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ABSTRACT

Quantifying the resistances that different components of microbial electrolysis cells (MECs) contribute to
the total internal resistance is important for understanding how different reactor configurations affect
overall performance. The impact of the reactor architecture was examined here by varying the relative
sizes of the electrodes and quantifying the changes in resistances of the electrodes and limiting current
densities as a function of the applied potential (Ey). The MECs with equal cathode:anode size ratios
(Sg=1), showed a steady increase in current up to 1.8 mA for Eg’s < 0.9 V. However, lower limiting cur-
rents were obtained for configurations with smaller anodes as shown by a lack of an increase in current
for Egp > 0.7 V (limiting current of 0.8 mA, Sg=16, and 1.0 mA, Sg=4). The largest component of the
internal resistance changed with the relative sizes of the electrodes. For example, the cathode resistance
was 58% of the internal resistance for the configuration of Sg=1 and 51% for Sg=2, but the anode was
57% of the internal resistance for Sg=16. These results show how differences in reactor architectures can
be quantified in terms of individual electrode resistances and limiting currents using polarization data

obtained by varying the applied potentials.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Microbial electrolysis cells (MECs) are being investigated as an
approach to decrease energy use or even achieve net energy pro-
duction from wastewater treatment. In MECs organic matter is ox-
idized by exoelectrogenic bacteria on the anode and the current
generated is used to produce H, gas at the cathode [1,2]. MECs
require an external power source to drive H, generation at the
cathode as the reaction is not exothermic for useful operational
conditions [3]. A voltage larger than ~0.2 V is needed in practice
to be added to the voltage generated by the bacteria to produce
H, gas [4]. The applied potential (Eqp) added to the circuit is usu-
ally chosen to provide a balance between using higher voltage to
produce larger current densities or using lower voltages to reduce
the energy consumption by the process to maximize energy recov-
ery [5,6]. The selected Eqp impacts energy recovery based on 1 =
148/Eqp (higher heating value, HHV of hydrogen), or n = 123/Egy
(lower heating value, LHV) [3,7], where 1 (%) is the maximum per-
centage energy recovery based on the Eg under standard condi-
tions. For example, at Eqgp= 0.9 V, the maximum energy recovery
is 137% (HHV) based on recovery of all hydrogen gas produced in
proportion to the current generated. MECs have typically been op-
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erated using only a single Eqp within a range of 0.2-1.5 V in pre-
vious studies [8], with the most common Egy’s chosen as a single
applied potential in the range of 0.6-1.0 V [9]. If only a single ap-
plied voltage is examined for an MEC then there are no polariza-
tion data (a plot of voltage as a function of current) for a more
in-depth analysis of MEC performance.

The importance of obtaining polarization data to quantify the
anode, cathode, solution and total internal resistances is now well
recognized for microbial fuel cells (MFCs), but not for MECs due
to a lack of individual electrode polarization data [10,11]. Polar-
ization data are needed for MECs so that the main factors limit-
ing higher current densities with applied potentials can be iden-
tified. In MFCs, polarization data are used to produce power den-
sity curves which typically are bell-shaped. However, sometimes
a rapid decrease in power density is observed after the maxi-
mum power density point is reached. This decrease results in a
power density curve that turns back to lower current densities
when using lower external resistances in the circuit (referred to
as power overshoot) because the anodes reach a limiting current
and thus fails to achieve a higher current density at lower resis-
tances [12]. The reasons for a limiting current include insufficient
anode biomass, localized low pH conditions, or insufficient anode
acclimation [13]. In MECs the anode can similarly limit the ability
of the system to produce higher currents due to the anode reach-
ing a limiting current [14]. However, there are few studies that re-
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Table 1

Normalized surface area the electrodes and electrode surface area ratio.
Calculation basis Ci1A; C1Aps GAos  Ci4Agas
app of the anode (m? m3)? 30 15 15 7.5
apa of the cathode (m? m=3) 30 30 60 120
Sg based on the app” 1 2 4 16
as,4 of the anode (m? m=3)° 92 52 52 31
asa of the cathode (m? m=3) 76 76 152 305

3 Projected surface area normalized by liquid volume.
b cathode:anode size ratio.
¢ Total surface area normalized by liquid volume.

port polarization data for MECs by either varying the applied volt-
age (or scanning the anode potentials) over a range of Egp values
where limiting currents might be observed [14-18]. Routine report-
ing of polarization data for MECs is needed to provide a better un-
derstanding of the electrode performance in terms of their relative
resistances as well as avoid the application of Egp's greater than
those needed to produce high current densities.

The utility of polarization data for analyzing how the reactor
architecture impacts performance in terms of electrode resistances
and limiting currents was shown here by obtaining polarization
data for MECs with different relative electrode sizes. Four differ-
ent cathode:anode sizes were used to produce MEC configurations
that had different responses to applied voltages. To calculate the
electrode resistances, the applied voltage was varied to obtain po-
larization curves for the whole MEC, and with a reference elec-
trode it was possible to investigate the relative contribution of the
anode and cathode resistances. These data were used to calculate
the electrode resistances using the electrode potential slope (EPS)
method [14,19]. The overall system performance was also exam-
ined in terms of organic removal and biogas production rates. Al-
though different reactors have been developed that have different
electrode sizes [16,20,21] there has been no side-by-side evalua-
tion of MECs with different electrode dimensions in terms of in-
dividual electrode performance through measurement of their in-
ternal resistances. The analysis of the response of these different
MECs that have different electrodes sizes can show the utility of
polarization data for identifying limiting anode current densities
as well as quantifying the resistances of the electrodes and thus
provide insight into the factors limiting performance.

2. Materials and methods
2.1. Configurations and construction of MECs

Single-chamber MECs were constructed using 5-mL serum bot-
tles (empty volume of 8 mL; Wheaton, Millville, NJ, USA). Four dif-
ferent MEC configurations were prepared by varying the ratio of
the cathode:anode sizes (Sg) from Sg=1 to Sg=16 based on the pro-
jected surface area of one side of each electrode (Fig. 1). The anode
was a graphite plate (Grade GM-10; GraphiteStore, Buffalo Grove,
IL, USA) 1.5-cm x 1-cm x 0.32-cm, yielding a projected anode area
of A; = 1.5 cm?, surface area of apy = 30 m? m~3 based on only
the projected surface area per liquid volume (5 mL), and asp = 92
m2 m~3 based on the area of all sides. The ratio of electrode sizes
was controlled by reducing the anode size by cutting it in half or
by increasing the cathode size (Table 1). Anodes were reduced in
size by % to Ags =0.75 cm?, or by % to Ag,s =0.375 cm?. Stainless
steel (SS) mesh (Type 304, mesh size 60 x 60; McMaster-Carr) was
used as the cathode, with a mesh size of 1.5-cm x 1-cm designed
as C; = 1.5 cm? as it was the same size as the largest anode. Cath-
ode sizes were increased to provide larger projected surface areas,
with cathodes twice (C; = 3 cm?) or four times (C4 = 6 cm?) as
large as the smallest cathode. The largest cathode was partially
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bent into a hemisphere shape to fit through the bottle neck, and
then it extended partly around the anode compared to the other
more parallel orientations of the different electrode configurations
(Fig. 1C). MECs with equally sized electrodes, or Sg=1, were des-
ignated as C;{A; with ratios for the other reactors of C;Ag5 (Sg=2)
and CyAp 5 (Sg=4), and C4Ag 25 (Sg=16). For reactors C4Aqg 75, a dou-
ble layer of SS mesh (two pieces of 1.5-cm x 2-cm mesh) was used
due to the limited space in the reactor.

Anodes were polished using sandpaper, sonicated in acetone
for 20 min, immersed in 1 N HCl overnight, and rinsed three
times with deionized water before use to remove any contami-
nants. Anodes were connected using titanium wires (0.08 cm di-
ameter; McMaster-Carr) and the cathodes were connected using
SS wire (0.10 cm diameter; Malin Co.). Only anodes or cathodes
with a contact resistance <1.0  were used in tests. Reactors were
sealed with a thick butyl rubber stopper and aluminum caps to
maintain anaerobic conditions (Fig. 1). The rigid titanium and SS
wires holding the electrodes were pierced though the rubber stop-
per to maintain the electrode spacing to be ca. 1 cm.

2.2. Reactor operation

MECs were inoculated with 50% (v/v) of fresh medium and ef-
fluent from MECs fed a medium containing 1 g L~ of sodium ac-
etate. The MEC inoculum was omitted from the third batch cycle
and the MECs were subsequently fed only fresh medium. The MECs
were operated in fed-batch mode with 50 mM phosphate buffer
solution (PBS), containing 2.45 g L-! NaH,P0,4-H,0, 4.58 g L!
Na,HPO,4, 0.31 g L~ NH4CI, 0.13 g L~! KCI, mineral (12.5 mL L)
and vitamin (5 mL L) solutions (pH =7.1, conductivity = 7.4 mS
cm1), with sodium acetate (1 g L-1) as the sole organic source. For
each cycle, MECs were filled with fresh medium and sparged with
ultra-pure nitrogen gas for 3 min.

All analyses reported here were conducted after at least 3 suc-
cessive similar current production profiles were observed (Fig. S1).
Experiments were conducted in triplicate in the dark without shak-
ing in a constant temperature room (30°C). A fixed external voltage
of 0.9 V was applied to MEC reactors, except as noted, using a po-
tentiostat (VMP3, BioLogic, Knoxville, TN).

2.3. Analyses and calculations

Soluble chemical oxygen demand (SCOD) was analyzed using
standard methods (TNTplus COD reagent; HACH company) with
the samples filtered by a syringe filtration (0.45 wm pore diam-
eter). Gas composition was analyzed at the end of the batch cycle
using a gas chromatograph (GC, SRI Instrument, Torrance, CA, USA)
for a 250 uL sample from the headspace obtained with an airtight
syringe (Hamilton, Reno, NV, USA). The gas sample was collected
by piercing the needle through the rubber stopper, and total gas
volume based on reading the volume in the syringe was recorded
at the end of each cycle. All SCOD and gas measurements were
performed in duplicate.

The hydrogen or methane production (Vyx) was calculated us-
ing Vx = (V, + V) fx, where V), is a headspace volume, V), is the
amount of total gas production, and fy is a fraction of hydrogen
or methane in the total gas. The theoretical hydrogen or methane
production (V;;) was calculated using Vi, = G Vin/nF, where C; is
the total coulombs calculated by integrating the current over time
using only the first 90% of coulombs that were obtained [7], Vi
is the molar gas volume (24.2 L mol-'), n is the moles of hydro-
gen (2) or methane (8) equivalent to one mole of electrons, and
F is Faraday’s constant (96,500 C mol-'). The cathodic hydrogen
or methane recovery (ycar) was calculated using ycar = Vx/Vip.
Coulombic efficiency (CE) was calculated as CE = C;/C., where C,
is the total charge consumed based on the acetate removal. To
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Fig. 1. (A) Schematic drawings and (B and C) photographs of the MEC configurations with varying electrode size ratio. Graphite blocks (solid black) were used as anodes

and stainless steel mesh was used for the cathodes.

convert the acetate concentrations to coulombs, conversion fac-
tors were 8 mols of e~ per 1 mol of acetate and 1.07 g COD
per 1 g acetate. The current density was normalized by the lig-
uid working volume (volumetric current density; Iy) or the an-
ode total surface area (current density per area; I). The max-
imum current density for each condition was obtained by av-
eraging the 10 highest current densities during each cycle [22].
The energy efficiency (ng) was calculated using ng = (ny AHyo +
NcpaAHcng) /Mg = (N AHyo + Ncpq AHcng) /We, where AH is the
energy content of hydrogen (286 k] mol-') or methane (889 k]
mol~1) and W; is the amount of energy added to the circuit us-
ing the potentiostat [16].

2.4. Electrochemical measurements

A single-cycle polarization test was performed by reducing the
Eqp from 0.9 V to 0.3 V at 0.1 V intervals. Before the test, the re-
actors were fed with fresh medium and maintained at Eqp = 0.9
V until the current was stable (>3 h). Each voltage was lasted for
30 min and the last five points at each applied voltage were av-
eraged to draw the polarization curve. The current was recorded
every 30 s during tests. The linear portions of whole cell, anodic
and cathodic potentials were used to calculate the internal resis-
tance using the EPS method [14]. The linear portion was fitted by
E = mi + b, where i is the current (mA), the slope m is defined as
the internal resistance of each electrode (£2), and the y-intercept
was the experimental open circuit potential (mV) of each elec-
trode. While fixed voltage (E.;) was applied between electrodes,
the cathode potential (Ec;r) was measured against the reference
electrode (Ag/AgCl; model RE-5B, BASi; 0.209 V vs. standard hydro-
gen electrode, SHE). The anode potential (Ean) was then calculated
as Ean = Ecat — Ecei- Ean and Ecar were corrected using the solu-

tion conductivity and the distance between each electrode and the
reference electrode as described previously [23,24].

Electrochemical impedance spectroscopy (EIS) was used to
measure the solution resistance between each set of electrodes
(i.e., anode and cathode, reference electrode and anode, or refer-
ence electrode and cathode; Fig. S3A). The MECs were set with
an open circuit for 30 s and then EIS tests were conducted over
a frequency range of 100 kHz to 500 Hz or 500 kHz to 500 Hz.
A sinusoidal perturbation of 5 mV amplitude was applied with 10
points per decade. The impedance data were obtained based on
the Nyquist plots analyzed with Zfit provided from the EC-lab soft-
ware (VM3, BioLogic, Knoxville, TN) [19].

3. Results & discussions
3.1. Current generation over a fed-batch cycle

The maximum volumetric current densities over a fed-batch cy-
cle (Egp = 0.9 V) decreased with anode size, with the MEC with
the largest anode (C;A;) producing the highest current density of
380 + 13 A m~3 (Fig. 2A). The two MECs with the half-sized an-
odes produced about the same current densities of 249 + 20 A
m~3 (C1Ags) and 244 + 31 A m3 (C,Aq5), with the MEC with the
smallest anode (C4Aq>5) producing the lowest current density of
179 + 7 A m=3. As the anode size decreased, the current density
of the MEC did not substantially change until the anode was only
1/16 the size of the cathode (C4Aq5) (Fig. 2B). This observation
indicated that the current output did not decrease linearly with
the anode size, resulting in the increased anode current density as
Sg increased. This result is consistent with previous reports using
MEFCs where the cathode contributes more to limiting current and
power generation than the anode [25,26].
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Fig. 2. (A) Volumetric current density profiles for a single representative cycle, and (B) maximum current densities calculated for a cycle. Total anode surface area (asc) was

used to calculate anodic current density.
3.2. Polarization tests

When polarization tests were performed by changing the ap-
plied potential from Egp = 0.9 to 0.3 V, a linear response was ob-
served with the MEC with equally sized electrodes (C;Aq) (Fig. 3
and Fig. S2). However, for the other three MECs there was a linear
increase in the current with Egp only at the lower applied voltages,
with a negligible increase in current at the higher applied voltages.
For the two MECs with the half-sized anode (C;Ags and CyAgs),
the current reached a maximum of ~1 mA and then did not further
increase at higher applied voltages. We define here this non-linear
region, with no further appreciable increase in current, as the lim-
iting current Ij;;,,. For the smallest anode, the limiting current was
approximately I};;, = 0.8 mA. In contrast to the behavior of the an-
odes, the current increases for the cathode were generally linear
over the Eqp except for the C;A; reactor, where there was slightly
reduced performance as shown by a change in slope, rather than a
limiting current (Fig. 3C). This change in slope was attributed to a
shift in cathode performance due to the much higher current pro-
duction for this reactor when current was not limited by the anode
due to the largest size. Polarization data for both the anodes and
cathodes were also linear at the lowest currents, suggesting mini-
mal activation losses [27]. Activation losses are usually not notice-
able for anodes in MECs, but such losses are more obvious for the
oxygen reduction reaction in MFCs [10,28].

When the current production was normalized by total surface
area of the anode, the reasons for the different behavior of the
MECs with the same Eg, was clearer relative to anode performance
(Fig. 3B). The MECs with equally sized electrodes (C{A;) at an

Eqp = 0.9 V did not reach a current density that was in the re-
gion for the other MECs that produced limiting current densities.
The highest current density for the C;A; reactors was ~3.9 A m2
with Egp=0.9 V, while the two MECs with the half-sized anodes
reached that same current density at Eqp = 0.7 V. Thus, when Egp
larger than 0.7 V were applied, the anodes were unable to produce
a higher current as they had reached their limiting current density
of ~3.9 A m2. For the smallest anode with the doubled cathode
(C4Ap25), a slightly higher limiting current density of I}, = 5.1 £
0.1 A m~2 was achieved, likely due to the use of two cathode lay-
ers that may have helped to better balance the pH around the an-
ode surface. The acidification of the anode biofilm due to the lim-
ited proton transport out of the anode has been reported to limit
current density in MFC studies [29]. Cathodes analyzed on current
normalized by area showed a response similar to that based on to-
tal volumetric current (Fig. 3D), with all linear responses to applied
voltages, showing most of the differences in performance among
the four different MEC configurations were due to the anodes.

The occurrence of a limiting current density has not been
well recognized for MECs, although this phenomenon is similar to
power overshoot often observed in MFCs [30-32]. In an MFC when
the external resistance is lowered past the point where the anode
is unable to produce higher currents, the anode potentials increase
but current does not [12,33]. This lack of an increase in current
production by the anode results in a doubling back of the power
density curve, and therefore power overshoot [12,33]. For MECs,
rather than a lower resistance driving the anode to a maximum
current density it is the applied potential which results in a max-
imum or limiting current density. A consequence of this limiting
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Fig. 3. Polarization data obtained by applying voltages from 0.9 to 0.3 V, with linear regressions for based on the indicated range (faded points are shown for data not
included in the regression). Data shown for the anode based on (A) current, or (B) current density and for the cathode based on (C) current or (D) current density based on

the total surface area (asc) of the electrodes.

current density in an MEC is that energy is wasted by applying
potentials above those that will increase current due to the limit
in current densities by the anode.

3.3. Comparison of electrode resistances using the electrode potential
slope method

The individual internal resistance of the anode and the cath-
ode were calculated using the EPS method for current produced
at lower Egp using the polarization data that showed a linear re-
sponse between current and Egp (Fig. 4). For the MECs with larger
anodes, the cathodes were the largest component of the internal
resistance with 58% of the internal resistance for the C;A; con-
figuration, and 51% for the half size anode with the smaller cath-
ode (C;Aqs). However, for the largest cathode (C4Ag55) the an-
ode resistance increased from 133 to 304 €2, resulting in the an-
ode contributing 57% of the total internal resistance. The inter-
nal resistances of both electrodes observed here appear high be-
cause we use the absolute resistance, not area-based resistances.
This high resistance is attributed to the fact that as the size of
the reactor increases the absolute resistance must decrease. How-
ever, when the electrode area was taken into account to calcu-
late the resistance, the electrode resistance of the C{A; reactor
was 20 mQ m?2 (anode) and 35 mQ m?2 (cathode), which are in

a range of previously reported values of the anode resistance of
MECs and MFCs (11-290 m$2 m?) and cathode resistance of MECs
(8-65 mQem? for the cathode) of laboratory-sized reactors (Table
S1). The cathodes of the MFCs were not considered in this com-
parison because of the different reaction in an MFC (oxygen reduc-
tion reaction) to that of the MEC (hydrogen evolution reactions).
The solution resistances measured using EIS (Fig. S3) showed sim-
ilar values (37-52 ) reflecting small changes in solution resis-
tance due to slight differences in electrode distances or the rela-
tive sizes of the electrodes for the different S; conditions in the
MECs.

The relative importance of the anode to the total internal resis-
tance in MECs has varied based on the different reactor configu-
rations, materials, and operational conditions such as Egp. For ex-
ample, in a two-chamber MEC with a felt anode and Pt-catalyzed
cathode, the anode pressed up against a anion exchange mem-
brane was calculated to be the largest component of the internal
resistance (59%) [14]. In an MEC using plain carbon cloth as both
anodes and cathodes, the anode had a 2.7-3.2-fold higher resis-
tance than the cathode [34]. In other MEC studies, however, where
the anode was a high surface area graphite brush, the anode con-
tributed only 19-27% of the total internal resistance [35]. The lower
resistance of brush anodes compared to cathodes for the oxygen
reduction reaction has also been found for MFCs [10]. In the MECs
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tested here, the relative contribution of the anode to the total in-
ternal resistance increased as the anode became smaller. By using
equally sized electrodes it was possible to avoid a limiting current
as well as reduce the impact of the anode on internal resistance
and thus current generation.

3.4. Biogas production and organic removal

The electrode size ratio affected not only the limiting current
but also the composition and volume of the biogas produced. H,
was primarily recovered from MECs with lower Sp values, and
higher concentrations of CH, in the biogas produced at the higher
Sg values (Fig. 5). Also, the sum of cathodic H, and CH4 recovery
(¥ car) decreased inversely with Sk for three of the MECs, with y car
= 49 + 9% (Sg=1, C1Ay), 45 + 5% (Sg=2, C1Ags5), and 24 + 14%

(SR=4, C2A0.5). The MEC with the hlghest SR =16 (C4A0~25), how-
ever, produced mostly CHy gas with ycar of 62 + 7%. The lower
cathodic biogas recoveries indicated a greater loss of the electrons
produced by the anode that were not recovered as biogas, for ex-
ample owing to the H, consumption by other scavenging routes
[36,37].

The coulombic efficiency showed large changes with the elec-
trode size ratio. At lower Sk values (1, 2 and 4), H, gas cy-
cling seemed to occur on the anode. For three of these MECs the
coulombic efficiency was much higher than 100%, with CE’s of 165
+ 27% (Sg =1, C1A;), 163 + 16% (Sg=2, C1Ags5), and 250 + 93%
(Sr=4, C;Ap5). In addition, they also had relatively lower COD re-
moval efficiencies (64-80%) compared to the MEC with the largest
Sg =16 configuration (C4Aq>5) which had a COD removal of 87%
(Fig. 6). In addition, there was a lower but appreciable amount of
current produced late in the cycle for the lower S MECs which
combined with the high CEs suggested H, gas cycling (Fig. 2A).
To confirm the importance of H, cycling, N, gas was continu-
ously sparged to the medium during one cycle using the C;Ags
MEC which had the highest CE value. When this MEC was sparged
with N, the current dropped rapidly to ~18 A m~3 after it reached
the maximum, which was much lower value than the current pro-
duced without N, sparging (~220 A m~3) (Fig. S4). With continuous
N, sparging the coulombic efficiency decreased to less than 100%
(CE = 96%) and the COD removal increased to 94%. Thus, hydrogen
cycling was concluded to sustain increased levels of current gener-
ation at the end of a cycle for the three MECs (Sg =1, 2 and 4).

Evidence for extensive hydrogenotrophic methanogenesis in the
Sgr=16 reactors (C4Aq35), in addition to H, cycling, was shown by
its much lower CE of 105%. For this MEC there was also a high con-
version rate of H, to methane, with a cathodic CH4 recovery of 61
+ 7% and cathodic H, recovery of 0.6 &+ 0.2% (Fig. 5), as previously
observed in other MEC studies [38-40]. Higher CH,4 production in
the C4Ap25 MEC was likely due to the small anode size which was
already producing current at the maximum rate. The low H, par-
tial pressure would have helped to maintain stable H,-consuming
activity of hydrogenotrophic methanogens [41]. The relatively low
cathodic recoveries suggest that some H, cycling was still occur-
ring despite the predominance of methane in this MEC.
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Fig. 6. Coulombic efficiencies and COD removals for the different electrode surface area ratios.

3.5. Implications for MEC operation

Polarization data obtained by varying Eqp have only infrequently
been reported in MEC studies, but as shown here polarization
curves can produce valuable insight into the performance of the
system relative to energy efficiency. The few studies that have re-
ported polarization data were useful in showing whether the an-
odes or cathodes were in a certain range for the desired reactions
of organic oxidation at the anode and H, production at the cathode
[42,43]. However, we further showed here that polarization data
are a useful tool to estimate the maximum Egy for different MEC
configurations that will increase current and maximize energy re-
covery. For example, the energy efficiency here for the C4Aq 35 was
79% for an applied voltage of Eqp = 0.9 V, which was a voltage that
did not result in an increased current density compared to 0.7 V.
Assuming the same amount of biogas was produced at Eqy = 0.7
V and 0.9 V, the energy efficiency would have been 102% (C4Ag25)-
This example shows that ~20% of input electrical energy could have
been saved by using a lower Egp of 0.7 V. Similarly, a rapid drop
in H, production rate with sudden rise in the anode potential has
been observed at Eqp beyond 0.7 V in a previous MEC study when
highly conductive medium (20 mS/cm) was used [16]. The elec-
trical efficiency was reduced from 241% (at 0.6 V) to 212% (at 0.7
V), suggesting that the energy efficiency could be improved by 14%
by choosing an Egp of 0.6 V rather than 0.7 V. Because Iy, will
likely vary for different MEC configurations, as it did here, it is rec-
ommended that polarization curves be routinely reported in MEC
studies.

The method to identify maximum useful applied voltages here
for MECs could also be used in studies where electrodes are in-
serted into tanks used for anaerobic digestion (AD), forming an
AD-MEC [1]. In most of AD-MEC studies, only one or two Egy's
have been used in the study and therefore there are no available
polarization data to study the energy efficiency relative to the cho-
sen applied potential. In addition, some very high Egp have been
used (> 1.0 V) with the goal of producing a high current density
[44-46]. As we observed here, the optimal Egy of the MECs really
depends on the system configuration, thus choosing Eqy without
any criteria based on polarization data could waste energy by se-
lecting Eqp greater than those needed to achieve a high current.
Also, the use of very high applied voltages could negatively impact
current production by the bioanodes [47]. Thus, investigating and
reporting polarization tests could be a method to better define an

optimal value for Egy. By monitoring the electrode potentials, the
EPS method could also be used to determine the contributions of
the individual electrodes and the solution to the total internal re-
sistance. Such information could help to improve energy recovery
through modifications to the components that are primarily limit-
ing overall performance.

One concern for the study conditions could be that the small
liquid volume might not translate to larger-scale systems. However,
the performance of both large and small MECs are fundamentally
limited by the internal resistance components. Thus, the methods
used here to study a small configuration will provide the same in-
formation for larger reactors. For example, the EPS method used
here has been tested on MFCs ranging from 28 mlL reactors to
85 L reactors [10,48,49]. While the magnitude of the resistances
may change for larger systems, the use of this method to exam-
ine the impact of changing the applied current will not be affected
by the size the reactors. Small reactors such as those used here
are appropriate for conducting high throughput bioelectrochemi-
cal studies as we can use many replicates and tests conditions,
and the reactors have a very desirable high electrode packing den-
sity to improve MEC efficiencies. To provide information for more
practical applications, further studies with larger scale reactors and
continuous-flow operation will be needed, although the per-reactor
costs of making larger reactors will likely limit the ability to run
triplicate reactors as done here.

4. Conclusions

The impact of Eqp on MECs with different electrode size ratios
was investigated using polarization tests. As the Eqp increased to
the highest values (0.3 to 0.9 V) in several cases there was no
corresponding increase in current at the higher Egp’s. The Iy, was
measured for Eqgp > 0.7 V of 5.1 A m™2 (Sg=16) or 3.9 A m~? (Sp=4),
suggesting that an Eqp above 0.7 V was not needed as using higher
potentials would waste energy and not produce higher currents.
The anode resistance was determined to be larger than cathode re-
sistance for higher Si values, which showed that the anodes were
a major contributor to resistances that would reduce current pro-
duction. The presentation of polarization data based on varying Egp
will therefore be a useful method to minimize wasting energy and
better optimize electrical efficiency of MEC operation.
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