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A B S T R A C T

Bioelectrochemical systems (BES) represent a promising technology for the production of energy, energy carriers, 
and chemicals; however, their implementation in industrial applications faces significant challenges related to 
scalability. In this study, we introduce a novel, scalable, single-chamber BES in which the working electrode is 
realised as a packed bed of electrically conductive equal-sized spheres made from a graphite-polymer composite. 
The reactor has a total volume of 3.56 L and a packed bed volume of 1.66 L with an electrode surface area of 1.06 
m². A model microbial electrolysis / electro-fermentation of lactate to acetate was catalysed by the exoelec
trogenic bacterium Shewanella oneidensis, achieving a maximum current density of 430 mA m-2 at an anode 
potential of 300 mV relative to the standard hydrogen electrode.

1. Introduction

Anaerobic fermentation, i.e. fermentation in the absence of oxygen, 
is a frequently utilised and desired application in biotechnology due to 
cost efficiency [1]. BES systems enable oxidation reactions under anoxic 
circumstances by transferring emerging electrons from the reaction to 
the surface of an anode [2].

Therefore, the aim of all BES designs is to provide an extensive 
electrode surface for the attachment and biofilm formation of electro
active microorganisms. The BES should allow controlling biofilm 
thickness to mitigate mass transport limitations due to mostly diffusive 
transport of substrates into or products out of the film and to enable 
sufficiently high electron transfer rates between the electrode surface 
and microorganisms in the biofilm. These transfer rates are determined 
by the electron transport characteristics of the respective organism and 
are, among others, influenced by the spatial distance between the 
microorganism in the biofilm and the anode surface. The latter should 
exhibit no toxicity for microorganisms and hence good biocompatibility, 

and stand out with high conductivity to keep ohmic losses to a 
minimum.

BES have been designed as either dual-chamber or single-chamber 
systems. One critical design element of dual chamber systems is the 
proton exchange membrane (PEM), which is prone to fouling and intern 
resistance issues and therefore difficult to scale-up, as well to leaking 
polyfluoralkyl substances (PFAS) into the environment [3,4]. Also, in 
white biotechnology using biocatalyst monocultures, moist heat steri
lisation is a reliable sterilisation method but not suitable for most 
membranes.

Single-chamber systems address these scale-up issues, on the other 
hand, by not using a PEM in the first place, but allowing unwanted 
crossover between anode and cathode reaction species, which occurs by 
placing the anode and cathode in the same chamber [5].

In the past, several concepts were developed for the scale-up of single 
chamber BES. Rader & Logan and Cusick et al., for example, both used 
graphite fibre brushes for their reactor design [6,7]. A drawback is the 
inherent difficulty to determine the active surface and hydrodynamic 
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conditions inside the graphite fibre brushes, furthermore, clogging can 
become an issue [8].

Rotating disc reactors as scaled-up BES (RDBER, rotating disc bio
electrochemical reactor) were designed by Hackbarth et al. [9] and used 
in several studies [10–12]. Shylaja Prakash et al. who investigated the 
100-L version of this reactor describe mass transfer limitations due to 
small spatial distance between the co-rotating electrodes as a main 
parameter to be optimised [12].

A third concept are biofilters (packed bed reactors), which are known 
for their easy scalability and their application as plug flow systems for 
efficient substrate usage and maximum product generation [13]. Thus, 
biofilters are frequently used in wastewater treatment [14]. Their hy
drodynamics are widely understood, and tools for scale-up are available, 
at least for use of spheres of equal size [15,16]. Consequently, packed 
bed reactors were examined for their capability as scalable BES systems. 
Quejigo et al. investigated packed bed reactors with graphite granules of 
1 to 5 mm in diameter, with a focus on understanding the distribution of 
electrical potential in the bulk material. They stated that with only one 
connecting rod-like electrode submerged in the packed bed, the bed’s 
polarisation was insufficient, at only 10 % [17]. Aligning with that, 
Jiang & Li reported that increasing the amount of submerged connecting 
electrodes enhances the performance. They also specified that in order 
to save power, the distance of the cathode to the packed bed should not 
exceed 2 cm [18]. Wu et al. combined the dual chamber approach with 
stacked packed bed filters in flat and rectangular cells with promising 
results, but reported potential problems with clogging effects and 
varying flow conditions between the cells [19].

Based on the advantages of the biofilter as BES design, in this work, 
this concept was used to construct a new type of single-chamber BES 
with polymer-graphite spheres. To address the drawbacks described 
above, and to make maximum use of the high working electrode surface, 
pressure was applied to the packed bed by polarized graphite plates 
below and above the bed to increase connection of the bed as well as to 
enhance contact conductivity between the granules. Six steel rods were 
submerged into the packed bed as counter electrodes (cathodes) to keep 
the spatial distance between working and counter electrode at a mini
mum. Scalability of the packed bed was further enhanced by using 
spherical particles of equal size to facilitate the formation of a homo
geneous bed and flow profile. Potential clogging can be controlled by 
fluidization of the packed bed. This work provides a proof of concept, 
using the example of lactate to acetate conversion by S. oneidensis as a 
model process for the production of a dissolved, hypothetically value- 
added chemical. S. oneidensis is a Gram-negative, facultative anaer
obic, chemo-organo-heterotrophic bacterium that can utilise a vast 
amount of different naturally occurring electron acceptors for its respi
ratory metabolism such as nitrate and thiosulfate or elemental sulfur, 
manganese oxides and iron oxides as well as electrodes [20,21]. It is 
known that under anoxic conditions and in monoculture, S. oneidensis 
only forms very thin biofilms of a few cell layers, which are significantly 
thinner than those of “good” biofilm formers such as G. sulfurreducens or 
mixed cultures of both [22]. The reason for this seems to be S. oneidensis` 
incapability to produce electrically conductive nanowires [23]. How
ever, the great potential of using S. oneidensis lies in its genetic tracta
bility allowing for enhancing the substrate or product spectrum or 
increasing performance [24]. This opens up the possibility to produce, e. 
g. higher-value chemicals via specifically designed metabolic pathways 
[25], as done, for example, by Sun et al. with the conversion of glycerol 
to acetoin [26]. The reactor is specifically designed for the use in white 
biotechnology and cultivation of pure cultures as biocatalysts with 
voltage being provided by a potentiostat. As the fermentation requires 
anaerobic conditions, the reactor is run as microbial electrolysis cell 
(MEC) which results in the production of hydrogen as a byproduct.

2. Material and methods

2.1. Reactor design

The core part of this prototype is a packed bed reactor with a bottom- 
up flow, as shown in Fig. 1a-d. The reactor has a height of 363 mm and a 
volume of 3.56 L, while the periphery (gas trap and tubings) has a 
volume of 0.2 L. The reactor was realised as a hollow cylinder made of 
borosilicate glass (Fig. 1a, No. 1.7), with an inner diameter of 140 mm 
and a height of 186 mm. The cylinder is filled with a bed of electrically 
conductive spheres with a diameter of 5.5 to 6 mm (Fig. 1c, No. 3.1), 
which serves as the working electrode. The bed had a volume of 1.66 L 
with a void fraction of approximately 40 %. The spheres consist of a 
graphite-polypropylene mixture (Whitecell Eisenhuth GmbH & Co. KG, 
Osterode, Germany) with more than 80 % graphite to ensure conduc
tivity and can be considered biologically inert and non-toxic. They have 
a density of 1.8 g mL-1 and a mean roughness of 3 µm by being blasted 
with walnut shell particles to roughen the surface and thus facilitate the 
adhesion of bacteria. Laser Scanning Microscopy investigations showed 
that surface area was enhanced by approximately 10 % (not shown). The 
crushing force of one sphere is 63 ± 15 N. The packed bed was poised at 
a positive potential relative to the standard hydrogen electrode (SHE) to 
operate as an anode. The bacteria are cultivated as biofilms on the 
spheres and convert the substrate provided in the liquid phase streaming 
through the packed bed from bottom to top. Substrate is fed from the 
feed reservoir (Fig. 1d, No. 4.10), and product-rich liquid leaves the 
reactor through the siphon and can be collected product reservoir (No. 
4.11). Since the electrical resistance across contact surfaces decreases 
with increasing normal force to the contact surface [27], the packed bed 
is slightly compressed by two perforated circular graphite plates below 
and above with 50 N, which also determine the axial expansion of the 
bed (Fig. 1a, Nos. 1.4 and 1.9). With 84 holes of 7 mm diameter, the area 
of the perforations is about one-fifth of the cylinder cross-section. The 
perforations allow the liquid phase to pass through. Six additional holes 
of 20 mm diameter in both plates provide openings for the counter 
electrode bundles. Feed spacers, known from membrane technology, are 
clamped between anodes and their support structure to prevent granules 
from exiting the bed (No. 1.10). The lower graphite plate is connected to 
a potentiostat (Fig. 1d, No. 4.3) via a titanium screw (Fig. 1a, No. 1.6). 
The upper graphite plate connected to a titanium rod of 20 mm diameter 
serves as a stamp (No. 1.14), if force is applied longitudinal to the ti
tanium rod. Ohmic resistance between connection points below the bed 
(1.6) and above it (Upper end of the titanium rod, 1.14), was approxi
mately 10 Ohm. As the rod protrudes from the top cover, the entry point 
is sealed by sliding through a lip seal ring (No. 1.20). With the lip seal 
ring serving as a slide bearing, the stamp can be used to adjust the height 
of the upper graphite plate and, with applied force, the pressure on the 
bed. If a titanium screw is used for the connection (1.13), the bed can be 
polarised using the stamp. As an alternative, this connection can be done 
with a plastic screw to isolate the anode from the titanium rod. The 
combined surfaces of the packed bed, calculated from mean diameter 
and packed bed void ratio, and the graphite anodes accessible to the 
liquid phase amount to 1.06 m². Six steel (V4A) rod bundles, each 
composed of 9 rods of 20 cm length and 1.5 mm diameter (Fig. 1a, No. 
1.8) with a bundle diameter of roughly 16 mm, are embedded in the 
anodic bulk material as counter-electrodes (cathodes in this application) 
which are shielded from the surrounding bed by perforated hollow 
cylinders (No. 1.12) made of polypropylene (PP). The steel rod bundles 
are screwed on a steel plate (1.16), which is connected to the poten
tiostat via a little latch (1.17). Upper and lower ends of the glass cylinder 
are each guided via a flange construction (bottom: Nos. 1.3 and 1.5, top: 
1.15), which is held together by screws embedded into the flanges (3.2), 
into a conical lid construction (bottom: 1.2, top: 1.19). The inlet and 
outlet (bottom: 1.1, top: 1.21) of both covers are made of stainless steel 
and connected to the periphery. The lower lid and the flange construc
tion are made of PP, while the upper cover, including the outlet, is made 
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Fig. 1. a: Exploded view drawing (left) and longitudinal section (right) of the CAD model of the bioelectrochemical packed-bed reactor /biofilter. Inlet of the fluid 
(1.1), inlet chamber (1.2), lower flange components (1.3 and 1.5), lower perforated graphite plate (1.4), titanium screw and titanium contact cylinder (1.6), bo
rosilicate glass cylinder (1.7), steel rods as counter electrodes (1.8), upper perforated graphite plate (1.9), feed spacer (membrane technology) (1.10), insulating plate 
(1.11), perforated hollow cylinder for isolation (1.12), titanium screw (connection) or plastic screw (isolation) (1.13), titanium rod (1.14), upper flange (1.15), steel 
plate for counter electrode attachment (1.16) with connection to the potentiostat (1.17), plastic ring to separate steel cover and steel plate (1.18), steel cover (19), lip 
seal ring (1.20) and top outlet (1.21). b: Photograph of the reactor with mounting. Gas trap with inlet (2.1), circulation outlet (2.2), siphon outlet (2.3), gas outlet 
(2.4), liquid sampling spot (2.5), and electrical heating pad (2.6). 
c: Photograph of the packed bed of conductive spheres (3.1), upper perforated graphite plate (1.9). 
d: Flow scheme of reactor and periphery. Reference electrode (4.1), pH electrode (4.2), potentiostat (4.3), sterile filter (4.4), gas flow meter (4.5), gas bag with 
nitrogen for volume compensation (4.6), peristaltic feed pump (4.7), peristaltic fluidisation pump (4.8), gear pump for circulation (4.9), feed bottle (4.10), and 
product collection bottle (4.11). Colour schemes show the possible operating modes. red: continuous mode, green: batch mode with recirculation, red plus green: 
continuous mode plus recirculation, blue: fluidisation mode.
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of V4 steel. The steel cover is isolated from the steel plate (1.16) by a 
plastic ring (1.18). An insulating plate (1.11) separates the graphite 
plate (1.9) and the titanium rod. O-rings were installed as seals between 
components in contact with the environment. Because the packed bed 
length is too short for application of Delgado’s approach for calculating 
axial dispersion in packed beds, the longitudinal Peclet number was 
estimated to be 0.53 based on results of the work of Hennico et al. [28].

The reactor is autoclavable, which makes white biotechnology ap
plications accessible. The design decisions to improve or enable the 
packed bed reactor concept for easier scalability are the following: The 
distance between cathode and anode is independent from the packed 
bed height, which makes longer beds more accessible. Applying pressure 
on the packed bed enables better polarisation of the granules by 
lowering contact resistance between the granules.

2.2. Reactor periphery

A gas trap is installed close to the outlet of the reactor chamber with a 
liquid inlet (Fig. 1b, No. 2.1), two liquid outlets, one for recirculation 
(2.2) and the other designed as a siphon (2.3), which leads to a product 
collecting tank (4.11), a gas outlet (2.4), connected to a gas meter for 
volumetric flow measurement (Fig. 1d, No. 4.5; MilliGascounter MGC-1 
V3. 4 PMMA, (RITTER Apparatebau GmbH & Co. KG, Bochum, Ger
many), and a liquid sampling point (2.5). Temperature control was 
carried out with a heating pad (2.6, HEWID Heizelemente GmbH, Berlin, 
Germany). For pH control, a pH electrode (Memosens CPS11E, Endress 
+ Hauser, Reinach BL, Schweiz) (Fig. 1d, No. 4.1) and transmitter 
(Liquiline CM14, Endress + Hauser) were used. Voltage control was 
realised using an Ag/AgCl reference electrode (Xylem, SE23I, Xylem 
Analytics Germany Sales, Weilheim, Germany) (4.2) and a potentiostat 
(Interface 5000P, Gamry Instruments Inc., Warminster, USA) (4.3). Gas 
bags (4.6; RITTER Apparatebau GmbH & Co. KG, Bochum, Germany) 
with upstream sterile air filters (4.4) were used for pressure equal
isation. A peristaltic pump (4.7; IPC, Ismatec, Cole-Parmer, Wertheim, 
Germany) (4.7) was used to feed the reactor with fresh medium from the 
feed reservoir (4.10), while a magnetic gear pump (4.9; magnetic gear 
pump PAT Niemzik, Haan, Germany) was used to recirculate the liquid 
phase. The valves and pumps are arranged in such a way that three 
different operating modes can be realised, as demonstrated in Fig. 1d: 1. 
continuous mode without recirculation, in which the substrate passes 
through the packed bed exactly once (red route), 2. batch mode with 
recirculation (green route), and 3. combination of both (red and green 
route combined). For the latter, the overflow velocity is decoupled from 
hydraulic retention time. However, in this work, results are obtained 
from operation mode 2 (green route) only. A peristaltic pump (M6–12 L 
Peristaltic Pump, Drifton, Hvidovre, Denmark) with high volumetric 
flow rates (4.8) is provided to fluidise the bulk material, if necessary 
(blue route). Therefore, the upper graphite plate has to be lifted to 
provide space for the expanding bed. Fluidisation aims to abrade biofilm 
from the spheres, as an excessively growing biofilm will lead to clogging 
of the biofilter and cause inhomogeneous flow of the liquid phase 
through the pore space. Pipes belonging to the blue and red routes be
tween the final valve in front of the reactor inlet and the first valve 
behind the reactor outlet as well as the siphon were realised with an 
outer diameter of 12 mm (inner diameter: 10 mm), the rest of the pe
riphery was realised with a diameter of 8 mm (inner diameter 6 mm) (1 
d). The entire reactor can be drained via a three-way valve port (4.12).

2.3. Cultivation medium

All chemicals were purchased from the companies Carl Roth 
(Karlsruhe, Germany), Sigma-Aldrich (Germany), VWR International 
(Belgium) and Merck (Germany). The medium recipe was based on the 
M4 recipe of the Caroline Ajo-Franklin Research Group [29] and serves 
as a minimal medium for S. oneidensis (see supplementary information). 
The following changes were made: In this study, no lactate solution, but 

a 90 % (w/w) lactic acid solution was used as carbon source, which 
forms di-lactides at these high concentrations. To convert this di-lactide 
back into lactic acid and prevent di-lactide occurrence in the medium, 
the solution was diluted to 140 mmol L-1 and autoclaved. After that it 
was diluted to the final concentration of 70 mmol L-1 of lactate according 
to the recipe. The combined mass of yeast extract and tryptone was 
replaced by the same amount of casein hydrolysate. The Good-Buffer 
MOPS was used for pH-stabilisation at a concentration of 22.88 g L-1, 
which equals 70 mmol L-1 deprotonated MOPS at a pH of 7.4. After 
autoclaving, sterile filtered kanamycin was added to a final concentra
tion of 50 µg mL-1. Sterile filtered arabinose was supplemented to a 
concentration of 100 µmol L-1 to induce pBAD-promoter expression. 
Sodium hydrogen carbonate was not used, as the completed medium 
was stripped with nitrogen gas before the filling process.

2.4. Inoculum preparation

A genetically modified strain of S. oneidensis with overexpression of 
the speC-gene and deletion of λ prophage genes was used as described by 
Juergensen [11]. LB medium mixed with kanamycin (50 mg L-1) was 
used to aerobically cultivate the bacteria on agar plates at 30 ◦C for 30 h. 
After transfer of a single colony into an Erlenmeyer flask filled to 20 % 
with LB-medium containing kanamycin (50 mg L-1), growth in an 
incubator (30 ◦C, 40 rpm) continued for another 20 h up to an OD600 of 
1. A single washing step was conducted by separating the bacteria from 
the LB medium using a centrifuge (3600 rcf, 10 min) and resuspending 
the pellet in washing medium. The latter equals the cultivation medium 
described in 2.2, but without organic substrate. Inoculation of the 
autoclaved reactor was done with 50 mL of inoculum of an approximate 
OD600 of ~30. This corresponds to approximately 0.78 g dry biomass, 
equivalent to 0.39 g cellular protein, estimated from optical densi
ty–biomass correlations reported for S. oneidensis cultivated in shake 
flasks [30]. Exact biomass amount was not determined.

2.5. Liquid and gas sampling

Liquid and gas samples were taken every one to two days. Liquid 
sampling was carried out with a sterile syringe and cannula through an 
opening fitted with a septum at the gas trap, which is located directly 
above the inlet (Fig. 1b, No. 2.5). OD600, organic acids (Lactate, acetate, 
propionate and butyrate), TOC and DOC were measured. For the Total 
Organic Carbon (TOC), the unfiltered liquid sample was measured using 
a Shimadzu TOC-LCPH analyser (Shimadzu Deutschland GMBH, Duis
burg, Germany), while the dissolved organic carbon (DOC; Shimadzu 
TOC-LCPH analyser) and the acids were determined after filtration of 
the sample (Polytetrafluorethylen, pore size 0.45 µm). A Metrohm 881 
Compact Pro Ion Exchange Chromatograph (Metrohm Deutschland 
GmbH & Co. KG, Filderstadt, Germany) with a Metrosep Organic Acids 
250/7.8 column was used to determine the acid concentrations. Acid 
monitoring covered lactate and acetate as main expected constituents as 
well as formate, propionate, butyrate, isobutyrate, valerate, and iso
valerate as possible indicators of contamination.

For gas sampling, a gas bag with a capacity of 100 mL was connected 
to the gas trap behind the sterile filter. The composition of the gas was 
determined using gas chromatography. A 490 Micro GC (Agilent Tech
nologies, Waldbronn, Germany) was used with the carrier gases argon 
and helium and the two stationary phases in “PoraPLOT U” and “CP- 
Molsieve 5 Å” Plot J&W GC columns (Agilent Technologies, Germany). 
Standard pressure and a temperature of 60 ◦C were applied. The volu
metric flow of the exiting gas was recorded by a MilliGascounter® 
(RITTER Apparatebau GmbH & Co. KG, Bochum, Germany). Gas 
monitoring included hydrogen, carbon dioxide, oxygen, nitrogen, and 
methane.
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2.6. Potentiostat applications

Voltage control and electrical current measurement were carried out 
using an Interface 5000P (Gamry Instruments Inc., Warminster, USA) 
with a chronoamperometric setting. The packed bed served as the 
working electrode and anode and was poised at 0 mV relative to the SHE 
in the beginning. This state persisted until the negative current, caused 
by the release of electrons from the packed bed for the reduction of 
residual oxygen in the liquid phase, stopped. After inoculation, the 
anode potential was adjusted to 300 mV vs SHE for the rest of the 
experiment. The quantity of electrons transferred to the anodic packed 
bed was deduced by integrating the measured current over time.

2.7. Procedure of the experiments

This paper presents the performance of the reactor prototype in two 
experiments conducted as repeated fed-batch processes. After steri
lisation of the reactor units using an autoclave (Systec GmbH, VE-95, 
Linden, Germany), the units were assembled in a sterile bench and/or 
under a flame. A volume of 2.9 L of the sterile cultivation medium was 
transferred into the reactor and abiotically exposed to an anodic packed 
bed potential of 0 mV vs SHE for several hours. The inoculum was added 
to the system to reach a target OD600 of approximately 0.6. The potential 
of the anode was then increased to 300 mV vs SHE to facilitate the 
transfer of electrons obtained through oxidation reactions catalysed by 
the bacteria, while the cultivation medium was recirculated at a relative 
velocity between liquid and spheres of the packed bed of 0.05 up to 0.3 
mm s-1. This filter velocity or interstitial velocity is calculated from the 
volumetric flow rate V̇ divided by the reactor cross-section of the packed 
bed A that was reduced to the void fraction ε as in Eq. (1). 

uF =
V̇

A⋅ε (1) 

Changes in the filter velocity were carried out to check possible mass 
transport limitations between the bulk phase and the biofilm. The ex
periments were carried out as repeated fed batch operations: After the 
current density finally regressed from an observed maximum current, a 
part of the medium was exchanged or substrate (only carbon source) was 
spiked. The application of these different feeding methods was done to 
evaluate their impact on current production. Exchange of the bulk phase 
results in the dilution of the product, the renewal of nutrients as well as 
the removal of planktonic biomass, whereas spiking mainly leads to 
further accumulation of the product. This was immediately followed by 
a 30-minute mixing process via the circulation pump at a relative ve
locity between liquid and packed bed of 1 mm s-1. The new batch was 
considered to begin when the previously set overflow speed was 
restored.

At the beginning of all biotic experiments, current density increased 
rapidly within a few minutes after the inoculation step. Abiotic control 
experiments (without inoculation) showed (relatively) unchanging 
current density in the range of − 0.28 to 0.02 mA m-2 for several hours. 
Monitoring of S. oneidensis’ cell attachment was done by measuring the 
optical density of the liquid samples. Table 1 lists the operation pa
rameters of the batches.

3. Results and discussion

3.1. Reactor functionality validation

The functionality of the reactor was tested in the anodic cultivation 
of S. oneidensis, performing anaerobic oxidation of lactate to acetate 
during the course of two experiments, which were run as fed-batches. In 
Experiment 1, medium was replaced with fresh medium, while in 
Experiment 2, medium was spiked with lactic acid. During this con
version, the following net reactions take place at the electrodes:

Anode: 

C3H6O3 + H2O →C2H4O2 + CO2 + 4 H+ + 4 e− (2) 

Cathode: 

4 H+ + 4 e− → 2 H2 (3) 

Lactate is oxidised to acetate at the anode with the release of carbon 
dioxide, protons and electrons as shown in Eq. (2). The electrons are 
transferred from the anode surface to the cathode, where the protons, 
which reached the cathode via transport through the liquid phase, get 
reduced to hydrogen as shown in Eq. (3). The amount of electrons from 
the turnover, measured as current, is divided by the anode surface and is 
hence presented in the further text as current density J. Hydrogen and 
carbon dioxide were the sole components in the gas samples, apart from 
occasional nitrogen occurrences after medium exchange, which were 
attributable to prior anaerobisation. For balancing carbonate species, 
molar flow of CO2 was subtracted from the amount of CO2 which was 
stoichiometrically expected from the measured lactate conversion to 
acetate. The remaining amount was considered to be dissolved CO2 in 
the liquid phase. The CO2 content in the exhaust gas and concentration 
of this dissolved CO2 matched the expectation according to Henry’s law. 
Direct measurement of carbonate species concentration in the liquid 
phase was not performed.

The pH value in experiment E1 ranged between 7.4 and 6.8, 
decreasing steadily in each fed-batch after each increase caused by the 
exchange of media. This can be explained by the production and 
dissolution of CO2 in combination with an insufficient buffer capacity of 
the solution. An excessive pH reduction was compensated by adding 
NaOH with a concentration of 5 mmol L-1 (20 mL each) at hours 113 and 
260.

The planktonic cell density, measured as OD600 decreased continu
ously until the first liquid exchanges in both experiments, which might 
be ascribed to cell attachment, simple sedimentation and/or lysis, which 
are not compensated by planktonic cell growth (absolute values of 
OD600 are shown in Supplementary Information, Fig. 1). Since the onset 
of current production started right after inoculation, at least a part of 
this loss will be due to cell attachment to the anodic packed bed. The 
general suitability of the material for bacterial attachment was proven in 
precursor experiments with flat anodes of the same material and surface 
treatment, cultivated in vertically arranged flow cells with the same 
S. oneidensis strain. Surface monitoring with confocal laser scanning 
microscopy (CLSM), after 1 week cultivation time and a maximum 

Table 1 
Operation parameters for each of the batches.

Batch time range 
h

Filter 
velocity 
mm s-1

initial 
pH

pH 
range

substrate 
addition

Experiment 1 
Batch 1 E11

0–160 0.05 7.4 7.4 to 
6.8

initial

Experiment 1 
Batch 2 E12

160–280 0.22/0.05 7.2 7.4 to 
7

exchange

Experiment 1 
Batch 3 E13

280–373 0.06 7.4 7.4 to 
7.1

exchange

Experiment 1 
Batch 4 E14

373–466.8 0.06/0.12 7.2 7.3 to 
7

exchange

Experiment 1 all 
batches E1total

0–466.8 - ​ ​ -

Experiment 2 
Batch 1 E21

0–111.65 0.15 7.4 7.4 to 
6.9

initial

Experiment 2 
Batch 2 E22

111.7–163 0.30 7.15 7.2 to 
7.0

spike

Experiment 2 
Batch 3 E23

163–167 0.30 7.0 - spike

Experiment 2 
Batch 4 E24

169–301.2 0.30 7.4 7.4 to 
6.9

exchange

Experiment 2 all 
batches E2total

0–301.2 - ​ ​ ​
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current density of 60 mA m-2 reached, indeed revealed cell attachment, 
but surface coverage was low and a maximum of only 1–2 layers of 
bacteria were detected (data not shown). However, attachment was not 
evaluated by image analysis in this study, as picking particles from 
evenly distributed regions in the packed bed is prone to oxygen access 
and aerobic growth during the collection time. Quejigo et al. built a 
reactor especially for this purpose by implementing special sampling 

ports [17].
As described in chapter 2.7, in the course of experiment E1, old 

medium was replaced with fresh medium three times over the course of 
20 days. Results are shown in Fig. 2a, where the measured parameters 
current density J, quantity V̇ and quality of the gas produced, and the 
concentrations c of lactate and acetate are plotted against time.

As can be seen, lactate concentration was 70 mmol L-1 at the 

Fig. 2. Cultivation courses of experiments E1 (a) and E2 (b) performed with an anode potential of 300 mV versus SHE and at a temperature of 30 ◦C. Plotted values 
comprise the achieved current densities J, the volumetric flow rates of the exiting gases V̇, the percentages of hydrogen in the exiting gases (the remaining portion is 
carbon dioxide), the concentrations c of lactate and acetate, the filter velocities through the bulk anode material, and the pH values. The legend for both figures is 
shown in Fig. (b). Black arrows denote the times at which medium exchange took place (in (a): 159.3 h: 3000 mL, 280 h: 1680 mL, 375.4 h: 1750 mL; in (b): 167.0 h: 
2830 mL,169.3 h: 1700 mL), white arrows denote the times at which spikings with lactic acid were performed (in (b): 111.7 h and 163.0 h; here, 15 g lactic acid 
equals 51.7 mmol L-1).
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beginning of experiment E1 and was reduced to 8.6 mmol L-1 over the 
course of batch 1 until hour 133In parallel, the acetate concentration 
rose from 0 mmol L-1 to 56.2 mmol L-1 at hour 133, confirming the 
incomplete turnover of lactate. This phenomenon of incomplete lactate 
turnover was observed throughout both experiments and might be 
attributed to an inhibitory effect of the high acetate concentration on 
lactate turnover, which will be discussed in more detail later. As shown 
in Fig. 2a, in the beginning of experiment E1 the steep increase of cur
rent density started at the same time, when the major part of lactate 
degradation took off respectively the acetate concentration rose, thus 
current development and acids changes correlated according to Eq. (2). 
Since sampling of the liquid phase was not as frequent as the electrical 
current measurement, the current density is the decisive indicator for 
the metabolic situation of the microorganisms as it is. It can be stated 
that after inoculation at time 0, a lag phase, where no turnover happens, 
did not occur, yet a little delay in the curve ascent can be seen for the 
first hours. The current density rose to the local maximum of 365 mA m-2 

until hour 69 (peak 1), declined afterwards and then started to fall 
sharply from 301 mA m-2 at hour 120 to a local minimum of 26 mA m-2 

at hour 147, where it remained relatively constant during the following 
13 h of cultivation.

At the point of stagnation (hour 159), a part of the medium was 
replaced in order to replenish the substrate supply. The used medium 
was exchanged by turning off the recirculation pump and continuously 
adding fresh medium. Thus, the reactor liquid was exiting the reactor 
through the siphon. The volumetric flow rate of the added fresh medium 
corresponded to roughly four times the previous flow rate of the recir
culation pump, and filter velocity was kept at this value of 0.22 mm s-1 

for almost two days. As denoted in Fig. 2, the exchanged volume was 3 
litres, added at hour 161, which is theoretically sufficient to completely 
replace the entire liquid phase of the reactor of 2.9 litres. This should 
result in a medium exchange of 90 percent (using Danckwerts calcula
tion, details in supplementary information). However, due to dead zones 
in the entrance of the reactor the replacement of old medium was 
incomplete, so the lactate and acetate concentrations in the reactor after 
medium exchange did not reach the concentrations of the expected 
replacement of 63 mmol L-1 and 6 mmol L-1, respectively. Instead, the 
lactate concentration was increased (from 7) to 47.2 mmol L-1, whereas 
the acetate concentration was decreased (from 56.2) to 18.3 mmol L-1, 
which corresponds to an exchange rate of 66 % for the liquid phase (for 
equation see supplemented information). With the start of the second 
batch (hour 161), the filter velocity was changed to 0.22 mm s-1 and 
back to 0.05 mm s-1 43 h later. As no lasting changes in current density 
were observed, it is assumed that mass transfer limitations between bulk 
phase and biofilm can be considered negligible.

Medium exchange resulted in a rapid increase in current density to 
213 mA m-2 within 10 h and a local maximum of approx. 261 mA m-2 34 
h after exchange. Compared to the first local maximum (peak 1), the 
second one (peak 2) is smaller, due to a lower substrate starting con
centration and higher product concentrations throughout the second 
batch. High concentrations of acetate result in an inhibitory effect, 
which is explained in detail in chapter 3.2 [31]. At the end of batch 2 at 
hour 280, lactate concentration was 7.6 mmol L-1 and, thus, was close to 
the final concentration of batch 1 (7 mmol L-1). Acetate concentration 
reached 63.2 mmol L-1, and current density was at a minimum of 41 mA 
m-2. For batches three and four, 45 % of the old medium was exchanged 
with new medium. Like before, medium exchange led to an analogous 
behaviour of lactate degradation and acetate production with corre
lating current densities.

Experiment E2 (Fig. 2b) differs from experiment E1 in that the liquid 
medium between batch 1 and 2, as well as 2 and 3, was not exchanged 
with fresh medium after substrate degradation but instead was spiked 
with pre-treated lactic acid (initially 90 %-ww). The pH value ranged 
between 7.4 and 6.9. Results of this repeated fed-batch experiment are 
shown in Fig. 2b, where the current density J, quantity V̇ and quality of 
the product gas flow, the concentrations c of lactic and acetic acid, the 

filter velocity, the pH value and the hydrogen content in the gas phase 
are plotted against time.

As in experiment E1, the initial lactate concentration was 70 mmol L- 

1, which was degraded to 10 mmol L-1 until hour 112 while the acetate 
concentration increased from 0 mmol L-1 to 58.5 mmol L-1. Current 
production correlated with the lactate degradation and acetate pro
duction, respectively. Again, a lag phase could not be seen, and current 
density peaked at 392 mA m-2, followed by a decline to 129 mA m-2 at 
hour 111. At this point, as 10 mmol L-1 lactate residual concentration 
was considered nearly depleted, 15 g of concentrated lactic acid was 
diluted to a volume of 22 mL liquid and set to pH 7.4 before being added 
via sterile filtration; thus, the initial lactate concentration of batch 2 was 
61.7 mmol L-1. As the liquid phase was only spiked, the acetate con
centration was not reduced before the start of batch 2. However, within 
batch 2, lactate was depleted to 12.8 mmol L-1 at hour 162, while acetate 
and current were produced. Another spike with lactic acid was per
formed at hour 163 with the same concentration increase, Δc of 51.7 
mmol L-1; however, this did not have the same effect on the current 
density in batch 3 as the first spike in batch 2, but came to a halt (peak 
not visible in Fig. 2 due to temporal resolution) halfway to the expected 
peak. As it was suspected that the high concentration of acetate might 
inhibit the metabolism of S. oneidensis, part of the liquid phase was then 
replaced with fresh medium at hours 167 and 169.3, respectively, which 
led to an acetate concentration drop (96.0 mmol L-1 to 32.6 mmol L-1) 
while the concentration of lactate stayed nearly the same (64.5 mmol L-1 

to 57.1 mmol L-1). As a result of this exchange, current density began to 
rise again (Fig. 3a and b: arrows to red and blue striped squares) and 
peaked at 394 mA m-2 at hour 182. Comparing these two peaks, both, 
state of the bacteria on the packed bed (peaks are only a few hours apart) 
and prevailing lactate concentrations are similar, while acetate con
centrations differ by a factor of 3. It is thus concluded, that inhibition by 
acetate was responsible for the hampered increase of current density 
before medium exchange. At hour 207, the batch ends in terms of 
evaluable data, since interventions carried out on the reactor beyond 
this time point make further calculations very complex (and will not be 
discussed in detail here).

3.2. Inhibitory effect of acetate

The inhibitory effect of higher concentrations of acetate on 
S. oneidensis is described by Tang et al., where it is reported that con
centrations of 30 mmol L-1 already showed a significant effect on the 
performance [31]. It is visualised in Fig. 3: For each of the single 
repeated batches of experiments E1 and E2, local maxima (peaks) and 
subsequent minima of current density exist. No such minimum exists for 
batch 3 of E2, as the lack of the anticipated high current density led to 
the decision of an immediate replacement of the medium which resulted 
in a subsequent maximum (see Fig. 3a). In Fig. 3b, these values are 
plotted against the concentrations of lactate that prevailed at these time 
spots (black squares) (for data point information see supplementary 
information).

Lactate concentrations never fell below 6.5 mmol L-1. To be able to 
mathematically describe this offset in Fig. 3b, we applied an exponent to 
the concentration, similar to the Hill equation (Eq. (4)), which originates 
from protein ligand complex building phenomena. It was chosen over 
other kinetic approaches, like e.g. an adapted Michaelis-Menten 
approach, solely for mathematically reasons. It defines the relation
ship between reaction rate v and substrate (originally ligand) concen
tration c, with a constant maximum reaction rate vmax, an exponent n 
and a half saturation constant KA. 

v =
vmax⋅cn

KA
n + cn (4) 

Applied to the experiment, the parameters would translate to current 
density J, maximum current density Jmax, and lactate concentration 
clactate, accordingly (Eq. (5)). The half-saturation constant KA denotes the 

M. Miehle et al.                                                                                                                                                                                                                                 Results in Engineering 31 (2026) 111572 

7 



concentration clactate at which the current density J reaches half of its 
maximum value Jmax. The current densities shown at specific time points 
also include those resulting from hydrogen shuttling (which is explained 
in chapter 3.3). The impact of the latter is unknown, as it could only be 
observed as a sum effect over the length of the experiments. 

J =
Jmax⋅clactate

n

KA
n + clactaten (5) 

As discussed before, the acetate concentration has an inhibitory ef
fect on lactate turnover and thus, current density. Therefore, the Hill 
approach of Eq. (5) was extended by two inhibition terms in Eq. (6). For 
the observed mitigation of turnover, either competitive or uncompeti
tive inhibition by acetate seems plausible. Tang et al. state that, among 
other things, the permeation of acetate through the membrane could 
cause a change in the intracellular pH value of 7.5 and hence, uncom
petitively inhibit the formation of enzyme-substrate complexes. 

Additionally, they discuss the possibility that a conversion of acetate to 
acetyl-CoA might also directly compete for CoA groups with lactate by 
occupying them, hence limiting the lactate conversion rate [31]. Eq. (6)
takes both options into account by considering competitive and un
competitive inhibition. 

J =
Jmax⋅clactate

n

KA
n
(

1 + cacetate
Ki

)

+ clactate
n

(

1 + cacetate
Kii

) (6) 

Using this equation and the actual lactate and acetate concentrations 
prevailing at the corresponding local maxima and minima defined in 
Fig. 3a, the best possible approximation for the actually measured cur
rent densities (black squares) was sought. The parameters Jmax, KA, and 
the exponent n were set to 480 mA m-2, 15.7 mmol L-1, and 2.735, 
respectively. The value of KA is close to the Michaelis constant of 14.5 

Fig. 3. a: Designations of local current maxima and minima (asterisks) of experiments E1 and E2 used in (b). b: Local maxima and subsequent minima of current 
densities of experiments E1 and E2 plotted against the associated lactate concentration (black squares). Local minima of the current, which were found shortly before 
changing medium or adding lactate, are displayed on the left side, whereas the maximum current densities (peaks) are displayed on the right (shadowed areas). The 
Hill fit for E1 and E2 (black line) is calculated based on the actual data points (black squares) of E1 and E2, omitting only the maxima of the first peaks of E1 and E2 as 
shown in (a). The dotted black line shows a plotted Hill equation (according to Eq. (6)) for a hypothetical acetate concentration of zero (thus, assuming no inhibition). 
The white squares represent the calculated local maxima and minima derived from this Hill plot (Eq. (6)) using the actual prevailing acetate concentrations, and thus 
considering product inhibition. Finally, the dashed green line shows the Hill fit based on the calculated maxima and minima (white squares) which were calculated 
using Eq. (6). The red- and blue-striped squares (belonging to the “calculated data points, Hill Eq. (6)″ and connected with the corresponding peaks in Fig. 3a via 
black arrows) represent the current densities before (red-striped square) and after medium exchange (blue-striped square), where lactate levels remain similar, 
whereas acetate concentration was strongly reduced.
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mmol L-1, as found by Renslow et al. for S. oneidensis and its anaerobic 
lactate to acetate metabolism using fumarate as terminal electron 
acceptor [32]. The competitive inhibition dissociation constant Ki was 
set to 600 mmol L-1, whereas the uncompetitive inhibition dissociation 
constant Kii was set to 200 mmol L-1, thus, assuming a higher impact of 
uncompetitive inhibition. The resulting values of this calculation are 
depicted as white squares in Fig. 3b To complete the picture, an addi
tional Hill curve is depicted as dotted black line. It is based on the exact 
same Eq. (6) and parameters, except that the acetate concentration is 
assumed to be 0 mmol L-1, thus showing the hypothetical current density 
as it would appear without inhibition. Finally, the applicability of Eq. (6)
is confirmed by the congruence of the Hill fits of the measured data 
points (black squares; fit: black line) and the calculated data points 
(white squares; fit: dashed green line) depicted in Fig. 3b They do not 
include the data of the initial batches (peaks “1″ of E1 and E2), as those 
differed from the subsequent batches due to incomplete establishment of 
the microbial culture. Both fits are based on Eq. (5) which does not 
mathematically consider inhibition. Nevertheless, this approach is valid 
since the inhibition is inherent in both data sets: the measured data 
points are influenced by the actual product inhibition caused by the 
presence of acetate during the experiments; the calculated data points 
result from Eq. (6) that includes both inhibition terms. The empirical 
character of Eq. (6) entails that further limiting factors in the reactor 
operation, like, e.g., substrate limitation, proton transport limitations to 
the cathode and/or local pH drops, are included but not defined.

3.3. Stoichiometric balance

An essential aspect in the operation of bioelectrochemical systems is 
a comprehensible electron balance. The time-integrated quantities of 
produced electrons (based on measured current densities) for each batch 
of experiments E1 and E2 are listed in Table 2. Furthermore, the cor
responding electron quantities expected to be measured by the poten
tiostat, based on the measured lactate degradation and based on the 
production of acetate derived from Eq. (2) and (3), respectively, are 
given. Additionally, the electrons that went into measured hydrogen 
production, as well as the maximum degradation rates of lactate and 
maximum production rates of acetate of each batch, are given.

The produced acetate during batch 1 was 90 % of the amount of 
degraded lactate, while in the follow-up batches, acetate production 
matched 113 %, 99 % and 97 % of the amount of degraded lactate. This 
additional acetate synthesis might be explained by degradation of lysed 
cells and/or measurement inaccuracies. For all batches, the electrons 
transferred to the anode were roughly double of what can be explained 
by acetate production as defined in Eq. (2). As S. oneidensis itself is not 
able to metabolise acetate anaerobically, acetate degradation cannot be 
the source of these electrons. This is a strong indicator for the occurrence 
of so-called hydrogen shuttling or hydrogen-cycling as explained in 

detail in this chapter [33].
As can be deduced from the table, the amount of produced electrons 

recorded by the potentiostat is significantly higher than the amount of 
electrons that would be expected based on the measured degradation or 
production of the carbon compounds. The Coulombic efficiency (CE) 
(see supplementary information), which can be defined as the ratio 
between measured electrons (e- current) and electrons that can theo
retically be produced through substrate decomposition (e- degraded 
lactate), amounts to 206 % for experiment E1 and 141 % for experiment 
E2. Usually, the maximum CE is limited by default to 100 %, that is, 
when all substrate is utilised in catabolic metabolism and no substrate is 
used as a carbon source for anabolic pathways. The obtained, very high 
CEs for both experiments can only be explained by S. oneidensis’ ability 
to metabolise hydrogen [34]: This leads to a loop of electron uptake and 
release in the form of hydrogen shuttling as seen in Fig. 4, where a part 
of the already produced hydrogen at the cathode is oxidised by the 
bacteria, leading to electron transfer to the anode without any further 
lactate degradation involved. This is possible, because the potentiostat is 
providing free energy by maintaining the voltage to continue this 
shuttling.

Hirose et al. [33] also described this phenomenon when they oxi
dised lactate to acetate using a BES. The hydrogen shuttling by 
S. oneidensis can be prevented, though, by deleting its hydrogenases 
without compromising its ability to oxidise carbon sources [33].

However, since an electron resulting from substrate degradation can 
leave the reactor system as hydrogen via the gas trap only once, the 
measured hydrogen production is stoichiometrically still relatable to the 
formation of its metabolic co-product acetate and to the degradation of 
lactate, even if much more hydrogen was produced during the experi
ments than harvested. For the entire experiment 1, the total amount of 
measured hydrogen per batch was just 80 % of what would be expected 
from acetate production, associated proton release and conversion to 
hydrogen. The missing part of the hydrogen produced is considered to be 
lost through intermittent leakage at the sampling point (Fig. 1b, 2.5) in 
the gas trap releasing hydrogen after a certain unknown pressure 
threshold, noticed only after the first experiment was completed. After 
the leak was fixed, the ratio of expected and measured hydrogen in
creases to 94 % for experiment E2.

Contamination of experiments was considered unlikely for several 
reasons: The use of antibiotics suppresses the growth of alien bacteria. 
Methane, a common but unwanted by-product of biological hydrogen 
production, could not be detected in the gas samples. In general, only 
lactate, acetate, carbon dioxide and hydrogen were found in the sam
ples, and the amounts are considered stoichiometrically balanced with 
reasonable deviations. Short-chain fatty acids other than the named ones 
were not detected. Finally, the imbalance of measured electrons and 
degraded lactate (CE over 100 %) can be explained by S. oneidensis 
capability of hydrogen shuttling.

Table 2 
Electron balances of experiments E1 and E2, given as time-integrated values for each batch (E11 to E14; E21, E22 and E24) and as a sum for each experiment (E1total and 
E2total). The time range of each batch and filter velocity are given. e- current: the current recorded by the potentiostat during the respective time period, e- degraded 
lactate and e- produced acetate: the amount of current that should have been delivered to the anode based on the measured degradation of lactate (Eq. (2)) and the 
measured production of acetate, respectively (Eq. (3)), e- harvested hydrogen: the amount of current required for the production of the measured harvested hydrogen. 
The maximum degradation rates of lactate and the production rates of acetate for each batch are also given. Batch 3 of E2 (E23) is excluded due to its incompletion.

Batch time range 
h

e- current 
mol

e- degraded 
lactate mol

e- produced 
acetate mol

e- harvested 
hydrogen mol

maximum lactate degradation/ 
uptake mmol L-1 h-1

maximum acetate production 
mmol L-1 h-1

E11 0–160 1.43 0.72 0.65 0.60 − 0.56 0.57
E12 160–280 0.97 0.46 0.52 0.40 − 0.79 0.45
E13 280–373 0.69 0.33 0.33 0.26 − 0.61 0.48
E14 373–466.8 0.71 0.34 0.33 0.26 − 0.95 -
E1total 0–466.8 3.81 1.85 1.91 1.52 ​ ​
E21 0–111.65 1.17 0.70 0.68 0.66 − 0.99 0.80
E22 111.7–163 0.71 0.57 0.38 0.38 − 1.42 0.89
E24 169–207.5 0.6 0.49 0,41 0.34 − 1.128 0.86
E2 

total

0–207.5 2.48 1.76 1.47 1.38 ​ ​
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3.4. Degradation rate of lactate and production rate of acetate

The rate of maximum lactate absorption or degradation of each batch 
in Table 2 is significantly higher compared to the corresponding 
maximum acetate production, with the latter being only 20 to 40 % of 
the former. Also, the degradation rate of lactate is always higher at the 
beginning of the batches and decreases over time, while the production 
rate of acetate is relatively constant over the duration of the batches 
(data not shown). Because the overall stoichiometry of lactate and ac
etate is balanced, it is assumed that there is some delay from lactate 
uptake to acetate excretion, although, to our knowledge, no evidence of 

this phenomenon has been described in the literature yet.
No correlation was found between the maximum production rates of 

acetate and the chosen filter velocity, when each of the experiments is 
evaluated separately (Fig. 5a). Typically, a higher filter velocity leads to 
a better supply of the biofilm with nutrients or disposal of products due 
to the reduced diffusive boundary layer and its effect on internal sub
strate gradients [35]. However, formation of thick biofilms is unlikely 
for S. oneidensis grown under anoxic conditions [22] and it was also 
proven in preliminary experiments (data not shown) performed in a 
MEC-flow cell described by Hackbarth et al. [36] that the attachment of 
S. oneidensis cells to the conductive substratum led to individual 

Fig. 4. By-pass process of “hydrogen shuttling” decoupled from the original primary degradation pathway. Hydrogen is used as a secondary substrate by the mi
croorganisms It simultaneously is formed as a secondary product on the cathode, thus leading to the reading of a significant excess of electrons by the potentiostat, 
which cannot be explained by degradation of the primary substrate alone.

Fig. 5. a: Maximum acetate production rates as well as lactate uptake rates of each batch/repeated fed-batch of experiments E1 and E2 plotted against the calculated 
filter velocity at the time of the maximum production rate of the chosen batch. b and c: Average current density plotted against the lactate uptake rates, as well as 
against the acetate production rates of experiments E1 (b) and E2 (c).
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distributed cells or very thin biofilms consisting of up to 2 cell layers, so 
substrate limitation of the biofilm was not expected and the chosen filter 
velocity considered to guarantee sufficient supply.

Fig. 5b and c (for calculation of data points, see supplementary in
formation) show the correlation between the average current density 
and lactate uptake and acetate production for both experiments. As 
expected, the detection of acetate also increases linearly with higher 
current density as its production is inherently connected (see equation 
Eq. (2)). For experiment 1 (Fig. 5b), there seems to be a threshold value 
of approx. -0.4 mmol L-1 h-1 lactate turnover for which, when exceeded, 
the uptake rates of lactate are not reflected in higher acetate production 
rates. The same is true to a lesser extend for E2 (Fig. 5c), where the 
uptake rates >-1 mmol L-1 h-1 are not reflected by higher acetate pro
duction rates. This can be attributed to the delay of acetate output 
mentioned above.

The maximum acetate production rate reached 0.89 mmol L-1 h-1 or 
3.6 g m-² d-1, while the maximum lactate uptake/degradation reached 
1.42 mmol L-1 h-1 or 5.7 g m² d-1, respectively.

3.5. Classification of the production rates in light of the current literature

In general, comparing BES is not a simple task: One initial challenge 
lies in comparing the active electrode area, which is one of the key 
factors determining the resulting current densities. For example, elec
trode brushes or felts have high effective surfaces, they are usually 
characterised only by the outer surface of the complex 3D-structure; 
thus, the calculated current densities are overestimated in comparison 
to the values obtained on solid electrode surfaces. Similarly, incomplete 
polarisation of packed bed anodes changes the assumed surface area, 
which is derived solely from a formal calculation. Second, the degree of 
oxidation of an organic substrate (to carbon dioxide), and, consequently, 
the release of stoichiometrically more electrons per mol of degraded 
organic substrate, inherently increases current density. E.g., literature 
found for comparison as listed in Table 3 focus mostly on the total 
oxidation of substrate to carbon dioxide providing double or even triple 
amounts of released electrons per substrate compared to the partial 
oxidation of lactate as it was performed in this study. Finally, differences 
in applied voltages worsen comparability, because they affect facilita
tion of turnover rates and may even open up new metabolic degradation 

pathways at different potentials [37]. Nonetheless, to assess the reactor 
performance, Table 3 lists other concepts of single-chamber reactors for 
comparison.

A single-chamber BES design approach of such a scale-up experiment 
for H2 production is shown by the 2.5 L MEC-reactor of Rader & Logan 
[6]. Eight graphite fibre brushes as anodes (working electrode) and eight 
steel mesh units as cathodes were arranged as electrode pairs within one 
container. The reactor was fed with an acetate solution of 1 g L-1 and 
inoculated with an undefined mixed culture from an MFC also fed with 
acetate [6]. In another study, a similar but larger MEC of 1000 L volume 
was equipped with 144 electrode pairs of graphite fibre brushes/stain
less steel meshes and inoculated with wastewater sludge [7]. Both re
actors were used to continuously produce hydrogen from an organic 
carbon source, but over the course of experiments, in both studies, the 
product gases shifted from H2/CO2 mixtures to mainly methane. The 
cathodic target product, hydrogen, was largely converted by hydro
genotrophic methanogenic archaea before it could be harvested from 
the reactors. The scale-up of the fibre brush concept from 2.5 to 1000 
litres, while using more or less similar substrate load, though applied by 
different researchers, led to a decrease of 90 % of the achieved current 
density, showing the challenges of scaling-up.

Another recent example of a scaled-up MEC is a 10-L upflow reactor 
with dimensions of 1 m length and a square cross-section edge length of 
10 cm. The cultures for inoculation were derived from the digested 
sludge of a wastewater treatment plant and fed with a substrate mixture 
of 50 mmol L-1 acetate and 11.1 mmol L-1 glucose. The flat anodes were 
made of carbon cloth and braced in frames along the direction of flow. 
With an anode cloth surface of 1 m² and an applied voltage of 1000 mV 
relative to SHE, a surface-related current density of 34 A m-² and a 
reactor volume-related current density of 970 mA L-1 were achieved 
[38]. Comparison to this study is difficult as the high voltage applied and 
higher operation temperature of 37 ◦C favour high current density.

The use of solid, planar electrodes was realised by Hackbarth et al. 
[9] who chose a rotating disc design with a working electrode surface 
area of 1 m2 and a reactor volume of 10 L. It was originally designed for 
microbial electrosynthesis but was also operated as MEC to cultivate a 
mixed culture of Shewanella oneidensis and Geobacter sulfurreducens with 
the anode poised teat 0 mV vs. SHE. In a series of batch experiments of 9 
days, with a starting substrate concentration of 20 mmol L-1 of each 

Table 3 
Overview of current densities achieved in scaled-up MEC for comparison with the biofilter of this study.

Reactor type Anode material Anode 
voltage in mV 
vs SHE

Reactor 
volume

WE 
surface in 
m²

Current 
density

Medium Product Inoculum Reference

Cube type Graphite brushes 900 2.5 L 0.051 72 mA L-1 16.6 mmol L-1 acetate, 
conti.

CO2, H2 MEC culture [6]

Cube type Graphite brushes 900 1000 L 15.2 7.4 mA L-1 0.7–2 g L-1 VFA, conti. H2,CO2 Digester sludge 
wastewater

[7]

Elongated up 
flow

Carbon cloth 1000 10 L 1 34,000 mA 
m-2 970 mA 
L-1

50 mmol L-1 acetate 
11.1 mmol L-1 glucose, 
conti.

H2,CO2 wastewater digester 
sludge

[38]

Rotating disc Graphite plates 0 10 L 1 1300 mA m-2 

130 mA L-1
20 mmol L-1 acetate 20 
mmol L-1 lactate, 
conti.

H2,CO2 S. oneidensis and 
Geobacter 
sulfurreducens

[9]

Rotating disc Graphite plates 200 10 L 0.5 1800 mA m-2 

90 mA L-1
20 mmol L-1 lactate, 
fed-batch

H2,CO2 S. oneidensis and 
Geobacter 
sulfurreducens

[10]

Rotating disc Graphite plates 0 10 L 0.5 1200 mA m-2 

60 mA L-1
20 mmol L-1 lactate, 
fed-batch, 160 µmol L- 

1 Riboflavin

Acetate, 
H2, CO2

S. oneidensis [11]

Rotating disc Graphite plates 300 100 L 10 240 mA m-2 

24 mA L-1
25 mmol L-1 acetate 25 
mmol L-1 lactate, batch

H2,CO2 S. oneidensis and 
Geobacter 
sulfurreducens

[12]

Granular 
packed bed

Gaphite 
granulates

400 2.7 ​ 134.3 mA L-1 20 mmol L-1 acetate, 
fed batch

H2,CO2 Geobacter 
sulfurreducens

[17]

Granular 
packed bed

Carbon- polymer 
compound 
spheres

300 3.57 L 1.06 430 mA m-2 

128 mA L-1
70 mmol L-1 lactate, 
repeated fed batch

acetate, 
H2, CO2

S.oneidensis this study
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lactate and acetate, a maximum surface-related current density of 1300 
mA m-2 was measured, which equals a reactor volume-related current 
density of 130 mA L-1, a result comparable to the current density ach
ieved in this study.

A very similar experiment in the same reactor type but with half the 
anode surface (0.5 m-2) was carried out as a repeated fed-batch exper
iment and showed a maximum current density of 1800 mA m-2 with the 
anode poised at 200 mV vs SHE. A stable current density of 1200 mA m-2 

and 90 mA L-1, respectively, could be maintained over 1.5 months with a 
maximum substrate supply of 20 mmol L-1 of lactate [10].

In this context, the work of Juergensen et al. has to be mentioned, 
who achieved an increase in performance in the same reactor configu
ration solely by optimising the medium with 160 µmol L-1 riboflavin. 
S. oneidensis was then able to generate current densities that would 
otherwise only be obtained in mixed cultures of S. oneidensis and 
G. sulfurreducens, indicating that riboflavin can compensate for the fact 
that S. oneidensis is unable to develop nanowires [11]. This might be a 
useful method to enhance feasibility of pure strain S. oneidensis for white 
biotechnology.

A scaled-up version is the 100 L RDBER investigated by Prakash 
et al., performing at 240 mA m-2 or 24 mA L-1, showing that the scale-up 
of the rotating disc concept is promising, yet needs optimisation [12].

A current density of 134 mA L-1 was reached in the packed bed 
reactor with Geobacter sulfurreducens cultured in acetate medium by 
Quejigo et al. [17]. Compared to their results, compressing the packed 
bed as was done in this study is assumed to enhance polarisation based 
on the following observations: according to their displayed reactor 
configuration, the ratio of packed bed volume to reactor volume is 
nearly the same as it was in this study, but formal surface area in their 
set-up is higher due to usage of smaller granules. Also, S. oneidensis is a 
less suitable microorganism for anaerobic biofilm formation and only 
gains half of the electrons in its anaerobic metabolic pathway in lactate 
turnover than G. sulfurreducens does growing on acetate. This conse
quently reduces the current density of a BES. And finally, the voltage 
applied by Quejigo et al. [17] was higher than in this study. Still, similar 
current densities were achieved, indicating that the effective surface of 
the packed bed was higher in this study. This claim can also be supported 
by determining the anode surface via Fe2+ to Fe3+ conversion and 
chronoamperometry [39]. From this, an anode surface of 0.6 ± 0.12 m2 

was derived, which equals a portion of about 57 ± 11 % of anodic 
packed bed that is considered polarized (see supplementary material) in 
contrast to the 10 % reported by Quejigo et al. [17]. However, it has to 
be noted, that Quejigo et al. determined this portion by considering the 
granule surface which actually carried biofilm. Another reason for the 
current densities might be the reduced distances between anode and 
cathode, which should help to reduce proton concentration, and, thus, 
prevents unwanted pH shifts as well as reduces the impact of thermo
dynamic hindrance by accumulating product.

Despite the limited comparability of different reactor types, the 
current densities achieved in this study indicates that a BES with a 
polarised packed bed can be a useful reactor configuration for the 
scaled-up production of chemicals via electro-fermentation.

4. Conclusions

The functionality of the introduced biofilter as reactor design for 
electro-fermentation in white biotechnology was proven by the model 
conversion of lactate to acetate in terms of a proof of concept. The 
drawback of using electricity as driving force for the microbial reaction 
should be compensated by the production of a high-value chemical.

Maximum current density achieved was 430 mA m-2 at a voltage of 
300 mV vs SHE at a lactate concentration of about 60 mmol L-1 and a 
maximum degradation rate of 1.42 mmol L-1 h-1. With a reactor volume 
of 3.57 L and a surface of 1.06 m-2, the maximum volumetric current 
density amounted to 128 mA L-1. Higher productivities are expected for 
experiments with better biofilm formers, such as co-cultures of 

S. oneidensis and G. sulfurreducens, outside a proof-of-concept trial. The 
scale-up potential lies in the more pronounced polarisation of the 
packed bed by compressing the granules, rendering up-scaling by 
increasing packed bed volume more accessible. At a certain point, 
further scale-up and increased distance between connecting electrodes 
and the bed might lead to decreased bed polarisation, which might to be 
either counteracted by additional normal force on the packed bed or 
additional anode enhancements (e.g. bars) inserted sideways into the 
packed bed. Such adjustments, depending on size and form, are unlikely 
to interfere with the biofilm control option by fluidisation, a feature, 
which is, as in the case of cultivation of poor biofilm formers like 
S. oneidensis, not always needed

The flow through the reactor proved to be non-uniform due to dead 
zones as can be derived from the mixing of new and old medium after 
the refilling processes. It was addressed by adding perforated baffle 
plates in the inlet chamber (further information in supplementary in
formation), but the experiments shown in this work were carried out 
without them. Other possible solutions would be funnel-shaped de
flectors aligned in the radial flow direction in the inlet chamber, which 
would homogenise the flow at the inlet points of the filling body in the 
lower electrode disc.
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