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Abstract: Mixed microbial culture (MMC) electrofermentation (EF) represents a promising tool
to drive metabolic pathways toward the production of a specific compound. Here, the MMC-EF
process has been exploited to obtain butyric acid in simplified membrane-less reactors operated by
applying a difference of potential between two low-cost graphite electrodes. Ten values of voltage
difference, from —0.60 V to —1.5 V, have been tested and compared with the experiment under
open circuit potential (OCP). In all the tested conditions, an enhancement in the production rate
of butyric acid (from a synthetic mixture of glucose, acetate, and ethanol) was observed, ranging
from 1.3- to 2.7-fold relative to the OCP. Smaller enhancements in the production rate resulted in
higher values of the calculated specific energy consumption. However, at all applied voltages, a
low flow of current was detected in the one-chamber reactors, accounting for an average value of
approximately —100 pA. These results hold a substantial potential with respect to the scalability
of the electrofermentation technology, since they pinpoint the possibility to control MMC-based
bioprocesses by simply inserting polarized electrodes into traditional fermenters.

Keywords: single-chamber reactor; electrofermentation; applied voltage; mixed microbial cultures;
butyric acid

1. Introduction

The ever-increasing attention toward the implementation of a circular bioeconomy has
prompted investigations on the development of anaerobic mixed microbial culture (MMC)
bioprocesses, whereby waste organic streams of complex and highly variable composition
(e.g., agro-industrial wastewater, organic fraction of municipal solid waste, sewage) are
converted into volatile fatty acids (VFA) via acidogenic fermentation [1-4]. Indeed, VFA
are important precursors of numerous valuable end-products, such as platform chemicals
(e.g., succinic acid), biopolymers (e.g., polyhydroxyalkanoates), and additives employed in
several industrial sectors [5,6].

However, a broad spectrum of products is typically attained from anaerobic MMC-
based processes, resulting in relevant issues related to the separation and recovery of
desired compounds. This, along with difficulties in controlling the fermentation pattern
to maximize the yield of production of a desired end-product, hampers the diffusion of
such bioprocesses at the industrial level. Attempts made so far to steer the spectrum
of fermentation products have been mainly based on the possibility to control process
parameters, such as the pH or temperature of the reaction medium, the hydrogen partial
pressure, the hydraulic and solids retention time, as well as the feeding pattern (e.g.,
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continuous versus batchwise strategy), although such strategies often lead to contrasting
results [7-9].

A novel application of microbial electrochemical technologies, commonly referred
to as “electrofermentation” (EF), has been more recently proposed to address this critical
issue [10-12]. In particular, EF involves the use of electrodes to either supply electrons to
or remove electrons from the metabolic fermentation process or to simply control the redox
potential of the extracellular environment of reaction, thereby altering the intracellular ratio
of the reduced and oxidized forms of nicotinamide adenine dinucleotide (NADH/NAD)
and, in turn, affecting the rate and yield of NADH-dependent reactions [13]. This approach
is extremely interesting, since both of the above-mentioned functions can be, in principle,
finely tuned by using simple electrochemical systems [14]. Although the efficacy and
viability of EF has been proven for a certain number of metabolic reactions, both involving
pure and mixed microbial cultures, the underlying mechanisms, particularly at molecular
and biochemical level, remain unclear [15-17].

As far as MMC-based EF is concerned, previous studies have provided straightfor-
ward indications that the utilization of a negatively polarized electrode (i.e., =700 mV vs.
standard hydrogen electrode, SHE) can increase the rate and yield of butyric acid produc-
tion during the acidogenic fermentation of a mixture of glucose, ethanol, and acetate [18].
A similar effect was observed even at a less negative potential of —300 mV vs. SHE, pro-
vided that a soluble redox mediator was concomitantly supplied along with the organic
substrates [19]. The interest in butyric acid production relies on both its possible use for
fuel production and its widespread application in several industrial fields, including food
and beverage sectors, as well as pharmaceutical and chemical preparations (e.g., plastic
materials or textile fibers) [20]. Presently, the production of butyric acid exclusively occurs
via chemical synthesis, even though the use of biological processes is extensively encour-
aged [21], with the EF technology representing a very promising tool for this purpose.
This is also because, as pointed out by the majority of above-mentioned studies [10,11],
while being the main driver of EF, the electric current consumed in the process is typically
extremely low with respect to the rate of conversion of substrates. In principle, this finding
holds remarkable advantages in terms of technology scalability and/or possibility to adapt
existing anaerobic bioreactors into electrofermenters [22].

Notwithstanding these important aspects, a major challenge in the further devel-
opment of EF remains the lack of simple, yet robust, reactor designs. Indeed, so far,
electrofermentation experiments have been performed in lab-scale systems employing
electrodes with the potential carefully controlled by a potentiostat. At the industrial scale,
however, this approach may turn impractical due to problems with maintaining a set
working electrode potential for large surface areas [23].

Additionally, with specific reference to butyric acid production, previous studies
employed two-compartment reactors, whereby the EF process was carried out in a com-
partment containing the working electrode, which served as a cathode, and the other com-
partment containing the counter electrode, serving as an anode and catalyzing electrolytic
oxygen evolution [18,19]. The two compartments were kept separated by expensive ion
exchange membranes designed to permit selective ion flux between them while restricting
oxygen diffusion, which is known to impair the metabolism of anaerobic microorganisms.
In this context, the aim of the present study was twofold: (i) verify whether the stimulatory
effect of an electrode on the MMC-based acidogenic production of butyric acid could be
obtained by also using a simplified membrane-less bioreactor with the working and counter
electrode placed in the same reaction environment, and (ii) to identify the optimal applied
voltage between the working and counter electrode maximizing the rate of butyric acid
production while minimizing energy consumption.
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2. Materials and Methods
2.1. Inoculum

The mixed microbial culture used as inoculum consisted of an anaerobic sludge
collected from a full-scale anaerobic digester located in Cardiff (Wales, UK). In order to
eliminate residual organic materials, before being used, the anaerobic sludge was settled
and the supernatant replaced several times with anaerobic medium. The latter contained
(g/L): NH4Cl1 (0.5), MgCly-6H,O (0.1), CaCl,-2H,0 (0.05), KHPOy (8.7), KH,POy4 (61.22),
10 mL/L of a trace metals solution [24], and 1 mL/L of vitamins solution [25]. The
composition of the mineral medium allowed buffering to pH 5.5 to inhibit the growth of
methanogenic microorganisms. The microbial culture was maintained in a borosilicate
glass bottle periodically flushed with N, to ensure anaerobic conditions.

2.2. Experimental Setup

Simple glass bottles, with a total volume of 100 mL, were used as membrane-less
bioelectrochemical reactors. Each bottle was sealed with a rubber stopper equipped with
two graphite rods (=5 cm length, 6 mm diameter) and a Tygon (material nonpermeable
to oxygen) sampling tube closed by a plastic clamp. The two electrodes were externally
connected by a stainless steel wire and separated by two scaffolds, made by inert plastic
material, in order to ensure a fix distance of 1 cm between the two rods (Figure 1a).
Throughout the duration of the experiment, the reactors were maintained under magnetic
stirring inside a temperature-controlled chamber, operating at 30 °C.

In detail, 17 mL of the anaerobic sludge was added to each reactor, which was then
filled with 53 mL of mineral medium for a total liquid volume of 70 mL. Upon preparation,
all bottles were flushed with N to establish anaerobic conditions. In order to monitor the
current generated in each system, a circuit of four parallel resistors (10 () for each reactor
was built and connected to the negative pole of the reactors. Resistance (R) and voltage (V)
values were determined and logged every 60 s and elaborated in LabVIEW™ to calculate
the current (I) that was flowing in the circuit, using the equation I = V/R (Ohm’s Law).

Throughout the study, an adjustable constant voltage generated using a LabVIEW™
platform-based program was split into an array of several low-current voltage signals
using the resistors. Operational amplifiers (Op-amps) were connected as voltage followers
to assure supply the requisite current to overcome the limits of the I/O card used with
LabVIEW™. The Op-amp output voltages were applied to the whole array of reactors
through the electrodes in each, so yielding applied potentials of incrementing values. The
imposed signal was —1.5V, and this voltage was the range over which the array of reactors
was separated in steps of 100 mV or higher (Figure 1b). As a consequence, several values of
the applied potential difference between the electrodes were tested, ranging from —0.60 V
to —1.5 V. In addition, an open circuit potential (OCP) control experiment was performed
in the absence of externally applied potential difference.

)

Figure 1. Picture (a) of single-chamber bioelectrochemical reactors used in the study. Experimental

setup (b) adopted to apply the difference of potential between electrodes in each reactor.
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Experiments were performed by supplying glucose as either single substrate or in
combination with ethanol and acetate. In both cases, the initial theoretical concentration of
glucose was 1 gCOD (Chemical Oxygen Demand)/L, whereas an initial concentration of
0.30 gCOD/L was used for ethanol and acetic acid when the ternary mixture of substrates
was used. Overall, the initial ratio between the concentration of microorganisms (as volatile
suspended solids, VSS) and the concentration of substrates was set at approximately
0.15 gVSS/gCOD. In particular, when glucose was used as single substrate, six values of
applied potential (namely —0.70 V, —0.80 V, —0.90 V, —1.0V, —1.4 V, —1.5 V) in addition to
the OCP condition were tested. Ten values of applied potential, separated in equal steps
of 100 mV, were instead considered by using the mixture of substrates. In this case, the
OCP condition and two out of the ten EF conditions (i.e., —0.60 V and —0.80 V) were tested
in triplicate.

2.3. Analytical Methods and Calculations

The concentration of microorganisms in the anaerobic sludge used as inoculum for
the electrofermentation batch experiments was determined in terms of VSS, according to
the standard method APHA [26].

The liquid phase of each reactor was periodically sampled for glucose, organic acids,
and ethanol measurements. As for glucose, it was analyzed on filtered samples (0.22 um
porosity), according to the Sulfuric Acid-UV method [27], and its concentration was con-
verted into COD based on the oxidation stoichiometry of 1.067 gCOD/gGlucose. As
for the determination of organic acids (i.e., acetic, propionic, isobutyric, and butyric
acids) and ethanol, filtered samples (0.22 um porosity) were injected (1pL) into a Dani
Master (Milano, Italy) gas chromatograph (equipped with a 2 m x 2 mm glass column
packed with Carbopack) operated with He as carrier gas at 25 mL/min, the oven tem-
perature at 175 °C, and the flame ionization detector (FID) at temperature of 200 °C.
Measured concentrations were converted into COD according to the corresponding conver-
sion factor (i.e., 1.067 gCOD/gAcetate, 1.51 gCOD/gPropionate, 1.82 gCOD/gButyrate,
1.82 gCOD/glsobutyrate, and 2.08 gCOD/gEthanol).

A main parameter to evaluate the performance of the electrofermentation process
was the rate of butyric acid production, which was calculated (as gCOD/Ld) through the
linear regression of butyric acid concentration data (as the sum of the iso- and the normal-
isomers) versus time (d). Rates obtained in each condition were compared to the rate of
production obtained in the OCP experiment.

In the tests performed in the presence of an externally applied voltage, data of the cur-
rent were continuously recorded. These data were used to estimate the energy (kJ) supplied
to the system by integrating the current (A) over time (so to calculate the corresponding
Coulombs (C)) and then multiplying C for the applied voltage (V). Therefore, the specific
energy consumption associated to the production of butyric acid was determined by divid-
ing the calculated values of supplied electrical energy by the amount of obtained butyric
acid (gCOD) in each condition. From the calculated C, the cumulative electron equiva-
lents (eq) transferred in each reactor were determined by using the Faraday’s constant
(F =96,485 C/eq). Additionally, the equivalents released from glucose consumption were
calculated by taking into account the molar conversion factor of 24 eq per mol of glucose.

3. Results and Discussion
3.1. Electrofermentation of Glucose

In the tests with glucose as the single carbon source (supplied at an initial concentra-
tion of 1 gCOD/L), microbial fermentation resulted in a fast degradation of the substrate
that was completely consumed in approximately one day (data not shown) and mainly con-
verted into ethanol and acetic acid along with butyric acid, although the latter accumulated
to a lower extent. For all the duration of the experiments (six days), the pH remained stable
at an acidic value of about 5.7, as desired to inhibit the methanogenic activity. The obtained
products accounted, in both OCP and EF experiments, for about 60% of the consumed COD,
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with the remainder being likely assimilated (i.e., used for microbial growth) or converted
into unidentified products. In all EF experiments, a negative current flow was detected in
the bioelectrochemical systems at values as low as few hundreds microamps, representing
on average from 1% to 2% of the total consumed electron equivalents. Overall, no relevant
effect due to the presence of polarized electrodes on the distribution of fermentation prod-
ucts was observed. This finding is, however, fully in agreement with what was previously
noticed in dual-chamber experiments performed in the presence of glucose as the sole
substrate, with or without the potential of the working electrode controlled at —700 mV
(vs. SHE) [18].

3.2. Electrofermentative Conversion of a Synthetic Mixture of Glucose, Acetate, and Ethanol at an
Applied Voltage of —1.2V

The time course of the MMC anaerobic conversion of glucose when supplied together
with ethanol and acetate is reported in Figure 2a, under both OCP and EF conditions, with
main reference (for the sake of example) to the EF test performed by applying a difference
of potential between the anode and the cathode electrodes of —1.2 V. In both operational
conditions, glucose (ca. 0.90 gCOD/L) was rapidly metabolized without any initial lag-
phase and completely depleted in approximately three days. As for acetate and ethanol,
initially supplied at a concentration of about 0.30 gCOD/L, their concentration increased
during glucose consumption, whereas, once glucose was depleted, it slowly decreased
over the remainder of the batch experiment, particularly in the OCP experiment. As for
butyrate, its increasing trend is reported as the sum of the iso- and normal butyric acids,
since in all conditions there was an initial production of iso-butyric acid which thereafter
rapidly disappeared in favor of the production of the normal-isomer. Most likely, the
latter reaction was catalyzed by microorganisms in the mixed culture, capable of bringing
about the isomerization of butyric acid isomers [28]. However, under both EF and OCP
conditions, butyrate started to accumulate from the beginning of the test and continued
to be produced even after glucose was depleted. This latter finding, which is in line with
the results of previous studies and with literature evidence, suggests that, upon glucose
depletion, butyrate formation could be due to several factors, such as the condensation of
ethanol and acetate [19,29]. Another explanation is related to the capability of anaerobic
MMC to convert glucose into storage polymers, such as glycogen [30]. Moreover, during
glucose consumption, lactate can also be produced, and it has been suggested that the
transiently produced lactate, along with internal storage polymers, can be transformed
into volatile fatty acids, such as butyric acid [31]. Throughout the duration of the two tests,
the pH remained stable at an acidic value of 5.8. With reference to the EF condition, the
trend of the electric current flowing in the circuit, reported in Figure 2b, shows that this
parameter oscillated between —35 pA and —130 pA, with an average value of —80 £ 15 pA.
Such a relatively low electric current reflects the fact that the applied potential was well
below the thermodynamic threshold of water electrolysis (i.e., 1.23 V) [32].

As a main result, by the end of the experiments, nearly twice as much butyrate was
obtained under EF conditions relative to the OCP control (0.38 gCOD/L vs. 0.18 gCOD/L),
thus clearly highlighting the stimulatory effect of EF on the enhanced production of this
targeted compound.

Notably, a mass balance indicated that, while in the EF experiment at —1.2 V applied
voltage over 95% of the converted substrates could be recovered into fermentation products,
a significant fraction (nearly 30%) of the removed substrates could not be recovered in the
OCP experiment (Figure 3).
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Figure 2. Time course of (a) mixed microbial culture (MMC) fermentation under open circuit potential (OCP) and electrofer-
mentative (EF, —1.2 V) conditions and (b) current in the EF test.
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Figure 3. Percentage distribution of measured fermentation products calculated at the end of
the batch experiments under OCP and EF conditions (error bars represent the standard error of
replicated experiments).

3.3. Effect of the Applied Potential on the Electrofermentation Process

The MMC-based electrofermentation experiments with the synthetic mixture of sub-
strates were carried out at different applied voltages, ranging from —0.60 V to —1.5 V.
Under all the tested EF conditions, the observed fermentation pattern was the same as
the one described in paragraph 3.2 for the condition at an applied voltage of —1.2'V, and
the removed substrates could be almost entirely (89-99%) recovered into the measured
fermentation products (Figure 3). Otherwise, in the absence of polarized electrodes (OCP
control), the recovery was significantly lower, accounting for about 72%.

Since a negligible amount of methane was produced in all conditions, it is possible
that, limitedly to the OCP experiment, such a missing fraction of the converted COD was
due to the formation of unidentified fermentation products, such as lactate (not identified
by the used analytical techniques), hence raising the intriguing hypothesis that EF could
also result in an abrupt shift in the fermentation pathway of the MMC [33]. This possibility
certainly warrants further investigations to be confirmed.

A statistical analysis has been performed on replicated experiments in order to quan-
titatively assess the significance of differences observed among the tested conditions. In
particular, an unpaired t-test analysis revealed that the difference in butyrate production
between EF tests (at an applied voltage of —0.60 V and —0.80 V) and the OCP control
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was statistically very significant (p < 0.005). Moreover, a very interesting finding is that,
irrespective of the applied voltage, the rate of butyrate production was always substantially
higher (up to 2.7 times) than that observed in the OCP control experiment (Figure 4a). The
fold of enhancement of butyrate production rate, relative to the OCP control, apparently
reduced to 1.3 when the applied potential was larger than —1.4 V.

4 Thermodynamic
h cell voltage for
water electrolysis
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Figure 4. Effect of the applied voltage on (a) the fold of enhancement of butyric acid production rate
relative to the OCP control (error bars represent the standard error of replicated experiments) and on
(b) average electric current consumption (standard errors refer to mean values). Experimental data
fitted with a 2nd order polynomial curve.

Figure 4b reports the trend of the average values of electric current flowing in the
circuit under the different conditions, which were all around —100 pA. These very low
values of current suggest that the onset of water electrolysis is unlikely, and therefore,
the reduced butyrate production at —1.5 V was not due to the adverse effect caused by
oxygen evolution. Indeed, several studies have clearly indicated the occurrence of large
overpotentials for hydrogen and oxygen evolution over graphite electrodes [34,35]. Most
likely, this effect was due to a change in the redox potential of the reaction medium, which
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in turn may have affected the intracellular redox state of microbial cells impacting on
butyrate production.

Electric current data were used to calculate the average energy consumption in each
test and the corresponding specific energy consumption associated with butyric acid
production at each applied voltage, as reported in Figure 5. As expected, the specific
energy consumption increased as the cell voltage was increased (in absolute values). The
highest and thus less favorable values (>5.9 k] /gCOD) were obtained when the applied
voltage was larger than —1.4 V, also due to the lower production of butyric acids under
such conditions. By contrast, substantially lower values (between 2.3 and 4.1 k] /gCOD)
were obtained in the other conditions, except for the applied voltage of —1.1 V whose
specific energy consumption was negatively affected by the apparently higher (in absolute
values) value of the electric current. In addition, the values of electric current were used
to calculate the cumulative charge consumed in correspondence of the time of glucose
depletion in order to estimate the fraction of current contributing to the total electron
consumption (i.e., deriving from electricity and organic substrates), which, under all the
tested conditions, resulted in values ranging from approximately 2.3% to 4.3%. Although
quite low, these values are higher than those obtained in previous studies (accounting for
approximately 0.5%) performed by potentiostatically controlling the cathode potential in
two-chamber systems [18]. Based on these considerations, future work will have to identify
the optimal electrochemical strategy capable to further enhance butyric acid production
in single-chamber reactors, as well as to establish the nature of reactions occurring at the
electrodes, which resulted in relatively low electric current in absence of water electrolysis,
and their impact on the electrofermentation process.

10 1

(kJ/gCOD)
o

o‘f’o o

2 - 9

Specific energy consumption

0 T T T T
-0.4 -0.6 -0.8 -1.0 -1.2 -14 -1.6

Applied voltage (V)

Figure 5. Effect of the applied voltage on the specific energy consumption associated to butyric
acid production (error bars represent the standard error of replicated experiments). The dashed line
represents the thermodynamic cell voltage for water electrolysis.

Taken as a whole, the obtained results allowed individuating a relatively wide range
(from —0.60 V to —1.3 V) of applied potential between the electrodes, wherein butyric acid
production was significantly enhanced at the lowest observed values of specific energy
consumption. These data are particularly interesting in view of a perspective scalability of
the electrofermentation technology. Indeed, the possibility of simplifying the reactor design
by removing the membrane as electrodes separator represents a key step to overcome
scalability barriers [36,37]. This, along with the low current densities required to trigger the
process, points to the possibility of directly inserting polarized electrodes of relatively small
surface area into existing large-scale traditional MMC-based fermenters. Additionally, the
process could be operated by either applying a voltage difference across a pair of electrodes
(as in this study) or controlling the potential of an individual electrode by using a kit ad
hoc designed to turn a bioreactor into a bioelectrochemical reactor, as previously described
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in the literature [22]. Possibly, all these improvements will contribute to rapidly drive the
transition of the electrofermentation approach from the laboratory to the market.

4. Conclusions

The electrofermentation approach is concerned with the possibility of controlling mi-
crobial fermentation patterns by placing polarized electrodes within the reaction medium.
This is interesting when dealing with undefined MMC, which typically generate a broad
spectrum of fermentation products. Here, in order to further implement this promising
technology, the MMC-based electrofermentation process toward butyric acid production
has been studied in lab-scale single chamber, membrane-less reactors operated at ten dif-
ferent applied voltages (from —0.60 V to —1.5 V). When a synthetic mixture of glucose,
acetate, and ethanol was used as substrate, a significant enhancement in the production
rate of butyric acid with respect to a control experiment (operated at open circuit potential,
OCP) was observed in all the tested conditions. This enhancement (up to 2.7-fold increase)
was most pronounced when the applied voltage was between —0.60 V and —1.3 V, re-
sulting in the lowest observed specific energy consumption for butyrate production. The
less favorable condition was the one at an applied voltage of —1.5 V, whereby the rate of
butyric acid production was still higher (1.3-fold) than in the OCP, but the corresponding
specific energy consumption was significantly higher (ca. 9 k] /gCOD) than in the other
conditions. Notably, although this voltage (—1.5 V) is slightly higher that the theoretical
voltage required for water electrolysis (i.e., 1.23 V), the poorer performance was not due to
oxygen evolution, as indicated by the very low current values (on average around —100 pA)
recorded in this and, more generally, in all the experiments.

These results assume a particularly interesting value if it is considered that they are
completely in agreement with what was observed in dual-chamber reactors equipped
with a membrane as ion separator, whereby an MMC fermentation pathway was driven
in the presence of a potentiostatically controlled electrode potential. Further important
experimental evidence is that, apparently, the electrofermentation process is independent
of the origin and composition of the used MMC. This, along with the verified possibility to
use membrane-less reactor configurations, holds promise in the perspective deployment of
the technology, which could possibly exploit the opportunity to directly insert polarized
electrodes into existing large-scale traditional MMC-based fermenters. Along this line,
further research involving the use of real waste substrates of more complex composition is
certainly warranted to confirm the practical potential of EF technology.
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