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Preface to ”Microbial Fuel Cells 2018”

Microbial fuel cells (MFCs) convert an organic substrate into electricity using micro-organisms

as a biocatalyst. The concept of MFCs was introduced in the early twentieth century. However

MFC has been extensively examined since 1990’s. Various applications with MFC concepts has been

suggested and implemented in biosensor and wastewater treatment etc. The publication and citation

for MFC has been increased to reflect the recent interest in sustainable and renewable bioenergy.

The control of interface between live cell bacteria and carbon electrode as well as MFC system

development, are identified as key factors for further improvement of system performance. In this

respect, This Special Issue of Energies explore the latest developments in MFC technology.

Specifically, this book encompass:

• In situ optimization of important parameters of MFC

• Application of MFC concept for methane conversion of coal

• MFC type electrodialysis for volatile fatty acids separation

• Alternative cathode electrode of MFC for wastewater treatment application

• A MFC for hydrogen production by hybridization with a TiO2 Nanotube

• A MFC for dye decolorization with a natural laccase redox mediator

Jung Rae Kim

Special Issue Editor
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Novel Analytical Microbial Fuel Cell Design for
Rapid in Situ Optimisation of Dilution Rate and
Substrate Supply Rate, by Flow, Volume Control and
Anode Placement
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Abstract: A new analytical design of continuously-fed microbial fuel cell was built in triplicate in
order to investigate relations and effects of various operating parameters such as flow rate and
substrate supply rate, in terms of power output and chemical oxygen demand (COD) removal
efficiency. This novel design enables the microbial fuel cell (MFC) systems to be easily adjusted in
situ by changing anode distance to the membrane or anodic volume without the necessity of building
many trial-and-error prototypes for each condition. A maximum power output of 20.7 ± 1.9 μW was
obtained with an optimal reactor configuration; 2 mM acetate concentration in the feedstock coupled
with a flow rate of 77 mL h−1, an anodic volume of 10 mL and an anode electrode surface area of
70 cm2 (2.9 cm2 projected area), using a 1 cm anode distance from the membrane. COD removal almost
showed the reverse pattern with power generation, which suggests trade-off correlation between
these two parameters, in this particular example. This novel design may be most conveniently
employed for generating empirical data for testing and creating new MFC designs with appropriate
practical and theoretical modelling.

Keywords: microbial fuel cell (MFC); anode distance; anodic volume; flow rate; dilution rate;
substrate supply rate; treatment efficiency; power generation

1. Introduction

In the past two decades, scientific interest in the microbial fuel cell (MFC) technology has increased
rapidly. Direct conversion of organic matter including various types of waste into electricity is one key
aspect that enable this technology to stand out among other renewable energy related technologies.
Moreover, its application is not limited to only electrical energy generation and waste treatment.
For instance, the same working principles applied to the MFC technology can be used, with the supply
of external power, for producing useful products such as hydrogen [1,2], acetate [3,4], methane [5,6] as
well as desalinate water [7,8]. Resource recovery and bio-sensing [9–13] are also highly active fields
in the MFC research. Along with practical development of the technology, microorganisms involved
in electricity generation have drawn a great deal of attention too. Electrochemically active biofilms
(EABs) on MFC electrodes continue to be studied to better understand the anodic biofilm properties
involved in substrate digestion, utilisation and transformation of chemicals, all resulting electricity
generation. EABs have also been used for microbial computing [14–16].

It is generally agreed that continuous flow bioreactors for either planktonic or biofilm culture
systems are more efficient than their corresponding batch culture processes in terms of start-up,
turnaround, maintenance, efficiency and control. Small-scale MFC using perfusable anode electrodes
are particularly suited for continuous operation since biofilms form on a highly porous material,

Energies 2018, 11, 2377; doi:10.3390/en11092377 www.mdpi.com/journal/energies1
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ensuring that diffusion limitation (of substrate to biofilm) does not limit growth and that following
monolayer saturation of the electrode (termed “mother layer”), all new daughter cells that
form are shed and washed away by laminar flow of bulk medium at high liquid shear rates.
The electrode-attached cell population (the biofilm) remains as a constant number of cells with time
and with constant flow, the biofilm quickly reaches dynamic steady state [17]. As a biofilm system,
the small-scale perfusion anode MFC is analogous to a chemostat system in terms of steady state,
and therefore the effects of flow rate, chamber volume and feedstock concentration can be more
easily determined, and well-known terms used in chemostat theory (e.g., Monods equations) applied
in modelling.

In this study, a novel analytical MFC design was developed, which enables the system to be easily
set, tuned or adjusted to a given condition by altering reactor configurations such as anode position
or reactor volume. With the help of this novel MFC design, this study aimed to: (1) demonstrate the
effects of anode chamber volume and distance to anode electrode as important parameters in reactor
configuration in terms of electricity generation, and (2) investigate the relationships between flow rate,
volume, dilution rate and substrate supply rate on power output and COD reduction. In addition to
these findings, which validate the new MFC design, potential applications of this analytical MFC can
be used for (1) analytical studies, (2) MFC modelling, and (3) enabling new MFC designs with specific
target purposes.

2. Materials and Methods

2.1. Microbial Fuel Cell Design

For this study, a disposable polypropylene 50 mL syringe (Terumo, UK) was used as an MFC
chassis, in order to change the anodic volume readily using a plunger without disturbing the anodic
microbial community. The barrel of syringe was used as the anodic chamber after cutting off the
tip; this left a 32 mm diameter open window. A cation exchange membrane (CMI-7000, Membrane
International Inc., Ringwood, NJ, USA) was placed at this end and a hot-pressed activated carbon
cathode, prepared as previously described [18] with a total surface area of 8.0 cm2 (diameter: 32 mm)
was placed onto the membrane; this cathode was open to air. A laser cut acrylic ring (thickness: 3 mm)
was mounted on the tip in order to hold both the membrane and cathode. Plain carbon fibre veil
(PRF Composite Materials, UK) 70 cm2 total area, with a folded projected area of 2.9 cm2) was used
as an anode electrode. A 15 cm nickel-chrome wire threaded through the anode came out the back
of the syringe, which facilitated moving the anode inside the anodic chamber. This design allowed
a maximum anodic chamber volume of 50 mL (taking into account the displacement volume of the
electrode) and all tests were carried out in triplicates. A detailed schematic of the design of this syringe
MFC is shown in Figure 1. All the outlets were sealed with the exception of a single outlet appropriate
for the chosen volume.
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Figure 1. Computer Aided Design (CAD) image of a syringe microbial fuel cell (MFC) used in this study.

2.2. Inoculum, Feedstock and Operation

Sewage sludge from a local wastewater treatment plant (Wessex Water, Saltford, UK) was used to
inoculate the MFCs, after being enriched with 1% tryptone and 0.5% yeast extract. During the first
week, 10 mL of synthetic wastewater [19] was provided as the feedstock on a daily basis. Subsequently,
the batch type of feedstock supply was switched to continuous feeding mode, using a 16-cahnnel
peristaltic pump (205U, Watson Marlow, Falmouth, UK) with variable flow rates, ranging from
19.2 mL h−1 to 306.9 mL h−1. The synthetic wastewater was prepared by adding the following to 1 L
of distilled water: 0.270 g (NH4)2SO4, 0.060 g MgSO4·7H2O, 0.006 g MnSO4·H2O, 0.50 g NaCl, 0.13 g
NaHCO3, 0.003 g FeCl3·6H2O, 0.006 g CaCl2·2H2O, 0.006 g K2SO4. Sodium acetate was used as the
carbon energy source at variable concentrations, ranging between 0.1 mM and 4.0 mM.

Throughout the work, a 1.5 kΩ external load was connected to each MFC, which was determined
based on polarisation runs (data not shown) that were carried out at the start of the experiments.
Power output of the MFCs was monitored in real time in volts (V) against time using an ADC-24
Channel Data Logger (Pico Technology ltd., St Neots, UK). All experiments were carried out in a
temperature-controlled environment, at 22 ± 2 ◦C, and repeated at least 3 times.

2.3. Anode Placement Test

In order to investigate power and COD removal related to the distance between anode and
membrane (or cathode since it was directly attached to the obverse side of the membrane), the MFC
reactor was set to its maximum volume of 50 mL thus the anode was able to be moved to give
adjustment between 0 up to 6 cm from the membrane. For this test, 2 mM of acetate was supplied
at a flow rate of 19 mL h−1, which resulted in dilution rate of 0.38 h−1 and nutrient supply rate of
0.04 mmol h−1. The dilution rate (D) is inversely related to the hydraulic retention time (HRT); where
HRT = 1/D. The dilution rate was calculated by dividing the flow rate (f ) (how much medium flows
into the vessel per hour) by the chamber volume (V), since D = f /V.

The substrate supply rate (R) is defined by:

R = S × f

where S is the substrate molar concentration (mmol L−1) and f is feedstock flow rate (L h−1).

2.4. Substrate Supply Rate and Dilution Rate Test

For this set of experiments, three variables (feedstock flow rate, feedstock concentration and MFC
reactor volume) were set to determine a range of substrate supply rates and dilution rates. When a

3



Energies 2018, 11, 2377

variable changed, the other two variables were fixed. Tested ranges of flow rate and concentration were
19–307 mL h−1 for feedstock flow rate and 0.1–4.0 mM for feedstock acetate concentration. For these
tests, the anodic volume was set to 30 mL. The effects of changing the anodic volume were studied
by changing the volume of the anodic chamber from 10 mL to 50 mL in 10 mL increments. Feedstock
concentration and flow rate were fixed at 2.0 mM and 38 mL h−1 respectively. During all these tests,
the anode was located next to the membrane, thus the distance between the anode and membrane was
designated as 0 cm. Each concentration of feedstock or anodic volume condition was set for at least
2 h, which was long enough for MFCs to reach a stable level of power output.

2.5. Chemical Oxygen Demand (COD) Analysis

Influent and effluent were collected from the feedstock storage tank and individual MFCs
respectively and samples analysed for COD. The potassium dichromate oxidation method (COD
LR test vials; Camlab Ltd., Cambridge, UK) [20] and a photometer (Lovibond MD 200; The Tintometer
Ltd., UK) were used to determine COD values of each sample. Efficiency of COD removal was
calculated as ECOD (%) = (CODIN − CODOUT)/CODIN × 100, where CODIN (mg L−1) is the influent
COD and CODOUT (mg L−1) is the effluent COD.

3. Results

3.1. Effect of Anode Distance from the Membrane

As shown in Figure 2, power output decreased, and COD removal rate increased as the anode
moved a greater distance from the membrane. Power decrease with increasing distance between
the two electrodes is most likely due to the longer traveling distance for protons to the membrane,
thus higher ohmic losses [21,22]. The optimum distance between the anode and the membrane for
power output was 1 cm, where the power output was 4.8% higher than when the anode was in contact
with the membrane; arguably this is within the error margin of readings between 0 cm and 1 cm,
but possibly the result of oxygen crossover through the membrane to the anode (for the 0 cm condition).
However, at distances between 2–6 cm there is a decreasing trend of power output, clearly showing
that these distances are sub-optimal.

Figure 2. Power output and chemical oxygen demand (COD) removal efficiency with different distance
between anode and membrane.
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For treatment efficiency of each configuration tested, the distance of 5 cm showed the highest
removal rate of 98.4 ± 1.4%, although this is not significantly different to the values recorded for
4 cm, or 6 cm. The high removal rate may again be explained by the influence of oxygen diffusion
from the cathode, allowing cells in the planktonic phase as well as those in the biofilm to continue
utilising the organic substrates, lower the COD, but also competing with, or inhibiting the metabolism
of anodophiles, thus reducing electrical output. The overall COD reduction was over 90% in all cases,
probably due to the relatively low nutrient supply rate (0.04 mmol h−1) and moderate dilution rate
(0.38 h−1) employed during this experiment.

3.2. Effect of Dilution Rate

Different dilution rates ranging from 0 to 10.2 h−1 were tested by changing feedstock flow rate
(19–307 mL h−1), concentration (0.1–4 mM), and anodic volume (10–50 mL). Figure 3 describes relations
between dilution rate and power output, and COD reduction rate. Previous work has confirmed that
following a moderate period of time in batch culture, once beyond the decline phase, the power output
of all MFCs eventually drops to zero, in line with the theoretical principle that a supply rate of zero fuel
will eventually give zero metabolism. At low substrate concentrations (0.5 mM, green line in Figure 3),
the power output remained low, but measurable across all dilution rates, including the highest tested
D (10.2 h−1) with a steady state value around 0.13 μW. At a higher concentration of carbon energy
(C/E) source (1.0 mM), a relationship can be seen between increasing dilution rate and increasing
power until it reaches a limit at a dilution rate of 5.1 h−1, where the power plateaus at about 4 μW for
any higher dilution rates. Similar patterns of behaviour (power increases with increasing D until a
plateau is reached) are also observed at higher concentrations of substrate. The power output then
remains the same despite further increases in the dilution rate.

At low concentrations of C/E (0.5 and 1.0 mM), growth is strongly limited by lack of fuel (C/E
limiting condition), even when supplied at a high flow or dilution rate. Also, it is likely that a significant
proportion of the C/E fuel is required for maintaining microbial cell functions (maintenance energy).
At higher concentrations of C/E, for example 2.0 and 4.0 mM, the maximum power output reaches
levels between 15 and 16 μW, and the maintenance energy becomes a much smaller proportion of
the total energy output. It should be noted that doubling the concentration from 2.0 to 4.0 mM had
no observable effect in producing additional electrical power showing that C/E concentrations are
growth limiting at or just below 2.0 mM. At lower fuel concentrations (e.g., between 0 and 1 mM)
the power output is strongly dependent on dilution rate, suggesting that the C/E is most probably
limiting growth and metabolic rate and thus power generation.

Figure 3 (vertical black line with points) also shows the results of measuring the energy outputs
obtained for a range of nine different concentrations of acetate (from 0.1 to 4.0 mM), but at a constant
flow rate/dilution rate (D = 10.2 h−1). At this high and constant D, the effect of C/E alone on power
output was again clearly observed. For low concentrations of C/E ranging 0.1 mM and 1.0 mM,
power output increased from 0.0 μW to 5.6 μW, whereas there was no significant increase in power
output when higher concentrations of C/E (between 2.0 mM and 4.0 mM) were used.

On the other hand, COD reduction, which reflects substrate utilisation, decreased as the dilution
rate increased for all tested conditions (Figure 3B). At the lowest dilution rate of 0.6 h−1, COD reduction
rate was between 81.9 and 100%. Then, it went down to 11.1–50.6% at the highest dilution rate of
10.2 h−1. In all continuous biofilm flow systems there is a portion of C/E that will flow around
the electrode and not be utilised by the microbial cells and this will be higher for higher substrate
concentrations and/or higher flow and dilution rates.

Although the maximum tested dilution rate of 10.2 h−1 was thought to be quite high,
the detrimental effect of liquid shear rate causing cell detachment was not observed, which suggests
that the biofilms on the electrode are very strongly attached and resilient to shear force removal.

5
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Figure 3. Power output (A) and COD removal efficiency (B), at different dilution rates.

3.3. Effect of Substrate Supply Rate

Figure 4 shows power production and COD removal rate, subjected to variation in nutrient
supply rate (R), using the same data above. For low substrate concentration of 0.5 mM (green line),
the maximum nutrient supply rate was only 0.15 mmol h−1 even at the highest dilution rate of 10.2 h−1.
At a higher concentration of C/E (1.0 mM), power increased when R increased up to 0.12 mmol h−1,
then there was no further increase beyond this point, suggesting that the power output is directly
proportional to the saturation fraction of the uptake system, which is given by S/(Km + S), where Km
is the Michaelis constant.
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Figure 4. Power output (A) and COD removal efficiency (B), at different nutrient supply rates.

In general, the COD removal rate decreased with increasing nutrient supply rates. At very low
nutrient supply rates (0.01–0.02 mmol h−1), COD reduction rates were over 90%, which suggests that
most of the C/E source was fully utilised for cell growth and maintenance. The COD reduction rate,
then decreased at higher supply rates as previously described for effects of dilution rate.

3.4. Perfusion Anode Biofilm and Quasi Steady State

Unlike the planktonic mode of bacterial growth and existence (e.g., as in the case of a chemostat),
biofilms are associated with two types of populations, attached cells that are firmly bound and remain
at constant populations and the planktonic phase (detached cells washing out). For biofilms, a steady
state occurs when growth accumulation is matched by loss of cells from the system and such biofilms
can be maintained in quasi-steady state for as long as the operational factors of the system such as

7
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feedstock composition, nutrient supply rate and dilution rate are kept constant. Figure 5 shows stable
power outputs (steady states) produced by triplicate MFCs over seven days demonstrating that the
replicate MFC units are highly reproducible.

Figure 5. Stable power generation over seven days, from triplicate MFCs under metabolic steady state.
Inset graph presents a magnified view of the highlighted period.

The Monod model is most commonly used to describe the growth kinetics of cells growing in
steady state. Figure 6 describes the response of the MFCs in terms of power output and COD utilisation
towards changes in substrate concentration. From these data, it is possible to calculate the half-rate
saturation constant (Ks value) of 1.114 mM.

Figure 6. Power generation and COD reduction response to substrate concentration at high dilution
rate (D = 10.2 h−1).
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3.5. Effect of Anodic Volume on Power and COD Reduction

Since anodic volume is usually considered as a fixed design element, controlling dilution rate or
hydraulic retention time (HRT) is done through changing the flow rate. However, the novel design of
MFCs used in this study enables the anodic volume to change, it can be also an operating parameter.

Power output decreased, whereas COD removal efficiency increased with increasing the anodic
volume (corresponding D decreased from 3.8 h−1 to 0.8 h−1). Power density normalised by the anodic
volume shows an even clearer trend opposite to the anodic volume increase as shown in Figure 7.
This indicates that under the given parameters such as fixed size of both electrodes and membrane,
flow rate, feedstock concentration and electrode spacing, the smallest anodic volume of 10 mL was
the best value for maximum power generation. For maximum COD removal, the biggest volume of
50 mL achieved the best output. These results are in accordance to those reported by others [23,24];
a shorter HRT contributes to a decrease of COD removal. In this test, however, HRT was controlled by
changing the anodic volume instead of flow rates. Although change in planktonic bacterial population
is negligible in this test, due to the relatively short time of each volume condition, it can also have
an effect on MFC power output and COD removal. Larger anodic chamber volumes provide greater
space for planktonic bacteria to grow, thus higher total bacterial population. This does not necessarily
contribute to power generation, but consumes more organic matter in the feedstock thus achieving a
higher COD removal. If the substrate is complex in terms of its molecular structure, a larger volume
would be preferable since fermentative heterotrophs can break the substrate down first, making it
more easily available for the anodic biofilm community.

Figure 7. Volumetric power density and COD removal efficiency with different anodic volume (blue
line shows the trend of volumetric power density).

4. Discussion

MFCs with thick diffusion-limiting biofilms have a low growth rate/metabolic rate (thus slow
response time) because of slow diffusion of substrate from the medium through the thick biofilm
to the inner conductive layers. Such biofilms typically form over non-porous (solid) electrodes,
especially in batch culture where mechanism of electron transfer is via mediators as much as it is by
direct conduction methods. This can be minimised in small-scale MFCs, by using highly perfusable
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electrodes and high flow rate. In these conditions, the biofilm remains thin. The MFC is not limited
by diffusion and soluble mediator is rapidly washed away, so it is only the thin biofilm in direct
conductance that produces rapid responses and can grow at maximum specific growth rate.

The continuous flow model allows biofilms to grow and reach dynamic steady states, where the
attached cell population continues to grow, metabolise and thus produce electrical power, and yet the
perfusable biofilm remains constant (i.e., non-accumulating) over time by shedding of new daughter
cells [17]. The relatively high flow rates and high dilution rates employed (e.g., D = 10.2 h−1) did not
seem to affect the stability of the biofilm (although this has not yet been determined by use of molecular
approaches at the ecological level). However, it can be concluded that for the highest C/E-excess
conditions (substrate concentration of 4 mM), a higher flow rate produced no significant change in
electrical power output, which remained at maximum power (15–16 μW), even at very high flow
rates (equivalent to D = 10.2 h−1). For lower concentration of substrate (2.0 mM) increasing the flow
rate (from 19.2 to 76.7 mL h−1) gave increasing power output up to a maximum (15 μW), which then
remained the same despite further increases in flow rate. The same pattern was observed when lower
substrate concentration of 1.0 mM was tested. Increases in the flow rate increased the power output
up to a dilution rate of D = 5.1 h−1, where the maximum power for this concentration of substrate
(3.9 μW) was obtained. Therefore, it can be concluded that if the C/E supply rate is growth limiting,
then the power can be maximised by increasing the flow rate. It also suggests that Fick’s laws of
diffusion do not need to be incorporated into a mathematical model of the biological behaviour of
such biofilm-electrodes. These findings are useful when considering the advantages of cascades and
optimising the flow rate down such cascades.

Another important finding was the effect of anode working volume on power output and COD
reduction efficiency. As can be seen in Figure 7, when normalised for anodic working volume, higher
power was generated from the smaller volume (10 mL) than the larger (50 mL) and with an inverse
relationship for the tested volumes in between; this is in line with previous reports [25,26]. Treatment
(COD) efficiency showed the opposite, and although the percentage reduction varied between 69–74%
for all tested parameters, higher COD reduction was recorded for the larger volume experiments; this
may have been the result of the fixed flow rate and fixed substrate concentration chosen for this line of
experiments, and should therefore be further investigated under different fixed conditions.

5. Conclusions

Novel MFC design allows in situ placement of anode and its distance apart from the
membrane-cathode to be optimised. The design is particularly suited for observing the effects of
changes in the physicochemical conditions, particularly concentration of C/E in the feedstock, flow rate
and thus the supply rate and dilution rate of the system, on metabolism of the anodic biofilm and thus
power output. Moreover, this novel design would help to create new design of MFCs by comparing
the performance in terms of power generation and treatment efficiency under different operating
conditions. It would also be useful for MFC modelling to help better understand the technology.
Building a truly tenable MFC system can be achievable with auxetic material as an anode and chassis.
Future work needs to seek suitable materials for electrode and chassis.
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Abstract: This study demonstrated the enhancement of biogenic coal conversion to methane in a
bioelectrochemical anaerobic reactor with polarized electrodes. The electrode with 1.0 V polarization
increased the methane yield of coal to 52.5 mL/g lignite, which is the highest value reported to the
best of our knowledge. The electrode with 2.0 V polarization shortened the adaptation time for
methane production from coal, although the methane yield was slightly less than that of the 1.0 V
electrode. After the methane production from coal in the bioelectrochemical reactor, the hydrolysis
product, soluble organic residue, was still above 3600 mg chemical oxygen demand (COD)/L.
The hydrolysis product has a substrate inhibition effect and inhibited further conversion of coal
to methane. The dilution of the hydrolysis product mitigates the substrate inhibition to methane
production, and a 5.7-fold dilution inhibited the methane conversion rate by 50%. An additional
methane yield of 55.3 mL/g lignite was obtained when the hydrolysis product was diluted 10-fold in
the anaerobic toxicity test. The biogenic conversion of coal to methane was significantly improved by
the polarization of the electrode in the bioelectrochemical anaerobic reactor, and the dilution of the
hydrolysis product further improved the methane yield.

Keywords: coal; lignite; methane; biogenic conversion; bioelectrochemical reactor; inhibition

1. Introduction

Coal-bed methane (CBM) is an important source of natural gas that is formed in subsurface coal
seams. The CBM is commonly extracted by wells, but the extraction rate is limited by the formation rate
of CBM in the coal seam [1–3]. There are two types of CBMs in the coal seam, thermogenic and biogenic,
that are converted from the organic matter contained in coal [3]. While the thermogenic CBM is formed
as a side product of coalification at an elevated temperature and pressure, the biogenic formation of
CBM is a continuous process that is carried out by a series of anaerobic microbial conversions of the
organic matter in the coal. However, the rate of the microbial conversion of coal into methane is very
low, and the methane yields are also too low to be economical [4,5]. The commercial availability of
CBM requires improvements to the methane conversion rate and the yield from coal.

In the anaerobic conversion process of organic matter to methane, organic polymers
are hydrolyzed and fermented by acidogens to intermediates, such as acetate and hydrogen.
The intermediates are finally converted to methane by methanogens [6,7]. The physicochemical
characteristics of the organic matter are key factors affecting the anaerobic conversion process.
The organic matter contained in coal is mainly composed of hydrophobic substances, such as lignin,
that are undergoing coalification, which are hydrolyzed very slowly. The hydrolysis products are
composed of recalcitrant cyclic compounds, including long chain fatty acids, alkanes (C19-C36),
and various aromatic hydrocarbons, and are difficult to for the acidogens to ferment [4,5,8]. The cyclic
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compounds can generally be degraded under aerobic conditions by oxidizing their rings or adding
oxygen to their nuclei to open the rings [8,9]. When molecular oxygen is not available, some substances,
including nitrate, iron, and sulfate, can be also used as the electron acceptor for ring opening of the
cyclic compounds [8]. However, when there are no electron acceptors at a low redox potential, carbon
dioxide can be reduced to methane, but the ring opening reaction is less thermodynamically favorable.

To date, the methane conversion of coal has been mainly improved by increasing the bioavailability
of coal, biostimulation, and bioaugmentation. The bioavailability of coal can be increased to some
extent by reducing the coal particle size, increasing the porosity, and adding surfactants [10,11].
Bioaugmentation and biostimulation, in which a microbial consortium or inorganic nutrients, such
as nitrogen, phosphorus, trace elements, and vitamins, are supplied to the coal bed, have also been
used effectively for promoting coal conversion to methane [2,3,12,13]. However, the methane yield
obtainable from 1 g of coal is still only a few tens of μL to a few mL [2,5,11,14]. The organic content of
coal varies depending on the coalification degree, and in the case of lignite, is 0.5–0.8 g COD (chemical
oxygen demand) per g of coal. In anaerobic degradation of organic matter, theoretically, 1 g of COD
can be converted to 350 mL of methane. This suggests that the conversion potential of coal to methane
is fairly high.

The free energy change driving the redox reaction at the electrode surface depends on the
polarized potential of the electrode. Recently, the principle of an electrochemical redox reaction on
an electrode surface has been applied to improve the anaerobic degradation of organic matter [7,15].
An anaerobic reactor with a polarized electrode is called a bioelectrochemical anaerobic reactor. In a
bioelectrochemical anaerobic reactor, the electroactive microorganisms, including exoelectrogenic
fermentation bacteria (EFB) and electrotrophic methanogenic archaea (EMA), are enriched on the
surfaces of the polarized electrode [15–17]. The electroactive microorganisms can donate or accept
electrons to the outside of the cell through the cytochrome C or conductive pili that extend to the outer
membrane of the cell [7,18]. EMA are microorganisms that produce methane by directly accepting
the electrons from the EFB and then reduce carbon dioxide [15,16]. Recently, it has been revealed that
EFB and EMA can be enriched not only on the electrode surface, but also in the bulk solution [15,18].
The electrons can be directly transferred between the interspecies of the EFB and EMA through
the electrode, conductive materials, and direct contact [18–20]. In the anaerobic degradation of
organic matter, the limitations of the kinetics and thermodynamics are considerably mitigated by
methane production via direct interspecies electron transfer (DIET) [18,21]. This suggests that the
bioelectrochemical approach has great potential to improve the methane conversion of coal. However,
the bioelectrochemical methane conversion of coal has not yet been studied.

In this study, we first demonstrated that the polarized electrode remarkably improves the methane
conversion of coal in a bioelectrochemical anaerobic reactor. The rate-limiting step controlling the
overall methane conversion of coal was estimated and the inhibitory effects of the hydrolysis products
of coal on the methane production were also evaluated.

2. Materials and Methods

2.1. Coal and Seed Sludge

Commercially available Canadian lignite as coal was purchased from a local distributor
(Aquajiny Co., Daegu, Korea). The percentage of volatile solids in the lignite was 28.5%, and the
organic and moisture contents were 0.52 g COD/g lignite and 18.4%, respectively. For the anaerobic
batch experiment converting coal to methane, the lignite was powdered by crushing with a mortar and
pestle, and screened with a 1 mm sieve, followed by drying at 105 ◦C for 12 h. The medium for the
anaerobic batch experiment was prepared with the initial concentrations of 2.45 g/L NaH2PO4.2H2O,
4.58 g/L Na2HPO4.12H2O, 0.31 g/L NH4Cl, and 0.31 g/L KCl. Small amounts of vitamins and trace
metals were also added to the medium, following a previously reported method [22]. Anaerobic sludge
collected from a sewage treatment plant (Busan, South Korea) was screened with a 1 mm sieve and then

14



Energies 2018, 11, 2577

used as an inoculum by precipitating in a refrigerator at 4 ◦C for 24 h. The initial pH of the inoculum
for the anaerobic batch experiment and the anaerobic toxicity test were 7.17 and 7.25, respectively, the
VSS (volatile suspended solids) were 13.4 and 16.1 g/L, and the alkalinities were 2114 and 3702 mg/L
as CaCO3.

2.2. Experimental Apparatus for the Anaerobic Conversion of Coal to Methane

The bioelectrochemical anaerobic batch reactor (2 sets, effective volume 0.5 L, diameter 8.5 cm, and
height 10 cm) was prepared using a cylindrical acrylic resin tube (Figure 1). The top of the anaerobic
batch reactor was covered with acrylic plate and joined with a flange to seal the reactor. A blade for
mixing was placed inside the reactor. The blade was connected to a DC motor over the acrylic cover
plate using a steel shaft. The sampling ports for the gas and liquid and an off-gas valve were installed
at the acrylic cover plate. The sampling ports for the gas and liquid were covered with n-butyl rubber
stoppers. The liquid sampling port and the steel shaft hole of the acrylic cover plate were sealed with
acrylic tubes extending into the liquid phase. The off-gas valve was connected to a floating-type gas
collector by a rubber tube. The gas collector was filled with acidic saline water to prevent dissolution of
the biogas. Copper foils (0.3 T, copper 99.9%, KDI Co., Seoul, Korea) with a large area (26 cm × 9 cm)
and a small area (5.5 cm × 7 cm) were prepared. The surfaces of the foils were coated with a dielectric
polymer (alkydenamel, VOC 470 g/L, Noroo paint Co., Busan, Korea) and used as a pair of electrodes.
The electrodes were installed at the inner wall of the reactor and the outer wall of the sealing tube for
the steel shaft. The interval between the inner and outer electrodes was 3.3 cm. The electrodes were
connected to the terminals of an external voltage source (ODA Technologies, CO., Incheon, Korea)
with titanium wires.

Figure 1. Schematic diagram of the bioelectrochemical anaerobic batch reactor.

For the anaerobic batch experiments, seed sludge (250 mL), medium (250 mL), and lignite
(2.5 g) were added to the reactor. The electrodes were polarized by applying voltage of 1 or 2 V
using the external voltage source. The anaerobic batch reactor with an applied voltage of 1 V
was called as BEF1 and the reactor with 2 V was called BEF2. The anaerobic batch reactor was
placed in a temperature-controlled room (35 ◦C) and mixed with the rotating the blade at 120 rpm.
An anaerobic batch reactor without an applied voltage was operated under the same conditions as
a control. An anaerobic batch reactor without added lignite was prepared to examine the methane
production from the inoculum alone.
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2.3. Anaerobic Toxicity Test

The hydrolysis product of the lignite was collected from the anaerobic batch reactor after the
experiment. The COD and pH of the hydrolysis product were 4.16 g/L and 8.25, respectively. In the
anaerobic toxicity test of the hydrolysis product, serum bottles of 125 mL were prepared. The inoculum
(40 mL) and the hydrolysis product solution, with volumes ranging from 8 to 32 mL, were added to
the serum bottles, and the anaerobic medium was filled to a total liquid volume of 80 mL. As an easily
degradable substrate, 0.2 g of glucose was also added to the serum bottle. The serum bottle was flushed
with nitrogen gas and sealed with rubber and aluminum caps using a crimper. The sealed serum bottle
was incubated in a rotary shaker (120 rpm) at 35 ◦C. A serum bottle without the hydrolysis product
in the liquid was also incubated under the same conditions and used as the control. Another serum
bottle with added inoculum and medium was used as a blank to correct for the methane production
from the seed sludge. All the anaerobic toxicity tests in the serum bottles were performed in triplicate.

2.4. Analysis and Calculation

During the anaerobic batch experiments, small amounts of liquid sample was intermittently
collected, and the physicochemical properties, such as TS, VS, TCOD, SCOD, and VSS, were analyzed
according to the Standards Method. The pH was measured with a pH meter (YSI pH1200 laboratory
pH meter 115–230 V (T1)). At the end of the anaerobic batch experiment, VFAs (volatile fatty
acids) in the liquid sample were analyzed by HPLC (high-performance liquid chromatography,
UltiMate 3000, Thermo Scientific, Sunnyvale, USA) equipped with a UV detector and a separation
column (Amines HPX-87H). The biogas production was monitored using a floating-type gas collector,
and the biogas composition (methane, hydrogen, and carbon dioxide) was analyzed using a GC
(gas chromatograph Clarus 580, PerkinElmer Co., Ltd. Shelton, USA) equipped with a thermal
conductivity detector and a separation column (Porapak-Q, 6 ft × 1/8”, SS). The cumulative production
volumes of methane and hydrogen were estimated from the biogas production and the biogas
composition using Equation (1).

VCH4/H2 = CCH4/H2 × (VRH + VGT + VGC) (1)

where VCH4/H2 is the cumulative production volume of methane or hydrogen (mL) and CCH4/H2 is the
percentage of methane or hydrogen in the biogas. VRH is the head space of the batch reactor, VGT is
the volume of the rubber tube between the reactor and the gas collector, and VGC is the gas phase
volume in the gas collector. The methane and hydrogen production volumes were converted to the
corresponding values at standard temperature and pressure (STP), following previous studies [15,22].
At the end of the anaerobic batch experiment, a cyclic voltammetry experiment for the bulk solution
was performed using a potentiostat (ZIVE SP1, WonA Tech, Seoul, Korea) at the scan rate of 10 mV/s
in the voltage range of −1.0 to 1.0 V. Small pieces of stainless steel mesh (1 cm × 1 cm) were used as
the working and counter electrodes, and an Ag/AgCl electrode was used as the reference electrode.
The redox peak potential and the current were determined from the cyclic voltammogram obtained
using the SmartManager software (ZIVE BP2 Series, WonA Tech, Seoul, Korea).

In the anaerobic toxicity test, the biogas production was intermittently monitored using a
lubricated glass syringe, and the mean methane production was obtained from the biogas volume
and the composition, following a previous study [23], then it was converted to the corresponding
value at STP. The cumulative methane production was fit with the Modified Gompertz equation,
Equation (2), to estimate the lag phase time, the maximum methane production rate, and the ultimate
methane production.

P = Pu × exp[−exp(μm × exp(1) × (λ − t)/ Pu + 1)] (2)
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where P is the cumulative methane production (mL) at time t, Pu is the ultimate methane production
(mL), μm is the maximum methane production rate (mL/day), and λ is the lag phase time (day).
The nlstools package in R was used for the fitting the cumulative methane production.

3. Results and Discussion

3.1. Bioelectrochemical Conversion of Coal to Methane under Electrostatic Field

In BEF1 with an applied voltage of 1 V, the methane production was delayed after start-up,
but suddenly increased to 32.5 mL/g lignite on the 24th day. During the following several days,
the cumulative methane production tended to decrease somewhat, but increased again to 52.5 mL/g
lignite on the 31st day (Figure 2). To the best of our knowledge, this is the highest value of methane
yield of coal reported to date. In previous studies, one of the highest methane yields of coal was
7.4 mL/g lignite, depending on the type of coal and degree of coalification [3,5]. This was mainly
attributed to the organic matter in the coal, which was not a good substrate to be metabolized easily
by microorganisms. The common organic constituents in coal are complex organic polymers, such as
lignin, which are difficult to decompose [2]. There have been several attempts to improve the methane
conversion of coal. The methane yield can be improved to 1.66–2.93 mL/g subbituminous coal by
adding nutrients, such as yeast, algae, and cyanobacteria [3]. Aerobic pretreatment that promoted the
bioavailability of coal improved the methane yield to 4.98 mL/g lignite [2]. However, the methane yield
obtained in BEF1 was 10.5–31.6 times higher than those reported in previous studies [2,3]. Intriguingly,
the methane production in BEF1 was discontinuous, resembling a pulse (Figure 3). In anaerobic
digestion, the common intermediates are acetate and hydrogen, which are converted to methane by
acetoclastic and hydrogenotrophic methanogens, respectively [6,21]. During the operation of BEF1,
hydrogen was also observed in the biogas. The amount of hydrogen in the biogas increased and
decreased repeatedly. However, the methane production in BEF1 did not exhibit the same behavior
as that of hydrogen (Figure 3), indicating that there was little correlation between the hydrogen
consumption and the methane production. This implies that the methane conversion mechanism of
coal in BEF1 may be different from the known interspecies hydrogen transfer. It has been revealed that
the homoacetogens oxidize carbon dioxide with hydrogen in a bioelectrochemical system to produce
acetate, a substrate for exoelectrogens [24–26]. In BEF1, it seems that the acidogens fermented the
hydrolysis product to produce hydrogen, and the homoacetogens produced acetate from the hydrogen
and carbon dioxide. In a bioelectrochemical anaerobic reactor, the exoelectrogens on the electrode
surface or in the bulk solution fermented the low molecular organic matter and released electrons to
outside the cell [7,15]. The electrotrophic methanogens take the electrons directly to produce methane
by reducing carbon dioxide [15,27]. In the cyclic voltammogram for the bulk solution in BEF1, two pair
of redox peaks were observed at −0.014/−0.239 V vs. Ag/AgCl (Ef = −0.127 V) and 0.913/0.025 V vs.
Ag/AgCl (Ef = 0.461 V) (Figure 4). The redox peaks in the voltammogram indicate the presence of
electroactive substances, such as electroactive microorganisms or electron transfer mediators in the
bulk solution [15]. In anaerobic digestion, when the redox potential is more negative than −0.44 V
vs. Ag/AgCl, carbon dioxide can be thermodynamically reduced to methane at standard conditions.
This suggests that the 2nd redox peaks are not likely to be involved in the methane conversion of coal.
The formal potential (Ef) that is effective in the methane conversion reaction is varied from −0.23 V
vs. Standard Hydrogen Electrode (SHE) to 0.7 V vs. SHE, depending on the type of electroactive
substances [28]. In BEF1, the applied voltage between the electrodes was 1.0 V, and the electric field in
the bulk solution is theoretically 0.3 V/cm. This indicates that the 1st redox peaks were the effective
electroactive substances that could contribute to the methane production. It seems that the methane in
BEF1 was produced from the acetate by syntrophic metabolisms between the exoelectrogens and the
electrotrophic methanogens or by the acetoclastic methanogens.
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In BEF2 with an applied voltage of 2 V, the methane production began on the 15th day and reached
a maximum value of 43.7 mL/g lignite on the 19th day (Figure 2). Hydrogen production in BEF2 was
observed on the 15th day only (Figure 3). The correlation between the hydrogen consumption and
methane production was low, similar to BEF1. This indicates that the potential of the hydrogenotrophic
methanogenesis in BEF2 was also low. In the cyclic voltammogram for the bulk solution in BEF2,
pairs of redox peaks were observed at 0.055/−0.286 V vs. Ag/AgCl (Ef = −0.116 V) and 0.986/0.135 V
vs. Ag/AgCl (Ef = +0.561 V). Although the formal potential of the 1st redox peaks shifted in the
positive direction somewhat compared to that of BEF1, these peaks may have contributed to the
electron transfer for methane production. This suggests that the DIET between the exoelectrogens
and the electrotrophs potentially plays a role in the fermentation of the hydrolysis product and the
methane production.

Interestingly, the cumulative methane production in BEF1 and BEF2 gradually decreased after
increasing to maximum values (Figure 2). It seems that the methane was consumed by methanotrophs.
In general, methanotrophs metabolize methane in aerobic conditions and have a unique ability to
oxidize a wide range of alkanes, aromatics, and halogenated alkenes [29–31]. However, when the
available molecular oxygen is limited, the methanotrophs use sulfate, nitrite, and nitrate as the electron
acceptor [31,32]. Recently, it was revealed that the methanotrophs can also use the anode as an
electron acceptor to oxidize methane in bioelectrochemical anaerobic systems and can outcompete the
methanogens when the available substrate is deficient [32,33]. The anaerobic batch reactors of BEF1
and BEF2 are substrate limited bioelectrochemical reactors with applied voltages, and the hydrolysis
product of coal is composed of cyclic compounds. These are conditions under which the methanotrophs
could be enriched. It seems that methanotrophs play an important role in the methane conversion of
coal, but further studies are needed in the future.

Figure 2. Cumulative methane production in bioelectrochemical anaerobic reactor.

The methane production was very small in the control without an applied voltage and was
less than the blank (Figure 2). In the blank, methane was produced from the anaerobic degradation
of organic matter contained in the inoculum. It seems that the hydrolysis products of coal had an
inhibitory effect on the methane production in the control. Under anaerobic conditions, the hydrolysis
products of coal include long chain fatty acids, polycyclic aromatic hydrocarbons, and heterocyclic
compounds [2,4]. It is known that the fermentation of the hydrolysis products into precursors, such as
acetate and hydrogen, is the rate-limiting step in the entire methane conversion process of coal [2].
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Figure 3. Daily changes in (a) methane production and (b) hydrogen production.

In previous studies, methane conversion of coal in the anaerobic reactor was observed between
30 and 60 days [3,4]. There is a possibility that the anaerobic microorganisms adapted to the anaerobic
reactor for the methane conversion of coal. However, the expected methane production was still less
than a few mL/g of coal.

The correlation between hydrogen consumption and methane production in the control was
somewhat higher than those in BEF1 and BEF2. This suggests that the methane was produced in the
control by indirect interspecies electron transfer via methane precursors, such as acetate or hydrogen.
In the bulk solution of the control, redox peaks in the cyclic voltammogram were also observed at
0.08/–0.24 V vs. Ag/AgCl (Ef = −0.08 V) and 1.03/0.15 V vs. Ag/AgCl (Ef = 0.59 V). However,
the small amount of methane production indicates that the redox species in the control did not
contribute to the electron transfer for methane production.
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Figure 4. Cyclic voltammogram in the bulk solution for different applied voltages.

3.2. Methane Conversion Potential of Hydrolyzed Product from Coal

The methane conversion of coal experiments was stopped when no further methane production
was observed in the reactors. However, the soluble organic matter in BEF1 and BEF2 were still 3.62 and
4.09 g SCOD/L, respectively, and was as high as 4.66 g SCOD/L in the control (Table 1). It is interesting
that there was enough organic matter in the anaerobic batch reactors, but the methane production
stopped. It is speculated that the residual organic matter was composed of recalcitrant compounds that
were difficult to degrade or that the anaerobic microorganisms had lost activity for methane conversion
by the toxicity of the compounds. During the anaerobic batch experiments, the pH values were initially
7.36, but increased to 7.79–8.06 (Table 1). In the anaerobic reactors, the accumulation of VFAs reduced
the pH, but the alkalinity increased the pH [22,27]. The alkalinities in the anaerobic batch reactors
increased from 3824 mg/L as CaCO3 to about 4500 mg/L as CaCO3, but the levels of VFA residuals
were very low (Table 1). The alkalinity was generated by the methane production, sulfate reduction,
and the ammonia produced from the degradation of nitrogenous compounds [22,27]. In BEF1 and
BEF2, the methane production amounts were 116.92–136.27 mL, indicating that the alkalinities were
not significantly increased by the methane production. However, the VSSs were reduced from the
initial values of 9.25 g/L to 6–8 g/L. This indicates that the alkalinities mainly increased due to the
ammonia released from microbial cell lysis due to the limited substrate. In the blank, the residual
organic matter was 1.24 g SCOD/L. The hydrolysis products of coal were 2.38–3.42 g SCOD/L in the
total organic residue in the anaerobic batch reactors.

In previous studies, the hydrolysis product of coal was composed of several complex cyclic
compounds [2,3,13]. These compounds can be converted to the methane precursors by carboxylation,
hydroxylation, and methylation for ring opening [8]. The initial value of particulate COD was 11.28 g/L
in all anaerobic reactors and decreased to 0.51–1.01 g/L during the methane conversion experiment of
coal, indicating that the particulate organic matter containing the coal was at least 91–96% hydrolyzed.
However, the VFA residues in BEF1 and BEF2 were only 0.15 g COD/L and 0.19 g COD/L, respectively.
This means that the fermentation of the hydrolysis products of coal into the methane precursors is a
rate-limiting step in the overall methane conversion of coal [2,4].
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In the anaerobic toxicity test, the methane production was severely affected by the content of the
coal hydrolysis product in the anaerobic medium (Figure 5a). In the control without the hydrolysis
product, the maximum methane production rate was 6.36 mL/day. When the hydrolysis product
was added to the anaerobic medium up to 10%, the maximum methane production increased slightly
to 6.49 mL/day. However, as the hydrolysis products increased to 20% and 40% in the anaerobic
medium, the maximum methane production rates decreased to 2.36 and 1.86 mL/day, respectively.
These indicate that the maximum methane production rates were inhibited by 62.9% and 70.8%,
respectively. This suggests that the hydrolysis product has a substrate inhibition effect on methane
production, and that the maximum methane production rate was 50% inhibited when the hydrolysis
product was diluted 5.7-fold (Figure 5b). However, when the hydrolysis product was 10%, the ultimate
methane production was 47.4 mL, which was higher than 38.6 mL of the control. The ultimate methane
production increased to 52.4 and 49.5 mL with the increase in the hydrolysis products to 20% and 40%,
respectively. Although the ultimate methane production depended on the amount of the hydrolysis
product added to the anaerobic medium, the increase in the methane production compared to that of
the control indicates that the hydrolysis product was metabolized by the anaerobic microorganisms.
The methane yield was 175.2 mL/g CODr in the control, but it decreased from 156.4 mL/g CODr to
142.3 mL/g CODr as the hydrolysis product content increased from 10% to 40% (Table 2). This indicates
that the hydrolysis products were toxic to the anaerobic microorganisms. The methane yield from
the hydrolysis product based on the coal ranged from 106.3 mL/g CODrCHP (55.3 mL/g lignite) to
85.4 mL/g CODrCHP (44.4 mL/g lignite) when the hydrolysis product increased from 10% to 40% in
the anaerobic medium, respectively. The dependence of the methane yield on the hydrolysis product
content indicates that the hydrolysis product of coal can be converted into methane if it is diluted.
However, the substrate inhibition of the hydrolysis product to methane production could be mitigated
through additional in-depth studies.

Table 1. Summary of biogenic conversion of coal to methane in bioelectrochemical anaerobic reactor.

Contents Control BEF1 BEF2

CH4 yield (mL/g lignite) 0.75 52.5 43.7
SCOD residual (g/L) 4.66 3.62 4.09

VFAs residual (g COD/L) 0.57 0.18 0.15

Redox peaks in CV

Ep,ox/Ep,red
(V vs. Ag/AgCl)

0.083/−0.241;
1.031/0.154

−0.014/−0.239;
0.913/0.025

0.055/−0.286;
0.986/0.135

Ef
(V vs. Ag/AgCl) −0.079; +0.593 −0.127; +0.469 −0.116; +0.561

Ip,ox/Ip,red (mA) 0.331/0.238;
0.113/0.148

0.473/0.356;
0.217/0.253

0.407/0.244;
0.146/0.011

Alkalinity (mg/L
as CaCO3)

Initial 3824 3824 3824
Final 4026 4182 4462

pH Initial 7.36 7.36 7.36
Final 7.79 8.06 7.92

VSS (g/L) Initial 9.25 9.25 9.25
Final 5.05 6.10 7.95

Table 2. Summary of the anaerobic toxicity of the hydrolysis product of coal to methane conversion.

Parameter Control 10% 20% 40%

Pu (mL) 38.6 47.4 52.4 49.5
μm (mL/day) 6.36 6.49 2.36 1.86

λ (day) 0 0 0 4.65
Total CH4 yield (mL/g CODr) 175.2 156.4 146.2 142.3

CH4 from CHP (mL/g CODr CHP) 0.00 106.3 100.0 85.4

(CHP: coal hydrolysis product, g COD).
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Figure 5. (a) Cumulative methane production and (b) the inhibition to the methane production
depending on the amount of the coal hydrolysis product added in the anaerobic toxicity test.

3.3. Implications

Coal is the most buried fossil fuel on the planet and accounts for around 30% of the global energy
use [10,11,34]. However, coal releases several pollutants, such as dust, sulfur oxides, nitrogen oxides,
and carbon dioxide during use [10,35,36]. Methane is a major component of natural gas, a clean
energy resource. The biological conversion of coal to methane is crucial for securing stable energy
resources and sustainable development. Therefore, there have been several physicochemical and
biological attempts to improve the coal conversion to methane [10,36]. Nevertheless, the methane
yield was less than a few mL/g of lignite and required 30 to 85 days [5,37]. The coal conversion
process to methane is significantly affected by the physicochemical characteristics of the organic
matter contained in the coal. The organic matter in the coal is generally composed of recalcitrant
lignified materials that are hydrolyzed into long chain fatty acids, polycyclic aromatic hydrocarbons,
and heterocyclic compounds [2,4,5]. In bioelectrochemical anaerobic reactors, the coal conversion to
methane was significantly improved by applying 1 V. The methane yield reached 52.5 mL/g lignite
(Table 1), which is the highest reported value to the best of our knowledge. However, when the
applied voltage increased to 2 V, although the methane yield was slightly reduced to 43.7 mL/g lignite,
the methane production from coal was observed after a shorter lag phase time of 13 days. Interestingly,
the organic residues of the coal hydrolysis product were still high, with values around 3620–4090 mg

22



Energies 2018, 11, 2577

COD/L in the bioelectrochemical anaerobic reactor after methane production. In the anaerobic toxicity
tests, the hydrolysis products had produced a substrate inhibition effect for methane production,
which was 50% inhibited when the organic hydrolysis product was diluted approximately 5.7 times.
However, the organic hydrolysis products were further converted to methane (106.3 mL/g CODr CHP)
by a 10-fold dilution (Table 2). This suggests that the methane production from the hydrolysis product
after the bioelectrochemical conversion of coal to methane increases the methane potential of coal to
107.8 mL/g lignite (207.3 mL/g COD in lignite). The methane potential of coal is lower than 350 mL/g
COD in glucose, but high enough to be commercially viable. However, additional in-depth studies
are necessary to mitigate the inhibition of the coal hydrolysis products on the methane conversion in
the field.

4. Conclusions

The polarization of the electrodes in the bioelectrochemical anaerobic reactors greatly improved
the coal conversion to methane. The electrode polarized with 1.0 V in the bioelectrochemical anaerobic
reactor increased the methane yield of coal to 52.5 mL/g lignite. The electrode polarized with 2 V
shortened the time required to produce methane and improved the coal conversion rate. The organic
residue of the hydrolysis products had a substrate inhibition effect for methane conversion, and the
methane conversion rate was 50% inhibited when the hydrolysis products were diluted 5.7-fold.
A 10-fold dilution of the hydrolysis products produced additional methane of 106.3 mL per g
CODr, which amounts to 55.3 mL/g lignite. The total methane potential of coal was improved to
107.8 mL/g lignite by the electrode polarization and the dilution of the hydrolysis products. However,
the inhibition of the hydrolysis products to the methane conversion could be mitigated by additional
in-depth studies.
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Abstract: The conversion of C1 gas feedstock, such as carbon monoxide (CO), to useful platform
chemicals has attracted considerable interest in industrial biotechnology. One conversion method
is electrode-based electron transfer to microorganisms using bioelectrochemical systems (BESs).
In this BES system, acetate is the predominant component of various volatile fatty acids (VFAs).
To appropriately separate and concentrate the acetate produced, a BES-type electrodialysis cell with
an anion exchange membrane was constructed and evaluated under various operational conditions,
such as applied external current, acetate concentration, and pH. A high acetate flux of 23.9 mmol/m2·h
was observed under a −15 mA current in an electrodialysis-based bioelectrochemical system.
In addition, the initial acetate concentration affected the separation efficiency and transportation
rate. The maximum flux appeared at 48.6 mmol/m2·h when the acetate concentration was
100 mM, whereas the effects of the initial pH of the anolyte were negligible. The acetate flux
was 14.9 mmol/m2·h when actual fermentation broth from BES-based CO fermentation was used as
a catholyte. A comparison of the synthetic broth with the actual fermentation broth suggests that
unknown substances and metabolites produced from the previous bioconversion process interfere
with electrodialysis. These results provide information on the optimal conditions for the separation
of VFAs produced by C1 gas fermentation through electrodialysis and a combination of a BES
and electrodialysis.

Keywords: electrodialysis; bioelectrochemical system; microbial fuel cell; C1 gas; carbon monoxide;
acetate

1. Introduction

The biological conversion of industrial waste gases containing carbon dioxide and carbon
monoxide are being highlighted to reduce the emissions of greenhouse gases and simultaneously
produce the building blocks of fuel and more useful commodity chemicals [1,2]. Among them, CO,
which is toxic and recalcitrant to the environment, accounts for 50 to 70% of the effluent gas from steel
factories. Hence, appropriate treatment technologies are anticipated. Recently, Im et al. (2018) reported
that a bioelectrochemical system (BES) could compensate for the limitation of natural biological CO
conversion and enhance the production of volatile fatty acids [3]. The applied potential of the BES
supplies reducing power for autotrophic microorganisms and improves the yield of C1 gas conversion
and cell growth [4–8].

The metabolites produced from BES-based C1 fermentation may contain acetate as well as various
volatile fatty acids (VFAs) and alcohols [9,10]. Therefore, additional separation processes are needed to
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isolate and/or concentrate acetate from fermentation broth. In a conventional study, the separation
of ionic metabolites was carried out using chemical and physical methods, such as acidification,
ion-exchange, crystallization, and adsorption. On the other hand, these attempts may need to be
moderated with the recent trends of environmentally and economically sustainable research and
development [11,12]. For example, in the case of acidification or ion exchange, considerable amounts
of acid and alkali are consumed during the operation, which is problematic. Regarding crystallization
or adsorption, additional purification and chemical waste discharge have been a concern.

Electrodialysis (ED) is a technology to separate and enrich target substances by transferring the
ionic forms through a selectively transmissible ion exchange membrane under an electrochemically
induced oxidation/reduction reaction [11]. The separation of fermentation metabolites by
electrodialysis was proposed to prevent the inhibition of lactic acid [13]. Im et al. reported that
BES-based C1 gas conversion produced up to 8.4 g/L of acetate, which is an industrially useful
intermediate chemical and a source for further biosynthesis. Recently, many research groups have
attempted to separate acetate from a range of wastewater or microbial fermentation broths [14,15].
In a normal fermentation broth, the anionic form of acetate is the dominant species rather than acetic
acid because the culture condition is generally near neutral pH. Therefore, acetate species can be
separated using the ion exchange membrane of an electrodialysis cell. In electrodialysis, the H+/OH−

ion can be supplied continuously by electrochemical control in electrodialysis, and this can provide
a driving force to separate various metabolites from the fermentation broth without the need for
additional chemical reagents, such as salts. Moreover, it is capable of separating and concentrating
high purity substances efficiently compared to other methods, enabling applications in a wide range
of industrial processes, including food and biofuel production [16,17]. In particular, there have been
many applications of electrodialysis in bioelectrochemical systems [18–20]. For example, ethyl acetate
was produced through biphasic esterification, and acetic acid was separated from the fermentation
broth by electrodialysis [21]. In addition, acetic acid, which was produced from carbon dioxide in
a three-chamber bioelectrochemical system, was separated by electrodialysis with yields of up to
13.5 g/L over a 43 day period [5].

The system configuration of BES and electrodialysis have some similarity in terms of using
an ion exchange membrane (or separator) and electrical input (or output) to (or from) the reactor.
Thus, electrodialysis allows the direct production and isolation of the target metabolites from C1
gas fermentation. On the other hand, the most important and problematic issue of separation by
electrodialysis is membrane fouling [22]. In the sludge, wastewater or fermentation broth, there are not
only secondary metabolic products, but also unused growth media components and a large number
of cells [23]. These undesirable substances or microbial cells attach to the surface of the membrane
and/or block the functional group of the ion exchange membrane during the electrodialysis process,
eventually resulting in a decrease in separation efficiency [24]. To solve these problems, pretreating the
fermentation broth before introduction to electrodialysis or various modification methods of the ion
exchange membrane have been suggested [23,25,26].

This study examined the operational parameters in electrodialysis to separate acetate, which is
applicable to C1 gas fermentation (Figure 1). The optimal conditions in the synthetic broth were
investigated and applied to the fermentation broth. The efficiency and flux of acetate separation were
compared in an actual fermentation broth and synthetic solution. The aim of this study was to assess
the potential of a combination of electrodialysis with BES-based C1 gas fermentation.
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Figure 1. Separation and concentration of acetate from CO fermentation broth by electrodialysis cell.
BES: Bioelectrochemical system.

2. Materials and Methods

2.1. Configuration of Bioelectrochemical System and Electrodialysis Reactor

An H-type BES reactor was used, as described previously [3,4]. Two media bottles (310 mL
capacity) were joined with a glass tube and a proton exchange membrane (Nafion 117; Dupont,
Wilmington, DE, USA) and held with a clamp [27]. A 4 cm × 5 cm piece of graphite felt (Cera Materials,
Port Jervis, NY, USA) was implemented as the cathode electrode. Graphite granules (40 g) were added
to the anode chamber, and 5 cm of a graphite rod connected with titanium wire was used as the
current collector from the graphite granules. The cathode potential (−1.1 V vs. Ag/AgCl) was applied
continuously through a multi-channel potentiostat (WMPG1000K8, Won-A tech, Seoul, Korea) during
the experiment to support the BES-based biological CO conversion. A feed gas (N2:CO:CO2 = 50:40:10)
was continuously provided into the cathode chamber at a flow rate of 10 mL/min. All experimental
conditions performed were in accordance with the research reported by Im et al. [3].

The electrodialysis (ED) reactor used in this experiment consisted of an acrylic anode and
cathode chamber; each chamber had a working volume of 73.5 mL (7 × 7 × 1.5 cm3) (See Figure S1).
Both electrodes were made of carbon paper (surface area of 42.25 cm2, 120-TGP-H-120, Toray, Japan),
and connected to a circuit via a carbon fiber (20 cm). An anion exchange membrane (49 cm2,
FKB-PK-130, Fumasep, Bietigheim-Bissingen, Germany) was used as the ion exchange membrane for
the cell, and it was rinsed with a 0.5 M NaCl solution for 24 h prior to use. A potentiostat (WMPG1000,
WonA Tech, Korea) in galvanostatic mode was used to apply a current to the reactor. To examine
acetate separation from a realistic fermentation broth, both BES and ED were connected, as shown in
Figure 1. In some cases, centrifuged fermentation broth, as described in Section 2.2, was introduced
into the electrodialysis cell to examine the effects of particulates and cells in the media.

2.2. Composition of Electrolyte

Two types of catholytes were used to examine acetate transportation across the ion exchange
membrane: synthetic broth and fermentation broth. The synthetic broth contained a CO/CO2

fermentation medium, which was composed of the following (per liter): 1.5 g KH2PO4, 2.9 g K2HPO4,
2.0 g NaHCO3, 0.5 g NH4Cl, 0.09 g MgCl·6H2O, 0.0225 g CaCl2·2H2O, and 0.5 g yeast extract. Sodium
acetate (20 mM to 100 mM for each reaction condition) was added to the catholyte to examine
transportation through the membrane. The fermentation medium was made by slightly modifying
the synthetic broth by also adding 2.11 g of sodium-2 bromoethanesulfonate as a methanogene
inhibitor, 2 ml of Pfennig’s trace element solution, and 5 mL of a vitamin solution [3]. The pH
was adjusted to 6.0 with 1 M H2SO4 and 1 M NaOH. In some experiments, centrifugation was
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conducted at 7500 RPM and 15 min to remove the cells and precipitates produced from former
fermentation. Streptomycin (20 μg/mL) was added as an antibiotic to prevent acetate consumption
due to contamination. The anode electrolyte consisted of the following ingredients (per liter): 0.8 g
K2HPO4, 1.0 g NH4Cl, 2.0 g KCl, 0.15 g CaCl2·2H2O, 2.4 g MgCl·6H2O, 4.8 g NaCl, and 10.08 g
NaHCO3 [5].

2.3. Operation of Electrodialysis Reactor

The cathode and anode electrodes were set as the working and counter electrodes, respectively.
The current applied to the cathode ranged from 0 to −15 mA using a galvanostatic method.
The electrodialysis cells were located in the incubator at 25 ± 1 ◦C and gently shaken at 30 rpm.

2.4. Analyses

A liquid sample (<300 μL) was taken from each chamber periodically. The liquid samples were
filtered through a 0.2 μm syringe filter, acidified by HCl to prevent acetate volatilization, and stored
in a freezer at −80 ◦C. The samples were analyzed by gas chromatography (GC, 7890B, Agilent
Technologies, Santa Clara, CA, USA) and high-performance liquid chromatography (HPLC, HP 1100
series, Agilent Technologies, Santa Clara, CA, USA). The experiment was conducted in duplicate,
and the analyses were carried out in duplicate. The initial and final pH were measured using a pH
meter (Orion 420A+, Thermo Orion, USA). The current efficiency (ηA) was estimated using the
following equation:

ηA =
ΔNA

iAΔt/F
(1)

where ΔNA is the change in the molarity of acetate, i is the current density, A is the membrane area,
F is the faraday constant (96485 C/mol = 26.8 Ah/mol), and Δt is the interval of time [28].

The flux (JA) of acetate from the cathode to anode chamber was calculated using the
following equation:

JA =
ΔmA
AΔt

(2)

where Δm is the amount of acetate transported from the cathode to the anode chamber, A is the
membrane area, and Δt is the interval of time.

3. Results and Discussion

3.1. Different Applied Current on Acetate Transportation in BES

Acetate transport across the ion exchange membrane is affected by the applied potential and
current in microbial fuel cells [5,11,29,30]. Therefore, the changes in acetate concentration in both the
anode and cathode chambers were examined while various currents (−5 to −15 mA) were applied
to the cell (Figure 2). In the absence of an applied current, the final acetate concentration of 9.17 mM
was transported to the anode chamber during 16 h of operation, indicating that acetate had diffused
to the anode due to the concentration gradient. On the other hand, acetate transport was increased
to 12.55 mM when a current was applied across the electrodes (−5 mA). Under −15 mA application,
24.98 mM of acetate was transported to the anode chamber. An externally applied current can drive the
electrochemical reaction and actively move acetate anions against the concentration gradient between
the anode and cathode chambers (Figure 2B–D) over 16 h, whereas the acetate only diffused naturally
in the control (i.e., under the absence of an applied current) (Figure 2A).

The amount of acetate transportation increased with increasing current in BES. On the other
hand, the estimated current efficiency on the applied potential decreased at a higher current (Table 1).
The current efficiency estimated by Equation (1) was higher (54.4 ± 0.2%) under a lower applied
current (−5 mA), whereas it decreased at a higher current (36.1 ± 1.2% at −15 mA) (Table 1). On the
other hand, the acetate flux across the membrane was 23.9 ± 0.8 mmol/m2·h at −15 mA, whereas it
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decreased at a lower applied current (8.8 ± 0.4 mmol/m2·h at −5 mA) (Table 1). The driving force
for acetate anion transportation by electrodialysis is lost under a higher current in electrodialysis.
These results are consistent with the previous observation that the selectivity for ions at a low current
density was higher than that at a high current density [31]. At a high current density, the current
efficiency was reduced because the driving force was dissipated by the movement of other ions in
addition to the target acetate, and resistance in the ion exchange membrane.

Figure 2. Acetate transfer from the cathode to the anode chamber under different current conditions.
Without current application (A,E); −5 mA (B,F); −10 mA (C,G); −15 mA (D,H) during 16 h of operation.

Table 1. Entire migration amount of acetate in the cathode chamber, total applied current, current
efficiency, and acetate flux.

Conditions
Acetate Migration from

the Cathode (mM)
Total Applied

Current (C)
Current

Efficiency (%)
Acetate Flux
(mmol/m2·h)

Applied
current

0 mA 14.7 ± 4.9 - - 8.8 ± 0.4
−5 mA 18.8 ± 5.2 288.0 54.4 ± 0.2 12.0 ± 0.0
−10 mA 24.4 ± 7.9 576.0 40.4 ± 0.6 17.8 ± 0.3
−15 mA 28.5 ± 3.6 864.0 36.1 ± 1.2 23.9 ± 0.8

Acetate
concentration

20 mM 16.3 ± 2.1

864.0

23.8 ± 0.6 15.8 ± 0.4
40 mM 30.1 ± 4.5 40.2 ± 1.2 26.6 ± 0.8
80 mM 44.2 ± 9.3 63.1 ± 2.6 41.8 ± 1.7
100 mM 55.9 ± 11.3 73.4 ± 4.6 48.6 ± 3.0

pH test
2.0 31.2 ± 3.1

864.0
43.4 ± 2.8 28.2 ± 1.8

4.0 30.6 ± 6.3 42.8 ± 3.4 28.4 ± 2.2
6.0 28.9 ± 3.9 40.1 ± 4.1 26.6 ± 2.7

Catholyte
composition

Synthetic 25.3 ± 0.9
864.0

34.5 ± 1.2 22.9 ± 0.8
Fermented with

centrifuge 11.4 ± 1.2 22.5 ± 1.5 14.9 ± 1.0

Fermented without
centrifuge 11.1 ± 0.3 18.6 ± 0.7 12.3 ± 0.4

3.2. Effect of Different Acetate Concentration

The effects of the initial acetate concentration (20 to 100 mM) on electrodialysis were
investigated at an applied current of −15 mA (Figure 3). The acetate flux was estimated to
be 48.6 ± 3.0 mmol/m2·h at an initial acetate concentration of 100 mM, whereas it decreased
proportionally to 15.8 ± 0.4 mmol/m2·h with 20 mM (Figure 3 and Table 1). At the highest acetate
concentration (100 mM), the current efficiency (73.4%) was much higher than that at a lower
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concentration (20 mM vs. 23.8%) (Table 1). These results suggest that a higher efficiency of acetate
separation can be obtained at a higher acetate concentration. When no current was applied to the cell,
separation was carried out by diffusion depending on the acetate concentration. This indicates that,
in addition to the applied current, diffusion plays an important role in the transport of acetate [29].
Accordingly, a higher acetate concentration is required for optimal process efficiency, even though
the performance of electrodialysis is also related to the reactor configuration. Im et al. examined
the fermentation of acetate production from CO by electrosynthesis and revealed the productivity of
acetate at a maximum of 8.4 g L−1 in a BES [3]. Therefore, electrodialysis-driven acetate separation
around the maximum was examined in the electrodialysis cell. The separation of acetate at this
point is expected to increase both the growth of microorganisms and the acetate productivity from
CO conversion.

Figure 3. Change in acetate concentration by electrodialysis under various initial acetate concentrations
in the cathode chamber, 20 mM (A,E), 40 mM (B,F), 80 mM (C,G), and 100 mM (D,H). The applied
potential was fixed to −15 mA.

3.3. Effect of Different Initial Anodic pH

The pH of the anode chamber can also be an important factor for the efficient separation of acetate.
The pKa of acetate is 4.76. Hence, acetate exists mainly as an ionized form in the catholyte in the
cathode chamber (~pH 6.0), which is provided from the former BES reactor. To examine the effects of
the anodic pH in electrodialysis, the anodic pH was adjusted from 2.0 to 6.0 while the cathodic pH was
fixed to 6.0 because the pH from the effluent from the former C1 gas fermentation is approximately 6.0.
As shown in Figure 4, the pH effect on acetate separation was negligible, and the current efficiencies
were estimated to be approximately 40–43% under these pH conditions (Table 1). In electrodialysis cells,
the following oxidation and reduction reactions take place in the anode (3) and cathode chamber (4);

H2O → 2H+ + 1/2O2 + 2e− (3)

2H2O + 2e− → 2OH− + H2 (4)

The H+ produced by water electrolysis reaction (3) reduces the pH in the anode chamber
continuously, which eventually approaches pH 2.0, even if the initial pH of the anode chamber
is higher than pH 2.0. The final pH of the anode chamber in the tested reactors was pH 1.9 to 2.0,
which converged from a varied initial pH 2.0 to 6.0. This suggests that proton transport from the anode
to the cathode in the reverse direction of acetate anion species separation might be limited by the ion
exchange membrane [32].
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Figure 4. Changes in the acetate concentration by electrodialysis when the initial pH of the anode was
varied. Initial anode pH 2.0 (A,D); pH 4.0 (B,E); pH 6.0 (C,F).

3.4. Acetate Separation from the Actual Fermentation Broth

The combination of acetate fermentation followed by electrodialysis-based acetate separation
has been highlighted for biological C1 gas conversion. Based on the results of the above experiments,
synthetic and fermentation broths containing acetate were compared for the separation of acetate in
the electrodialysis cell. First, the cell and precipitate in the former fermentation broth were removed by
centrifugation to exclude the effects of particulates in the broth. The final acetate concentrations
with the fermentation and synthetic broth were 15.6 mM and 23.9 mM, respectively (Figure 5).
The results show that approximately 20% less acetate in the fermentation broth (i.e., effluent from the
former electrosynthesis process) is transported to the anode chamber than the synthetic solution,
even when the particulates were removed by centrifugation (Figure 5B). A similar but slightly
lower acetate separation was obtained using a non-centrifuged fermentation broth (i.e., realistic
cultivation broth from BES) (13.30 mM) during the 16 h of operation (Figure 5C). The other metabolites
from C1 gas fermentation in BES, such as butyrate, propionate and iso-butyrate [3], hinder acetate
separation significantly. As observed in the GC analysis results, unlike the synthetic medium,
the fermentation broth contains various volatile fatty acids as well as acetate (Figure S2C,D). Among
these metabolites, the longer chain VFAs, such as propionate, may pass through the membrane
competitively with acetate, which might reduce the rate and efficiency of acetate separation. The GC
results also show clearly that propionate has passed through the anion exchange membrane used
in this study (Figure S2A,B). The competitive flux of these other anions is considered to be the
cause of the relatively low current efficiency for acetate separation [21]. Because the former BES
process was usually inoculated with inoculum, including sludge and isolated microorganisms,
it contained a variety of particulates, colloidal and dissolved fractions, all of which can act as
inhibitors and potential foulants. Microorganisms and soluble substances potentially cause membrane
fouling, which decreases the electrodialysis performance [24,33,34]. Ghasemi et al. reported that the
microorganisms attached to the membrane surface and the biofilm formation are major factors reducing
the separation efficiency in the electrodialysis cell [22]. After the operation of the electrodialysis cell
with a non-centrifuged fermentation broth, contamination by unknown substances was observed on
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the cathodic electrode, which was different from the synthetic and centrifuged fermentation broth
(Figure S3D–F). These contaminants on the electrode and membrane may lower the current efficiency
of acetate separation from the non-centrifuged fermentation broth in the electrodialysis cell.

Figure 5. Comparison of acetate transportation in an electrodialysis cell with synthetic media containing
acetate (A,D), and centrifuged C1 gas fermentation broth (B,E) and non-centrifuged C1 gas fermentation
broth (C,F).

4. Implication and Conclusions

Acetate is one of the primary metabolites from C1 gas fermentation and is a useful intermediate
chemical for further biosynthesis [35]. On the other hand, this fermentation broth contains a variety
of components, such as ion species, VFAs, and microorganisms as well as acetate. Therefore,
the development of appropriate acetate separation is essential, which accounts for between 30%
and 40% of the total process cost [36]. In this respect, the production of acetate through BES and
the separation of the produced acetate by electrodialysis may provide an appropriate platform for
the in-situ processing and separation of acetate. Through these experiments, it was confirmed that
a maximum acetate flux of 48.6 ± 3.0 mmol/m2·h can be achieved using the synthetic broth. When the
C1 fermentation broth was applied, the flux was 14.9 ± 1.0 mmol/m2·h, which was approximately
half that of the synthetic broth (22.9 ± 0.8 mmol/m2·h) under the same conditions, probably due to the
various substances and other longer chain VFAs in the fermentation broth. The obtained separation
rate and efficiency are comparable to the previous results of electrodialysis (Table 2).

There are still challenges that need to be overcome before this system can be applied to
an actual industrial environment; several studies to solve these problems are underway. To solve
the fouling of an ion-exchange membrane, some research groups have focused on modifying the
membrane by a treatment with polymer compounds, such as poly (sodium 4-styrene sulfonate)
(PSS)/poly(diallyldimethylammonium chloride) (PDADMAC) [34]. An ultra-low voltage customized
DC–DC booster circuit [37] and maximum power point tracking (MPPT) [38] may provide an affordable
voltage and current for self-sustained electrodialysis applications. Although further studies will be
needed in the future, these results may provide a basis for techniques to isolate acetate from actual
fermentation end products and culture broth from bioelectrochemical systems.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/10/2770/s1.
Figure S1. Schematic diagram of the electrodialysis reactor used in this study and a photograph. Figure S2.
Comparison of propionate transfer through an anion exchange membrane. (A) Amount of propionate transferred
to the anodic chamber, (B) applied current in the reactor for 16 h, (C) GC analysis results of the fermentation
broth, (D) GC analysis results of the synthetic medium. Figure S3. Membrane and cathodic electrode surface after
the completion of electrodialysis for acetate separation. membrane (A) and cathodic electrode (D) from the cell
using synthetic broth meida, respectively. (B,E) from centrifuged fermentation broth, (C,F) from non-centrifuged
fermentation broth. Figure S4. Estimated current efficiency on different parameters tested. (A) Current efficiency
of different currents from −5 mA to −20 mA, (B) Effects of the initial acetate concentration, (C) Effects of different
initial anodic pH, (D) Effects of different catholytes with synthetic media (a), centrifuged fermentation broth (b)
and non-centrifuged fermentation broth (c).
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Abstract: Wastewater originating from the yeast industry is characterized by high concentration of
pollutants that need to be reduced before the sludge can be applied, for instance, for fertilization
of croplands. As a result of the special requirements associated with the characteristics of this
production, huge amounts of wastewater are generated. A microbial fuel cell (MFC) forms a device
that can apply wastewater as a fuel. MFC is capable of performing two functions at the same
time: wastewater treatment and electricity production. The function of MFC is the production of
electricity during bacterial digestion (wastewater treatment). This paper analyzes the possibility
of applying yeast wastewater to play the function of a MFC (with Ni–Co cathode). The study was
conducted on industrial wastewater from a sewage treatment plant in a factory that processes yeast
sewage. The Ni–Co alloy was prepared by application of electrochemical method on a mesh electrode.
The results demonstrated that the use of MFC coupled with a Ni–Co cathode led to a reduction
in chemical oxygen demand (COD) by 90% during a period that was similar to the time taken for
reduction in COD in a reactor with aeration. The power obtained in the MFC was 6.1 mW, whereas
the volume of energy obtained during the operation of the cell (20 days) was 1.27 Wh. Although
these values are small, the study found that this process can offer an additional level of wastewater
treatment as a huge amount of sewage is generated in the process. This would provide an initial
reduction in COD (and save the energy needed to aerate wastewater) as well as offer the means to
generate electricity.

Keywords: microbial fuel cell; yeast wastewater; environmental engineering; renewable energy
source; cathode; Ni–Co alloy

1. Introduction

The food industry plays an important role in the economy of a country [1,2]. It often forms the
driving force for other industry branches as well. Due to the fact that huge amounts of wastewater
(WW) are generated as a by-product of yeast production, considerable investment is needed for its
neutralization [3]. Therefore, attempts are constantly under way to seek the possibility of applying
wastewater sludge as a source of energy or as a raw material for further use [4–6]. Studies conducted
to this date have demonstrated that it is theoretically possible to derive 9 times more energy from
wastewater compared to the energy needed to clean it [7,8]. The yeast industry is one of the branches
of the food industry where large amounts of wastewater are generated [9,10]. The yeast industry
plays a role not only in the production of baker’s yeast but also as a source of substances with various
applications in medicine, supplements used to boost the immune system, and in beauty products [11].

As wastewater is formed by a biological mixture, it is characterized by a high content of
nitrogen, potassium, and organic substances; low content of heavy metals; and a constant composition
(yet relative to the production technology) [12]. For this reason, sewage from the yeast industry can be,
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and often is, used in agricultural fields (AF) [12,13]. It would be reasonable to apply their enormous
potential in the generation of useful energy before redirecting them in the fields. However, for this,
the high concentration of COD in yeast wastewater needs to be first reduced. Microbial fuel cells
(MFC) form bioelectrochemical systems that can simultaneously pretreat sewage (leading to a decrease
in COD) and generate electricity [4,6,14,15]. Therefore, the use of MFCs forms a promising solution
that can reduce the concentration of COD coupled with energy production from wastewater [16,17].
MFCs can be powered by both domestic wastewater and processed wastewater [18].

The bacteria that are capable of producing electrons during wastewater treatment play a key
role in MFCs [19,20]. Examples of such bacteria include Geobacter, Shewanella, or Pseudomonas genera
among others [21–28]. An analysis of reports in this field shows that the highest values of power are
generated by MFCs comprising multispecies aggregates, where microorganisms grow in the form
of biofilms. Mixed cultures seem to be solid and more efficient compared to single-strain cultures,
and their isolation from natural sources is a much easier task. In contrast, the use of pure cultures has
technical limitations, mainly due to the need to ensure sterile conditions for growth, and the process
usually involves high costs [29].

A microbial fuel cell usually consists of an anode and a cathode separated by a semipermeable
proton exchange membrane (PEM), which ensures anaerobic conditions in the anodic area [30].
The activity of an electrode (anode) determines the metabolism of bacteria. In conditions where
the anode has a higher potential than other electron mediators available for bacteria, e.g., in the case of
sulfides in the source of organic matter, it is the preferred electron mediator [31].

Research on the efficiency of MFCs technology is continuing, and efforts are being made to
improve it. An unquestionable goal of research in this field is associated with the development of
cells that are capable of producing the greatest volume of electricity with the lowest possible energy
delivered into the system [32]. To achieve this, it is important to note the research aimed at increasing
the activity of bacteria and electrode materials, e.g., with the use of cathode catalysts. MFCs can
be applied to treat domestic wastewater (DWW) as well as industrial wastewater (IWW) [33,34].
The bacteria act as a biocatalyst in microbiological fuel cells [6]; therefore, coal (carbon cloth, carbon
brush) is most often used as the anode material [6,35], while carbon materials and metal electrodes
perform the role of cathodes. In addition, new electrode materials or catalysts are currently being
sought to act as cathodes [36–39].

This paper reports the results of a study into the potential application of wastewater from the
yeast industry in a MFC comprising Ni–Co cathode.

2. Materials and Methods

The measurements were carried out by application of wastewater samples from Lesaffre Polska
yeast factory. The samples were derived from a wastewater treatment plant (WWTP) located in the
factory. The plant policy provides that process wastewater is applied for irrigating farmland, which
forms an integral part of the production. However, some of the wastewater from the process goes
to a factory wastewater treatment plant with the purpose of ensuring an adequate development of
microorganisms needed for the course of water treatment. The volume of process wastewater (PWW)
applied at the input of the treatment process depends on many factors, e.g., the total amount of
wastewater that enters the treatment plant or the volume of yeast production. Therefore, the waste
applied in the treatment plant, which usually contains domestic wastewater and water derived
from cleaning equipment, comprises a certain volume of PWW. Table 1 contains a summary of the
parameters of WW applied in the measurements.

Table 1. Parameters of wastewater applied for measurements.

Parameter Value

COD [mg·L−1] 3266
pH 6.5 ± 0.1
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The experimental part of the study involved the development of an electrode (cathode), preparation
of an experimental setup, measurement of variations in COD concentration, and determination of
microbial curves for the fuel cell.

A cathode with a Ni–Co catalyst was applied in the measurements of MFC. The cathode was
prepared as a copper mesh with a catalyst coating. The catalyst (Ni–Co alloy) was applied by
the electrochemical deposition method [40]. The composition of the mixture and parameters for
electrochemical catalyst deposition is summarized in Table 2.

Table 2. Composition of the mixture applied for catalyst deposition (Ni–Co alloy) on the copper mesh.

Component
Volume
[g·L−1]

pH
Temperature

[K]
Current Density

[A·dm−2]
Co Concentration

[%]

NiSO4·7H2O
CoSO4·7H2O

H3BO3

260
14
15

3.0 293 1.6 15

NiSO4·7H2O
CoSO4·7H2O

H3BO3
NaCl

200
20
30
15

5.5 293 1.0 25

NiSO4·7H2O
CoSO4·7H2O

195
35 2.0 293 3.0 50

NiSO4·7H2O
CoSO4·7H2O

H3BO3
NaCl

140
120
30
15

4.0 323 1.0 75

The composition of the mixture was selected on the basis of experiments. During the application
of the alloy, various concentrations of components (Ni, Co) were obtained (Table 2). The process of
preparing the electrode for deposition involved degreasing the copper mesh in KOH solution and its
etching in acetic acid and then washing with alcohol [41].

Initially, the study involved the measurements of COD reduction in the examined wastewater.
This parameter provides a tool to evaluate the performance of MFCs. The measurements were
carried out for three different reactors: one without aeration (Reactor 1), one with aeration (Reactor 2),
and one conducted continuously in a working MFC (Reactor 3). An assumption was made that the
measurements will be carried out to achieve a 90% decrease in COD concentration [42,43]. In the reactor
without aeration (Reactor 1), the wastewater had contact with air only through the wastewater–air
interface. In the reactor with aeration (Reactor 2), wastewater was aerated with an air pump with
a capacity of 270 L·h−1. In the third reactor (Reactor 3), the wastewater was treated (resulting from
the reduction in COD concentration) as a consequence of applying MFC. COD measurements were
conducted using the Hanna HI-83224 colorimeter (Hanna Instruments, Woonsocket, RI, USA). In the
MFC, carbon cloth was used as the anode material, whereas the cathode was made of a metal mesh
with a Ni–Co catalyst. The surface area of the anode was 30 cm2, while it was 15 cm2 for the cathode.
The cathode was placed in a casing that was printed using 3D technology. The thickness of the single
print layers was 0.09 mm. This technology applies high-impact polystyrene (HIPS) material, which is
an easy-mold polystyrene that can be applied for producing large items. A Zortrax M200 printer
(Zortrax S.A, Olsztyn, Poland) with Z-Suite software (Zortrax S.A, Olsztyn, Poland) was utilized
to print the case. One of the walls was removed from the printed housing so as to install a proton
exchange membrane (PEM). Nafion PF 117 (The Chemours Company, Wilmington, DE, USA), 183μm
thick, was used as the PEM. After installing the PEM, the casing was filled with a catholyte (aqueous
KOH solution: 0.1n). Subsequently, a cathode with a Ni–Co catalyst was immersed in the catholyte.
The bottom of the casing had perforations and was connected to an air pump (Figure 1). During the
operation of the MFC (Reactor 3), the cathode was aerated with the capacity of 10 L·h−1. Figure 1
shows a diagram and image of the casing made of HIPS with the cathode.
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Figure 1. Cathode with casing made of high-impact polystyrene (HIPS): (a) cross section (schematic) 1:
cathode with Ni–Co catalyst, 2: proton exchange membrane (PEM), 3: air supply, 4: air chamber, 5:
float, 6: electrical connection; (b) housing with cathode and PEM.

The electrical circuit of the MFC was constantly connected with a 10 Ω resistor. During the
work of the MFC (Reactor 3), wastewater was not exchanged or refilled. A constant temperature
of 298 K was maintained throughout the measurements. All reactors had the same dimensions
(length/width/height: 40cm × 20cm × 20cm). Each reactor (Reactor 1, Reactor 2, and Reactor 3)
was filled with wastewater with the volume of 15 L. The third reactor performed the role of MFC
because electrodes were installed in it. The measurements of the variations in COD were carried out
at one-day intervals. The AMEL System 500 potentiostat (Amel S.l.r., Milano, Italy) with CorrWare
software (Scribner Associates Inc, Southern Pines, NC, USA) and the Fluke 8840A multimeter (Fluke
Corporation, Everett, WA, USA) was applied for the electrical measurements.

Figure 2 contains a diagram with the design of the third reactor, which played the role of MFC.

Figure 2. Diagram of microbial fuel cell (MFC) applied in the measurements. A: ammeter, V: voltmeter,
R: load, An: anode, Cat: Ni–Co cathode in HIPS housing, WW: wastewater from a wastewater treatment
plant in a yeast factory, Air: air supply.

3. Results

All objectives projected for the experimental research were accomplished, i.e., an Ni–Co catalyst
was obtained, a reduction in COD for MFCs with cathodes with various percentages of nickel and
cobalt was compared, alloy was identified for further tests, a comparison of the decrease in COD was
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made in the three reactors (one without aeration, one with aeration, and one with MFC), and MFC
power curves were determined for all catalysts.

The data summarized in Figure 3 illustrates the reduction in COD concentration accompanying
the conditions when MFC was in operation. These measurements were carried out for four catalysts
that were obtained, which differed in terms of the nickel and cobalt content (15, 25, 50, and 75% of Co).
Wastewater was fed into MFC from the sewage treatment plant located at the yeast factory.

Figure 3. Reduction in chemical oxygen demand (COD) concentration resulting from the operation
of our cathode designs with various compositions (15, 25, 50, and 75% Co). Colored curves mark the
trend lines.

The trend lines provided grounds for the direct assessment of alloys in terms of the efficiency
of COD reduction. On the basis of these results, an alloy with 15% Co content was selected for
further measurements.

The curve in Figure 4 shows how the concentration of COD decreased in the three reactors:
one without aeration, one with aeration, and one with the working MFC with a Ni–Co cathode
(15% Co). All reactors were immersed in wastewater from the wastewater treatment plant located on
the factory premises.

Figure 4. Comparison of the decrease in COD in a reactor with aeration, one without aeration, and one
with a working MFC with a Ni–Co cathode (15% Co).
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A removal level of COD by 90% was recorded in all reactors (Reactor 1, Reactor 2, and Reactor 3)
(Figure 4).

On the basis of the voltage and current measurements in a working MFC, MFC power curves
were determined. The MFC power curves derived from wastewater treatment plants in the yeast
factory are presented in Figure 5. These curves were determined for four cathode catalysts (Ni–Co),
which differed in terms of alloy composition (15, 25, 50, and 75% of Co).

Figure 5. Power curves of microbial fuel cell (MFC) fed by wastewater from a wastewater treatment
plant in a yeast factory. The content of Co in the catalyst was equal to 15, 25, 50, and 75%.

4. Discussion

The projected level of the decrease in COD equaled to 90% as recorded in all reactors (Reactor 1,
Reactor 2, and Reactor 3). Four Ni–Co alloys were analyzed as the cathode catalysts in the work of MFC
(Reactor 3). These alloys differed in terms of the percentage ratio of alloy components (Ni and Co).
The characteristics of the curves representing the removal rate of COD for the catalysts comprising 25,
50, and 75% Co were found to be very similar (Figure 3).

However, the curve developed for the drop in COD in the alloy with the 15% Co content took
on a different course. This alloy offered the shortest time needed for the reduction in COD, which
was equal to 20 days. In addition, the characteristic of the curve for this alloy (marked in red in
the figures) was the most beneficial as COD removal was the fastest over the entire range of the
measurements. Alloys with 25 and 50% Co ratio provided a 90% reduction in COD over a period of
22 days. However, for the alloy containing 75% Co, the time needed for the adopted COD removal
rate was 23 days. Due to the shortest COD removal time (20 days), the alloy comprising 15% Co was
selected for further measurements.

The next phase involved a comparison of the efficiency of COD reduction in the following reactor
designs: one without aeration (Reactor 1), one with aeration (Reactor 2), and one that played the role
of MFC (Reactor 3) (Figure 4). The analysis of these data showed that COD reduction by 90% in the
microbiological fuel cell was very similar to the duration of time needed for the COD reduction in the
reactor with aeration. Curve characteristics were more favorable for aeration; however, the difference
was only three days. It can be noted that for the reduction in COD in the analyzed MFC (Reactor 3),
an additional supply of oxygen (from the air) was only necessary for oxygenation of the cathode.
This value was 27 times lower than the amount of air supplied to oxygenate Reactor 2.

The power and volume of generated electricity were determined on the basis of these
measurements. During the MFC operation, the maximum power was obtained in the range of
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5.1–6.1 mW (Figure 5). The maximum volume of energy that was generated by the working MFC
comprising a cathode including 15% of Co (20 days) was 1.27 Wh. These values are similar to the results
recorded in other MFCs [6,15–18,38,39]. However, when we compare these results with the values
recorded in the working MFC (with the Ni–Co cathode) that was fed by municipal sewage, we can
note that the use of yeast waste resulted in the production of much larger amount of energy [39,43].
However, it is difficult to compare these results directly as previous studies concerned with Ni–Co
catalyst did not have the cathode immersed in the catholyte; moreover, only an alloy comprising 50%
Co was analyzed [39,43].

5. Conclusions

The measurements conducted for the purpose of the present study demonstrate that the catalytic
activity of the Ni–Co alloy increases along with the increase in the volume ratio of nickel (Ni) in this
alloy. Although the power and amount of energy generated by the system are small, the use of MFC
can be considered as an additional process of treating sewage, which provides an opportunity to
generate small amounts of electricity before the final treatment of wastewater in a treatment plant.
It should be noted, however, that the volume of wastewater in a single reactor was equal to only 15 L.
In the tested MFC comprising a Ni–Co cathode, the maximum electrical output of 6.1 mW and 1.27 Wh
was generated over the period when the cells operated for 20 days. This paper demonstrates the
possibility of utilizing Ni–Co alloy (85% Ni, 15% Co) as a cathode catalyst in a working MFC applied
for wastewater treatment in a sewage treatment plant in a yeast factory. Therefore, this wastewater can
be considered as a potential source of energy to be used for the internal demand of the plant and not
only as a problematic type of waste.

Author Contributions: Data curation, B.W.; Investigation, P.P.W. and B.W.; Methodology, P.P.W.; Supervision, P.P.W.

Funding: This research received no external funding.

Acknowledgments: This paper was realized as part of the cooperation between Opole University and Lesaffre
Polska yeast factory. This study was possible as part of the scientific internship performed by the authors in
Lesaffre Polska factory.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

AF agricultural fields
An anode
Cat cathode
COD chemical oxygen demand
DWW domestic wastewater
HIPS high impact polystyrene
IWW industrial wastewater
MFC microbial fuel cell
PEM proton exchange membrane
PWW process wastewater
WW wastewater
WWTP wastewater treatment plant
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Abstract: A microbial electrolysis cell (MEC) consumes the chemical energy of organic material
producing, in turn, hydrogen. This study presents a new hybrid MEC design with improved
performance. An external TiO2 nanotube (TNT) array photoanode, fabricated by anodization of
Ti foil, supplies photogenerated electrons to the MEC electrical circuit, significantly improving
overall performance. The photogenerated electrons help to reduce electron depletion of
the bioanode, and improve the proton reduction reaction at the cathode. Under simulated
AM 1.5 illumination (100 mW cm−2) the 28 mL hybrid MEC exhibits a H2 evolution rate of
1434.268 ± 114.174 mmol m−3 h−1, a current density of 0.371 ± 0.000 mA cm−2 and power density
of 1415.311 ± 23.937 mW m−2, that are respectively 30.76%, 34.4%, and 26.0% higher than a MEC
under dark condition.

Keywords: microbial electrolysis cell; hydrogen production; TiO2 nanotube

1. Introduction

To curtail global heating, or ‘warming’ as it is commonly called, and its associated potentially
catastrophic climate changes, anthropogenic carbon dioxide emissions should be near zero [1].
Hydrogen is a potential substitute for fossil fuels, and upon combustion produces only water.
Hydrogen possesses an energy density of ≈120 MJ kg−1, which compares quite favorably to gasoline
at 45.7 MJ kg−1. However, if hydrogen is to be used as a carbon-neutral fuel it must be made on
a renewable basis [2], not by the common technique of steam methane reforming (SMR) of natural
gas [3]. One approach to carbon-neutral generation of hydrogen is by the use of microbial electrolysis
cells (MECs), which convert the chemical energy inherent in wastewater organics into hydrogen.
The chemical energy inherent to the organic materials in wastewater is substantial, ≈9.3 times greater
than the energy utilized for conventional wastewater treatment [4,5]. MECs offer the dual benefits of
both renewable hydrogen generation and wastewater treatment.

A MEC can be viewed as a modified microbial fuel cell (MFC), using the metabolic energy of the
inherent organic matter to reduce protons and produce hydrogen [6–8]. MFC exoelectrogens, a type
of microorganism, metabolize organic materials of wastewater and generate CO2, H+, and electrons.
These electrons can be transferred to the anode in various ways: by an electron mediator [9],
direct electron transfer [10], and microbial nanowire [11,12]. The electrons flow through the electrical
circuit to reach the air cathode, where they react with atmospheric oxygen and protons to produce
water through the oxygen reduction reaction [13,14]. To improve MFC performance, recent studies
have investigated the combination of MFCs with external photocurrent sources, such as photosynthetic
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microorganisms [15,16], a copper oxide photocathode [17], a PtOx-TiO2 composite photocathode [18],
a CuInS2 photocathode [19], or a TiO2 nanotube (TNT) array photoanode [20].

In MFC and MEC operation, exoelectrogens attached to the bioanode surface catabolize the
organic matter, acetate in this experiment, and generate electrons and protons, and the generated
electrons from bioanode flow in the external circuit and reach the cathode [7]. In the MFC, the electrons
arrive at the air cathode to react with protons and atmospheric oxygen to produce water, i.e.,
the oxygen reduction reaction. In a MEC the cathode is not exposed to air, in order to suppress
the oxygen reduction reaction, and an external electrical bias is applied to promote proton reduction
and thus hydrogen formation [6,21]. The required potential of MEC (>0.2 V) is much lower than the
required potential for conventional water electrolysis (1.23 V). Because of this lower required potential,
well-controlled MEC can produce hydrogen gas with 2–4 times higher energy than supplied electric
energy [22]. There are both single chambered and double chambered MEC, but single chambered
MEC without proton exchange membrane has a higher hydrogen production [23]. Recent studies of
bioelectrochemical systems have extended to full biological MFC (FB-MFC) [24–26] and full biological
MEC (FB-MEC) [27–29], which is composed of biocathode. This replaces expensive chemical catalysts
such as Pt, and effectively treats wastewater [30–32]. MEC gets noticeable attention as a sustainable
wastewater treatment system with energy recovery [33], and many research teams built pilot scale
MEC facilities to validate that MEC can be utilized in real industry [34–39]. In recent studies, various
modified MEC structures are suggested for different applications, such as microbial electrodialysis cell
(MEDC) [40], microbial reverse-electrodialysis electrolysis cell (MREC) [41,42], microbial electrolysis
struvite-precipitation cell (MESC) [43–45], microbial electrolysis desalination and chemical-production
cell (MEDCC) [46–49], and microbial saline-wastewater electrolysis cell (MSC) [50–52].

TiO2 is one of the important material for photocatalysis, because of its stability, low cost,
and nontoxicity [53]. There is correlation between anatase crystallinity of TiO2 and its photocatalytic
activity, especially in nanoparticles [54,55]. In TiO2 photocatalyst, photocatalytic activity is
proportionate to the fraction of crystallized anatase [56]. This is because anatase TiO2 has longer
carrier lifetimes [57,58] and faster electron transfer rates [59] than amorphous or rutile TiO2. To achieve
a maximum photocatalytic efficiency of TiO2, maximizing surface area is important, therefore
nanoparticulated TiO2 is widely utilized. 1D nanostructure TiO2 such as nanotube has crucial
advantages over other nanostructures, because we can control its physical properties, specifically
diameter and length, which results in an improved and effective system [60]. In a previous study on a
MFC coupled with an external TNT array photoanode, we confirmed that supplementary electrons
accelerate the oxygen reduction reaction at air cathode, improving overall MFC performance [20].

In this study, we couple an external TNT array photoanode, made by electrochemical anodization
of Ti foil, with a single chamber MEC. Under simulated 1.0 sun solar light (AM 1.5, 100 mW cm−2) the
28 mL hybrid MEC demonstrates, in comparison with a MEC under dark, a significantly greater rate
of H2 evolution rate (1434.268 ± 114.174 mmol m−3 h−1), current density (0.371 ± 0.000 mA cm−2),
and power density (1415.311 ± 23.937 mW m−2). It appears that the additional photoelectrons from
the TNT array photoanode significantly reduce electron depletion of the bioanode, and accelerate the
proton reduction reaction at the cathode, and hence overall MEC performance.

2. Materials and Methods

2.1. Chemicals and Materials

The Pt-catalyzed cathode was made using: Carbon cloth (Fuel Cell Earth LLC, Woburn, MA,
USA), polytetrafluoroethylene (PTFE, 60 wt.% dispersion in H2O, Sigma-Aldrich, St. Louis, MO, USA),
Pt on Vulcan XC-72 (10%, Premetek Co., Wilmington, DE, USA), carbon vulcan powder (Premetek,
Wilmington, DE, USA), Nafion perfluorinated resin solution (15–20%, Sigma-Aldrich, St. Louis,
MO, USA), and 2-propanol (99.5%, Sigma-Aldrich, St. Louis, MO, USA). A carbon brush (mill-rose,
Mentor, OH, USA) was used to make the bioanode. Disodium phosphate (anhydrous, for molecular
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biology, Applichem, Darmstadt, Germany), potassium chloride (Sigma-Aldrich, St. Louis, MO, USA),
sodium phosphate monobasic monohydrate (ACS reagent, ≥98%, Sigma-Aldrich, St. Louis, MO, USA),
ammonium chloride (for molecular biology, suitable for cell culture, ≥99.5%, Sigma-Aldrich, St. Louis,
MO, USA), and sodium acetate (anhydrous, for molecular biology, ≥99%, Sigma-Aldrich, St. Louis, MO,
USA) were used to make the MFC and MEC medium. Titanium foil (0.1 mm thickness, 99.5%, Nilaco
Co., Tokyo, Japan), carbon paper (CNL energy, Seoul, Korea), ammonium fluoride (98.0%, Alfa Aesar,
Haverhill, MA, USA), and ethylene glycol (Spectrophotometric grade, 99%, Alfa Aesar, Haverhill, MA,
USA) were employed to synthesize the TNT array photoanode. Titanium wire (1.0 mm diameter, 99.5%,
Nilaco Co., Tokyo, Japan) was used to connect the cathode with the external electric circuit. A 100 W
Xenon solar simulator (LCS-100, Oriel® Instruments, Irvine, CA, USA) with an AM 1.5 filter was
employed as the light source in an otherwise dark room. External bias application, and electrical and
electrochemical characterizations were implemented by use of a potentiostat (Bio-Logic, VSP model,
Seyssinet-Pariset, France).

2.2. Synthesis of TNT Array Photoanodes

The TNT array photoanode was synthesized by electrochemical anodization of Ti foil
(6.0 cm × 4.0 cm). Prior to anodization the Ti foil sample was washed by sonication in acetone,
ethanol, and DI water (deionized water), for 10 min each. Electrochemical anodization was conducted
by a two-electrode cell using Ti foil as working electrode and carbon paper as counter electrode and
interval between both electrodes was 2 cm. The anodization electrolyte was ethylene glycol with
0.5 wt.% NH4F and 2.0 vol.% DI water. Anodization was performed at 40 V for 30 min, as previously
reported [20,61]. With anodization, Ti4+ ions are generated (Ti → Ti4+ + 4e−) and driven from Ti
substrate to the electrolyte by electric field. Also, hydroxyl ions (OH−) and O2− anions are formed
due to water of the anodic oxide film in the electrolyte [62]. These anions form TiO2 oxide through
several reactions (Ti4+ + 2O2− → TiO2; Ti4+ + 4OH− → Ti(OH)4; Ti(OH)4 → TiO2 + 2H2O). F− ions
of electrolyte can combine with Ti4+ ions to generate TiF6

2− (Ti4+ + 6F− → TiF6
2−). Because Gibb’s

free energy of TiF6
2− (�G◦

298 = −2118.4 kJ mol−1) is much lower than Gibb’s free energy of TiO2

(ΔG◦
298 = −821.3 kJ mol−1) [63], F− ion can also dissolve the oxide and hydrated layer, which results

as etching of the foil (TiO2 + 6F− + 4H+ → TiF6
2− + H2O; Ti(OH)4 + 6F− → TiF6

2− + 4OH−). Through
competition between oxidation reactions of Ti and dissolution reactions of Titanium oxide, TiO2

nanotube array structure is produced [64,65]. The anodized Ti foil was sonicated in ethanol for 2
min to wash contaminants and debris off the anodized Ti foil surface and then annealed at 450 ◦C
for 2 h. Through annealing process, the amorphous anodized TiO2 nanotube array is converted
to crystalline anatase phase [64,66]. The crystallinity of the TNT array was investigated by X-ray
diffraction spectroscopy (XRD, Empyrean, Panalytical, Almelo, The Netherland) with Cu Kα radiation
(λ = 1.54 Å) as an X-ray source, operating at 40 kV and 30 mA, scanned in the range of 2θ = 20–80◦

with a rate of 2.5◦ min−1. Morphological analysis was performed by field emission scanning electron
microscope (FE-SEM) (S-4800, Hitachi, Tokyo, Japan). The TNT array sample was cut into circular
form with a diameter of 3.0 cm (7.0 cm2 area) for attaching with the MEC. We measured the stability of
TNT array by changes in photocurrent changes with respect to time. The photocurrent was measured
by potentiostat (Bio-Logic, VSP model, Seyssinet-Pariset, France), with TNT array serving as the
working electrode, the reference electrode was Ag/AgCl reference electrode (3.0 M KCl, EC-frontier,
Kyoto, Japan), and Pt wire was used as the counter electrode. Electrolyte was composed of phosphate
buffer solution with sodium acetate, which has been used as MFC and MEC medium (Composition is
mentioned in Section 2.3). A potential of 0.40 V was applied and the TNT array was illuminated by a
100 W Xenon solar simulator (AM 1.5) for 60 h.

2.3. MFC Operation for Bioanode Preparation

The MEC bioanode was obtained by enriching an electroactive biofilm of exoelectrogen on the
surface of a carbon brush anode, using a single chamber MFC (cylindrical reaction chamber of 4 cm
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length, 7 cm2 cross section, 28 mL volume) [67], comprised of a Pt-catalyzed cathode, carbon brush
anode, and external resister (1000 Ω), see Figure S1. To make Pt-catalyzed cathode, used air cathode of
MFC and cathode of MEC, in which one side of carbon cloth, contact with MFC and MEC medium,
was coated with a mixture of Pt on Vulcan XC-72 and Nafion resin (0.5 mg cm−2 Pt), and the other side
of carbon cloth, contact with air in MFC, was coated with a layer of 40% PTFE (polytetrafluoroethylene)
with carbon black and four layers of 60% PTFE [68]. To make the ammonia treated carbon brush
anode, carbon brush was washed with acetone and DI water, each, to remove contaminants prior to
ammonia gas treatment. Later, the carbon brush was treated in 5% NH3 (He base) at 700 ◦C for 60 min
to improve the performance of bioanode [69].

The MFCs were charged with sludge of an anaerobic reactor, source of the exoelectrogen, collected
from Daegu Environmental Corporation Seobu sewage treatment plant (Daegu, Korea). The medium
contains sodium acetate (2 g L−1) as a substrate and a 50 mM phosphate buffer solution (PBS),
the composition of which is 4.58 g L−1 Na2HPO4; 0.13 g L−1 KCl; 2.45 g L−1 NaH2PO4·H2O; 0.31 g L−1

NH4Cl; trace vitamins (5 mL L−1) and minerals (12.5 mL L−1) stock solutions [70]. The MFC medium
was replaced by fresh medium every two days. The MFC was operated for 10 weeks for the formation
of a mature exoelectrogenic biofilm on the carbon brush anode and to show stable performance.

2.4. Hybrid MEC Fabrication and Operation

The schematic design of the hybrid MEC is shown in Figure 1. The following steps were taken to
convert the MFC to a MEC: (1) The Pt-catalyzed cathode of the MFC was covered with an acrylic plate
to prevent oxygen from reaching the cathode. With the oxygen reduction reaction blocked, hydrogen is
evolved from the Pt-catalyzed cathode. (2) The carbon brush bioanode was separated from the reactor
and exposed to air for 40 min to suppress methanogen growth [7]. After aerial exposure, the bioanode
was re-assembled into the reactor. (3) The reactor chamber was filled with medium, and the whole
purged with ultra high purity (UHP) nitrogen for 35 min. The external resistor of the MEC was 10 Ω.
(4) The TNT array photoanode was electrically connected, see Figure 1, to the bioanode of the MEC.

Figure 1. Schematic illustration of the hybrid microbial electrolysis cell (MEC) with external
TiO2 photoanode.

The TNT array photoanode was illuminated by a 100 W Xenon solar simulator with an AM
1.5 filter for 24 h. A potentiostat (Bio-Logic, VSP model, Seyssinet-Pariset, France) was used to apply a
0.40 V bias between bioanode and Pt-catalyzed cathode. The electrode potential was measured using a
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three-electrode system against an Ag/AgCl reference electrode (3.0 M KCl, EC-frontier, Kyoto, Japan).
A conical tube with a water-filled rubber septum was connected to the MEC for capturing generated
gas which, after 24 h MEC operation, was analyzed using a gas chromatograph (Agilent, 6890N,
Santa Clara, CA, USA) using a 19095-MOSE column (30 m × 0.53 mm i.d., 50.0 μm film thickness).
GC data to evaluate the hydrogen evolution were taken three times (n = 3) for the hybrid MEC under
illumination and the MEC under dark.

2.5. Hybrid MEC Performance Evaluation

The MEC performance was evaluated by polarization curves and power density curves.
To measure the current density of MEC, potentiostat (Bio-Logic, VSP model, Seyssinet-Pariset, France)
was set in chronopotentiometry mode, and the working electrode was connected with cathode,
the reference electrode and the counter electrode were connected with bioanode. The applied current
started from −200 μA and was increased by −200 μA until potential went lower than 0 V. There were
no external resistance and any external bias; a similar condition for measuring the current density
of MFC. MEC current density (mA cm−2) and power density (mW cm−2) were normalized to the
cathode area (7 cm2). Power Density = I · V · A−1, where I = current, V = voltage, and A = cathode
area. The MEC polarization curve was measured with the TNT array photoanode illuminated (100 W
Xenon solar simulator, AM 1.5 filter). All measurements were taken three times (n = 3) for evaluating
the hybrid MEC under illumination and the MEC under dark.

3. Results and Discussion

The TiO2 photoanode, fabricated by oxidation of Ti foil, is a self-organized array of nanotubes
resting upon the underlying Ti foil substrate [71,72]. Figure 2a is a FE-SEM image of the top
surface, with Figure 2b showing sample cross-section. As seen, the TiO2 photoanode is comprised of
well-aligned nanotubes of 4.04~4.35 μm length.

 

Figure 2. (a) Surface and (b) cross-sectional field emission scanning electron microscope (FE-SEM)
images of TiO2 nanotube (TNT).

The crystal structures of Ti foil and TNT arrays revealed by X-ray diffraction (XRD) patterns are
shown in Figure 3. The Ti foil showed peaks at 2θ values of 40.16◦, 52.98◦, 70.63◦ and 76.19◦ [73,74].
The unannealed TNT array sample showed peaks similar to those of the Ti foil, but also a slight
peak at 2θ = 62.75◦, which can be referred to (204) plane of anatase TiO2. The annealed TNT arrays
showed 2θ peaks at 25.39◦, 36.91◦, 37.97◦, 48.13◦, 54.10◦, 55.13◦, 62.75◦, 68.86◦ and 75.12◦. These peaks
are corresponding, respectively, to (101), (103), (004), (200), (105), (211), (204), (116) and (215) planes
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of anatase [75]. It proves that the annealing process makes amorphous unannealed TNT array as
crystalline anatase phase.

 

Figure 3. XRD patterns of Ti foil (black), unannealed (blue) and annealed (red) TNT array.

The photocurrent measurement of TNT array’s photoanode with respect to time is shown
in Figure S2. After illuminating for 2 min, the photocurrent of TNT array photoanode
increased rapidly and reached a maximum photocurrent density of 0.11088 mA cm−2.
This was followed by a fall in photocurrent density to 0.10212 mA cm−2; a value obtained
after 13 min of illumination. Beyond this, a gradual decrease in the photocurrent was
observed (−0.00391 mA cm−2 h−1 to −0.00049 mA cm−2 h−1). Photocurrent density reaches 90%
(0.10077 mA cm−2), 80% (0.08877 mA cm−2), 75% (0.08322 mA cm−2), and 50% (0.055578 mA cm−2)
with respect to maximum photocurrent density in 45 min, 6.2 h, 12.4 h, 52.4 h after illumination,
respectively. Photocurrent density after 24 h illumination is 66.3% (0.07351 mA cm−2) of
maximum value.

The power density and I–V polarization curves of a hybrid MEC, illuminated and in the dark
(equal to a MEC without photoanode) are shown in Figure 4a. It can be observed that under
simulated solar light the hybrid MEC showed a current density of 0.371 ± 0.000 mA cm−2 (n = 3) and
power density of 1415.311 ± 23.937 mW m−2 (n = 3), while in the dark exhibited a current density of
0.276 ± 0.010 mA cm−2 (n = 3) and power density of 1122.848 ± 32.664 mW m−2 (n = 3). Coupling of a
TNT array photoanode to the MEC resulted in a 34.4% improvement in current, and 26.0% increase in
power density.

The open circuit and working electrode potential of the hybrid MEC, under illumination and
under dark, are shown in Figure 4b. The cathode polarization curves of both hybrid MECs under
illumination/under dark have similar slopes, while for the anode polarization curves there is
considerable difference. For the MEC under dark, the slope of the anode potential curve rapidly
increases after 0.295 ± 0.019 mA cm−2 (n = 3), while in the hybrid MEC under illumination the
slope of the anode potential curve remains almost constant until 0.533 ± 0.053 mA cm−2 (n = 3).
This sudden change in the anode potential curve of the MEC under dark is similar with “power
overshoot” behavior [76,77]. Generally, power overshoot occurs when the anodic overpotential caused
by electron depletion overruns the cathodic overpotential [78]. However, in our case, this sudden
change arises because of electron depletion at the bioanode as given in Figure 4b. Nonetheless, this
lack of electrons at the bioanode is compensated by additional electrons supplied by the TNT array
photoanode and thus the overall electron production of the anodes (TNT photoanode + bioanode)
exceeds electron reduction at the cathode. This delays the electron depletion at bioanode, and results in
increased power density. Figure S3 shows the power density, I–V polarization, and electrode potential
curves for hybrid MEC under illumination and MEC under dark in order to check reproducibility.
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Figure 4. (a) Power density (open symbol), I–V polarization (solid symbol), and (b) electrode potential
of hybrid MEC under simulated solar light and under dark (equal to a MEC without photoanode).

The quantity of hydrogen produced, measured by the GC, in ppm h−1 and μmol h−1 was
calculated as shown:

H2 [] =
μmol o f H2 produced

mol o f gaseous mixture
× 1

t[h]
(1)

H2 [μmol h−1] =
μmol o f H2 produced

mol o f gaseous mixture
× 1

t[h]
× 1

V
[
mL mol−1

] × Total produced gas [mL] (2)
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where “V” is the molar volume (22,400 mL mol−1) of gas at STP and “t” is total reaction time.

H2

[
mmol m−3 h−1

]
=

H2

(
μmol h−1

)

VR [mL]
× 10−3 mmol

1 μmol
× 1 mL

10−6 m3 (3)

where “VR” is volume of reactor (28 mL).
Under simulated solar light the hybrid MEC displayed an H2 evolution rate of

40.159 ± 3.197 μmol h−1 (n = 3), while MEC under dark showed 30.711 ± 0.431 μmol h−1

(n = 3). By normalizing against reactor volume, H2 evolution rate is translated as
1434.268 ± 114.174 mmol m−3 h−1 (n = 3) and 1096.809 ± 15.388 mmol m−3 h−1 (n = 3), as shown
in Figure 5.

 

Figure 5. H2 production rate, CO2 production rate, and coulombic efficiency by the MEC under dark
condition and hybrid MEC under simulated solar light for 24 h.

The coulombic efficiency (CE) of the MEC can be calculated as:

CE =
CP
CTi

× 100% (4)

where “CP” is the total coulombs calculated by the amount of hydrogen produced, and “CTi” is the
theoretical coulombs that can be produced from wastewater substrate. CP and CTi can be calculated
via following equations:

CP (C) = n × F × H2 evolution rate × Operation time (5)

CTi (C) =
FbSv

M
(6)

where “n” is number of moles of electrons per mole of reduced hydrogen, “F” is Faraday’s constant, “b”
is number of moles of produced electrons per mole of oxidized substrate, “S” is substrate concentration
of medium, “v” is medium volume, and “M” is molecular weight of the substrate [67]. Considering
substrate oxidation equation of bioanode (C2H4O2 + 2H2O → 2CO2 + 8e− + 8H+) and hydrogen
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reduction equation of cathode (2H+ + 2e− → H2), calculations of CP and CTi of MEC appear as the
following equation:

CP,illumination = 2 electrons × 96485
C

mol
× 40.159

μmol
h

× 24 h = 185.99 C (7)

CP,dark = 2 electrons × 96485
C

mol
× 30.711

μmol
h

× 24 h = 142.23 C (8)

CTi =
96485 C

mol × 8 electrons × 2 g
L × 0.028 L

82.0343 g
mol

= 526.92 C (9)

Under simulated solar light, the coulombic efficiency of the hybrid MEC is 35.30 ± 2.81% (n = 3),
while that of the MEC under dark is 26.99 ± 0.38% (n = 3), shown in Figure 5.

4. Conclusions

Herein we combine a MEC with a TNT array photoanode to significantly improve H2 production.
The hybrid MEC design achieves a H2 evolution rate of 1434.268 ± 114.174 mmol m−3 h−1 (n = 3) and
coulombic efficiency of 35.30 ± 2.81% (n = 3) under simulated 1.0 sun solar light (AM 1.5, 100 mW
cm−2), values some 30.76% higher than a MEC under dark. The hybrid MEC achieved a current density
of 0.371 ± 0.000 mA cm−2 (n = 3) and power density of 1415.311 ± 23.937 mW m−2 (n = 3) under
illumination, values, respectively, 34.4% and 26.0% above those of a MEC under dark. We believe
the enhanced performance is due to an increased quantity of electrons arriving at the bioanode that,
in turn, accelerates the proton reduction reaction. We suggest this photocatalytic hybridization strategy
will improve the efficiency of MEC hydrogen production and it will help to make hydrogen a true
carbon-neutral energy source, which can solve anthropogenic carbon dioxide emission problem and
global warming.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/11/
3184/s1, Figure S1: Schematic illustration of the MFC for preparing matured bioanode, Figure S2: Photocurrent
dependent time of the TNT array photoanode under simulated solar light for 60 h, Figure S3: (a) Power density,
I–V polarization, and (b) electrode potential curves for hybrid MEC under illumination and MEC under dark for
checking reproducibility.
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Abstract: Redox mediators could be used to improve the efficiency of microbial fuel cells (MFCs) by
enhancing electron transfer rates and decreasing charge transfer resistance at electrodes. However,
many artificial redox mediators are expensive and/or toxic. In this study, laccase enzyme was
employed as a biocathode of MFCs in the presence of two natural redox mediators (syringaldehyde
(Syr) and acetosyringone (As)), and for comparison, a commonly-used artificial mediator
2,2′-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) was used to investigate their influence on
azo dye decolorization and power production. The redox properties of the mediator-laccase systems
were studied by cyclic voltammetry. The presence of ABTS and As increased power density from
54.7 ± 3.5 mW m−2 (control) to 77.2 ± 4.2 mW m−2 and 62.5 ± 3.7 mW m−2 respectively. The power
decreased to 23.2 ± 2.1 mW m−2 for laccase with Syr. The cathodic decolorization of Acid orange 7
(AO7) by laccase indicated a 12–16% increase in decolorization efficiency with addition of mediators;
and the Laccase-Acetosyringone system was the fastest, with 94% of original dye (100 mgL−1)
decolorized within 24 h. Electrochemical analysis to determine the redox properties of the mediators
revealed that syringaldehyde did not produce any redox peaks, inferring that it was oxidized by
laccase to other products, making it unavailable as a mediator, while acetosyringone and ABTS
revealed two redox couples demonstrating the redox mediator properties of these compounds. Thus,
acetosyringone served as an efficient natural redox mediator for laccase, aiding in increasing the rate
of dye decolorization and power production in MFCs. Taken together, the results suggest that natural
laccase redox mediators could have the potential to improve dye decolorization and power density
in microbial fuel cells.

Keywords: acetosyringone; dye decolorization; laccase; natural redox mediators; power density;
syringaldehyde

1. Introduction

Microbial fuel cells (MFCs) could have potential in treating dyeing effluents with simultaneous
power production. At the cathode of MFCs, platinum and metal oxide catalysts are commonly used for
the oxygen reduction reaction (ORR). In recent years oxidoreductase enzymes e.g., laccase, have been
explored as cathode catalysts in MFCs as a possible alternative to platinum as a way of reducing the
cost of materials needed to construct MFCs [1,2]. Laccase is a multi-copper containing enzyme that is
capable of one electron oxidation of other substrates and four electron reduction of O2 to H2O [3,4].
The enzyme is widely utilised in the oxidation of phenolic and non-phenolic substrates such as dyes,
pesticides, antibiotics etc.
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The redox potential of the substrate should be lower than that of laccase for oxidation to be
thermodynamically feasible. The redox potential range for fungal laccase is between 0.4–0.8 V
vs. standard hydrogen electrode (SHE), which is suitable for oxidation of phenolic substrates;
for non-phenolic substrates that have a redox potential of >1.3 V vs. SHE, and cannot be oxidized
directly by laccase, a redox mediator is required [5]. A redox mediator is a small molecular weight
compound that is oxidized by the enzyme and reduced by the substrate continuously. They act as
electron shuttles for large substrates that cannot access the active site of the enzyme, e.g., due to steric
hindrance [6]. In laccase mediator systems (LMS), the enzyme oxidizes the mediators to form stable
radicals with high redox potential that diffuse away from the enzyme active site and oxidize the
substrates and get reduced in the process. In this way, laccase indirectly oxidises substrates that have
high redox potentials or large molecular sizes [7] (Figure 1).

Figure 1. Laccase indirect substrate oxidation through mediators with oxygen as the final electron
acceptor (Modified from [5]).

The first synthetic redox mediator reported was 2,2′-azinobis(3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS) for laccase from Trametes versicolor for oxidation of non-phenolic lignin compounds [8].
Another mediator that is involved in laccase lignin degradation and bleaching of kraft pulps is
1-Hydroxybenzotriazole (HBT) [9]. The LMS were initially used for delignification and bio-bleaching
of wood pulps; nowadays, they are widely used for the degradation of xenobiotic compounds [10–12].

Although ABTS and HBT are the most widely used redox mediators for laccase, artificial mediators
are not economically feasible, and they are toxic to the enzymes in the long run. In recent times,
natural mediators have been explored for their environmental friendliness and low-cost. These natural
mediators are phenolic compounds that exist in nature and mediate lignin oxidation in white rot
fungi. Commonly-used phenolic mediators are syringaldehyde, acetosyringone, vanillin, methyl
vanillate, p-coumaric acid, etc. [11]. The above mediators were compared with ABTS and HBT
for the decolorization of different dyes with laccase from T. versicolor and Pycnoporous cinnabarinus.
Syringaldehyde and acetosyringone showed 100% decolorization of Acid blue 74 with both laccases
while there was >85% decolorization for Reactive Black 5 dye in less than 1 h for both the dyes.
There was less than 50% decolorization of Acid Blue 74 by ABTS and HBT in the same time period.
The phenolic mediators were more rapid and efficient in the oxidation of dyes than their synthetic
counterparts [13]. The decolorization efficiency of various LMS depends on the dye structure.
The mechanism of laccase mediation varies between each mediator. It was, for example, observed
for lignin oxidation that ABTS/Laccase carried out alpha carbon oxidation and coupling of the lignin
subunits, whereas HBT/laccase polymerized them [14].

Laccase stability and activity was decreased when incubated with artificial redox mediators ABTS,
HBT, TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl), and violuric acid (VA) at a concentration
of 0.5 mM [14]. Even in the absence of any mediator, laccase activity decreased from 1000 U L−1 to
290 U L−1 in 15 days [15]. It is probably for this reason that high enzyme loadings such as 500 U mL−1

to 2000 U mL−1 are used in various dye decolorizing experiments [16,17]. Therefore methods to
decrease the enzyme loading and reduce the cost of mediators should be further examined [18].

In this study natural mediators such as syringaldehyde and acetosyringone were studied with
relatively low enzyme loadings (300 U L−1) with a view to developing a low cost and sustainable
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laccase-mediator system. The use of laccase with natural phenolic mediators such as syringaldehyde
and acetosyringone in a microbial fuel cell for dye decolorization has not been reported so far.

2. Materials and Methods

2.1. Chemicals

A crude commercial fungal laccase from Trametes versicolor with 10 U mg−1 of activity obtained
from Enzyme India Pvt. Ltd., Chennai, India, was used. ABTS, syringaldehyde and acetosyringone
were purchased from Sigma Aldrich, Cambridge, UK.

2.2. Operation of the Microbial Fuel Cell

An H-type MFC with a working volume of 200 mL in each chamber was used. Electrodes were
made of non-woven carbon fiber, each with a surface area of 25 cm2. Cation exchange membrane
CMI7000 ion exchange membrane (Membranes International, Ringwood, NJ, USA) was soaked in 5%
NaCl for 12 h before use. External resistance was 2000 Ω. This resistance was used because previous
studies in our lab had found this to be the optimum for power production using the H-type reactor
systems in our laboratory [19].

2.2.1. Anode Chamber Composition

The composition in the anode chamber was the same for all reactors. The anolyte consisted
of minimal salts medium containing (per liter): 0.46 g NH4Cl, 0.22 g (NH)2SO4, 0.117 g MgSO4,
7.7 g Na2HPO4.7H2O, 2.87 g NaH2PO4 along with 1% (v/v) trace minerals as described by Marsili et
al. and 1% (v/v) vitamin mix as described by Wolin et al. [20,21]. The anolyte was supplemented with
pyruvate as a carbon source at a concentration of 1 g L−1 and casein hydrolysate was also added at
500 mg L−1. The pH of the anolyte was initially adjusted to 7. The anode was inoculated with 10%
v/v Shewanella oneidensis MR-1 culture previously grown in Luria Bertani broth to an optical density of
0.4. The anode chamber was sparged for 10 min with nitrogen gas to remove any dissolved oxygen
and to maintain an anaerobic environment.

2.2.2. Cathode Chamber Composition

The cathode chamber consisted of the commercial laccase from Trametes versicolor in 100 mM
sodium acetate buffer solution (pH = 4.5) in the presence and absence of redox mediators.
Laccase enzyme (300 U L−1) was freely suspended in 200 mL of 100 mM acetate buffer (pH = 4.5) and
100 mg L−1 of Acid Orange 7 dye was added. After subsequent trial experiments, the concentration of
the mediators were set at 50 μM. The cathode chamber was supplied with air through an air stone at a
rate of 200 mL min−1.

2.3. Experimental Design

Seven MFC systems were set up. System 1 was with S. oneidensis in the anode and laccase enzyme
suspended in the cathode chamber in absence of mediators. This system is henceforth referred to as
“Control Lac”. System 2 was with S. oneidensis in the anode and laccase in the presence of ABTS in
the cathode, hereafter referred to as “ABTS-lac”. System 3 was with S. oneidensis in the anode and
laccase in the presence of syringaldehyde in the cathode, hereafter referred to as “Syr-lac”. System
4 was with S. oneidensis in the anode and laccase in the presence of acetosyringone in the cathode,
hereafter referred to as “As-lac”. System 5 was with S. oneidensis in the anode and syringaldehyde in
the cathode without laccase, hereafter referred to as “Syringaldehyde”. System 6 was with S. oneidensis
in the anode and acetosyringone in cathode without laccase, hereafter to as “Acetosyringone”. System
7 was with S. oneidensis in the anode and ABTS in the cathode without laccase, hereafter to as “ABTS”.
Experiments were conducted at a temperature of 30 ◦C.
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2.4. Analytical Procedures

2.4.1. Acid Orange 7 Decolorization

The decolorization of AO7 at the cathode was measured at various time intervals using a
UV-visible spectrophotometer at a wavelength of 484 nm, which is the maximum absorption
wavelength for the dye. The decolorization efficiency (DE) was calculated by

DE (%) =
Ao − At

Ao
× 100

AO and At are the absorbance units at the initial and each time point respectively. A time series
was plotted for the absorbance values measured.

2.4.2. Electrochemical Analysis

The voltage across each MFC system was recorded at 10-min intervals using a Picolog data
acquisition system (Pico Technology, St Neots, UK). The current through each system was calculated
using Ohm’s Law:

Current (I) =
Voltage (V)

Resistance (Ω)

The power produced was calculated using the following formula:

P = IV

where P is power in Watts, I is current in amperes and V is the electric potential in volts.
The power and current per surface area of anode electrode was used to calculate the power and

current density. To carry out polarisation tests, each MFC unit was connected to various external
resistances ranging from 10 Ω to 1 MΩ, and the steady state potential was measured using a multimeter.

2.4.3. Cyclic Voltammetry (CV) of Redox Mediators

The redox activity of the mediators ABTS, syringaldehyde, and acetosyringone in the presence
and absence of laccase was analysed using cyclic voltammetry. A three-electrode system with the
working electrode as glassy carbon, platinum as the counter, and Ag/AgCl as reference electrode was
used. The three mediators were each added to 100 mM acetate buffer (pH 4.5) containing 0.3 U mL−1

laccase to give a final concentration of 50 μM. CV was carried out using a CH 660A potentiostat (CH
Instruments) by cycling the potential between −1 V to 1 V at 50 mV s−1.

2.4.4. Chronoamperometry (CA) of Laccase-Mediators

The effect of redox activity on current output was measured by CA. The same three-electrode
system as used in Section 2.4.3 above was used. The working electrode was poised at 0.7 V, and laccase
at a concentration of 0.3 U mL−1 was added to the 50 μM mediator solution to observe the change in
current. CA was carried out using a CH 660A potentiostat (CH Instruments, Austin, TX, USA).

2.4.5. Statistical Analysis

All experimental data indicated in the text and graphs are the means of triplicate experiments
unless otherwise stated. The error bars in the graphs and error values in the text represent standard
deviations of the mean (SD). Data was analyzed using Microsoft Excel.
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3. Results and Discussion

3.1. Power Generation

The power density was highest for the ABTS-lac system (77.2 ± 4.2 mW m−2) compared to
the control lac system (no mediators), which gave 54.7 ± 3.5 mW m−2 (Figure 2a). The power
density of the ABTS-lac system is comparable to the performance of MFCs with platinum-coated
cathodes (80 mW m−2) obtained in a separate study in our laboratory [data submitted elsewhere for
publication]. Similar trends were also obtained by Luo et al., when MFCs with laccase immobilized
with Nafion-ABTS produced power (160 mW m−2) equivalent to platinum-coated electrodes [1].
The power density in our study was much higher than Schaetzle et al., who obtained 37 mW m−2 with
laccase-ABTS at the cathode of a MFC [22].

 
Figure 2. (a) Power density curves for mediator based laccase cathodes and control MFCs obtained by
varying the external resistance from 10 Ω–1 MΩ; (b) Voltage vs. Current plot.

ABTS is oxidised by laccase, and it can be regenerated (reduced) by receiving electrons from the
electrode and/or the dye [23]. The redox potential of the intermediates, ABTS+ is 0.68 V and ABTS2+ is
1.09 V vs. SHE respectively [6]. The high redox potential of these ABTS radicals aids laccase in efficient
reduction of oxygen which occurs at a potential of 1.2 V vs. SHE.

The As-lac system produced a Pmax of 62.5 ± 3.7 mW m−2, and for the Syr-lac system, it was
23.2 ± 2.1 mW m−2 (Figure 2a). The power density was higher for the As-lac than the control Lac
system and vice versa for the Syr-lac system. The low power produced by the Syr-lac system is
probably due to syringaldehyde acting as a substrate for laccase rather than a mediator. Electron
donating groups of the benzene ring in phenolic compounds lowers their redox potentials which
enables laccase to readily oxidize these substrates, the electrons released being used to reduce oxygen to
water [12]. Since phenols are natural substrates for laccase, they are likely to be the source of electrons
for oxidation rather than the cathode. This would reduce the power output of MFCs. The higher power
density in the control lac systems indicates that in the absence of substrate oxidation, electrons are
accepted from the cathode. Although acetosyringone is also a phenolic compound, the power density
from the As-Lac system was greater than the control lac system, suggesting that the mediator could
have been more efficiently regenerated compared to syringaldehyde. The detailed mechanism for the
mediation is discussed in Section 3.3. Thus, from the power density data alone, it can be suggested
that acetosyringone is a lower affinity substrate for laccase compared to syringaldehyde. This study is
the first use of phenolic mediators in a MFC for laccase oxidation.

The internal resistance for the As-lac system was 1.5 kΩ compared to 1.8 kΩ for the control lac
system; the ABTS-lac system had an internal resistance of 1.9 kΩ, while Syr-lac system had the highest
resistance of 2.2 kΩ (Figure 2b).
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In the absence of laccase, the power density for cathodes containing syringaldehyde and
acetosyringone was 8.6 mW m−2 and 7.5 mW m−2 respectively.

3.2. Acid Orange 7 Decolorization

The decolorization rate of AO7 was highest in case of the As-lac system, followed by the Syr-lac
system, and finally, the unmediated laccase biocathode (Figure 3). There was 94% decolorization in
the As-lac system within 24 h of addition of dye. Decolorization in the control lac system was slightly
slower with less than 80% decolorization in 24 h (Figure 3). Overall there was >95% decolorization
for all laccase-based systems after 4 days which was not statistically significant compared to the
control. Similar observations were observed for acetosyringone with Reactive Blue dye where >80%
decolorization was observed in 2 h under non-MFC conditions [13]. As the two mediators are phenolic
compounds that are substrates for laccase they are rapidly oxidized by the enzyme to produce phenoxy
radicals that aid in dye decolorization [13]. In the presence of AO7 dye, the mediated laccase prefers
the oxidation of dye for electrons rather than the anodic electron source with redox potentials of ca.
−0.2 V vs. SHE [21]. The mediators are regenerated by abstraction of H+ from the dye and e− from the
cathode. Syringaldehyde and acetosyringone have been reported to have redox potentials of 0.660 V
and 0.580 V vs. SHE respectively [24,25]. In the absence of laccase, the mediators have lower redox
potential than AO7 (0.693 V vs. SHE); therefore, no decolorization was observed (Figure 3).

Figure 3. Decolorization of AO7 dye by laccase in the presence and absence of mediators over a period
of 4 days.

Decolorization using the ABTS-Laccase system was also attempted for comparison but due to
heavy interference with the color of ABTS in the presence of laccase (blue), the decolorization could
not be studied effectively.

3.3. Electrochemical Activity of the Laccase Mediator Systems

To understand the reaction mechanism of the laccase-mediator systems, cyclic voltammetry was
performed. The CV of the Syr system revealed a very weak oxidation peak at 0.73 V without any
quantifiable cathodic current (Figure 4). In presence of laccase the oxidation peak was further decreased
indicating syringadehyde’s reduction reaction with the enzyme. There was absence of any redox peaks
that are characteristic of redox mediators being regenerated. This might be due to laccase oxidizing
syringaldehyde to syringic acid while producing phenoxy radicals and syringic acid further oxidizing
to 2,6-dimethoxy-1,4-benzoquinone (DMBQ) [26,27] (Figure 5). Due to the subsequent oxidation of

65



Energies 2018, 11, 3455

syringaldehyde, it is not regenerated and available as a mediator. Laccase is capable of catalyzing
oxidative polymerization of quinone compounds to form polyhydroquinones [28].

Figure 4. Cyclic voltammetry of syringaldehyde in the presence and absence of laccase at a scan rate of
50 mV s−1. The potential indicated is vs. Ag/AgCl.

Figure 5. Laccase oxidation of syringaldehyde to syringic acid and subsequent oxidation to
benzoquinones [29].

Therefore, the polymerization products of benzoquinone (DMBQ) formed could result in
development of concentration gradients and mass transfer limitation at the electrode decreasing
the power density. Another possible reason might be a result of the products inhibiting laccase enzyme
activity. The CV of acetosyringone produced two redox couple peaks at 0.7 V/0.62 V and at 0.42 V/
0.34 V (Figure 6). Acetosyringone has two major sites for oxidation/reduction reactions: a hydroxyl
group at para position, and a keto group attached to the ring (Figure 7). The redox reactions at these
two functional groups contribute to the redox couples in the CV. The functional groups are oxidized to
form either a phenoxy radical or an enolate ion. These ions are intermediates of the oxidation reduction
reaction stabilized by the aromatic ring. In presence of laccase, the peak at 0.7 V (close to laccase redox
potential (0.780 V)) was reduced, whereas the cathodic current at the second redox peak was increased
and shifted to 0.31 V. This indicates that one of the functional sites is preferably oxidized by laccase.
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Figure 6. CV of acetosyringone indicating the oxidation/reduction peak in the presence and absence
of laccase at a scan rate of 50 mV s−1.

Figure 7. Electron transfer (ET) and Hydrogen atom transfer (HAT) oxidation mechanisms of
acetosyringone mediated by laccase.

The two methods of mediation are the Electron transfer (ET) route and radical hydrogen atom
transfer (HAT). In the ET route of mediation, only electrons are involved in the formation of free
radicals and in the oxidation/reduction of the mediator. In the HAT mechanism, besides an electron,
a H+ ion is abstracted from hydroxyl groups of the mediators resulting in O free radical that aids in
the mediation. From previous studies, it has been suggested that electron/hydrogen atom abstraction
proceeds through the hydroxyl group present on the aromatic ring in acetosyringone [30]. Due to
the presence of two functional groups, the mechanism of redox mediation in acetosyringone is a
combination of HAT and ET route [26] (Figure 7). The presence of a keto group (as opposed to only
hydroxyl) prevents laccase from completely oxidizing the substrate to a different product as observed
in syringaldehyde. The acetosyringone is regenerated at the electrode/dye and is available as a
mediator, contributing to the higher current output.
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In case of ABTS, there were two redox couples: the first at 0.9 V/0.67 V, and the second at 0.63
V/0.45 V (Figure 8). The regeneration (reduction) of ABTS by accepting electrons from the electrode can
be observed through increased cathodic current at 0.45 V in the presence of laccase. ABTS oxidation is a
two-step mechanism where first it is oxidized to generate a cationic radical (ABTS+) that is sequentially
oxidized to a di-cation ABTS2+ (Figure 9) [31]. Hence, a clear decrease in both the oxidation peaks
can be observed in the presence of laccase. ABTS is readily oxidized by laccase, and the mediator is
constantly regenerated by accepting electrons from the electrode and the dye. The mechanism of ABTS
mediation is through the electron transfer (ET) route between the enzyme and the substrate (Figure 9).

Figure 8. CV of ABTS indicating the oxidation/reduction peak in the presence and absence of laccase
at a scan rate of 50 mV s−1.

Figure 9. Two step oxidation/reduction of ABTS by laccase and electrode/dye respectively.
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The effect of a laccase-mediator reaction on the current output was further tested by
chronoamperometry. It was observed that ABTS system gave the highest cathodic current of 600 μA,
whereas the syringaldehyde and acetosyringone systems produced 150 and 125 μA respectively
(Figure 10).

Figure 10. Chronoamperometry depicting the reduction current for each mediator at a concentration
of 50 μM.

Although ABTS was the best mediator in terms of power production, acetosyringone performed
comparably with an added advantage of dye decolorization. It is much cheaper and sustainable than
ABTS. Syringaldehyde was the best substrate for laccase, and was completely oxidized; thus it did not
act as a mediator to improve the performance of the MFC. Overall, the acetosyringone-lac system is
preferred for dye decolorization and power production in a MFC.

4. Conclusions

Mediators could be used to improve the power density and efficiency of dye decolorization
when used with laccase in the cathode of a MFC. For environmental and economic reasons, natural
redox mediators such as syringaldehyde and acetosyringone are preferable, and in this study,
their effectiveness was compared to those of a commonly used synthetic mediator ABTS. The presence
of mediators increased the power density: the ABTS-lac system produced a Pmax of 77.2 ± 4.2 mW m−2

while the As-lac system gave 62.5 ± 3.7 mW m−2. The control lac system produced 54.7 ± 3.5 mW m−2

while the power density was the lowest for the Syr-lac system (23.2 ± 2.1 mW m−2.) There was a 16%
increase in decolorization efficiency with addition of mediators as compared to laccase in absence of
mediators with As-lac achieving 94% decolorization in 24 h. The color of ABTS interfered with attempts
to quantify the decolorization efficiency of the dye due to ABTS mediation and this is a limitation of
this study. Electrochemical analysis performed to determine the redox properties of the mediators,
revealed syringaldehyde did not produce any redox peaks, suggesting that it was oxidized by laccase
to other products, making it unavailable as a mediator, while acetosyringone and ABTS revealed two
redox couples demonstrating the redox behavior of these compounds. Thus, acetosyringone served as
an efficient mediator for laccase, aiding in increased rate of dye decolorization and power production
in a MFC.
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