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Synopsis: Using wire spacers enabled in a reactor design that produced high power densities and
maintained a stable structure under hydraulic pressure. The separation of the anodes and
cathodes into separate modules provides a scalable MFC design with good accessibility for

electrode construction, operation and maintenance.

WATER IMPACT STATEMENT

A microbial fuel cell (MFC) simultaneously treats and generates energy from wastewater.
However, the requirements of low construction and maintenance costs, high cathode specific
area, and good power production with domestic wastewater have presented challenges for larger
scale and practical applications. An MFC architecture was devised that used separate plug-in
modules for anodes and cathodes, with wire spacers, which simplified construction and operation
of the MFC while providing close electrode spacing. This new design enabled high performance

with domestic wastewater compared to other reactor designs.
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ABSTRACT

A new type of scalable MFC was developed based on using alternating modules an array of
graphite fiber brush anodes and dual cathode modules in order to simplify construction,
operation, and maintenance of the electrodes. The modular MFC design was tested with a single
(two-sided) cathode module with a specific surface area of 29 m”> m~ based on total liquid
volume (1.4 L; 20 m* m™ using the total reactor volume of 2 L), and two brush anode modules.
Three different types of spacers were used in the cathode module to provide structural stability,
and enhance air flow relative to previous cassette (combined anode-cathode) designs: a
low-profile wire spacer; a rigid polycarbonate column spacer; and a flexible plastic mesh spacer.
The best performance was obtained using the wire spacer that produced a maximum power
density of 1100 + 10 mW m? of cathode (32 + 0.3 W m™ based on liquid volume) with an
acetate-amended wastewater (COD = 1010 + 30 mg L"), compared to 1010 + 10 mW m * for the
column and 650 + 20 mW m* for the mesh spacers. Anode potentials were unaffected by the
different types of spacers. Raw domestic wastewater produced a maximum of 400 + 8 mW m >
under fed batch conditions (wire-spacers), which is one of the highest power densities for this
fuel. Over time the maximum power was reduced to 300 + 10 mW m* and 275 + 7 mW m * for
the two anode compartments, with only slightly less power of 250 + 20 mW m > obtained under
continuous flow conditions. In fixed-resistance tests, the average COD removal was 57 £ 5 % at
a hydraulic retention time of 8 h. These results show that this modular MFC design can both
simplify reactor construction and enable relatively high power generation from even relatively

dilute wastewater.
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INTRODUCTION
In the United States, the economic cost of wastewater treatment is approximately $7.5 billion per
year.! The most common wastewater treatment method for large-scale installations, activated
sludge, can consume an average of 0.6 kWh per cubic meter of domestic wastewater or ~1 kWh
per kg of COD removed, with half this energy used for aeration.”* Novel treatment techniques,
such as microbial fuel cells (MFCs), are being investigated to reduce energy consumption of
wastewater treatment plants. MFCs exploit the ability of microorganisms to convert chemical
energy contained in wastewater organic matter directly to electricity,” thus coupling treatment
process of wastewater with sustainable electricity generation.”® Complete treatment cannot be
accomplished solely with MFCs, however, as current production is rapidly reduced to low levels
when the chemical oxygen demand of the organic matter is reduced to ~100-200 mg/L.” ® MFCs
can be coupled to other processes, such as anaerobic fluidized bed membrane bioreactors
(AFMBRs), to achieve low effluent COD (<20 mg/L) and total solids concentrations (<1 mg/L)
in the treated effluent, with low or near-neutral energy consumption.’

Scaling up MFCs is challenging based on a need to use inexpensive and non-precious metal
materials and to achieve good performance. The use of carbon fibre brushes provides a route to

make low-cost anodes,lo'12

and several different cathodes have been constructed without precious
metals using activated carbon (AC) as a catalyst.'> '* The primary remaining challenges are to

design compact reactors that can be operated and maintained under continuous flow conditions.
4
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15-17

Many MFCs have been examined that contain less than a liter of anolyte, some on the scale

21,22
77 to

of one to several liters,'® but very few reactors have been tested on the scale of tens
hundreds® of liters. MFC performance is typically evaluated based on power densities, but for
effective treatment the reactors must have short hydraulic retention times (HRTs), continuous
flow operating conditions, and they cannot clog or suffer irreversible decreases in performance
over short periods of time. Platinum catalyst cathodes rapidly degrade in performance over time,
and therefore they are not suitable for use in wastewater applications, but AC cathodes show
relatively smaller decreases in performance over time. **%°

MFCs have not been previously designed with consideration of the need for a simple
modular electrode construction method, a design that can provide easy placement of electrodes
into the reactor, or the ability to remove the electrodes for possible maintenance. So far, two
modular approaches have been used for MFCs: cassette, and tubular. In the cassette approach,
the anodes and cathodes are bolted or glued together in a plate and frame approach, typically
with the anode on the outside (water side) and the air cathodes on the inside. " '®*2® Few others
studies used fixed electrodes inside reactor'” or directly built together electrodes®. These design
approaches could allow for a cassette to be removed, but the anodes are directly bolted (or glued)
to the cathodes, and thus they cannot be separately made, added, or removed from the reactor.
Access to the cathode may be particularly important, as cathode typically limits MFC
performance,”’ and power can decrease over time. Restoring cathode performance requires the

removal of biofilm and soaking the cathode in dilute acid, which would kill bacteria on the anode

if both electrodes were connected together.'” ** Thus, the cathode may require intermittent
5
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cleaning separate from the anode.

The cathode area per volume is a key reactor design factor, and may previous designs have
had lower power production using domestic wastewater due to low cathode specific surface areas
(cathode area per volume of reactor).”® Some cassette designs have had relatively large distances
between the cassette cathodes, resulting in cathode specific surface areas of only 11 m*/m’ and 9
m”/m’ per empty bed (total) reactor volume, and thus low volumetric power densities." !> For
example, a 90-L cassette MFC with 6 m*/m’, produced only 1 W/m® (170 mW/m? of cathode).?
Higher cathode specific areas (37 and 39 m*/m’) have been used by others, but these reactors
used Pt catalysts which rapidly degrade in performance, and PTFE-based diffusion layers which
cannot withstand high water pressures.'®?° In all these previous cassette designs, the anode and
cathodes were both part of the same cassette and thus could not be individually accessed.

MFCs constructed based on tubular reactor designs usually have a cathode wrapped around
the anode in a cylinder,” but power densities using these reactors have been low or long HRTs
have been required. For example, a 40-tube reactor with a total capacity of 10 L and a high
cathode specific surface area of 62 m”> m™ (not including spaces between cathodes on the
outsides of the tubes) produced only 66 mW m > (4.1 W m™) using a brewery wastewater (2100
mg-COD L) at an HRT of 48 h.** In tests using a different tubular design with 4-L modules
(that had a cathode specific surface area of 80 m > m ) at a municipal wastewater treatment
facility, at a HRT of 11 h,' we estimate only 0.12 + 0.09 mW m™? (9.2 + 7.3 mW m") was
produced. One disadvantage of a tubular design is that the tubes must be kept narrow in order to

have a high specific cathode surface area, as explained in a recent review.” In addition, the
6
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anodes and cathodes remain attached to each other in tubular designs developed to date, which
would make it difficult to separately clean or maintain the electrodes.

In this study, we developed an MFC containing separate anode and cathode modules, and
tested the design using two modules of brush anode arrays and cathode module (2 cathodes, one
on each side), separated by three different types of spacers (Figure 1). The use of a spacer is
critical for building larger-scale systems as higher water pressure will be produced on the
cathode, which can result in cathode deformation or collapse.’’ This design could easily be built
at larger scales by placing a series of alternating anode and cathode modules that are easily
inserted into a tank. Unlike previous cassette design, this new modular design allows for
individual anodes or cathode modules to be separately made, and then inserted easily inserted
into a tank for reactor construction. In addition, the individual electrodes could also be easily
removed for servicing or maintenance. A key feature of the modular design is the spacer, which
allows for air flow and reinforcement of the electrodes. However, spacer design has not been
systematically examined in MFCs despite its importance to performance. A plastic mesh spacer
was used previously in a very small MFC (28 mL).** Plastic mesh can reduce performance by
limiting air flow through the cathode module, and by covering up the cathode surface and
reducing oxygen transfer to the catalyst. We therefore developed a new spacer design based on
using a wire mesh that would have both a high porosity as well as a minimal coverage of the
cathode. We tested a third spacer design similar to that previously used in a cassette,'® but with
added columns to enhance structural stability. The performance of this new modular design was

tested using domestic wastewater under two conditions: with acetate added to the wastewater to
7
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provide a more uniform solution for testing with the different spacers over time; and with raw
wastewater (variability wastewater conditions). The MFC was operated in both fed-batch and

continuous flow modes.

Methods

MFC Module Design. The MFC tank was made of polycarbonate with a total empty bed volume
(no electrodes or spacers) of 2 L (22 c¢cm long, 7 cm wide, 13 c¢cm high), with 1 cm of the width
used for the spacer. Each cathode module had two cathodes joined by a single spacer, and it was
placed between two anode modules (Figure 1; see Figure S1 in Supporting Information for
additional details). The two anode modules were individually connected to one of the cathodes,
with designations A or B used to identify the two sides of the module (Figure S1). The anode
module had an empty bed volume of 0.86 L and a working liquid volume of 0.7 L due to the
space occupied by the anode brushes and cover plate. The working area of a single cathode was
200 cm” (10 cm x 20 cm), producing a total cathode specific surface area of 29 m”* m > based on
the total liquid volume (1.4 L), or 20 m”* m > based on total reactor volume (2 L). Neither of these
cathode surface areas included thickness of the container walls.

Three different spacers were examined: a flexible plastic mesh spacer (MS) (Figure 1d); a
rigid polycarbonate column spacer (CS) (Figure le); and a painted (corrosion-resistant) steel
wire spacer (WS) (Figure 1f). A single plastic mesh spacer was previously reported to be suitable
for maintaining power generation between two MFCs, but the cathode size was only 3 cm in

diameter.”* Six flexible plastic mesh layers were used here, each with a thickness of 1.5 mm
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(S1.5, 30PTFES0-625P, Dexmet Corp.), to provide a wide, porous spacer that filled the spacer
compartment. Mesh spacers were equipped with six U-type gaskets, each with the same
thickness, on three sides of the cathode to prevent leakage into the cathode compartment (Figure
S2a). The column spacer, which did not have a gasket, was constructed from 5 rigid
polycarbonate columns to physically separate the cathodes. Ten holes (3 mm diameter) were
drilled through the top of the polycarbonate bar that connected the columns as air diffusion holes
to allow air flow into the spacer. Each column had another five lateral diffusion holes to allow air
passage across the cathode compartment (Figure S2b). The wire spacer was made from a tube
rack wire (VWR, SCIENCEWARE, Poxygrid, 96-Place). The rigid wires supported the space
between the cathodes using only one single open layer to support each cathode. The wire spacer
was embedded into a rectangle frame with a thickness of ~4 mm. One layer of U-type gaskets
(1.5 mm thick, in the middle of two rectangle frame) (Figure 1f) were used to seal the cathode
compartment and allow open air circulation through the top. Two cover plates were fixed from
the outside of the cathodes using nylon screws to hold together the assembled cathode module
(Figure Ic, Figure S2d). Cathodes were verified not to leak prior to their use.

For each of these designs, a part of the cathode is covered by the air-impermeable spacer.
The percentage of the cathode that was covered, called the “shadow effect” of the spacer, was
estimated by the impression of the spacer on the cathode when it was assembled.

The anodes were graphite fiber brushes (2.5 cm diameter, 12 cm long; Mill-Rose, USA)
made from carbon fibers (PANEX 35 50K, Zoltek) held between two twisted titanium wires.”

Anodes were heat treated at 450°C for 30 min prior to use.'" The air cathodes were made from an
9
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186  activated carbon catalyst on a stainless steel mesh (60 mesh type 304) manufactured using a
187  rolling machine as previously described."

188 Inoculation and Operation. Domestic wastewater, collected from the primary clarifier of
189  the Pennsylvania State University Wastewater Treatment Plant, was used as the inoculum and
190  fuel in all tests (with additional acetate in some tests). The wastewater was stored at 4°C prior to
191  use. The wastewaters collected had a total chemical oxygen demand (COD) in the range of
192 400-550 mg L', and a soluble COD (SCOD) in the range of 200-300 mg L. In initial
193  comparisons of the three spacers, the wastewater was amended (90:10 mixture of domestic
194  wastewater: medium) with additional sodium acetate (final concentration of 1.0 g L™") to produce
195 a more consistent feed, a higher COD, and a biofilm that would be acclimated to wastewater in
196  subsequent tests. Over the long period of time needed for these experiments, the COD levels in
197  wastewater can be quite variable and low due to changes in population over weekends and
198  holidays in a college town. Amending the wastewater with acetate provided more consistent
199  conditions for comparing spacers, and it avoided low COD concentration that can reduce power *
200  and make it difficult to evaluate the impact of just the spacers on performance. The medium was
201 a 500 mM phosphate buffer containing: Na,HPO,, 45.8 g Lfl; NaH,PHO,4-H,0, 24.5 gLﬁl;
202 NH4CL, 3.1 g L''; and KCI, 1.3 g L™". The final pH was ~7, the conductivity of the amended
203  wastewater varied from 8.7 to 9.2 mS cm ', and the final total COD ranged from 1200~1300 mg
204 L. Two reference electrodes (Ag/AgCl, BASi, RE-5B, 210 mV versus a standard hydrogen
205  electrode, SHE) were inserted through the top of the reactor into the anode compartments (Figure

206  S1b) in order to measure anode potentials directly (cathode potential by difference from the
10
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whole cell potential), with all potentials reported here versus Ag/AgCl. Reference electrodes
were refurbished and recalibrated as needed to be accurate within £10 mV. All MFC experiments
were operated at room temperature (20 + 2 °C).

Wastewater fed to the MFC was stored in a 9 L high density polyethylene carboy (Vestil,
CARB-25) set in a cooler filled with ice. The wastewater was pumped into the bottom of the
anode compartments using a peristaltic pump (Cole-Parmer, model 7523-90, Masterflex, Vernon
Hills, IL), and it flowed out through an outlet pipe on the opposite side at the top (Figure 1a).

The MFC was started up in batch mode using the acetate-amended wastewater and a mesh
spacer, with the external resistance in the circuit gradually decreased for each cycle by using a
different resistor (1000, 500, 200,100, 50, 20, 10, 8, 7, 6 and 5 Q), in order to acclimate the
reactor to higher current densities and to identify the point of maximum power (Figure S3). After
this startup period, the three different types of spacers were successively tested. Following spacer
comparison tests, new cathodes were used in the cathode module and only raw domestic
wastewater was fed into the MFC. After an additional 30 d of adaption, the MFCs were switched
to continuous flow operation at a hydraulic retention time (HRT) of § h.

Measurements and calculations. The voltage (U) was recorded using a data acquisition
system (model 2700, Keithley Instruments) at 20 minute time intervals. The current (I = U/R)
was calculated from the set external resistance (R), and power (P = [U) was normalized by the
exposed projected area of the cathode (200 cm?) or the liquid volume of the anode compartment
(0.7 L). Polarization and power density curves were obtained by varying the external resistance

over a single cycle in fed batch mode at 45 minute intervals, or for 2 HRTs (16 hours) in
11
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228  continuous flow mode.

229 COD was measured using a standard method (HACH Co., Loveland, CO) in the high range
230 (20~1500 mg L™).” Columbic efficiency (CE) was as the ratio of the total coulombs transferred
231  in the circuit divided by the theoretical amount of coulombs for the measured change in COD as
232 previously described.™

233 The resistances of the anode and whole cell were obtained using electrochemical impedance
234 spectroscopy (EIS) under working conditions of the maximum power output point. The
235 impedance measurements were taken using a potentiostat (BioLogic, VMP3) by applying a
236  sinusoidal voltage to the electrodes with signal amplitude of 10 mV>° around a potential of —450
237  mV for anode tests with acetate-amended wastewater, and —420 mV for raw (non-amended)
238  domestic wastewater condition. The whole cell EIS tests were performed around a cell voltage of
239 300 mV for spacer comparison test. The frequency was varied from 100 kHz to 10 mHz.*® The
240  ohmic resistance was determined by the intercept value on the real axis at the high-frequency;
241  non-ohmic resistance, including the charge transfer and diffusion resistances, were determined
242 by fitting the EIS spectra to a circuit (Figure S4). The cathode resistance was calculated as the
243  difference between the whole cell and anode resistances.

244

245  Results and discussion

246 Comparison of Spacers. Following acclimation, reactor performance with the different spacers
247  was compared on the basis of polarization and power density curves using acetate-amended

248  wastewater to provide a high and consistent COD (1010 + 30 mg L™"). The best performance was
12
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observed with the wire spacer, which produced a maximum power density of 1100 + 10 mW m >
and 22 W m total reactor volume (32 + 0.3 W m™ based on liquid volume; external resistance
of 2.5 Q, average based on sides A and B) (Figure 2a). This power density was slightly higher
than that obtained with the column spacer (1010 = 10 mW m 2, 20 + 0.2 W m™), and much larger
than that produced with the mesh spacer (650 + 20 mW m 2, 13 + 0.6 W m™). These differences
were due to the impact of the spacer on cathode performance, as the polarization results showed
that the anode potentials were all quite similar over the range of current densities (Figure 2b).
The greater negative slopes of the cathode polarization data, compared to only slightly positive
slopes for the anode data, indicate that the performance was primarily controlled by cathode.
These volumetric power densities were higher than those previously reported using cassette
designs with artificial wastewaters, such as 17 W m™ (total volume of 0.64 L, 2 cassettes),”” 16
W m™ (0.5 L, 1 cassettes),”® and 5.8 W m™ (3.7 L, 10 cassette electrodes).”’ It is lower than the
35 Wm™ (3.7 L, 12 cassettes) by Shimoyama et al.,'® but their tests were done with an artificial
wastewater (peptone, starch and fish extract) of a very high COD of 289 g/L.

EIS was used to further examine the resistances of the anodes and cathodes with the
different spacers, and determine the origin of the internal resistances (Table S1~3, Figure S4).
The cathode resistances were much larger than those of the anodes, confirming that power
generation was primarily due to the cathode impedance (Figure 3). The non-ohmic resistance of
the cathodes with the mesh spacers (1.40 + 0.15 Q), which was the sum of charge transfer and
diffusion resistance, was more than twice that obtained with a column (0.63 + 0.10 Q) or wire

(0.69 £ 0.08 Q) spacer. However, these large differences in cathode resistances are only a part of
13
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270  the total overall resistances, and thus resistances measured using EIS did not predict well the
271  final power production. The ohmic resistances, which are usually due to solution and separator
272 resistances, were unchanged by using the different spacers. Total anode resistances were similar
273 with wire (0.40 £ 0.05 Q) or mesh (0.35 + 0.08 Q) spacers. The slightly higher anode resistance
274 for the column spacers (0.55 + 0.08 Q) was likely due to the lower current densities produce with
275  the column spacers, compared to the other two spacers.

276 The main impacts of the spacers on performance were: a reduced area for oxygen transfer
277  due to the spacer resting on the electrode and blocking mass transfer (known as the “shadow
278 effect”); *’ and the porosity of the spacer which would impact air flow. It was estimated that the
279 wire spacers covered 5.5% (11 cm?®) of the cathode, compared to 10% (20 cm?) for the column
280  spacers, based on impressions made on the cathodes. The surface area blocked by a spacer has
281  been shown to reduce water flux by reverse osmosis membranes,”® and in a recent ion exchange
282 membrane test it was estimated to reduce ion flux by 15%.>” The mesh spacer reduced the
283 cathode area by 20% (40 cm?), which based on change in area alone could have reduced power
284 by 15% compared to the wire spacer. The wire spacer had a porosity of 98% and the column
285  spacer 90% (based on volume of materials), while the mesh spacer had a much lower porosity of
286 65% (estimated from the weight of the spacer and its density). These porosities are more aligned
287  with the reduction in power densities in MFC tests, suggesting air flow was a greater factor in
288  spacer performance than coverage of the cathode alone.

289 Performance using Domestic Wastewater in Fed-Batch Mode. Following spacer tests

290  using the acetate-amended wastewater, additional tests were conducted using raw (non-amended)
14
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domestic wastewater (Figure S5). Polarization tests showed that there were similar maximum
power densities of the two anode compartments of 400 + 8 mW m > (A side) and 400 + 3 mW
m* (B side), with an average maximum empty bed volume power density of 7.9 + 0.1 W m™
(11.2+ 0.1 W m™ based on liquid volume) (Figure 4). The cycle length decreased from ~20 h at 5
Q, to ~8 h at 1.5 Q with raw (non-amended) domestic wastewater (Figure S6). These maximum
power densities are among the highest obtained using the same domestic wastewater source in
air-cathode MFCs in our laboratory, for example 332 mW m* (liquid volume power density of
83 Wm™ , 25 m? m™ of cathode per volume, 7 cm?” of cathode area)”, 282 mW m™> (7.6 W m73,
27 m* m™, 35 cm?)*, and 230 mW m™ (12 mW m™, 54 m* m >, 35 cm®)*. These are also higher
than those reported for cassette MFCs at lower (149 mW m 2, 110 mg L' COD),’" similar (100
mW m 2, 500 mg L' COD),?® and higher CODs (170 mW m 2, COD> 3000 mg L™").

After operation of the MFCs for 3 months, polarization data were again obtained to evaluate
electrode performance. The maximum power densities had decreased to 300 £ 10 mW m ™
(compartment A) and 275 + 7 mW m > (compartment B) (Figure 4). The anode potentials were
the same in the original (1 month) and final (3 month) polarization tests, indicating that changes
were due to cathode performance rather than changes in wastewater quality or composition. A
decline in cathode performance was expected given previous long-term studies of MFCs with
acetate that have shown reduced cathode performance over time.** > It has been shown that the
performance of activated carbon cathodes can be restored to nearly their original performance
levels using an acid treatment.**

The current and power produced in an MFC can depend on the strength of the wastewater.*
15
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312 To examine how the change in COD affected MFC performance here, current and COD
313 concentrations were measured over the course of ~8 h during a fed-batch cycle, with
314  measurements taken 6 times during this period, with approximately 30 minutes between each
315  EIS test. These six time intervals (T1-T6) were obtained by dividing one complete fed-batch
316  cycle (8 hour) into six equal parts (80 min each). Current production was relatively stable at 2.0
317  +0.1 Am while the COD concentration decreased from 450 + 10 mg L' to 288 + 15 mg L™
318 (T1 - T4) (Figure 5). However, current production sharply decreased to 1.3 + 0.2 Am ™~ at 275 +
319  15mg-COD L™ (T5)and 0.9+ 0.1 Am ™~ at 250 +5 mg L' (T6). This decrease in performance is
320  consistent with a previous study that showed that current production sharply decreased at COD
321  concentrations lower than ~250 mg L™, using wastewater from the same treatment plant.®

322 The changes in anode resistances during multiple fed batch cycles were monitored by
323  briefly setting the anode potential at a set potential of -420 mV for 50 min, followed by an EIS
324  test with the same anode potential for another ~30 min (Figure 5). The non-ohmic resistance of
325  the anodes paralleled observations of rapid decreases in current density as the COD was reduced.
326  In the two last time intervals, with the COD of 275 mg/L or less, the non-ohmic anode resistance
327  rose from 0.56 = 0.09 Q, to 0.77 £ 0.18 Q (T5) and 1.62 + 0.33 Q (T6). The low current
328  production by the MFC at these COD concentrations is a further example of the need for a
329  secondary treatment process, such as an AFMBR, to reduce COD to levels suitable for
330  wastewater discharge.’

331 Performance using Domestic Wastewater with Continuous Flow. After 1 month of

332 operation in fed-batch mode, and continuous mode with various HRTs and external resistances,
16
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the MFC was switched to continuous flow mode and acclimated at a single HRT of 8 h. Each
brush in the anode array was connected to the cathode with a separate wire and resistor (30 Q) to
allow measurement of the voltage produced by each anode. Over time the anodes developed
relatively stable power, with the B anodes producing slightly less and more erratic voltage than
the A anodes (Figure S7). A maximum power density of 250 + 20 mW m > was obtained using 60
Q external resistors for each anode (Figure 6). Polarization data for the individual anodes showed
a trend of increased power overshoot for the anodes near the reactor effluent (anodes 4, 5 and 6),
where the COD concentration would be low and approaching the effluent concentration,
compared to the anodes near the influent (anodes 1, 2 and 3), which would have been exposed to
higher COD concentrations. Power overshoot can be seen in the polarization curves by first, a
rapid decrease in voltage with increasing current, followed by a doubling back of the power
curve at the highest currents as the external resistance is further reduced. Voltage overshoot was
more apparent for the B compartment, which had a lower power density, than the A
compartment.

There were no obvious trends in the influent total or soluble COD concentrations over time,
despite the use of two separate wastewater samples for these tests (one wastewater sample for
days 1-4, and another sample for day 5-7) and sample storage over this period of time (Figure 7a
and 7b). The average influent CODs were 480 + 25 mg L™ for total COD and 225 + 12 mg L™
for SCOD, with the same overall removals in the two anode compartments of 57 + 5% for total
COD and 48 + 7% for SCOD (Figure 7c).

A reduction in the circuit resistance increased current density and also increased the rate of
17
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354  COD removal under continuous flow conditions (Figure 7d). The COD removal rate under open
355  circuit conditions, supported primarily by oxygen leakage through the cathode®, was 0.42 + 0.01
356 kg-COD d™' m™. With separate external resistances ranging from 2000 Q (0.08 + 0.002 A m?) to
357 120 Q (0.75 + 0.03 A m ), the COD removal rate increased by 67% to 0.70 + 0.04 kg-COD d ™'
358  m . At lower resistances of 20 Q (0.89 + 0.02 A m ) to 120 Q (1.6 + 0.2 A m?), the COD
359  removal rates increased by 110% compared to open circuit conditions, ranging from 0.81 + 0.01
360 to 0.89 + 0.04 kg-COD d'. The CEs also varied with COD removal rates, with the lowest CE of
361 4.4 £ 0.2 % at 2000 Q, the highest CE of 42 + 4.0 % at 30 Q (Figure S8). These results
362  demonstrate the substantial impact of current generation on COD removal rate in these systems.
363 The COD removal rate related with current generation provided a new viewpoint for the
364  electrons flow in MFC. For MFC applications at wastewater treatment plants, careful
365  consideration will need to be given to whether they are operated to maximize power or to
366  produce high current densities. Increasing current density, by using reduced electrical loads
367  (lower external resistors), will increase the rate of COD removal and thus could lead to shorter
368  HRTs. High current densities will lower the voltage, reducing recoverable power, but potentially
369  increase treatment rates. The tradeoffs in HRT and COD removal rate with power production will
370  need to be more carefully considered in the future when optimizing the system for treatment
371  efficiency and minimizing costs.

372

373  CONCLUSIONS

374  An application oriented stackable MFC reactor with separate anode and cathode modules was
18
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designed and built. Three spacer structures were evaluated to maintain good air flow while
reinforcing the electrodes (to prevent their deformation). The wire spacers produced the best
performance as they minimized blockage of the cathode surface and allowed good air flow to the
cathode, resulting in a reactor design that produced the highest power densities yet obtained in
larger reactors using domestic wastewater. Power densities of 32 + 0.2 W m™ was produced with
an acetate-amended wastewater, and 11 + 0.1 W m~ was achieved using raw domestic
wastewater with the modular, wire spacer design. Under fixed-resistance tests, the average COD
removal was 57 + 5 % at a hydraulic retention time of 8 h (30 Q resistances per anode). COD
removal rate was shown to be enhanced by 110%, along with current density, using lower
resistances. This new design provides an easy method to construct and install electrodes, and at

the same time it produced relatively high power densities with domestic wastewater.

Electronic Supplementary Information (ESI) available: Nine figure and three tables are

provided.
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Figure 1. (a) Photograph and (b) schematic of the anode and cathode modules, and (c) isometric
view of the two-cathode module. Photographs of the (d) mesh, (e), column, and (f) wire spacers.
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459  Figure 2. (a) Polarization curves, and (b) anode (An) and cathode (Ca) electrode potentials of the
460  mesh (MS), column (CS), or wire (WS) spacers. The error bars are £SD based on averages from
461  the A and B sides of the MFC.
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Figure 3. Internal resistance distribution for the anodes (An) and cathodes (Ca) using mesh (MS),
column (CS), or wire (WS) spacers. The error bars are =SD based on averages from the A and B

sides of the MFC.
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471  Figure 4. (a) Polarization curves and (b) anode (An) and cathode (Ca) potentials of the MFC
472 operated in fed-batch mode using raw domestic wastewater: solid lines, results after one month
473 (1M); dashed lines, results after 3 months (3M); P=potential, V=voltage. Average and error bars
474 (£ SD) based on individual measurements for 6 brush anodes in compartments A or B.
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Figure 5. Anode resistances analyzed in terms of ohmic and non-ohmic resistances, using raw
wastewater in fed-batch tests. The error bars are =SD based on averages from the A and B sides
of the MFC. T1 — T6: Time intervals, obtained by dividing one complete cycle of MFC operation

(8 h) into six equal parts (80 min each).
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Figure 7. (a) Influent and effluent total COD and (b) SCOD for MFCs operated under continuous
flow conditions using raw wastewater. Arrows above the x axis indicate data taken under
different conditions: during reactor acclimation; operation at a fixed resistance (30 Q); during
polarization tests (Test*); or under open circuit conditions (OCV). (c¢) Average removals (error
bars = SD) of the two sides (A or B) in terms of COD or sCOD. (d) COD removal rate and
current density measured with under OCV (no current) conditions, or with larger (OCV; 2000,
1000, 500, 200 and 120 Q) or smaller (90, 60, 30, or 20 Q) resistances. Two different wastewater
samples were used, as shown by the solid or dashed lines.
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