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Power generation usingmicrobial fuel cells (MFCs)must provide stable, continuous conversion of organicmatter
in wastewaters into electricity. However, when relatively small diameter (0.8 cm) graphite fiber brush anodes
were placed close to the cathodes inMFCs, power generation was unstable during treatment of low strength do-
mestic wastewater. One reactor produced 149 mW/m2 before power generation failed, while the other reactor
produced 257mW/m2, with both reactors exhibiting severe power overshoot in polarization tests. Using separa-
tors or activated carbon cathodes did not result in stable operation as the reactors continued to exhibit power
overshoot based onpolarization tests. However, adding acetate (1 g/L) to thewastewater produced stable perfor-
mance during fed batch and continuous flow operation, and there was no power overshoot in polarization tests.
These results highlight the importance of wastewater strength and brush anode size for producing stable and
continuous power in compact MFCs.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Wastewater treatment consumes about 3% of the total electrical
power generation used in the United States, with a large portion of
that power needed for wastewater aeration [1,2]. Microbial fuel cells
(MFCs) and other microbial electrochemical technologies are being in-
vestigated as a method to harness energy from the organic matter in
the wastewater and accomplish energy-neutral or energy-positive
wastewater treatment [3–8], for desalination [9–12], and renewable en-
ergy production [13–18] Scale up of MFCs will require compact reactors
that use inexpensive electrode materials [19] such as graphite fiber
brush anodes [20,21] or electrically-conductive granules [22], and acti-
vated carbon cathodes [23–25]. High current densities are needed to
maximize power production, as well as avoid voltage reversal when
connecting reactors together in series [26–28]. Thus, research is needed
on how best to design these electrodes to maximize power in compact
reactors, and achieve a high electrode packing per volume in a compact
configuration, while producing stable power in continuous flow condi-
tions [19].

More compact reactors can be achieved by usingflat carbon paper or
carbon cloth anodes, and decreasing the distance between the elec-
trodes [19,29]. However, if flat electrodes are too close to each other, ox-
ygen transfer through the cathode to the anode can result in low power
and system failure [30,31]. In early MFC tests using thin, flat electrodes,
it was shown that placing flat anodes closer than 2 cm to the cathode
decreased power production due to oxygen crossover from the cathode
to the anode [30,32]. To reduce oxygen crossover and provide electrical
insulation between closely spaced electrodes, separators made of cloth,
glasswool, nylon and various othermaterials have been placed between
the electrodes [29,33,34]. This separator electrode assembly (SEA) con-
figuration enabled more compact reactor designs with flat anodes, and
stable power production using high concentrations of acetate, [35,36]
but not stable power with lower strength domestic wastewater [31].

Graphite fiber brush anodes with “larger” diameters (2.5 cm or
more) can produce higher power densities than MFCs with flat anodes
[20,21,37]. MFCs with a single or multiple brushes 2.5 cm or more in di-
ameter have been used inmany different types of small and larger (2 L)
reactors with air cathodes, [21,25,38] with power densities of 250 to
300 mW/m2-cathode obtained in larger (2 L), multi-anode MFCs [39].
The effect of “smaller” brush diameters (b2.5 cm) on power generation,
however, has not been well examined. All previous tests examining the
impact of brush diameter on MFC performance have only used acetate
solutions (1 g/L). Lanas et al. [40,41] found that power generation was
improved using smaller (0.8 cm diameter) brushes placed close to the
cathodes, compared to larger brushes that were on average more dis-
tant from the cathode due to their larger diameter. Hutchinson et al.
[42] determined that larger diameter anodes (2.5 cm in diameter) in
3-cmdiameter cube-typeMFCs could be trimmedbyup to 65% in length
(to 0.9 cm) without impacting power using acetate. Thus, both of these
studies concluded that these “smaller” brushes could work as well or
better than larger brushes. However, tests were only conducted using
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solutionswith a high COD (1 g/L of acetate) and not actual wastewaters
[40].

Smaller diameter brush anodes (0.8 cm diameter) were examined
here for treating domestic wastewater using multi-anode MFCs. Dupli-
cate reactors were tested that each had eight graphite fiber brush an-
odes placed parallel to the air cathode. Tests were conducted under
both fed batch and continuousflow conditions, using Pt or activated car-
bon (AC) cathodes to determine both performance and stability with
these different materials and operation conditions. To contrast the per-
formance of reactors with low strength domestic wastewater, in some
tests we amended the wastewater with 1 g/L of acetate to increase the
COD concentrations in the reactors and evaluate the impact of the
higher COD solution on performance.

2. Materials and methods

2.1. Reactor construction

Single chamber MFCs were made of high-density polyethylene
(HDPE) and constructed as previously described [40], with at total vol-
umeof 170mL, including the anodeworking volume of 140mL (volume
in front of the cathode) and 30mL total for entrance and exit chambers
based on emptying a full reactor (Fig. S1). Eight brush anodes (9.5 cm in
length and 0.8 cm in diameter; Mill-Rose) made of carbon fibers
(PANEX 35 50 K, Zoltek) and a twisted titanium core wire (gauge 20)
were placed horizontally in the anode chamber at a distance of 0.8 cm
from the centerline of the brush to the cathode (Fig. S2), and externally
connected in series by a copper wire. Brushes were heat treated at 450
°C for 30 min prior to use [20]. A thin rectangular titanium plate placed
pressed onto the outside edge of the cathode served as the current col-
lector. An Ag/AgCl reference electrode was inserted horizontally into
the anode chamber to measure anode potentials. All potentials are re-
ported vs. Ag/AgCl.

The performance of the system was examined using two different
cathodes: carbon cloth cathode with a Pt catalyst without a separator
(Pt-NS); and an activated carbon cathode constructed using a phase in-
version processwith a cloth separator (46% cellulose and 54% polyester;
thickness = 0.3 mm; weight 55 g/m2; Amplitude Prozorb, Contec Inc.)
(AC-CS). Pt-NS cathodes were constructed using 30% wet proof carbon
cloth (B-1/B/30WP, E-TEK), with Pt (0.5 mg/cm2, ETEK C1–10 10% Pt),
carbon black (Vulcan XC-72) and Nafion applied to the water-facing
side. Four polytetrafluoroethylene (PTFE) diffusion layers were applied
to the air facing side [43]. The AC-CS cathodes were constructed as pre-
viously described [44] by a phase inversion process, from AC
(26.5 mg cm−2; Norit SX Plus, Norit Americas Inc., TX) and a carbon
black paste (10% polyvinylidene fluoride; PVDF) spread on stainless
steel mesh (50 × 50, type 304, McMaster-Carr, USA). The projected
cathode surface area of all cathodes was 35 cm2, providing a cathode
specific surface area of 25 m2/m3 based on the working volume of the
reactor [19].

2.2. Reactor inoculation and operation

All tests were conducted using two reactors constructed and operat-
ed under identical conditions, identified as R1 and R2 to distinguish
their individual performance. MFCs were initially inoculated with mix-
ture (50:50) of effluent from an MFC operated for over one year [39]
and a 5 mM phosphate buffer solution [PBS; Na2HPO4 (4.58 g/L),
NaH2PO4·H2O (2.45 g/L), NH4Cl (0.31 g/L), KCl (0.13 g/L)] containing
sodiumacetate (0.33 g/L), and then switched tomixture ofMFC effluent
and domestic wastewater, at 30 °C in a constant temperature chamber.
Domestic wastewater was obtained from the Penn State University
wastewater treatment plant. Reactors were refilled approximately
every other day over a period of b10 d. After inoculation,MFCswere op-
erated at room temperature and fed only wastewater. Following the
first set of continuous flow tests, where reactor performance became
unstable after continuous flow operation (as indicated), the reactors
were re-inoculated to restore properly functioning anode biofilms. Re-
actors were fitted with new anodes, and fed a 50:50mixture of effluent
collected from reactors operated using wastewater which would be
enriched in exoelectrogenic microorganisms, and fresh wastewater.
Following all wastewater-only tests, additional tests were conducted
with wastewater amended with sodium acetate (1 g/L) to increase the
chemical oxygen demand (COD). In batch tests, the anolyte was re-
placed in fed batch mode when the voltage decreased to b50 mV. For
continuous flow tests, MFCs were wastewater was fed into the bottom
of the reactor using a peristaltic pump (Masterflex, Cole-Parmer, Vernon
Hills, IL, USA) at a hydraulic retention time (HRT) initially of 8 h
(0.36mL/min), and then decreased to 4 h (0.71mL/min) for data collec-
tion, where the HRT is based on the total liquid volume (170 mL).

2.3. Analysis and calculations

Total COD and soluble COD (sCOD) were measured using standard
methods (Method 5220) [45] and test kits (Hach Company). Samples
for sCODmeasurements were filtered thorough 0.45 μm pore diameter
PVDF syringe filters (Microsolv, USA). COD removals were calculated
based on starting and final concentrations in fed batch tests, or influent
and effluent concentrations in continuous flow tests. CODs were also
taken at different times (2, 4, 8, 16, 24, 48, and 72 h after the start of a
fed batch cycle) inmultiple fed batch tests to obtain a COD removal pro-
file over time for a characteristic fed batch cycle. To quantify the COD re-
moval rate, a first order degradation rate constant, k, was calculated [46]
using

ln
CODt

COD0

� �
¼ −kt ð1Þ

where CODt is the COD at time t, COD0 is the initial COD, and t is the time
(h). Wastewater from the Penn State Wastewater Treatment plant typ-
ically has a pH of 7.5 ± 0.37, and a conductivity of 1.5 ± 0.15 mS/cm
[31], which is relatively typical of domestic wastewater.

Biochemical oxygen demand (BOD) was measured using a three-
day headspace BOD test (HBOD3) [47]. Samples (10 mL) were placed
in anaerobic tubes and sealed with a rubber stopper and aluminum
crimp top seal and mixed on their side on a shaker table for 3 days at
20 °C. Oxygen utilization was calculated as previously described, based
on gas analysis using a gas chromatograph (SRI Instruments).

Ammonia concentrations were measured using standard methods
[45] and test kits (Hach Company). Nitrate, nitrite, and phosphate
were analyzed by ion chromatography (Dionex IonPac AS22 anion ex-
change column, Dionex DX-120, Dionex Co., Sunnyvale, CA).

Current (I) was calculated using Ohm's Law (U = IR), and power
as P= IUwhere R is the external resistance in the circuit, and U is the
voltage measured at 10 min intervals using a data collection system
(Agilent Model 34972A LXI Data Acquisition/Data Logger Switch Unit,
Agilent Technologies) attached to a personal computer. Current density
(A/m2) and power density (mW/m2)were normalized by the projected
cathode surface area. For polarization tests, MFCs were operated using
an external resistance of 1000Ω until stable performancewas observed,
and then switched to a lower external resistance (10 or 30 Ω) to try to
reduce the potential for power overshoot [48]. Batchmode polarization
tests were conducted using a single cycle method, with the resistor
changed every 20 min from 1000Ω – 10 Ω, except as noted.

Coulombic efficiency, defined as the coulombs recovered as current
(CEexp) versus the theoretical amount available in organic matter
(CEtheor), was calculated by integrating the current over time for a fed
batch cycle as

CE ¼ CEexp
CEtheor

¼ M
R t
0 idt

FbvΔCOD
ð2Þ
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where F=96,485 C/mol e− is Faraday's constant, b=4mol e−/mol O2,
v=0.170 L is the total reactor volume, andM=32 g/mol is themolec-
ular weight of oxygen.

3. Results and discussion

3.1. Power generation using MFCs in fed batch mode

When operated in fed-batchmode, the two reactors produced simi-
lar polarization data but power curves exhibited power overshoot, indi-
cating unstable performance. The maximum power density on average
of the two reactors was 315± 16mW/m2 (0.94± 0.02 A/m2; at 100Ω)
(Fig. 1A). This power density was 2.6 times that previously obtained
using three larger diameter brushes in a similar configuration
(120 mW/m2), likely due to the better coverage of the cathode here
with the smaller brushes and the smaller internal resistance due to
the closer brush spacing [49]. This power density was comparable to
that obtained in a 6 L, multi-chamber MFC using larger brushes that
had the same good coverage of the of cathodes (290± 8mW/m2) [50].

Power overshoot was observed here at the higher current densities
as shown by a doubling back of the power curves as the external resis-
tances were decreased (Fig. 1A, B). To test whether power overshoot
could be due to the low solution conductivity, NaCl was added to in-
crease the conductivity from 1.4 mS/cm for the wastewater alone, to
6.3 mS/cm. The maximum power density was not increased (320 ±
9 mW/m2) and power overshoot was only slightly reduced (Fig. S3),
suggesting that the low conductivity of the wastewater was not a factor
in power overshoot.

3.2. Power generation using MFCs in continuous flow mode

When theMFCswere switched to continuous flowmodewith an 8 h
HRT, the reactor voltages became unstable, with the voltages produced
Fig. 1. Power densities and electrode potentials for duplicate MFCs with Pt-NS cathodes. (A) pow
density, whole cell voltages, and (D) electrode potentials in continuous flow mode at a 4 h HR
by one reactor (R1) producing 100–300 mV less than the other reactor
(R2) (Fig. S4A). Operation over several months did not stabilize perfor-
mance (Fig. S4B). The anodes in R1were replaced with new anodes and
reinoculated in fed-batch mode, and new Pt cathodes were used for
both MFCs. After successful re-inoculation, the reactors were switched
to continuous flow mode at a lower HRT of 4 h to increase the effluent
COD as low CODs have been shown to impact reactor performance
[51]. However, again performance was unstable, with a maximum
power density of 149 mW/m2 for R2 compared to 257 mW/m2 for R1
(Fig. 1C), and power overshoot was again observed (Fig. 1D). Thus, op-
eration under these continuous flow conditions with domestic waste-
water resulted in unstable performance, compared to previous MFC
studies with larger anodes (2.5 cm diameter) that had produced stable
performance under such conditions [39,49]. The observation that this
trend to unstable performance was again observed when reactors
were re-inoculated and operated in the same way shows that the find-
ings of instability were repeatable.

3.3. Power generation using activated carbon cathodes

Power production was further examined with new cathodes
made of AC, and a cloth separator (AC-CS) to reduce oxygen cross-
over. The two reactors with the AC cathodes now showed good re-
producibility in polarization tests, but both reactors continued to
exhibit power overshoot in polarization tests with the domestic
wastewater (Fig. 2). In addition, the maximum power density of
161 ± 14 mW/m2 was much lower than the initial tests with the
platinum cathode, despite previous reports that these cathodes pro-
duce similar power densities to Pt cathodes in tests with larger
brushes (2.5 cm in diameter) [24,52–54]. In addition, the power
was lower than that previously reported (320 mW/m2) using the
same reactor design and larger anodes with domestic wastewater
[55]. Thus, the reason for the reduced power was hypothesized to
er density, whole cell voltages, and (B) electrode potentials in fed batchmode. (C) Power
T.



Fig. 2. (A) Power density and polarization curves, and (B) cathode and anodepotentials for
duplicate MFCs with AC-CS cathodes, in fed batch tests.

Fig. 3. (A) Power density and whole cell voltages, and (B) cathode and anode
potentials for duplicate MFCs using AC-CS MFCs in continuous flow mode
polarization tests with domestic wastewater amended with 1 g/L of acetate, at an
HRT of 4 h. One result at the highest current density was not included in the curves
as it was not reproducible.
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be a result of the smaller anodes combined with the low COD of the
wastewater, which had never been previously reported.
3.4. Adding acetate to increase wastewater strength

To test the hypothesis that low COD was the primary reason for the
unstable performance of theMFCswith the small anodes, the CODof the
wastewater was increased by adding sodium acetate (1 g/L). Following
acclimation to this solution, polarization tests under continuous flow
conditions indicated a higher maximum power density of 264 ±
6 mW/m2 (268 mW/m2 for R1, and 260 mW/m2 for R2), and good
agreement between duplicate reactors (Fig. 3). In addition, no power
overshoot was observed.

Previous tests with the smaller diameter anodes used here
showed improved power production when they were placed next
to the cathode compared to larger anodes more distant from the
cathode but only with 1 g/L of acetate as the fuel and not wastewater
[40,41]. However, as shown by the above results, MFC performance
was erratic in tests using domestic wastewater here with the smaller
anodes. Adding acetate to increase COD improved performance and
avoided power overshoot, and thus it was concluded the low COD
was the reason for the unstable power generation by the MFCs.
These results also suggest that if power generation in MFCs becomes
impaired or unstable, then it might be helpful to temporarily add ac-
etate into the wastewater to help restore stable power generation
until the wastewater COD concentration in the influent wastewater
is restored to higher concentrations.
3.5. COD and BOD removal, and coulombic efficiency

COD and sCOD removal and CEs were calculated for each cathode
configuration tested in fed batch and continuous flow modes
(Table 1). The Pt-NS configuration in batch flow mode had the highest
COD removal (82%), whereas the AC-CS configuration produced much
lower COD removals in both batch and continuous flow tests. The CEs
based on total CODwere higher than those based on sCOD, with a max-
imumof 26% in fed-batch tests using the Pt-NS cathodes, and 7% for con-
tinuous flow tests using the AC-CS cathodes. A CE of 26 ± 1% (Table 1)
during batch flow operation was higher than previously obtained with
larger (2.5 cm diameter) brush electrodes of 22% (100 Ω resistor) and
15% (100 Ω resistor) [49]. In continuous flow tests the CE obtained
here was the same as that previously reported for the larger brushes
(7%) [49]. The low CEs obtained here are typical of MFC studies using
domestic wastewater [39,46,49,50]. The low CEs were likely due to the
removal of organic matter using oxygen diffusing through the cathode
and into the wastewater in the anode chamber, although the use alter-
nate electron acceptors such as sulfate or CO2 was also possible. Ammo-
nia concentrations measured in two wastewater samples were 44 ± 1
and 43± 3mg/L (n=4, ±SD). In two fed batch tests using the waste-
water, there was 45 and 55% ammonia removal after 24 h. A low con-
centration of nitrite was detected in one test (2.3 mg/L) and no nitrite
in the second test, while a higher concentration of nitrate (7 mg/L)
was detected in one test and no nitrate in the other test. These results
suggest nitrification was occurring, and that nutrients should be moni-
tored in future wastewater tests.



Table 1
COD removal and Coulombic efficiency for each cathode configuration at the external resistance that resulted in maximum power production.

Cathode (operation mode) Rext (Ω) CODin (mg/L) sCODin (mg/L) CODout (mg/L) sCODout (mg/L) COD removal (%) sCOD Removal (%) CE (COD, %) CE (sCOD, %)

Pt-NS (batch mode) 100 545 ± 5 260 ± 1 98 ± 5 74 ± 2 82 ± 0 77 ± 8 26 ± 1 38 ± 1
AC-CS (batch mode) 300 330 ± 5 193 ± 1 135 ± 8 63 ± 3 59 ± 3 67 ± 2 19 ± 1 29 ± 1
AC-CS (continuous flow) 100 1050 ± 2 937 ± 5 753 ± 44 615 ± 13 28 ± 5 34 ± 2 7 ± 2 6 ± 0
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The starting and ending HBOD3 concentrations were measured for
comparison to CODs. The COD:HBOD3 ratios were 2.2 ± 0.2 for the
wastewater influent, 1.8 ± 0.4 for the effluent from MFCs with a Pt-
NS cathode, and 1.7 ± 0.2 for MFCs with the AC-CS cathode (Table
S1). These averages compare reasonably well to an average ratio of 2
previously obtained at this wastewater treatment facility [31]. Prior
comparisons of BOD5 and HBOD3 using wastewater from this same
treatment plant have shown BOD5 and HBOD3 to be equivalent [56].
Therefore, for the data in Table 1, a reasonable assumption is that the
BOD5 values would be equal to about half those of the measured CODs.

Total CODs and sCODs measured at different times during fed batch
cycles using the Pt-NS cathodes (Fig. 4A) showed a rapid decrease in
current generation, with the current density reduced by ~50% at a
sCOD of ~120 mg/L (Fig. 4B). This rapid decrease in current at this
substrate concentration was consistent with reports by others that
showed that current production rapidly decreased when wastewater
or acetate CODs reached this similar level [46]. The decrease in total
COD was slower than that of sCOD, suggesting current generation was
occurring mainly in response to sCOD concentrations. The change in
COD and sCOD over time showed good fit to a first order rate model
(Fig. 4C), with first order rate constants of kCOD = 0.047 h−1 based on
total COD, and ksCOD = 0.048 h−1 for sCOD. These rate constants were
lower than those previously obtained for smaller, cube-type MFCs fed
domesticwastewater (0.18±0.003 h−1), but twice as large asMFCs ac-
climated to acetate and later fed domestic wastewater (0.02 h−1) [46].
Fig. 4. (A) COD removal and current generation and (B) COD and sCOD data plotted as a func
density as a function of COD using duplicate MFCs with Pt-NS cathodes. COD measurements w
Thus, while first order rate constants can be used to describe COD re-
moval in MFCs, the magnitude of the rate constants reflects the reactor
architecture and the biofilm acclimation conditions.

4. Conclusions

The use of small (0.8 cm diameter) graphite fiber brush anodes was
previously reported to produce higher power densities than larger
brushes, but here we demonstrated that these smaller brushes were in-
effective at producing higher power or stable performance of the MFCs
under continuous flow conditions. It was shown that the COD concen-
tration played a critical role in MFC performance. In fed-batch condi-
tions, when the COD was high at the beginning of the batch cycle, the
power density was stable (315 ± 16 mW/m2). In continuous flow
tests, where the average COD was much lower in the MFC, the perfor-
mance became unstable. These results were shown to be reproducible
by re-inoculating the reactors and repeating these tests. To show that
the lower COD was the critical factor, the wastewater was amended
with 1 g/L of acetate. The increased COD concentration produced stable
power generation under continuous flow conditions, indicating that
higher wastewater CODs are essential for stable MFC operation using
smaller brush anodes. These findings on the importance on COD are in
agreement with previous findings that MFCs should be used to treat
wastewater only down to CODs of ~150 mg/L [46,57,58]. A secondary
process, such as an anaerobic fluidized bed membrane bioreactor
tion of time to obtain the first order rate constant from the slope of the lines. (C) Current
ere taken over multiple fed batch cycles.
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(AFMBR), can be used to reduce the COD to levels needed for effluent
discharge regulations [55,59–62]. It is therefore recommended that
larger (2.5 cm) diameter brushes, and not smaller (b1 cm) diameter
brushes be used for reactors producing power from relatively dilute do-
mestic wastewaters.
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