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Abstract

To scale up microbial fuel cells (MFCs), largermates need to be developed that can use
air directly, rather than dissolved oxygen, andehgood electrochemical performance. A new
type of cathode was examined here that uses a twirghne” approach with fifteen smaller
cathodes welded to a single conductive metal gbeetintain good electrical conductivity
across the cathode with an increase in total &deiatic electrochemical tests were conducted to
evaluate the impact of the cathode size (expossaiafr7 cm, 33 cnf, 6200 cm) on
performance for all cathodes having the same acttayst material. Increasing the size of the
exposed area of the electrodes to the electraigta ¥ cnf to 33 cnd (a single cathode panel)

decreased the cathode potential by 5%, and a fuirtbesase in size to 6200 éosing the multi-
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panel cathode reduced the electrode potential By &% 0.6 A m?), in a 50 mM phosphate
buffer solution (PBS). In 85 L MFC tests with tla@de cathode using wastewater as a fuel, the
maximum power density based on polarization das®@83 + 0.006 W M using 22 brush
anodes to fully cover the cathode, and 0.061 +D\T~ with 8 brush anodes (40% of
cathode projected area) compared to 0.304 + 0.008 ¥8btained in the 28 mL MFC.
Recovering power from large MFCs will thereforedmallenging, but several approaches
identified in this study can be pursued to maintsrformance when increasing the size of the
electrodes.

Keywords: MFC; scaling up; wastewater; chronopotentiomediycathode

Introduction

Microbial fuel cells (MFCs) have been intensivelydied for achieving energy neutral
wastewater treatment, or even generating net ppweluction during treatment (Logan and
Rabaey, 2012; Logan et al., 2015; Lovley, 2006 dReadvances in MFC reactor architecture
and electrode materials have increased energyegities in laboratory scale reactors, and
simultaneously lowered material costs (Santord.eP@17; Sleutels et al., 2012; Zhang et al.,
2014b). However, most MFC studies have used acasadesubstrate rather than actual
wastewaters as the fuel, or well-buffered solutiaith higher conductivities than those of
typical wastewaters, and reactor volumes <1 L (ghetral., 2013). Small electrode sizes and
more favourable test conditions relative to wastevga including high substrate concentrations,
more conductive solutions, and elevated tempemi#80°C), can result in performance levels
that are much better than those possible usingsloength wastewaters typical at municipal

wastewater treatment facilities (He et al., 2018tang et al., 2013). Although power densities
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have reached 2.78 + 0.08 Whfor small MFCs (0.028 L) fed well-buffered phosphhuffer
solutions amended with sodium acetate (Rossi €2@17), and 0.8 + 0.03 W using domestic
wastewater from a primary clarifier (Yang and Log2016), few systems have been examined
at reactor sizes of 10 L or more.

The main challenges for scaling up MFCs are imprgyiower densities with low-
conductivity wastewaters (Fornero et al., 2010;dsaet al., 2014; Stager et al., 2017), having
direct air cathodes rather than dissolved oxygdémockes, and using inexpensive materials and
simple designs for their manufacture (Li et al.1 20 Most of the large-scale MFCs (volume >
10 L) to date had two-chamber configurations tis&t an aqueous catholyte (Dekker et al., 2009;
Lu et al., 2017; Vilajeliu-Pons et al., 2017; Wuakt 2016). One disadvantage of this two-
chamber design is that oxygen must be dissolvéiaecatholyte, which can consume more
energy than produced by the MFC in these systenth. & cathodes, oxygen transfer is passive
and thus it consumes no energy (Dekker et al., R0AAother disadvantage is that having a
second liquid chamber adds additional ohmic rast&tdo the system, which will increase the
internal resistance and thus lower power produdfionand Logan, 2004Rower densities for
larger-scale MFCs with aerated catholyte systemsoav, and in the range of 0.002 — 0.72 W m
2[0.002 W m? (Lu et al., 2017); 0.67 W th(Vilajeliu-Pons et al., 2017); and 0.72 Wim
(Dekker et al., 2009)using an acidified catholyte, pH=4]. Although glinpower density of 7.58
W m (125 W m?) was recently reported for a two-chamber MFC degigang et al., 2018),
the values were at least an order of magnitudéatge based on conventional methods to report
power densities. If the power was normalized byttital of 5 membranes (5 separate circuits) in
the module, rather than one membrane area, theimaxipower from polarization tests would

be 1.52 W . If the total reactor volume was used, rather #haingle net anolyte volume, the



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

power density would be 15 WthHowever, power densities were produced undedgtea
conditions were only 0.085 W(0.98 W m®). Air cathodes have only been used in a few
larger-scale MFCs. In one study, a power density.b8 W m? was obtained with a 90 L MFC
treating a brewery wastewater, but individual cd#mhad surface areas of only 60F ¢Bong

et al., 2015). In another study where a 10000 cathode was used, the maximum power density
was only 0.058 W i, and the design required a thin horizontal flolewfrate 42 L &) to

minimize hydrostatic pressure and prevent watédga (Feng et al., 2014).

When scaling up MFCs, the electrode design shoelidtasonably compact, and allow for
easy installation and maintenance (He et al., 20ll6gan et al., 2015). For a flat plate-and-
frame type MFC, the electrode packing density isutated from the spacing between repeating
cathode and anode units. For example, for an actoa®ber width of 2 cm (filled with graphite
fiber brush anodes) and a cathode chamber wid2hcai (a 4 cm wide anode-cathode unit), the
electrode specific surface area is 25m° (area of the cathode per volume of the reactor)
(Logan et al., 2015). Very high electrode packiegsities should be avoided to minimize
clogging or short circuiting between the electrofa<t al., 2013), and the design should allow
easy access for maintenance or replacement. Oteegpid-frame configuration, called a
“cassette” MFC, was made by bolting the anode atidode together as part of the same cassette
(Miyahara et al., 2013; Zhuang et al., 2012). Wttiie allows for good installation and cassette
removal, a single electrode cannot be extracteldonttremoving and disassembling the whole
cassette. In addition, this design provided only oathode per anode. More recently, a modular
design was developed that used repeating anodeadimode modules, so that anode or cathode
modules could be manufactured, installed, and rexhovithout removing the counter electrodes

(He et al., 20164, 2016b). For this specific modatahitecture, the anode module was



100 constructed from an array of anode brushes wirgdther, while a cathode module was formed
101 from two cathodes joined together with an air sgaeteveen them (He et al., 2016a, 2016b;

102 Logan et al., 2015). These modules were wired abghch anode was connected to two

103 cathodes (one on each side), to improve power ptamuand reduce treatment times.

104 Anode brushes have been frequently used in la@e sgstems (Cusick et al., 2011; Logan,
105 2010) but not air cathodes. Two challenges fordingl large air cathodes are the impact of

106 water pressure on cathode performance (Ahn 2@l4; Cheng et al., 2014a), and increased
107 electrode overpotentials due to reduced electagatiuctivities (Cheng et al., 2014b). As the
108 hydraulic pressure on the cathode is increasedthvitiheight of the water in the reactor, even if
109 the cathode does not leak, its performance couledeced due to the high water pressure that
110 reduces the area of the catalyst exposed to tl{¥amng et al., 2015). For example, an

111 electrochemical impedance spectroscopy (EIS) aisabysir cathodes showed that the charge
112 transfer resistance increased from2® 44Q when the water pressure increased from 0.1 m to
113 2 m against the electrode (Cheng et al., 2014atytital conductivities are a major concern
114 during scale up, as electrode dimension gets laofpnic resistance increases, because the
115 distance between where electrons are generatethahehding-out terminal where current flows
116 out of anode increases (Cheng et al., 2014b). Bvargh cathodes are made with relatively
117 conductive carbon materials, there can be subatgraver losses due to the electrode

118 overpotentials with the increased size of the ebelets. For example, it was estimated that the
119 electrical power loss could be as much as 47% treasing the size of a carbon mesh anode
120 from 10 cnfto 1 nf (current density of 3 A i), based on only one connection to the electrode

121 (Cheng et al., 2014b).
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In order to obtain large cathodes with good eleatrtonductivity and performance, we
designed and tested a new multi-panel cathodectimahined many smaller cathodes welded into
a single metal sheet, much like windows are madeasfy panes of glass (Figure 1) (Patent
application no EP17194627). Using a metal sheatigeed good electrical connections for all
individual cathode panes to the circuit. For thdividual panels we used commercially available
cathodes with a size of 18 by 18 cm (324)c(Rant et al., 2010; Zhang et al., 2011, 2014a). T
evaluate the impact of this design on performaneeonstructed a cathode containing 15
individual cathode panes (3 cathodes high, 5 cathedde, 6800 cfitotal projected area, 6200
cnt exposed area). Performance was examined in ant&3klunder abiotic conditions using
chronoamperometry, and in biotic MFC fed with dotitewastewater. We compared the
electrochemical performance of this larger cathwidle two smaller cathodes made from a
portion of a single cathode pane: 11.3 ¢atal projected area square cathodes (7emosed
area) typically used in 0.028 L MFCs (Yang et2017); and larger 52 ¢nf33 cnf exposed
area) cathodes in a specially designed reacta? (0.2Following electrochemical tests, the large
multi-paned cathode was examined for power prodadt an MFC using an anode module with

8 or 22 brush anodes, in multiple fed batch testsguidomestic wastewater.

Materials and methods
Electrode materials

The cathodes used in electrochemical tests and MiEGs all prepared using sheets (18 by
18 cm, 324 crf 0.45 mm thick) that were manufactured by VITO (MRelgium) using a
proprietary process (VITO CORIEbased on pressing together a mixture of activeaebon

(AC) (70-90 wt%; Norit SX plus, Norit Americas Ind@.X) and polytetrafluoroethylene (PTFE)
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binder, onto a stainless steel mesh current colledt PTFE diffusion layer (70% porosity) was
then added on top of the catalyst layer which bectra air-side of the cathode (Pant et al.,
2010). The cathodes for the small (11.3)camd medium (52 cfj chambers were made from
portions cut from these cathode sheets. A ciratdéitode 3.8 cm in diameter (11.33was
used for the smallest reactor (0.028 L), and areptlar cathode of 9.2 cm by 5.6 cm (5Zcm
was used in the middle-sized reactor (0.22 L). [8hge cathode (107 cm long by 0.64 cm in
height, 6800 cff) was manufactured by VITO based on a specifiedadvelectrode size, and
contained 15 cathode sheets that were weldedas#r tut holes (“window panes”) in the
stainless steel frame to allow the cathode shedis £xposed to water on one side, and air on
the other side (Figure 1). The use of a single hpatlael enabled a low resistance of <Q.2
between the center of any cathode panel and ahpfidre external stainless steel panel.
Brush anodes were made with two different sizeshfervarious sized-chamber MFC tests.
For the smaller reactor, brushes were 2.5 cm imeliar, and 2.5 cm long, and made from
graphite fiber (PANEX 35 50K, Zoltek) wound betwdero titanium wires (Mill-Rose, Mentor,
OH) (Logan et al., 2007; Yang et al., 2017). Thehas used in the larger reactor were 5.1 cm in
diameter and 61 cm long, made from the same mkt@sathe smaller brushes (Gordon Brush,
CA, USA) (Cusick et al., 2011). All anodes werethtemated at 450 °C in air for 30 min prior to

use in MFCs (Feng et al., 2010).

Bench and pilot-scale reactors
Three different electrochemical cells were cong&ddo evaluate the impact of scaling up
the cathode size on the electrochemical perform@figeare 1). The small cell (SC) was a single

chamber, cube-shaped reactor constructed fromyagrblonate block 4 cm in length (5 cm x 5
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cm), with an inside cylindrical chamber having ardeter of 3 cm (0.028 L total volume), and
an exposed cathode area of 7 ¢hat has been used in many previous MFC laboratoidies
(Figure 1C) (Yang et al., 2017). The cathode sjesifrface area was 25°mm > anolyte
volume.

The medium-sized cell (MC) was a polycarbonatearegtilar-shaped reactor, with an
anolyte chamber 10.9 cm long, 3.5 cm wide, ancttigh, filled with 0.22 L of electrolyte
(Figure 1D, Figure S1). The cell had a bracket 316tcm from the wall of the water side, where
the cathode was attached separating the anolytetererom the air cathode chamber. The
cathodes were secured to the frame with 10 screimg @& plastic U-shape fastener and a gasket
(butyl rubber). The air chamber was 6.8 cm lon@,cim wide and 4.4 cm high. The cathode
specific surface area was 15 m > anolyte volume.

The large cell (LC) was a custom rectangular tdnk (n long, 0.15 m wide and 0.85 m
height) that was used to examine the physical ptiggeof the cathodes, such as mechanical
strength (deformation when filled) and the resistato water pressure (based on leaking), as
well as to evaluate the electrochemical charatiesisf the cathodes (Figure 1E). The tank had
a bracket slot 10 cm from the wall of the wateesmthere the cathode was attached to form the
anolyte chamber. The cathodes were secured toahefwith 25 screws using a plastic U-shape
fastener and a gasket (closed cell PVC vinyl foarhg anolyte tank was filled with 85 L of
water, and examined by eye for deformation and mlatkage when filled. The cathode specific
surface area was 7.3’m 2 anolyte volume. This lower specific area of ththode was used
here in order to accommodate the larger diametaeabrushes and inspecting the condition of
the electrodes. The cathode air chamber was fobyatiding a sheet of PVC into a slotted

groove 5 cm from the cathode. To reduce the catbettemation due to the pressure of the



191 water on the cathode, the space between the déarsReet and the cathode was filled with 19
192 spacers (Yang et al., 2012), constructed by roftiolypropylene mesh (XN3110-48P, Industrial
193 Netting, USA) into tubes (4 cm diameter by 1 m [pvgth the rolled tubes held together using
194  zip ties (Figure S2).

195 To examine actual power generation in the LC, asdarmodule made of polyvinyl chloride
196 (PVC) was constructed using a linear array of gtedtber brushes. The PVC module held

197 either 8 or 22 brushes (as indicated), with theseafdhe brushes secured at the top and bottom
198 of the module (Figure S3). The brush module wasqulgarallel to the cathode, in the middle of
199 the anode chamber, producing a distance of 3.5atmdgn the edge of the anode brushes and
200 the cathode surface in initial tests (Lanas ef8@ll4). The anodes were connected in parallel to
201 the circuit by an external single titanium wire.tAge top of the anode module, a clip was used to
202 reduce the bending of the cathode sheet and teesgen position while improving its electrical
203 connection (Figure S4). For the smaller chamberatiodes were placed horizontally in the
204 middle of MFC chambers (perpendicular to the cathadth a distance of 1.4 cm between the
205 edge of the brush and the cathode (Vargas et®l3;2rang et al., 2017).

206 To avoid any short circuiting and reduce biofilnogth on the cathode, all reactors were
207 operated during the biotic tests with a separdtorgal on the cathode (PZ-1212, Contec, USA)
208 (Weietal., 2013; W. Yang et al., 2017). For tit& 8 separator with the same area of the

209 cathode was cut from a 30 cm by 30 cm wipe separatthe LC, 12 separators were sewn

210 together and cut to the final area, same as ti®dat(6800 cf).

211

212  Electrochemical cell (abiotic) tests
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Electrochemical tests were performed using a posiat (VMP3, BioLogic, Knoxuville,
TN) with the cathode as the working electrode (4B a steel mesh as the counter electrode
(CE) in the medium and large chamber reactors amaeBh as the CE in the small chamber.
Electrochemical performance of the cathodes wakiateal using chronopotentiometry (CP)
tests in a 50 mM phosphate buffer solution (PBSHW&,, 4.58 g L; NaH,PO,- H,0, 2.45 g
L™ NH,CI, 0.31 g L KCI, 0.13 g *; pH 7.0; conductivity ok = 6.25 mS cft) or sodium
chloride amended tap watar£ 1.45 + 0.05 mS cf) in the presence or absence of the
separator. Current was fixed for 20 min over a eaoig0 to — 4 mA in the SC, 0 to — 10 mA in
the MC, and 0 to — 0.4 A in the LC. An Ag/AgCI reface electrode (RE - 5B, BASI, West
Lafayette, IN; + 0.209 V vs. SHE) was used in tikeehd MC electrochemical tests, and placed
1.2 cm from the cathode. The ohmic losses dueddligtance between the RE and the WE were
corrected based on the conductivity of the solufsme information in Sl and Figure S5). An
immersion reference electrode (AGG, Electrochenialices Inc., OH; + 0.199 V vs. SHE)
was used in the large chamber and kept attachibe tathode, in the same position for all the

tests. All potentials are reported versus SHE.

Microbial fuel cell (biotic) tests

Only the small (SC) and the large cells (LC) wesedifor biotic tests. The anodes in the SC
were fully acclimated to wastewater in MFCs for iof@ir months at a fixed external resistance
of 1000€, at a constant temperature (30 °C). Domestic weter was collected once a week
from the effluent of the primary clarifier at therthsylvania State University Wastewater
Treatment Plant, and stored at 4 °C prior to uséalTand soluble COD were measured using

method 5220 (Hach COD system, Hach Company, Lodel@olorado). Single cycle

10



236 polarization tests were conducted by varying thereal resistance from 1000, 500, 200, 100
237 and 75Q at a 20 min interval after open circuiting for 2vhh a total test duration of 3.7 h, in a
238 constant temperature room (30 °C).

239 The LC was operated at room temperature in a ladigrat the Pennsylvania State

240 University Wastewater Treatment Plant in orderetedfit directly with fresh primary effluent
241 wastewater (WW). During acclimation of the anod®stiie first week of operation, the feed
242  solution was 35 L of primary effluent wastewatexed with 40 L of 0.5 g T* sodium acetate in
243 50 mM PBS, and 10 L effluent collected over sevese¢ks from MFCs fed acetate and

244  wastewater. The external resistance was ID@@ the first two days and then was decreased
245 daily to 100Q, 25Q, 10Q and 5Q over the following four days. For the second wetk

246  acclimation, the solution was 55 L of wastewat€r|.2f 50 mM PBS containing 0.5 g'L

247 sodium acetate, and 10 L of MFC effluent. Thereaftee LC was operated using only primary
248 effluent wastewater. After a stable potential piichn for three successive fed-batch cycles,
249 single cycle polarization tests were conductedhenliC by feeding the reactor with fresh

250 wastewater and holding the system at open ciraumtlitions for 2 h, and then varying the

251 external resistance from 100, 25, 10, 5, 2, 14dDat 20 min intervals.

252 The current was calculated based on the voltage @hpacross the external resistor, and
253 recorded using a computer based data acquisitgtersy(2700, Keithley Instrument, OH).

254  Current densitied)and power densitie®) were normalized to the total exposed cathode area
255 (large chamber area, A= 6200 crfi, and poweP,c; small chamber area,sA= 7 cnf, and

256 powerPg), and calculated as= U/RA andP = iU, whereR is the external resistance afds
257 the cathode projected area. During each polarizaéist, anode and cathode potentials were also

258 recorded using a reference electrode. An Ag/Agteremce electrode (RE-5B, BASI, West

11
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Lafayette, IN; + 0.209 V vs. SHE) was used to meafiue anode potentigEf,) in the SC biotic
tests at a distance of 1.2 cm from the cathode calieode potentiaE;) was calculated from

the anode potential and the cell potentidkas= U +En,, and then corrected based on the
conductivity of the solution and the distance friiva RE (Logan et al., 2018) (Sl and Figure S5).
An immersion reference electrode (AGG, ElectrocloahDevices Inc., OH; + 0.199 V vs. SHE)
was used in the LC biotic tests to measure theapotkential Ean), and it was kept close to the
cathode, and in the same position for all the td$te anode potential was corrected based on the
conductivity of the solution and the distance friiva RE. The cathode potenti&() was

estimated using the cell potentiallas = U +Ean (see information in Sl and Figure S5). All

potentials are reported versus SHE.

Results and discussion
Electrochemical tests

Chronopotentiometry tests on cathodes of diffesezrds showed differences in performance,
with the smaller cathodes producing the lowest petemtials at the different set current
densities (Figure 2A, Figure S5). For example,.@1& 0.00 A i’ the smaller cathode
produced 0.35 £ 0.00 V, which was only 5% highantkhe potential produced by the middle-
sized cathode (0.33 +0.00 V at 0.62 + 0.01 A)rhut 121% higher than that obtained with the
large cathode (0.16 + 0.03 V at 0.64 + 0.00 A)niThe adverse impact of the increased size of
an electrode on performance was consistent withiqgue studies that showed a loss in power as
cathode sizes were increased (Cheng et al., 2@elWan et al., 2008).

Chronopotentiometry tests were conducted on tHerdifit size cathodes in tap water

amended with sodium chloride € 1.45 + 0.05 mS cm), to evaluate performance in an

12



282 unbuffered solution with a conductivity similartteat of domestic wastewater (Figure 2B). The
283 overpotentials of all cathodes were larger in #ssIconductive solution, with the large cathode
284 having much higher overpotentials with respech®dther two cathodes at a given current

285 density. For example, at a current density of 8400 A m? the large cathode potential was
286 0.09 +0.01 V, which was much lower than that @30+ 0.00 V of the medium size cathode

287 (0.63 +0.00 A ) and 0.26 + 0.01 V (0.62 + 0.00 A fpfor the smaller cathode.

288 Additional chronoamperometry tests were conducgedguthe large cell to evaluate the

289 impact of the presence of the separator on théretdemical performance of the cathode over a
290 current density range relevant to operation ofldhge MFC using wastewater (Figure S6A). The
291 presence of the extra layer of the separator retitieepotential output at 0.64 A fifrom 0.16

292 +0.03V1t00.13+0.01VinPBS, and from 0.09.8DV to 0.06 + 0.00 V in a low conductivity
293 solution. Insufficient airflow in the cathode chaenlzould reduce oxygen availability and, thus,
294  cathode performance (Yang et al., 2012). Theretmeadditional electrochemical test was

295 conducted by blowing air into the bottom of theaiamber at 0.5 L min (Figure S6B). This

296 airflow across the cathode did not impact the adghmerformance, indicating that the size of the
297 air chamber was sufficient to passively providegetytransfer to the cathode and that the

298 spacers did not impede passive air flow.

299

300 Power production of the 85 L MFC fed domestic wastewater (22 anodes)

301 Following acclimation of the 85 L MFC with the amothodule (Figure S3) over three fed-
302 batch cycles, polarization tests were conductedigugomestic wastewater (Figure 3). The

303 maximum power density was 0.083 + 0.006 \W,rwhich was 73% lower than that obtained in

304 the small chamber MFC (0.304 + 0.009 WPim wastewater). The cathode potentials were

13
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similar in the abiotic and biotic tests in the 8ard in the 28 mL reactors (Figure 3A and 3B).
There was a significant difference between the apenit potential (OCP) of the biotic (0.32 +
0.00 V) and abiotic (0.44 £ 0.00 V) tests for tiheadl chamber, but the cathode potentials
matched well over the current density range relet@operation of wastewater fed MFCs. The
anode performance was a factor in the reduced ppreeuction by the 85 L MFC compared to
the 28 mL MFC. For example, after correction fa¥ folution resistance, the slope of the
trendline from the linearization of the anode p&imwas 0.292 m? in LC biotic test, 3.6x

higher than the 0.08 m? from the SC biotic tests (Figure 3D, Figure STwdver, there was a
much larger reduction in the cathode performanbar(ge of |0.30 V|, from 0.37 £ 0.04 V at
OCP to 0.07 £ 0.02 V at 0.46 + 0.03 A9ncompared to that of the anodes (change of [0]13 V
from — 0.31 + 0.01 V at OCP to — 0.18 + 0.02 V &80+ 0.03 A m?). This larger difference for
the cathode indicated that in this system the chweas primarily limiting power production.
The decrease in the anode performance was likedgidt of both increased size of the anodes
and the cathode performance. The anodes in theNdB@ were much longer, and had a larger
diameter, than those in the small MFC, which bathid have contributed to higher
overpotentials (Cheng et al., 2014b; Dewan e28D8). The increase in water pressure could
also have decreased the performance of the cathpai®isularly at the bottom of the MFC
where the water pressure was the highest, relaitlese at the top of the reactor (Cheng et al.,
2014a). This change in the cathode performancealdwte impacted performance of the anodes
opposite to the cathode in the bottom of the laegetor. The reduced active area of the cathode
due to the metal frame could also have been arfacteducing electrode performance, as the

metal frame accounted for 23% of the exposed piejearea of the cathode (Figure 1).
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Normalizing the power produced by only the actigéhode area results in a power density of

0.10 W m?2

Power production of the 85 L MFC fed domestic wastewater using 8 anodes

To further examine the impact of the anodes onoperdince, we conducted tests using 8
anodes instead of 22 anodes. Reducing the numlagrooes decreased the anodic projected area
by 58% (from 6000 cfto 2500 crf), but this decreased the maximum power densityrtby
27%, from 0.083 + 0.006 W Thto 0.061 + 0.003 W i based on the cathode projected area
(Figure 4). Power normalized to the projected araréa was 0.152 + 0.009 Wwhich is
consistent with previous results showing that usimg electrodes with different projected areas
improves the relative performance of the smallex @tal., 2016a; Oh and Logan, 2006).
Reducing the number of anodes resulted in slightyeased anode overpotentials. For example,
the anode potential at the maximum power densityw@.177 + 0.002 V at 0.206 £ 0.006 A m
? (normalized to the projected cathode area) conap@mre 0.23 + 0.01 V at the highest current
density of 0.250 + 0.006 A Thwith 22 anodes. Thus, maximizing full coveragehef cathodes

by the anodes is needed to improve power produ¢tianas and Logan, 2013).

Impact of the operation time on the MFC performance

Following polarization tests with the 8 anodes,ithpact of cathode fouling was examined
by comparing the maximum power densities with thisteng cathode, which had been operated
for 1 month, to the same cathode that was cleaneghtove the surface biofilm, or to a new
cathode. The maximum power density increased 70V n2 after removing the biofilm,

which was 36% higher than that obtained prior tfilon cleaning (0.042 W i) (Figure 5).
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When a new cathode was used, the maximum poweityleras 0.064 W 1if, which was
essentially the same as that originally obtaindtiestart of the experiments with 8 anodes.

The maximum power density decreased by 34% aftemaoonth of operation, with 23% due
to biofilm formation on the solution side of thettvade, and the remaining 11% due to a
combination of the precipitation of salts (An et @017) and the adsorption of organic matter in
the wastewater such as humic acids (Yang et &l6)28nd metabolic by-products such as
extracellular polymers (Liu et al., 2018) . Thisdease is only slightly lower than the 39%
decrease in the performance previously reportedrfail chamber MFCs (28 mL volume, 7Tm
exposed cathode area) after one month of operé®iossi et al., 2018) . This fouled smaller
cathode was shown to be successfully cleaned kyrgpan a weakly acidic solution for several
hours (Rossi et al., 2017; Zhang et al., 2014&)tls approach might not be practical for larger
cathodes. We are currently investigating easieiswaylean fouled cathodes. No corrosion of
the stainless steel structure was observed afeenr@mth of operation.

The decline in the cathode potentials further destrated that the main reason for the
reduced performance of the MFC after one montipefation was the cathode performance. For
example, at the maximum power density the potenfidie new cathode was 0.19 V (at 0.212 A
m ), compared to 0.07 V (at 0.171 A9nfor the used cathode. After scraping off the iiiof
from the solution side of the fouled cathode, tleeteode potential reached 0.16 V (0.200 A m
?) at the maximum power density, which was an oVeledrease of 11% compared to the new

cathode.

Treatment performance based on COD removal
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372 The MFC with 8 or 22 anodes achieved similar COmaoeal efficiencies of 75-80%. The
373 presence of a higher number of anodes thereforadtithcrease the rate of COD removal,

374  although the number of anodes did impact the amoiuBOD converted to electricity. The total
375 COD decreased from 428 + 12 mg ko 88 + 4 mg L after 9 days in the 8 anode configuration.
376  With 22 anodes the COD decreased from 376 + 4 Thgpl90 + 5 mg [ in 11 days. The longer
377 time needed to reduce the COD with 22 anodes \kealy ldue to the higher oxygen content in
378 the 8 anode configuration that might have incredlsedCOD removal rate. The coulombic

379 efficiency (Logan et al., 2006) (CE) was 27% whemg 22 anodes, but it decreased to 13%
380 with 8 anodes. The CE obtained here is essenttalgame as the 22% previously achieved in
381 small chamber MFC for domestic wastewater at lotemmal resistance (10) (Zhang et al.,
382 2015).

383

384  Approaches to improve electrochemical performance

385 Increasing the sizes of the anodes and cathodeleen a decrease in the electrode

386 performance despite maintaining the same catahgst@actor configuration. The greatest impact
387 on performance was due to the cathode. The powsitgeof the large MFC was about one
388 order of magnitude lower than that obtained instmall MFC (0.083 + 0.006 W thvs 0.304 +
389 0.009 W m?). Fortunately, there are a number of changesdamehctor or electrode design

390 which could be made to improve performance.

391 It should be possible to further improve performaaircthe large MFC by connecting the
392 anode arrays to two cathodes rather than one aatlasdione in this study. The test chamber
393 used here was designed primarily to test hydratdibility and electrochemical performance of

394 an abiotic cathode, and thus it was only possibEohnect an array of anodes to a single
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cathode. However, we have previously demonstrdigdconnecting an anode array with two
cathodes, one on either side of the anode arrargased the maximum power density by 62% in
fed-batch MFCs (Cheng and Logan, 2011), and by 3%-for MFCs operated in continuous
flow with a feed of domestic wastewater (Kim et aD15).

It might be possible to improve performance by dhag the diameter or the fiber density of
the brush anodes. For the tests conducted heresegeanodes with a diameter of 5.1 cm due to
their availability from a previous MEC reactor dgs(Cusick et al., 2011). This larger diameter
could have resulted in reduced power due to theageedistance of the anode (from the wire
core) to the cathode. It was previously shown tedticing 2.5 cm diameter anodes to 0.8 cm
improved power, as long as the anode-cathode spaas not changed. This reduction in size
resulted in a 49% increase of the maximum powesite(from 0.690 W rif to 1.030 W 1)
using acetate as a substrate in continuous flow $ABtager et al., 2017). However, additional
tests with the very small brushes (0.8 cm) withastewater feed resulted in unstable MFC
performance, while the use of 2.5 cm diameter lesishd not (Stager et al., 2017). Thus, a
decrease in brush size from 5.1 cm to 2.5 cm mightove MFC performance without
adversely impacting stable power generation, blyt ibthe anode resistance is a substantial part
of the overall internal resistance.

Reducing the spacing between two deployed eledradlereduce the ohmic drop and could
increase power output, and thus a further redudtiabectrode spacing could also improve the
performance if the ohmic losses are a main factgower production (Li et al., 2013). For
example, the solution resistance in the large cleamwith a 3.5 cm electrode spacing was 0.47

Q, which was 21% of the internal resistance of #eetor (2.192). Reducing the spacing from
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3.5 cm to 1.4 cm could further decrease the saluggistance by 60%, to 0.29 and raise the
maximum power density.

Increasing the active area of the cathode, andatipgrwith lower hydraulic pressure, could
also improve its performance. The stainless staelé¢ used here reduced the active area of the
cathode by 23%, and thus reducing the size ofrtimad relative to the cathode panels could help
improve performance. The hydraulic pressure ag#iestathode has been shown to reduce the
performance of some cathodes, likely due to theeamed catalyst flooding with water (Ahn et
al., 2014; Cheng et al., 2014a). Further experisehbuld be conducted on the impact of
hydraulic pressure on large scale cathodes byiogrout abiotic tests with different volumes of
electrolyte in the chamber. It might be possiblenprove the cathode performance by making
them more hydrophobic by varying binder contendiéfusion layer porosities, or by using a
different type of diffusion layer (Yang et al., Z)1It might also be possible to use different
cathodes in the bottom of the chamber where thenpaiessure is greatest, compared to
cathodes at the top where water pressure is lower.

As previously noted, a critical factor in scaling MFCs is maintaining sufficient cathode
surface area per volume (cathode specific surfee® as the reactor size is increased in order to
achieve rapid COD removal and maintain a good vetumpower density (Logan et al., 2015).
The cathode specific surface area of the large beammsed in this study was only 7.3 m>,
due to the original design factors for evaluatibgtc cathode performance. This is much lower
than the 25 ™ previously used in many MFC tests (He et al., 201®gan et al., 2015).
Thus, the overall performance in terms of COD reahoate as well as power density will be
increased in planned larger scale designs basetbser electrode spacing, and connecting an

anode array to two cathodes.
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440

441 Conclusions

442 A 6200 cnf air-cathode made of fifteen smaller cathodes vektdea single conductive metal
443 sheet was examined in abiotic and biotic testsr&@lehe performance of the large cathode
444 (6200 cm) decreased relative to the smaller cathodes €7 88ncnf). However, the maximum
445 power density of 0.083 + 0.006 W fiwas comparable to that obtained in other largafesc
446 aqueous catholyte MFCs, but there was no catholyteater aeration needed for our system.
447 Thus, the design provided an energy-positive systeento passive oxygen transfer to the air
448 cathode. Full coverage of the cathode by the bansiles was needed, as reducing the anode
449  projected area from 6000 éro 2500 crh decreased the maximum power density by 27% to
450 0.061 +0.003 W fif. These tests showed the first time that an airozk could function in a
451 large-scale MFC at a high hydrostatic water presg8% cm water height). Several design

452 factors were discussed that could lead to furtimarovements in overall power production, such
453 as closer electrode spacing and a more hydroploiffusion layer with increased water

454  pressures.
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Figure captions

Figure 1. Photos of the (A) air and (B) solution side of theee cathodes, with sizes (from left
to right) of: 11.3 crh(red arrow), 52 ci(white arrow) and 6800 ¢m(C) Small, (D) medium

and (E) large cells used for the electrochemicsikte

Figure 2. Cathode potential as a function of current derisithe abiotic electrochemical cell for
the cathodes in the small (SC), medium (MC) angdarells (LC) in (A) 50 mM PBS (6.25 mS

cm®) and (B) tap water amended with NaCl (1.45 + (& cm’?).

Figure 3. Cathode (Ct) potentials from the biotic polariaatiests and the abiotic
chronopotentiometry (CP) in low conductivity sotunti(LCS) and anode (An) potentials from
the biotic polarization tests in the (A) large 4BJ small chamber in wastewater (WW). (C)
Biotic power density curves in the small chambeZ)(8&nd large chamber (LC) MFC. (D)

Comparison of corrected anode potentials in LC $@d

Figure4. (A) Cathode potentials (Ct) and anode potentialg (vith an anode module with 8
(projected area = 2500 é&rand 22 anode brushes (projected area = 608paumpared with

the abiotic chronopotentiometry data (CP) and @)espondent power density curves.

Figureb5. (A) Cathode potentials (Ct) and anode potentialy Of the new, cleaned and used (1

month) cathode and (B) correspondent power densityes.
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Highlights
. Window-pane 0.62 frcathode successfully installed in 85 L MFC

° The large 15-panel cathode had lower abiotic peréorce than smaller cathodes

. Power density of 0.083 + 0.006 Wmwas obtained using wastewater as a fuel

. Maintaining full coverage of the electrodes maxiatizhe power production



