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HIGHLIGHTS

® Power density was 0.101 + 0.006 Wm ™2 in an 85 L MFC fed domestic wastewater.
® Recirculating the anolyte increased the power density to 0.118 + 0.006 Wm ™2,
® A diagonal flow path across the electrodes produced the highest power densities.

® Reducing the anode brush diameter did not affect MFC performance.

ARTICLE INFO ABSTRACT

Keywords: Many design and operational parameters that can impact power generation in microbial fuel cells (MFCs), such
MFC as flow over the electrodes, can only be effectively examined in larger-scale systems. A maximum power density

Scaling up . of 0.101 + 0.006 Wm™2 (0.74 = 0.05Wm™>) was obtained in an 85-L. MFC with graphite fiber brushes
Power ‘ieI{Slty (5.1 cm diameter, 61 cm long) and flat air cathode (0.62 m? exposed area; anode-cathode spacing of 1.3 cm) in
E‘;—::C“ ation batch mode. Recirculating the anolyte diagonally through the chamber (entering the top right side of the reactor

and exiting the bottom left side) further improved performance by 17% to 0.118 + 0.006 Wm ™2, at a hydraulic
retention time (HRT) of 22 min (3.9 L min~'), compared to static flow conditions. This power density was also
higher than that obtained with parallel flow through the chamber (more evenly distributed using a manifold;
0.109 = 0.009 Wm ™ 2). Reducing the diameter of the anode brushes from 5.1 cm to 2.5 cm did not improve the
anode performance. These results demonstrate the importance of electrode spacing and hydraulic flow on large-

Internal resistance

scale MFC performance.

1. Introduction

Microbial fuel cells (MFCs) use bacteria to directly produce elec-
tricity from biodegradable organic matter [1-4]. MFCs have great po-
tential as a new method for wastewater treatment, in combination with
further treatment processes such as an anaerobic fluidized bed mem-
brane bioreactor (AFMBR) [3,5,6], to replace energy-intensive acti-
vated sludge processes. Application of MFCs for wastewater treatment
requires that effective power generation and treatment efficiency be
obtained with larger-scale reactors, operated under realistic conditions
[1,2,7-10]. Most bench scale MFC studies have been conducted using
relative optimal conditions for power generation, such as well-buffered
phosphate buffer solutions (PBS) with high conductivities, and high
concentrations of acetate as a substrate rather than unbuffered solution
with low concentrations of complex organics in most domestic
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wastewaters [3,7,11,12]. Using small electrodes and favourable test
conditions at more optimal temperatures (~ 30 °C), relative to waste-
waters (typically < 25 °C), produces power densities much higher than
those that could be obtained using low-strength wastewaters at typical
municipal wastewater treatment facilities [3,11-13]. Thus, the perfor-
mance of a large scale MFCs can only be tested by using larger elec-
trodes, and operating the system with actual wastewaters [1,7,9,14].
Many design elements of MFCs have only been examined in smaller-
scale reactors (1L or much less), typically with single anodes and
cathodes, and under static flow conditions [15]. The impact of the
variation of different design parameters, such as electrode diameter,
length and spacing from the cathode, have not been well examined in
larger scale systems. A comparison of anode types based on reports in
the literature showed that cylindrical brush anodes generally produced
higher current densities than flat carbon felt, carbon cloth and carbon
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Fig. 1. Photos of (A) the two anode brushes (diameter of 2.5 cm (top) or 5.1 cm (bottom)) and (B) of the 38 anode brushes (diameter of 2.5 cm) installed in the MFC.
(C) Diagonal and (D) parallel flow paths in the anodic chamber of the 85 L MFC with 22 anode brushes (diameter of 5.1 cm).

paper anodes, when coupled to a cathode with a platinum catalyst [16].
Graphite fiber brush anodes and activated carbon based cathodes have
produced power densities up to 2.78 = 0.08 Wm ™2 for small MFCs
(0.028L) fed with acetate in phosphate buffer solution (PBS 50 mM)
[17], and up to 0.8 + 0.03Wm 2 using domestic wastewater (pri-
mary clarifier effluent) [18]. The brushes used in most bioelec-
trochemical systems (BESs) have been of the order of few centimeters in
length, for example only 2.5 cm in 28 mL MFCs [1],12cm in 6.1 L [13],
or 20cm in 90L [19], so there is little information on systems with
longer brush anodes. The impact of brush diameter on power produc-
tion has also not been well examined. Reducing the diameter of the
anode brushes from 2.5 cm to 0.8 cm in a 28 mL MFC produced similar
performance, but only if the anode coverage of the cathode was not
changed. The maximum power density decreased up to 32% (from 1000
to 680 mW m~?) if the anode projected area was decreased by 80%
[20]. In studies on larger MFCs (174 mL) fed acetate in PBS, reducing
the diameter of the anode brushes from 2.5 cm to 0.8 cm increased the
maximum power density under static (from 0.69Wm™ 2 to
1.03Wm~2) and dynamic flow conditions (from 0.54Wm~2 to
1.02Wm™?) [21]. However, in tests using wastewater, the reactor had
unstable performance suggesting that the size of the brush anodes was
too small, and the wastewater too dilute, to maintain sufficiently
anaerobic conditions in the brush anodes [22].

Relatively few studies have examined the impact of the flow rate or
recirculation on performance in large-scale MFCs [15,23-25]. In a 6.1-L
modular MFC fed with domestic wastewater with 6 cathodes and 4
brush anode arrays switching from fed-batch to continuous flow de-
creased the maximum power density from 0.400 + 0.008 Wm ™2 to
0.25 = 0.02Wm ™2 (HRT of 8h) [13]. Serial flow (entering into one
module and then moving successively through the four modules) or
parallel flow (entering and exiting each individual module) mode
produced similar average power densities with domestic wastewater
(0.21 Wm ™2 with parallel flow, and 0.20 Wm ™2 in serial flow) [26].
Recirculating a buffered anolyte in a (4.9L) MFC operated in upflow
mode increased maximum power density and COD removal in long
term tests compared to static flow conditions, but the tubular archi-
tecture was much different than other scalable flat-plate designs [27].

To examine the impact of recirculation flow rate, path, and the
brush diameter, the performance of a larger-scale (85L) MFC was in-
vestigated using domestic wastewater. Diagonal and parallel flow paths
were chosen for the anolyte flow, each at two different HRTs, with

performance examined for the anode and cathode potentials, and
overall power densities. In order to better understand the effect of the
brush diameter on liter-scale MFC performance, two brush diameters
were compared in terms of maximum power generation. The electrode
spacing and the anode projected area relative to the cathode was kept
constant by using more brushes with smaller diameters and maintaining
the same gap between the anode edge and the cathode.

2. Materials and methods
2.1. Electrode materials

Cathodes were 1.07 m long and 0.64 m in height with a total pro-
jected area of 0.68 m? and an exposed area of 0.62 m? [9]. This large
cathode was constructed based on a “window pane” approach by using
a single stainless steel sheet that contained 15 cathodes (panes). Each of
the cathode sheets (VITO CORE’, Mol, Belgium) were made by pressing
together a mixture of activated carbon (AC; 70-90 wt%; Norit SX plus,
Norit Americas Inc., TX) and polytetrafluoroethylene (PTFE) binder,
onto a stainless steel mesh current collector. A PTFE diffusion layer
(70% porosity) was then added on top of the catalyst layer which be-
came the air-side of the cathode [28]. The cathode sheets were welded
into laser cut holes (“window panes”) in the stainless steel frame to
allow the cathode sheets to be exposed to the anolyte on one side, and
air on the other side. The cathode was periodically cleaned to minimize
changes in performance over time due to cathode fouling [29].

Two different brush anodes sizes were used in the present study all
made from graphite fiber (PANEX 35 50K, Zoltek) wound between two
titanium wires, 5.1 cm in diameter and 61 cm long from a previous MEC
configuration (Gordon Brush, CA, USA) (Fig. 1) [30] and 2.5cm in
diameter and 61 cm long. All anodes were heat treated at 450 °C in air
for 30 min prior to use in MFCs [31].

2.2. Pilot-scale reactor

The MFC was a custom rectangular tank (1.1 m long, 0.15m wide
and 0.85 m height) as previously described [9]. The tank had a bracket
slot 10 cm from the wall of the water side, where the cathode was at-
tached to form the anolyte chamber. The cathodes were secured to the
frame with 25 screws using a plastic U-shape fastener and a gasket
(closed cell PVC vinyl foam), producing a cathode specific surface area
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Fig. 2. (A) Power density curve and whole cell potential and (B) correspondent
cathode (Cat) and anode (An) potentials using 22 anode brushes (D = 5.1 cm,
projected area = 0.60 m?) in the anode module under static conditions.

of 7.3m? per m® of anolyte volume. This low specific area of the
cathode due to the relatively larger width of the tank compared to
previous designs (25 m?m 3, width 4 cm, 28 mL [1], 29 m®>m ~ 3, width
6cm, 1.4L [11]), was used here to accommodate large diameter anode
brushes, a reference electrode, and to easily inspect the condition of the
electrodes. The cathode air chamber was formed by sliding a sheet of
PVC into a slotted groove 5 cm from the cathode. To reduce the cathode
deformation due to the pressure of the water on the cathode, the space
between the clear PVC sheet and the cathode was filled with 19 spacers
[32,33], constructed by rolling polypropylene mesh (XN3110-48P, In-
dustrial Netting, USA) into tubes (4 cm diameter by 1 m long), with the
rolled tubes held together using zip ties.

An anode module made with a polyvinyl chloride (PVC) frame was
constructed to produce a linear array of graphite fiber brushes. The PVC
module held 22 (D = 5.1 cm) or 38 (D = 2.5 cm) brushes (as indicated),
with the ends of the brushes secured at the top and bottom of the
module. The brush module was placed parallel to the cathode, in the
middle of the anode chamber, producing a distance of 1.3 cm between
the edge of the anode brushes and the cathode surface [21]. The anodes
were connected in parallel to the circuit by an external single titanium
wire. To avoid short circuiting between the electrodes, and to reduce
biofilm growth on the cathode, the reactors were operated with a cloth
separator (PZ-1212, Contec, USA) placed on the water side of the
cathode [34,35].
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2.3. Microbial fuel cell tests

The MFC operated at room temperature in a laboratory at the
Pennsylvania State University Wastewater Treatment Plant in order to
feed it directly with fresh primary clarifier effluent wastewater (WW).
Total and soluble COD were measured using method 5220 (Hach COD
system, Hach Company, Loveland, Colorado). The Coulombic efficiency
was calculated as previously defined [36]. The acclimation of the MFC
for power generation was previously described [9], based on feeding
the reactor domestic wastewater in fed-batch operation over several
weeks. Single cycle polarization tests were conducted by feeding the
reactor with fresh wastewater and maintaining the system at open
circuit conditions for 2 h, and then varying the external resistance from
100 to 25, 10, 5, 2, 1 and 0.4 Q at 20 min intervals.

The current was calculated based on the voltage (U) across the ex-
ternal resistor, and recorded using a computer based data acquisition
system (2700, Keithley Instrument, OH). Current densities (i) and
power densities (P) were normalized to the total exposed cathode area
(A = 0.62m?) and calculated as i = U/RA and P = iU, where R is the
external resistance. The presence of the stainless steel frame in the
cathode reduced the active area of the electrode. Therefore, the power
density was also reported in terms of the active area (44 = 0.47 m?) of
the cathode (Pap = iU/aa) [37]. During each polarization test, the
anode potential was recorded using an immersion reference electrode
(RE, Electrochemical Devices Inc., OH; + 0.199 V vs. SHE), kept close
to the cathode and in the same position for all the tests. The cathode
potential (Ec,) was estimated using the cell voltage as Ecy, = U + Egp.
The anode and the cathode potentials were corrected based on the
conductivity of the solution and the distance from the RE [38]. The
distance anode-RE was 1.2 cm while the spacing between the cathode
and the RE was 0.1 cm. The average conductivity of the wastewater at
25°C was 1.2mScm ™~ !. The measured electrode potentials (not cor-
rected for conductivity) are reported in the Supporting Information.
The internal resistance was calculated as:

'OCV2R
Rint = \/78)“ - Rext

Pma.x

@

where Ry, is the calculated internal resistance, OCV is the open circuit
voltage, R, is the external resistance at the maximum power density
(Prnax) [36].

2.4. Impact of anolyte recirculation

The impact of fluid flow was examined by recirculating the anolyte
within the module. A diagonal flow path through the modules (entering
the top right side of the reactor and exiting the bottom left side) and a
parallel flow path (using a manifold to distribute the flow across the
height of the module) were applied at two different hydraulic retention
time (HRT) for a single pass of 77 and 22 min (Fig. 1). The flow rates
were 3.9L per minute (L min~') (HRT 22 min) and 1.1 Lmin~' (HRT
77 min).

3. Results and discussion
3.1. Power production in static conditions

The maximum power density based on single cycle polarization tests
of the MFC was 0.101 + 0.006 Wm~? (Fig. 2A). Normalizing the
produced power by the active area of the cathode (0.47 m?) resulted in
a maximum power density of Py, = 0.133 W m ™2 The whole cell OCV
was 0.688 + 0.003V, and the potential decreased to 0.36 * 0.01 V at
the maximum power density. The electrode potential drop between
OCV and 0.53 + 0.05 A m~2 was |0.350V| for the cathode and
|0.149 V| for the anode. This potential drop is large compared to that
obtained in smaller MFCs fed domestic wastewater. For example, the
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same cathode material at a similar electrode spacing (1.4cm) in a
28 mL MFC fed with domestic wastewater produced a cathode potential
drop of |0.166 V|, but over a much larger current density range that
reached as high as 1.9 + 0.1 A m™~2 The anode potential decreased by
about the same amount for the same current density region of [0.151 V|
[9]. The larger difference for the cathode indicated that in this system
the cathode was primarily limiting power production. The anode po-
tential at the maximum power density was — 0.217 * 0.005V at
0.277 £ 0.009 A m~ 2 and the cathodic potential was
0.176 = 0.006V at the same current density.

The power density using an electrode spacing between anode and
cathode of 1.3 cm was 22% greater than that previously obtained with
an electrode spacing of 3.5cm in the same MFC
(0.083 = 0.006 Wm™2) [9]. The higher power density here with less
electrode spacing was due to a decrease in the internal resistance from
2.19 Q for the larger spacing compared to 1.88 Q here (eq. (1). Of this
calculated decrease of 0.31 Q, it is estimated that 0.30 Q was due to the
decrease in the solution resistance (from 0.47 Q to 0.17 Q, calculated at
an electrode spacing of 3.5cm and 1.3 cm with a solution conductivity
of 1.2mScem™ 1) [36,38]. Additional tests were conducted with a re-
duced number of brushes (8 brushes) at 1.3 cm electrode spacing. The
maximum power density was 0.068 + 0.002W m 2, which was only
10% higher than that obtained with an electrode spacing of 3.5 cm and
8 brushes in previous tests (0.061 + 0.003W m~2) [9]. Raw data and
internal resistance calculations are reported in the Supporting In-
formation.

3.2. Recirculation with a diagonal flow path

When the MFC was operated at the shortest theoretical HRT of
22 min the maximum power density based on polarization data was
0.118 * 0.006 Wm ™2 (Pas = 0.156 Wm ™ 2) (Fig. 3). Increasing the
HRT to 77 min reduced the performance of the MFC and the power
density decreased to 0.106 * 0.008 Wm ™2 (Pps = 0.140Wm ™ ?)
(Fig. 3). The maximum power density increased by 17% with an HRT of
22 min, and by only 5% with an HRT of 77 min, compared to that ob-
tained under static flow conditions (0.101 + 0.006 Wm ™ 2).

Recirculating the anolyte reduced the anodic overpotential making
the anode potential more negative. For example, the anode potential
was — 0.242 + 0.006V (0.301 + 0.008 A m~?) at the maximum
power density with an HRT of 22 min, with a more positive potential of
- 0.224 + 0.008V (0.28 + 0.01 A m™~?) at an HRT of 77 min. These
are both better (more negative potentials) than that produced with no
recirculation (- 0.217 + 0.005V, 0.277 + 0.009 A m~2). The
cathodic potentials were similar for all operational modes at the max-
imum power densities (0.18 + 0.01V, HRT 22min; 0.18 = 0.02V,
HRT 77 min; and 0.17 * 0.01V static condition) with only small dif-
ferences at current densities above 0.35 A m ™2

3.3. Recirculation with a parallel flow path

Recirculating the anolyte in a parallel flow path across the elec-
trodes resulted in performance similar to that obtained with static flow
conditions (Fig. 4). The maximum power density was
0.109 * 0.009 Wm ™ 2 (Pas = 0.144 W m ) with the highest flow rate
(HRT of 22 min) in respect to 0.101 + 0.006 W m ™2 obtained in static
conditions, and 0.100 + 0.006 Wm ™2 (Psa = 0.132 Wm ™ 2) with the
lowest HRT of 77 min. These maximum power densities were both
slightly lower than that produced at the same HRT using a diagonal
flow path (8% lower at 22 min HRT and 6% lower at 77 min HRT). The
lower power densities in the parallel flow rate tests were due to changes
in both the anode and cathode overpotentials compared to the diagonal
flow rate tests. For example, in the parallel flow rate, the anode po-
tentials at the maximum power densities were — 0.236 + 0.005V (HRT
22 min) and - 0.24 + 0.01 V (HRT 77 min), while the cathode poten-
tials were 0.17 = 0.01V (HRT 22min) and 0.15 = 0.02V (HRT
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Fig. 3. (A) Power density curves and (B) correspondent cathode (Cat) and
anode (An) potentials at an HRT of 22 min or 77 min in “diagonal” flow path.

77 min).

The small differences in the maximum power densities between the
diagonal and the parallel flow rate could also be due to slight differ-
ences in the wastewater characteristics. The COD in the parallel flow
rate tests was 530 * 38 mg L~! (HRT 77 min) and 444 + 68 mg Lt
(HRT 22 min), compared to slightly lower CODs at these HRTs in the
diagonal tests of 465 * 14mg L™!' (HRT 77min) and
338 + 24mg L~! (HRT 22 min). The differences could also be due to
cathode fouling. The polarization tests for the parallel flow rates were
conducted after those in diagonal flow mode, and thus the slightly more
negative cathode potentials at the maximum power densities could
have been due to cathode aging or fouling.

3.4. Impact of brush diameter on MFC performance

To evaluate if reducing the brush diameter could improve the MFC
performance, the 22 anode brushes of 5.1 cm diameter were replaced
with 38 anode brushes of 2.5cm diameter (to maintain full cathode
coverage), with the same brush-edge to cathode spacing of 1.3 cm
(Fig. 5). Following the anodes acclimation (one month) the maximum
power density produced with 38 anode brushes was
0.089 + 0.003Wm™2 in the non-recirculation flow (static) condition.
This was 18% lower than the maximum power density obtained with
larger anodes due to an increase in the internal resistance of the MFC.
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Fig. 4. (A) Power density curves and (B) correspondent cathode (Cat) and
anode (An) potentials at an HRT of 22 min or 77 min in “parallel” flow path.

The lower power output of the MFC with smaller anodes was pri-
marily due to a decrease in the cathode potential. The cathode potential
at the maximum power density was 0.159 = 0.002V, which corre-
sponds to a 10% decrease compared to polarization tests with larger
anodes under the same conditions (0.176 + 0.007 V). The anode po-
tentials at the maximum power density were similar for smaller (-
0.21 * 0.02V) and larger (- 0.22 = 0.01 V) anodes. The decrease in
the cathode performance was likely due to cathode fouling [35], since
the cathode was in operation for one additional month compared to the
previous tests with the larger anodes. Thus, we concluded that reducing
the diameter of the brushes from 5.1 cm to 2.5cm did not alter the
anode performance in static flow conditions.

Polarization data were also obtained using the smaller diameter
brushes with recirculation in the diagonal flow direction, at the two
HRTs (Fig. 6). The maximum power densities increased by 24% to
0.11 + 0.01Wm 2 (HRT 77 min), and by 17% to
0.104 + 0.008 Wm™2 (HRT 22 min) compared to static flow condi-
tions. Cathode potentials were unaffected by the different HRTs
(0.17 £ 0.02Vat 77 min, and 0.19 * 0.01 Vat 22 min). The differ-
ence in power densities was therefore due to differences in the anode
potentials (- 0.211 = 0.001 Vat an HRT of 22 min, compared to —
0.234 = 0.004V at an HRT of 77 min). Thus, the higher power output
at the HRT of 77 min was in part due to the differences in the average
COD concentrations, as the influent COD was 22% higher at the highest
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Fig. 5. (A) Power density curves and (B) correspondent cathode (Cat) and
anode (An) potentials with anode brushes of 2.5 and 5.1 cm diameter.

HRT of 77 min (509 = 42mg L™Y in respect to the lowest HRT of
22 min (417 + 48mgL™").

The maximum power density of the 85 L MFC with 5.1 cm diameter
brushes in  diagonal flow path (HRT 22min) was
0.118 + 0.006 Wm ™2, or about one third of that reported for small
chamber MFCs (0.304 + 0.009Wm™2, 28ml, brush anode, VITO
cathode) fed with domestic wastewater [9]. The decrease in power
output was mainly due to the lower cathode performance [9], it has
been previously shown that the impact of the higher water pressure on
the electrodes decreases the effective surface area of the cathode cat-
alyst in contact with the air [39,40], and that a large electrode had a
higher ohmic resistance due to the low electrical conductivity of the
carbonaceous catalysts [41]. Moreover, the stainless steel frame de-
creased the exposed area of the cathode by 23%, and so normalizing the
maximum power output to the active area resulted in a higher power
density of Py, = 0.133 W m ™2 Therefore, connecting two cathodes to
one anode array should further increase the maximum power output of
the MFC. For example, doubling the cathode surface area from 290 cm?
to 580 cm? in a fed-batch 1.6 L MFC increased the volumetric power
density from 3.5Wm ™ > to 6.8 Wm 3 [42]. With continuous flow and
an HRT of 2.2h in another study, the maximum power in polarization
tests increased by 39% (from 1.20 mW to 1.67 mW) by connecting two
cathodes on either sides of the brush array [15].
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Fig. 6. (A) Power density curves and (B) correspondent cathode (Cat) and
anode (An) potentials with 38 anode brushes and at an HRT of 22 min or 77 min
in “diagonal” flow path.

3.5. COD removal and Coulombic efficiency

The MFC with 2.5 cm diameter brushes had a COD removal of 82%
in 10 days, from 428 + 7mgL~! to 79 = 6mgL™~ ', which was si-
milar to that of the MFC with the larger brush anodes (D = 5.1 cm, COD
removal 80%) in static conditions [9]. When anolyte was recirculated in
a diagonal flow path, the COD removal slightly decreased to 79% re-
moval in 4 days (HRT 77min, COD from 544 + 11mgL™' to
114 + 2mgL™ "), and to 69% in only 1 day (HRT 22 min, COD from
468 + 1mgL™' to 144 + 4mgL™"). In parallel flow path the COD
removal was 79% in 4 days (HRT 77 min, COD from 639 + 2mgL™!
to 162 = 3mg L™Y) and 68% in 1 day (HRT 22min, COD from
493 + 4mgL ' to 157 + 9mgL™h).

The CE based on conversion of COD to current was 21% in static
conditions (27% with 5.1 cm diameter brushes [9]) but it decreased to
only 7% (HRT 77 min) and 2% (HRT 22 min) in dynamic flow condi-
tions with a diagonal flow path. Similar CEs were obtained in parallel
flow path (6% with HRT of 77 min and 3% with HRT of 22 min). This
finding that the COD was removed faster with recirculation indicated
that flow past the cathode increased the rate of oxygen transport into
the wastewater. It has been previously shown that decreasing the HRT
in an MFC decreases the final CE [15]. The CE obtained here in static
condition is similar to the 22% previously achieved in small chamber
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MFC fed with domestic wastewater at low external resistance (100 Q2),
which also had static conditions [5].

4. Conclusions

A maximum power density of 0.101 *+ 0.006 W m~? was obtained
using the 85-L MFC with a cathode projected area of 0.62 m? in static
flow conditions (1.3-cm electrode spacing). Recirculating the anolyte
over the electrodes in a diagonal direction increased the maximum
power density by 17% to 0.118 * 0.006 Wm ™2 at an HRT of 22 min,
but only by 5% to 0.106 + 0.008 Wm ™2 at a longer HRT of 77 min,
compared to static flow conditions. The reason for the increase was
primarily due to reduced anodic overpotentials. Reducing the diameter
of the anode brushes from 5.1 cm to 2.5 cm, while maintaining the same
distance of the edge of the anode brush to the cathode, did not impact
anode overpotentials. Therefore, the decrease in maximum power
output (0.089 + 0.003W m ~2) for tests with different brush diameters
was due to a change in the performance of the cathode, and not the
anodes.
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