholyte flow directly after the electrode chamber. To prevent gas 
accumulation around the reference electrode, which can distort the 
probe’s signal, the reference electrode was placed in a dome-shaped 
chamber to ensure efficient removal of gas bubbles.

2.3. MES reactor setup

Four bioelectrochemical reactors were assembled and operated 
abiotically (R1, R2, R3, R4). Each reactor consisted of a cathode and 
anode compartment, with a cation exchange membrane (CEM) (CMI- 
7000 s, Membrane International Inc.) and an NBR O-ring (50.52 mm x 
1.78 mm) separating the two. A schematic of the reactor setup can be 
found in Fig. 2. Exact reactor dimensions are provided in S1. All reactor 
parts were 3D-printed using a biocompatible resin (BioMed Clear Resin 
V1, Formlabs) and the Form 3B printer (Formlabs). The total volume of 
the carbon felt cathode in the reactor was 1 cm3, with a projected surface 
area of 2 cm2. A Ti plate coated with Pt/IrO2 (Magneto Special Anodes, 
Schiedam, The Netherlands) was used as anode material.

To sparge a mixture of CO2 and N2 into the catholyte, a bubble col
umn was installed in the recirculation loop, which was also 3D-printed. 
To regulate the pH of the catholyte to 5.4, a pH controller (AQUIS touch 
S, Jumo) connected to a pH probe (QP108X, ProSense, The Netherlands) 
placed in the catholyte recirculation circuit was used. The total volume 
of the catholyte in the setup (cathode chamber, bubble column and all 
tubing in the recirculation loop) was 15 mL. To keep the reactors away 
from light, thereby avoiding phototrophic growth, and to maintain the 
temperature at 30 ◦C, the reactors were placed inside a cabinet. A figure 
of the complete setup can be found in S2.

2.4. MES reactor operation

The catholyte medium used in this work consisted out of the 
following components: 0.6 g L-1 NH4Cl, 0.045 g L-1 CaCl2⋅2H2O, 0.12 g L- 

1 MgCl2⋅6H2O, 8.1 g L-1 KH2PO4, 0.9 g L-1 Na2HPO4, 4.5 g L-1 2- 

Fig. 1. Schematic representation of the cathode chamber of both the serpentine directed-flow-through bioelectrochemical reactor (DFBR) and the miniaturised 
DFBR, along with the corresponding sizes.
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bromoethanesulfonic acid (BES) as methanogenic activity inhibitor and 
3 mL L-1 of a trace elements solution [9]. The trace elements solution 
contained 1.5 g L-1 FeCl3⋅6H2O, 0.15 g L-1 H3BO3, 0.03 g L-1 

CuSO4⋅5H2O, 0.18 g L-1 KI, 0.12 g L-1 MnCl2⋅4H2O, 0.06 g L-1 

Na2MoO4⋅2H2O, 0.12 g L-1 ZnSO4⋅7H2O, 0.15 g L-1 CoCl2⋅6H2O, 0.023 g 
L-1 NiCl2⋅6H2O, and 10 g L-1 EDTA [9]. The anolyte medium was iden
tical to the catholyte medium, excluding the methanogenic activity in
hibitor and trace element solution. To facilitate proton diffusion over the 
CEM, the pH of the anolyte was decreased to 2 with phosphoric acid.

The reactors were operated in continuous mode with a hydraulic 
retention time (HRT) of 4 days and an anolyte and catholyte recircula
tion rate of 2.10 L h− 1. The cathodic bubble column was continuously 
sparged with 50:50 CO2:N2 at a rate of 0.05 L min− 1 to provide the 
catholyte with dissolved CO2. The reactors were connected to a multi- 
channel potentiostat (BioLogic, France) in a three-electrode configura
tion to perform abiotic electrochemical tests and to control the reactors 
after inoculation. A 3 M Ag/AgCl reference electrode (QM710X, ProS
ense, The Netherlands) was installed in all reactors.

2.5. Abiotic electrochemical tests

Table 1 provides an overview of the electrochemical tests performed 
on the MES reactors prior to inoculation, along with the corresponding 
applications of the data obtained. The complete dataset used for data 
analysis can be found in the Data Availability section.

The electrochemically active surface area (ECSA) was determined 
using the method described by Morales et al. [33]. The allometric fitting 
proposed to determine the double layer capacitance (Cdl) involved 
fitting the data to a power-law function (Cdl = a ⋅ Vb), using Python 
(version 3.10.13) and ‘scipy.optimize.curve_fit’. To calculate the ECSA, 
a specific capacitance (Cs) of 0.02 mF cm− 2 was used [34–37]. The onset 
potential for hydrogen evolution was identified using ‘KneeLocator’ 
from the ‘kneed’ package. The complete scripts, along with additional 
preprocessing steps and parameters, are documented in Data Avail
ability section.

Additional abiotic electrochemical tests were performed on three 
different electrode configurations: 1) the graphite current collector, 2) a 
configuration with no graphite adhesive between the current collector 
and the carbon felt electrode, and 3) an undersized carbon felt electrode 
(4 mm x 5 mm x 40 mm) glued to the current collector using the method 
described in this work. Each of these setups was tested in triplicate, 
meaning three separate electrodes were evaluated for each experiment. 
All electrodes were tested in an identical additional setup, which oper
ated in the same manner as the four bioelectrochemical reactors 
described earlier.

2.6. Inoculation and biotic operations

Prior to inoculation, the potential of the MES reactors was set (CA) at 
− 0.9 V vs. SHE. Each reactor was inoculated with ± 9.36 mg L-1 of 

Fig. 2. Diagram of the complete reactor cell consisting of a 3D carbon felt biocathode with a graphite current collector on the cathode side and a free-flowing 
electrolyte with a Pt/IrO2 coated 2D titanium electrode on the anode side. The two chambers are separated by an NBR O-ring and a cation exchange membrane.

Table 1 
Abiotic electrochemical tests performed on four microbial electrosynthesis reactors with the relevant settings and measurement purpose.

Electrochemical Technique Settings Purpose of Measurement

CA (chronoamperometry) • − 0.9 V vs. SHE
• 20 min

Polarisation of the electrode

CV (cyclic voltammetry) • 0 to − 1.2 V vs. SHE
• 20 mV s− 1

• 5 cycles

Cleaning of the electrode surface

CV (multiple scan rates) • 0 to − 0.4 V vs. SHE
• 1, 20, 40, 60, 80 and 100 mV s− 1

• 5 cycles

Determination of the electrochemically active surface area (ECSA)

CV • 0 to − 1.2 V vs. SHE
• 1 mV s− 1

• 5 cycles

Electrode kinetics

Polarisation curve • 0 V vs. SHE to − 1.2 V vs. SHE (all potential steps and durations provided in S3) Electrode kinetics
CA • − 0.9 V vs. SHE

• 24 h
System stability check
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biomass consisting out of a mixed microbial culture, originating from 
previously operational MES reactors which produced acetate, n-buty
rate, and n-caproate from CO2 [9,38].

2.7. Analytical methods

To monitor biofilm growth and product formation, 1.5 mL of liquid 
samples were collected from each reactor twice a week. The optical 
density (OD) of unfiltered samples was measured at 600 nm using a 
UV–VIS spectrophotometer (UV-1800 series, Shimadzu, Japan) to ac
count for planktonic cells. To determine biomass-specific growth rates, 
biomass concentrations and biomass-specific productivity as described 
by Winkelhorst et al. [38], the total nitrogen (TN) content of a centri
fuged sample (20 min, 13300 rpm) was determined using a TOC ana
lyser coupled with a TN unit (TOC-L Series Total Organic Carbon 
Analysers, Shimadzu, Japan). The oven temperature of the TOC-L with 
TN module was maintained at 720 ◦C.

The concentration of C2-C6 carboxylic acids and alcohols was 
determined with a gas chromatograph (Thermofisher, USA), employed 
with a Stabil-waxTM column (25 m long and 0.2 µm internal diameter). 
The column temperature was held at 50 ◦C for 7 min, increased to 180 ◦C 
over 8 min and kept at this temperature for 9 min. The presence of 
methane was tested by sporadically sampling gas from the bubble col
umn of the cathode loop and injecting the sample into a CompactGC4.0 
(Global Analyser Solutions, The Netherlands). The GC was equipped 
with a TCD detector with He as carrier gas and a column temperature of 
70 ◦C. Helium was used as the carrier gas at a flow rate of 1 mL min− 1 

and the ionization detector was kept at 250 ◦C. Production rates were 
calculated following the method of Winkelhorst et al. [38].

2.8. Statistical methods

Kernel scatterplot smoothing, using the Nadaraya-Watson method, 
was applied to the porosity profiles from micro-CT images to visualise 
and assess variability within the electrodes [39]. The Nadaraya-Watson 
method is commonly used to smooth scattered data while preserving 
local patterns in the data. The method estimates a smooth curve by 
averaging nearby data points, weighted by a kernel function, based on 
their distance to the target point. Kernel density smoothing was per
formed in Python using ‘KernelSmoother’ from ‘skfda.preprocessing. 
smoothing’. To find the optimal bandwidth, which controls the 
smoothness of the curve, ‘SmoothingParameterSearch’ from ‘kfda.pre
processing.smoothing.validation’ was used [39]. The residuals, defined 
as the distances between the dataset and the kernel smoothed data, were 
calculated. The variability in porosity for each electrode was quantified 
as the root-mean-square difference (RMSDporosity) between the observed 
porosity values and the kernel-smoothed values. This metric provides a 
measure of the typical deviation, expressed in the same unit as the 
porosity (%). The full script, including additional parameters and pre
processing steps, is provided in the Data Availability section.

For each reactor, the final backward scan of the 1 mV/s CV and 
polarisation curve was fitted to the Gompertz function using the ‘scipy. 
optimize.curve_fit’ function in Python. By modelling each backward 
scan of a CV and polarisation curve with a specific mathematical 
equation, a metric can be defined to quantify the degree of similarity 
between the curves, allowing their comparison and alignment. To 
quantify the similarity in electrochemical behaviour between reactors, 
the dynamic time warping (DTW) distance was calculated for each pair 
of reactors using ‘dtw.distance’ from the ‘dtaidistance’ library. DTW is 
an algorithm for measuring the similarity between two sequences that 
may vary in speed or time. It identifies the optimal temporal alignment, 
which is a correspondence between the time indices of the two se
quences, by stretching and compressing the distance measure to mini
mise the Euclidean distance and find the best match. The resulting DTW 
distance matrix was normalised to create a similarity matrix, with values 
ranging from 0 (no similarity) to 1 (perfect similarity). The full scripts, 

including all parameters and preprocessing steps, are documented in the 
Data Availability section.

3. Results and discussion

Replicability of a miniaturised DBFR was evaluated by comparing 
electrochemical characteristics, biofilm growth and production spec
trum between four different reactors. A combination of micro-CT im
aging, conventional electrochemical techniques and statistical analysis 
was used to characterise the abiotic behaviour of the reactors and 
elucidate which electrode parts play a crucial role in the performance of 
carbon-based electrodes. The abiotic electrochemical data was then used 
to provide more insight into the factors driving biofilm growth and the 
production spectrum, particularly focusing on the production of C2, C4, 
and C6 carboxylic acids in this novel miniaturised system.

3.1. Significant variability in porosity of carbon felt electrodes

Fig. 3 showcases an example of the 3D images of the analysed carbon 
felt electrodes, alongside their corresponding porosity. From the six 
analysed electrodes, a mean bulk porosity of 58.8 % could be deter
mined, with the maximum and minimum porosity having a 16.0 % 
difference in porosity. On the other hand, the bulk porosity does not 
provide any insight into the variability of porosity within a single 
electrode. Understanding the spatial distribution and variability of 
porosity within electrodes is essential for comprehending the potential 
variability in subsequent data, as it could originate from the electrode 
material itself. A summary of several statistics can be found in Table 2.

The root mean square difference between the actual porosity data 
and the kernel smoothened data (RMSDporosity) provides a measure for 
local variability and fluctuation in the data. For highly variable and 
noisy data, the kernel smoother will have to average out these fluctua
tions, potentially resulting in larger distances. In the case of no vari
ability, where the kernel smoothed data would perfectly fit the original 
data, RMSDporosity would be 0. However, in practice, a RMSDporosity of 0 is 
unlikely, as variability and noise are almost always present in obtained 
data. Not only does the data visually demonstrate the variability of 
porosity throughout the electrode (Fig. 3 and S4), the analysis also 
revealed significant variability in porosity values across all electrodes. 
These findings suggest heterogeneous porosity distributions and vari
ances within each electrode, which may impact their performance and 
reliability when employed within electrochemical cells. Carbon felt 
electrodes, which derive their porous nature from the bonding of diverse 
lengths of carbon filaments, possess a considerable internal surface area 
that enhances electrochemical reactors. However, the data suggests that 
this structural variability could affect the reliability and replicability of 
the data obtained from the cell, potentially leading to inconsistencies in 
electrochemical measurements. The degree of variability within single 
electrodes appears to be reasonably consistent between electrodes, with 
the largest and smallest RMSDporosity having a difference of 33.2 %. This 
suggests that despite the difference in average porosities and porosity 
profiles, the overall variability in porosity remains relatively stable be
tween samples. It is evident that, although local porosity distributions 
within carbon felt electrodes may vary, the overall porous properties 
seem to be somewhat controlled.

3.2. Electrode characteristics influence electrochemical performance

Of the four assembled MES reactors, CVs and polarisation curves 
were recorded. For each reactor, the last CV backward scan and polar
isation curve with the corresponding Gompertz fit can be found in Fig. 4. 
With an R2 of > 0.99 for each Gompertz fit, it is clear that this function is 
a satisfactory model to describe the data, indicating excellent agreement 
between the observed data and the fitted curves.

Using the DTW algorithm, the degree of similarity in electrochemical 
behaviour can be quantified by generating a similarity matrix. This 
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similarity matrix was generated for both the last CV backward scans and 
the polarisation curves (Fig. 5). The matrices with the actual DTW dis
tance between reactors can be found in S5.

The similarity scores in the matrices show minimal differences be
tween the two electrochemical techniques and similar trends, high
lighting the reliability of the method. For both techniques, reactor 2 is 
the most dissimilar, exhibiting the lowest similarity scores with the three 
other reactors. This is further supported by the CV and polarisation 

curve data, with reactor 2 showing a later onset potential for hydrogen 
evolution (Table 3) and achieving a higher current density at a final 
potential of − 1.4 V vs. SHE.

Relating this difference to electrode porosity, the average porosity of 
the electrode in reactor 2 (62.5 %) is comparable to that of the electrode 
in reactor 1 (62.3 %), suggesting that average porosity alone may not 
fully capture the complexities related to an electrode’s electrochemical 
performance. The structuring of the fibrous carbon filaments determines 
the flow pattern and mass transport phenomena within the porous 
electrode, thereby increasing some areas’ exposure to the catholyte 
while blocking others due to pressure effects. These pressure effects are 
known to influence the electrical resistivity observed in carbon felt 
electrodes in various fields of application [40–44]. In addition, carbon 
felt electrodes are known to exhibit complex mass transport, leading to 
non-uniform kinetics within the electrode. Specifically for CV, electrode 
porosity and surface roughness lead to complex diffusion domains that 
alter measured CVs [45–48]. This suggests that not only porosity, but 
also the resulting intrinsic structure of the electrode influences the 
electrochemical behaviour of the reactor. However, the ECSA values 
(Table 3) show little variation among the reactors, except for reactor 4, 
indicating that other factors beyond ECSA contribute to the differences 
in behaviour. The CVs to determine the ECSA of R4 were carried out on 

Fig. 3. 3D rendering of Electrode 1 (40 mm total height, porosity 57.97 %), generated from micro-CT data. Black areas represent the carbon fibres, while blue 
indicates the void spaces through which catholyte can potentially flow. The porosity profile across the electrode is also provided, with slice 0 to 1600 representing the 
40 mm length of the electrode. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2 
Summary of minimum, maximum, mean, and variability in porosity for different 
electrodes. The variability in porosity is quantified through RMSDporosity (%), 
which represents the root-mean-square difference between the actual porosity 
values and the smoothed values across all data points.

Min. Φ (%) Max. Φ (%) Mean Φ (%) RMSDporosity (%)

Electrode 1 57.97 74.39 66.56 0.200
Electrode 2 (R1) 52.05 71.95 62.29 0.143
Electrode 3 (R2) 56.12 69.41 62.45 0.166
Electrode 4 43.68 59.92 52.09 0.175
Electrode 5 (R3) 40.72 63.21 50.47 0.199
Electrode 6 (R4) 52.57 67.77 59.15 0.173

Fig. 4. Gompertz fit for the last backwards scan of a cyclic voltammogram (CV) (A-D) and polarisation curve (E-H) for reactor 1 (A, E), 2 (B, F), 3 (C, G) and 4 (D, H). 
For all fits, R2 > 0.99.
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the exact day the electrode was inserted into the reactor, while the 
electrodes in the other reactors had already been tested on for a week. 
This would suggest that the ECSA deteriorates over time. However, 
based on the data presented, such a claim is unfounded, as more data 
(over time) would be required. These findings indicate that factors 
beyond electrode structure and ECSA may contribute to the observed 
differences in electrochemical performance, which are further explored 
in the subsequent section.

3.3. Graphite conductive adhesive and electrode size are a main source of 
electrochemical variability

To test the validity of the methods used in this work to assemble the 
graphite plate and the carbon felt electrode and to investigate potential 
sources of variability, additional abiotic experiments were performed 
with either 1) only the current collector, 2) no graphite glue between the 
current collector and the carbon felt electrode, and 3) an undersized 
carbon felt electrode (which was glued to the current collector using the 
established method). These three conditions were selected to isolate and 

evaluate the specific effects of the current collector, the presence of 
graphite glue, and electrode size on the electrochemical performance, 
focusing on variables most likely to influence the system. Other con
figurations, such as increased electrode thickness or a thicker adhesive 
layer, were not tested due to pressure-related issues observed in pre
liminary trials. Each of the additional experiments was performed in 
triplicate to check replicability. The main outcomes of the additional 
experiments can be found in Table 4, and the data sets (CVs and po
larization curves) can be found in S6.

In the experiments with the graphite plate only, the onset potential 
for hydrogen evolution is close to that reported for the electrodes used in 
this work (Table 3) as well as for the other carbon felt electrodes (NG1-3 
and SE1-3). Activation overpotentials arise from the non-ideality of 
electrodes to catalyse an electrode reaction and represent the over
potential to initiate electron transfer. This suggests that the slow kinetics 
observed at the electrodes could be caused by a similarly limiting elec
tron transfer step. Since the graphite plate is the simplest cathode setup 
in this case, it is probably the limiting factor in electron transfer. For the 
polarisation curve, the electrodes of the operational reactors show more 

Fig. 5. Similarity matrices generated from DTW (dynamic time warping) distances between reactors using cyclic voltammetry (CV) (A) and polarisation curves (B).

Table 3 
Onset potentials for H2 evolution (V vs. SHE) determined by cyclic voltammograms (CVs) and polarisation curves for the four operated abiotic microbial electro
synthesis reactors, along with the electrochemically active surface area (ECSA).

Reactor No. Onset Potential H2 Evolution CV (V vs. SHE) Onset Potential H2 Evolution Polarisation Curve (V vs. SHE) ECSA (cm2)

1 − 1.047 − 0.950 320.78
2 − 1.151 − 0.877 349.18
3 − 1.092 − 0.955 378.03
4 − 1.018 − 0.877 627.80

Table 4 
Key performance indicators for the additional abiotic experiments, including the onset potential for H2 evolution from cyclic voltammetry (CV) and polarisation 
curves, the maximum current density and the electrochemically active surface area (ECSA). GP: only graphite plate, NG: no glue between current collector and carbon 
felt electrode (1 cm3 volume), SE: smaller carbon felt electrode of 4 mm wide (0.8 cm3 total volume).

Reactor No. Onset Potential H2 Evolution CV (V vs. SHE) Onset Potential H2 Evolution Polarisation Curve (V vs. SHE) Maximum current at − 1.4 V vs SHE (mA) ECSA (cm2)

GP-1 − 1.046 − 1.003 − 7.357 98.95
GP-2 − 1.061 − 1.003 − 9.990 94.10
GP-3 − 1.045 − 0.952 − 8.685 85.23
NG-1 − 1.116 − 0.952 − 21.986 801.73
NG-2 − 1.151 − 1.003 − 5.672 522.05
NG-3 − 1.151 − 1.003 − 9.565 817.83
SE-1 − 1.112 − 0.878 − 419.103 536.97
SE-2 − 1.091 − 0.953 − 137.672 281.26
SE-3 − 1.167 − 1.053 − 17.379 556.77
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favourable and consistent onset potentials than GP1-3. This could be due 
to the addition of graphite adhesive to improve the connection between 
the graphite plate and the carbon felt electrode. Graphite adhesive is 
known to improve conductivity by filling gaps between surfaces and 
improving contact, thereby reducing electrical resistance [49].

When it comes to the maximum achievable current at − 1.4 V vs. 
SHE, the graphite plate only setup (GP1-3) delivers the most replicable 
results. Since the graphite plate is a 2D electrode without surface 
modification and a total surface area of 2 cm2, it was expected that 
similar results would be achieved between the different setups. The 
ECSAs for all graphite plate electrodes are also similar, but larger than 
the 2 cm2 surface area available to the catholyte. Graphite is a non- 
porous material in its natural state unless surface modifications have 
been made to introduce pores. However, even without surface modifi
cation, graphite electrodes can have a larger ECSA than their geometric 
surface due to surface roughness, edge defects, and the presence of 
reactive sites, thereby enhancing their electrochemical activity [50].

Once the carbon felt electrode is placed next to the graphite plate, the 
maximum achievable current becomes less predictable, with values 
ranging from − 5.672 mA cm− 3 to − 21.986 mA cm− 3 for the carbon felt 
attached without graphite adhesive (NG1-3), and from − 21.724 mA 
cm− 3 to − 523.879 mA cm− 3 for the smaller 4 mm wide carbon felt 
electrodes (SE1-3). The ECSAs of the electrodes also vary more, with 
values generally higher than those used in the operational reactors. The 
reason for the higher variability in maximum current and ECSA values is 
unclear, but carbon adhesive could play a significant role. Graphite 
adhesive and other carbon-based paints are used to improve contact 
between conductive materials and reduce gaps that would otherwise 
interfere with electron flow. In addition to this, carbon paints reduce 
contact resistance [49]. These properties are particularly beneficial for 
forming a consistent conductive layer on all materials, especially when 
the amount of conductive adhesive used is better controlled. For the 
thinner electrodes, where graphite adhesive is used between the 
graphite current collector and the carbon felt, measurements could be 
less consistent due to less compression of the felt. In the operational 
reactors, the carbon felt is gently compressed, maximising contact be
tween the felt, conductive adhesive and current collector. This consis
tent contact reduces the variability in current distribution and stabilises 
electron transfer between the different components. The thinner elec
trodes could have irregular contact points, which could lead to fluctu
ations in conductivity. Although the graphite adhesive and compressed 
carbon felt electrode result in more consistent measurements, it leads to 
significantly lower ECSA values than those reported for NG1-3 and SE1- 
3. This is likely due to the graphite adhesive filling gaps in the carbon felt 
near the current collector surface and additional space closing through 

felt compression, reducing the surface area.
The addition of graphite adhesive in the operational reactors 

improved the conductivity and consistency of the electrodes, leading to 
more favourable onset potentials and reduced electrical resistance. 
However, the use of thinner electrodes with graphite adhesive resulted 
in less predictable maximum achievable currents and higher variability 
in ECSA values. This suggests that optimal compression and contact 
between the carbon felt, adhesive, and current collector play a crucial 
role in the performance of carbon-based electrodes.

3.4. Miniaturised MES supports biofilm formation and production of nC2- 
nC6 carboxylates

After abiotic electrochemical characterisation, the four assembled 
miniaturised DFBR reactors were inoculated with an anaerobic mixed 
microbial culture. The composition of this mixed microbial culture can 
be found in S7. The cathode potential remained constant at − 0.9 V vs. 
SHE throughout operation (105 days). The reactors were operated in 
continuous mode, which included continuous nutrient replenishment 
with a hydraulic retention time of 4 days, supplemented by continuous 
sparging of CO2. Even though 4 reactors were inoculated in total, due to 
practical issues during inoculation only two bioreactors were operated 
(reactor 2 and reactor 3).

In order to follow biofilm formation, time-dependent biomass-spe
cific growth rates (μ) were determined experimentally for both reactors 
(Fig. 6A) using a method proposed by Winkelhorst et al. [38]. Using 
biofilm development per electrode volume over time and the maximum 
biofilm density as described in Cabau-Peinado et al. (~12 mmol cm- 

3
electrode), the percentage of colonised electrode could be monitored 

(Fig. 6B) [9]. Immediately after inoculation, up to about 50 days, both 
reactors show higher growth rates between 0.02 d-1 and 0.12 d-1. From 
day 50 onwards, the growth rate appears to gradually decrease, reaching 
growth rates closer to 0.01 d-1. Similar trends in biofilm growth rates 
were reported for both the unoptimised flow MES reactors and the 
serpentine DFBR [9,38]. In fact, Cabau-Peinado et al. reported that up to 
225 days were required to achieve full colonisation of the electrode, 
even at lower current densities (~7.8  mA cm− 3), suggesting that slow 
biofilm formation is not solely linked to the electrochemical environ
ment [9]. After 106 days of operation, a biofilm concentration of 8.74 
mmol cm-3

electrode and 11.45 mmol cm-3
electrode was determined for reactor 

2 and 3. Considering the maximum biofilm density of 12 mmol cm- 

3
electrode, reactor 2 achieved 72.8 % electrode coverage by biofilm, while 

reactor 3 reached 95.4 %. Not only is there a clear difference between 
the reactors, but it also appears that the time required to achieve com
plete biofilm coverage of the electrodes will be shorter than the time 

Fig. 6. (A) Biomass specific growth rates, determined with the nitrogen balancing method [37], for reactor 2 (blue circles) and reactor 3 (red triangles), (B) biofilm 
concentration measured over time for reactor 2 (blue circles) and reactor 3 (red triangles). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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reported for the state-of-the-art (225 days) [9]. This comparison sup
ports the idea that factors beyond local current density, such as micro
bial attachment kinetics, mass transport limitations, or inoculum- 
specific characteristics, are likely to play a key role in biofilm develop
ment in flow-through MES systems.

The current density (Fig. 7), organics concentration (Fig. 8), pro
duction rates of products (Table 5 and S8) and faradaic efficiency (FE) 
(S9) were monitored for the inoculated reactors. Prior to inoculation, the 
current densities of both reactor 2 and 3 were similar, being around 
− 2.10 mA cm− 3 and − 1.70 mA cm− 3. After inoculation, the current 
density changed drastically over time, with reactor 2 and 3 reaching 
maximum currents around − 90 mA cm− 3 and − 40 mA cm− 3. This in
crease in current following inoculation, well beyond the measured 
currents before inoculation, is consistent with biologically driven elec
tron uptake and biofilm formation (Fig. 6). The current becoming more 
negative is a common trend after inoculation in MES, as microbes use the 
electrons provided by the electrode to support their metabolism. How
ever, why the cathodic current increased to such high values remains 
uncertain, although it could be related to the interaction of R2′s higher 
porosity and the less negative onset potential, which facilitates electron 
flow. After a pH crash (where the pH dropped below 2) on day 67, the 
current from reactor 2 became more positive and started fluctuating 
between − 20 mA cm− 3 and − 40 mA cm− 3, making it more comparable 
to the current observed for reactor 3. These current densities are 
somewhat comparable to the current densities observed in the state-of- 
the-art serpentine DFBR, which reached currents between − 40 mA cm− 3 

and − 60 mA cm− 3 at its peak [9].

Looking back at the abiotic electrochemistry of R2 and R3, some 
trends that could explain the difference in biofilm growth can be found. 
Firstly, from Fig. 7 it can be seen that R2 has a higher maximum current 
density (> − 70 mA cm− 3) compared to R3 (~ − 25 mA cm− 3) after 
inoculation. R2 also has a less negative onset potential (− 0.877 V vs 
SHE) compared to R3 (− 0.955 V vs SHE). Higher current suggests 
greater electron flow, which could limit biomass growth due to 
increased localised energy dissipation or increased hydrogen genera
tion. The higher porosity of R2 (62.45 %) could allow for better diffusion 
of gases and nutrients, potentially favouring electrochemical activity 
over biomass growth. Conversely, lower porosity in R3 (50.47 %) might 
restrict electrochemical performance but create a more favourable 
microenvironment for biomass accumulation. These results suggest that 
R2′s conditions (higher current, less negative onset potential and higher 
porosity) favour electrochemical performance, possibly at the expense 
of biomass growth. In contrast, R3′s lower current, more negative onset 
potential and lower porosity create conditions more conducive to 
biomass attachment and growth.

As observed in previously operated MES reactors, the operated re
actors exhibited a lag phase of 25–30 days before measurable concen
trations of soluble organics were produced (Fig. 8) [9,26,38]. For both 
reactors, the initial product detected was acetate (C2). In the case of 
reactor 3, it even took up to 64 days before the acetate concentration 
increased significantly. Several hypotheses that deserve further in
vestigations could explain why MES reactors consistently take around 
30 days to start up, including microbial recovery after storage at low 
temperatures, adaptation to the new environment, community 

Fig. 7. Current density (normalised to electrode volume) over the 105 days of microbial electrosynthesis operation for reactor 2 (A) and reactor 3 (B).

Fig. 8. Concentration (g L-1) of acetate (blue circles), butyrate (red triangles) and caproate (green squares) over the 105 days of operation for reactor 2 (A) and 
reactor 3 (B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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dynamics, and medium limitations. Assuming that acetogenic species 
utilise the Wood-Ljungdahl pathway (WLP) for acetate production, it is 
known that several metalloenzymes are involved in the WLP that use 
selenium (Se) and tungsten (W) as co-factors, which have been shown to 
improve the activity of this pathway [51–53]. These metals were not 
added to the catholyte medium and therefore could limit microbial 
metabolism.

In reactor 2, shortly after the detection of acetate, butyrate (C4) was 
produced, which occurred about four days later. In reactor 3 the pro
duction of butyrate took longer after the detection of acetate, almost 35 
days. In previous studies, an apparent C2 threshold concentration of 
2–4  g L− 1 needed to be reached before nC4 production started [12]. 
However, the concentration at which C4 production significantly 
increased in this work was closer to 1 g L− 1, which relates more to the 
values reported in Cabau-Peinado et al. [9]. For both reactors, it took 
15–20 days after the first detection of butyrate to observe the production 
of caproate (C6). Reactor 2 experienced a pH crash on day 67, where the 
pH dropped to below 2, resulting in a decline in concentration of all 
carboxylic acids. However, production of organics resumed not long 
after the crash, showing the robustness of the system and the biofilm. 
The maximum concentrations of C2-C6 reached, including maximum 
production rates, are provided in Table 5. The observed trends of 
organic acid concentration are similar to those reported for the 
serpentine DFBR, however, earlier chain elongation and higher organics 
concentrations are observed in the first 105 days of the miniaturised 
DFBR. Additionally, even though the abiotic electrochemistry is 
considerably different between the two reactors, maximum product 
concentrations and production rates are comparable between the two 
reactors, suggesting that the mixed microbial culture can adapt to 
different electrochemical environments while maintaining metabolic 
functionality and activity.

In the approximately 30 days during which only biofilm growth was 
observed, and no organics were produced in either reactor, the FE for 
growth remained below 5 % (S9), which is considerably lower than the 
FEs observed in the serpentine DFBR. Even after accounting for the 
production of organics once they were detected, less than 10 % of the 
electrons supplied to the system could be dedicated to either biomass or 
product formation. This means that the miniaturised system has a higher 
dissipation of energy, as a lower FE corresponds to reduced energy ef
ficiency. A low FE could have several reasons. For example, more H2 
production does not necessarily correspond to higher VFAs concentra
tions and may result in low FE due to insufficient H2 utilisation by the 
biofilm. The system could also be generating unintended by-products, 
such as methane. Not only did the inoculum contain methanogenic 
species (see S7), methane concentrations of up to almost 300 ppm were 
detected in the headspace of the reactors, even though sodium- 
bromoethanesulfonate (BrES) was added to the system. Some metha
nogens can adapt to BrES, suggesting that administration of BrES could 
increase the growth and persistence of BrES-resistant methanogens [54]. 
Another study observed that addition of BrES does not guarantee the 
suppression of methanogenic species, as sulphate reducing bacteria have 
been demonstrated to be able to consume BrES [55,56]. Better control 
over the undesirable reactions occurring in an MES system is therefore 

considered crucial to achieve higher FEs.

4. Conclusions

This study introduced a novel miniaturised reactor design intended 
to be representative of the larger, state-of-the-art serpentine DFBR. 
Micro-CT imaging data and abiotic electrochemical tests showed that 
the electrode commonly used in MES, carbon felt, leads to high vari
ability in electrochemical performance. Kernel density regression and 
DTW have been introduced as reliable measures to draw conclusions 
about the similarity of performance between reactors. Further abiotic 
experiments show that the connection between current collector and 
electrode is important to obtain more consistent data, with the absence 
of graphite adhesive and a thinner electrode leading to greater differ
ences between replicates. Variations in abiotic electrochemical condi
tions, such as current density, onset potential, and porosity, appear to 
influence biofilm growth and electrochemical performance. Neverthe
less, the system achieves comparable product concentrations and pro
duction rates, indicating a balance between electrochemical activity and 
microbial adaptation to distinct microenvironments. Furthermore, 
based on biomass-specific growth rates, biofilm coverage, and organic 
acid (acetate, butyrate and caproate) production, the miniaturised DFBR 
has shown to be a good representative of the serpentine DFBR.

The presented adaptable reactor design and proposed statistical 
methods establish a new benchmark for future MES research, equipping 
researchers with tools to gain deeper insights into MES fundamentals. 
Nonetheless, further research is necessary to accelerate biofilm growth, 
improve electrode coverage, and achieve maximum productivity more 
efficiently in the miniaturised DFBR. This could involve exploring 
different electrode materials or surface modifications to enhance biofilm 
attachment, optimising operational conditions such as temperature, pH, 
and medium composition, or investigating microbial community dy
namics to promote more efficient bioelectrochemical processes. Addi
tionally, integration of real-time monitoring and data analytics could 
help identify key factors limiting performance and enable more targeted 
improvements. By representing larger, scalable state-of-the-art MES re
actors, the presented miniaturised reactor provides a robust platform for 
such investigations, enabling faster and more detailed experimentation 
under controlled conditions, while requiring less resources.

5. Glossary

Microbial electrosynthesis (MES): An electricity-driven process 
where microorganisms derive electrons from the cathode and reduce 
carbon waste, such as CO2, into valuable chemicals.

Biofilm: One or more layers of microorganisms that adhere to each 
other and often to a solid surface (e.g., an electrode).

Cyclic voltammetry (CV): A widely used electrochemical technique 
in which the current response of an electrode is measured as its potential 
is cycled linearly between two set values.

Chronoamperometry (CA): An electrochemical technique in which 
the current is measured over time in response to a sudden and sustained 
potential step applied to the electrode.

Polarisation curve: A current–potential curve, particularly those 
obtained under steady-state conditions, that provides insights into the 
performance of an electrochemical system.

Electrochemical active surface area (ECSA): The total surface area 
of an electrode that is actively involved in electrochemical reactions.

Current density: The amount of electric current passing through a 
unit area (or volume) of a material, such as an electrode, membrane, or 
reactor.

Faradaic efficiency: The selectivity of a (bio)electrochemical pro
cess, defined as the quantity (in moles) of the collected product relative 
to the theoretical amount producible from the total charge passed, 
expressed as a fraction or percentage.

Table 5 
Maximum concentration of organics (acetate, butyrate and caproate) and 
maximum production rates (normalised to total catholyte volume) reached over 
the 105 days of operation for reactor 2 and reactor 3.

Reactor Compound Maximum Concentration 
(g L-1)

Maximum Production Rate 
(g L-1 d-1)

R2 Acetate (C2) 4.55 1.35
​ Butyrate (C4) 0.74 0.24
​ Caproate (C6) 0.20 0.06
R3 Acetate (C2) 3.32 1.19
​ Butyrate (C4) 0.96 0.14
​ Caproate (C6) 0.44 0.13
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