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Abstract A four-air cathode single-chamber microbial fuel
cell (AACMFC) with MnO, as cathode catalyst and a packed
bed of graphite granules as anode was studied, aiming at
continuous treatment of municipal wastewater in parallel to
electric power production. When fed with synthetic
wastewater, the system achieved a maximum power density
of 13.6 W m73, a COD removal of 85 %, and a Coulombic
efficiency (CE) of 21 %. When municipal wastewater was
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treated, the achieved COD removal was 45 %, and the CE
7.8 %. By increasing the municipal wastewater conductivity
through salt addition, the CE increased to 22.3 %. During the
long-term operation of the cell, non-exoelectrogenic bacteria
and catalyst degradation were observed to be present. The
4ACMEFC performance was assessed at different hydraulic
retention times. The electrochemical impedance characteri-
zation of the 4ACMFC was also carried out.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10800-016-0935-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10800-016-0935-3&amp;domain=pdf

516

J Appl Electrochem (2016) 46:515-525

Graphical Abstract

Electric power

Wastewater (13.6 W m?)

4ACMFC

Graphite granules
(anode)

Keywords Microbial fuel cell (MFC) - Air cathode -
Municipal wastewater - Long-term operation - Oxygen
stress - Electrochemical impedance spectroscopy (EILS)

1 Introduction

Microbial fuel cells (MFCs) have emerged as promising
and exciting candidates to be applied in bioenergy tech-
nology. In MFCs, electric power is generated as a result of
bioelectrochemical oxidation of electron donors, such as
organic compounds present in wastewater [1]. MFC tech-
nology is considered suitable for sustainable bioenergy
production due to the ability of MFCs to generate elec-
tricity from wastewaters while simultaneously treating
them [2].

The most widely used method for wastewater treatment is
the activated sludge process. This technology has several
disadvantages, the most serious one being the large energy
demand, in the form of power used for aeration [3]. On the
contrary, the main advantage of MFC technology in
wastewater treatment is that it is accompanied by energy
production rather than consumption [4]. Furthermore, since
the activated sludge is an aerobic process, bacterial biomass
production (sludge) is high, compared to that in the anaer-
obic MFC technology. Sludge management is one of the
most costly and challenging aspects of the activated sludge
process [3-5].
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Anaerobic digestion (AD) is an anaerobic process that
has been widely applied as an alternative method of
wastewater treatment. However, unlike the MFC process,
the AD technology is not in general the most appropriate
when treating low-strength wastewater, such as municipal
wastewater. In addition, as an energy production process,
AD is a two-step process (methane generation followed by
burning in an internal combustion engine) in contrast to
MEFC system, which allows direct harvesting of electricity
[6, 7].

In order to exploit the advantages offered by MFC
technology, it needs to be developed as a wastewater-
treatment technology, and the proposed configurations
must be technically and economically sustainable. In this
direction, many research groups have examined MFCs
either as stand-alone technology [8—10] or as integrated in
existing wastewater treatment processes [4, 11-13]. In
particular, the concepts of air-cathode MFCs as well as the
single-chamber architecture have been examined by many
research groups [14—19]. The lack of a need for aeration
coupled with the elimination of the second (cathode)
chamber offer the advantages of increased power produc-
tion and reduced capital cost of MFCs. Although several
bioreactor designs have been investigated under different
operating conditions and both expensive and cheap mate-
rials have been tested with municipal wastewater as sub-
strate, the MFC technology is still in its infancy. The main
obstacles that this technology has to overcome in order to
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be implemented in real-scale systems are the low power
output obtained, due to high internal resistance and possi-
ble oxygen diffusion from cathode to anode chamber, as
well as the high costs of materials [12].

In view of these facts, the aim of this work is the exami-
nation of a significant number of performance indices during
the long-term performance of a novel four-air cathode MFC
(4ACMFC) design under continuous wastewater treatment
conditions. This design is based on the use of multiple (four)-
air cathodes and a packed bed of carbon granules as anode
(with multiple current collectors), and in the absence of a
polymer electrolyte membrane (PEM) and an expensive
noble metal catalyst. Specifically, MnO, was used as cata-
lyst, while GORE-TEX ® cloth was used as separator and
cathode catalyst support. Moreover, no aeration was pro-
vided to the system, thus keeping the cost low.

Synthetic and municipal wastewaters were treated in this
system in batch- and continuous-flow modes. The perfor-
mance of the 4ACMFC was assessed in terms of organic
matter (COD) removal and electricity production, while the
effect of hydraulic retention time (HRT) was studied for the
continuous mode experiments. Electrochemical characteri-
zation of the system using impedance spectroscopy was also
performed. The presence of non-exoelectrogenic bacteria
and catalyst degradation as well as the effect of the ionic

Fig. 1 Schematic of the
4ACMFC experimental set-up

Feed

strength of the municipal wastewater were investigated. The
long-term stability of the 4ACMFC was also studied.

The key novelty of the present work lies in the fact that
for the first time, a four-air cathode single-chamber
microbial fuel cell, which was constructed using the
specific selection and combination of materials, was
examined for its long-term stability under various condi-
tions, and its long-term performance was assessed on the
basis of a systematic combination of a significant number
of performance indices.

2 Materials and methods
2.1 The 4ACMFC configuration

A schematic of the four-air-cathode microbial fuel cell
(4ACMEFC) is showninFig. 1. The 4ACMFC is composed of
a single-cylindrical plexiglas chamber with a conical base
and four perforated plexiglas tubes which run through the
chamber, providing a structural support to the separator
(Fig. 1). Further construction details can be found elsewhere
[20]. The total volume of the cell is 938 cm® and approxi-
mately 70 % of this volume is filled with non pretreated
graphite granules (type 00514, Le Carbone, Belgium,
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1.5-5 mm diameter). Five graphite rods (13 cm long, 7 mm
diameter) are inserted into the packed bed of granules. The
anode chamber had an interstitial volume of 348 cm’
available for filling with liquid [20]. This value was reduced
during the first 3—4 cycles of acclimation, leveling off to
approximately 180 cm?, due to biofilm development on the
granules. GORE-TEX ® cloth (W. L. Gore & Associates,
Inc., Newark, U.S.A.), tightly bound on the outside wall of
each perforated tube, is used as separator and cathode cata-
lyst support. The cloth was made electrically conductive and
catalytically active, using MnO, as the catalyst, as described
by Zhuang et al. [21, 22]. To prepare the conductive catalytic
coating, 32 g of conductive paint based on graphite (HSF54
paint, YSHIELD GmbH & Co. KG, Ruhstorf, Germany) and
8 g electrolytic MnO, (TOSOH HELLAS A.L.C., Thessa-
loniki, Greece) were ultrasonically dispersed in the solvent
(16 mL, 50 % ethanol, 50 %: 1,2-xylene) for 25 min using a
Vibra-Cell™ ultrasonic processor (Sonics & Materials Inc.,
Newtown, USA). Then the paste was coated on the GORE-
TEX® cloth and left to be dried in air at room temperature.
The effective area covered with catalyst coating (air-facing
side) was 56.25 cm? (7.5 cm x 7.5 cm), resulting in a
MnO, loading of 142.2 mg cm? [20]. During 4ACMFC
operation, the anode graphite rods and the cathodes were
connected via copper wires with a 100-Q external resistor
(unless stated otherwise), forming a closed electrical circuit.
The cathode tubes were open to the atmosphere, and no
special aeration was employed.

2.2 MFC enrichment and operation

The enrichment and adaptation of the electrochemically
active bacteria in the 4ACMFC was performed in batch
mode (four cycles), as described in detail elsewhere [20].
During inoculation, glucose-based synthetic wastewater
(0.8 gcop L_l) was used as feed. Anaerobic sludge (AD)
collected from the Wastewater Treatment Plant in Patras,
Greece, was used as the bacterial inoculum. After a
stable voltage was obtained, the cell was fed with synthetic
wastewater (SW), for five batch cycles, without adding a
fresh culture of microorganisms.

Following the enrichment of the 4ACMFC, the reactor
operation was shifted to continuous mode, using glucose-
based synthetic wastewater (0.8 gcop L_l) as feed in the
anode chamber, and the cell operated for ~ 135.4 days. The
cell operated at a flow rate equal to 0.2 mL min~' (HRT
15 h) (unless stated otherwise). The cell voltage and the
COD of the effluent were followed over time. In order to
investigate the factors that affect these parameters and thus
the performance of the 4ACMFC, a series of tests were
conducted during continuous mode operation. They corre-
sponded to N,/CO, sparging, aeration, cathode replacement,
and HRT variation, as described in detail below.
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After continuous operation using glucose-based syn-
thetic wastewater, the feed was replaced with municipal
wastewater (0.34 gtcop L") without any additives, and
the 4ACMFC was operated for 34.5 days. Subsequently, in
order to study the impacts of wastewater conductivity,
phosphate buffer, potassium chloride, and bicarbonate were
added to the municipal wastewater feed, and the cell was
operated for another 25.9 days. The municipal wastewater
was continuously fed at a flow rate 0.2 mL min~' (HRT
15 h) in both cases. As in the case of synthetic wastewater,
the cell voltage and the COD of the effluent were moni-
tored over time to assess the MFC performance under the
particular conditions.

The temperature in all experiments was maintained at
30 °C, by performing the experiments in a thermostated
chamber. During batch and continuous operations of the
4ACMEFC, liquid samples were taken, at selected time
intervals in order to measure COD and pH.

2.3 Feed characteristics

Synthetic wastewater (SW) was made up of the following
constituents: phosphate buffer solution (pH 7) consisting of
4.22 ¢ L' NaH,PO, and 2.75 g L' Na,HPO,; 5 g L' of
NaHCO3; 0.16 g L~! of KCI; and 10 mL L™! of a trace
metals’ solution [23]. The COD concentration of the syn-
thetic wastewater was controlled via addition of an appro-
priate amount of glucose (0.8 gcop L_l). The conductivity of
the synthetic wastewater was equal to 12.21 mS cm ™",

The municipal wastewater (MW) was collected from the
grate effluent of the Patras Wastewater Treatment Plant
during a summer period. The characteristics of the MW
used in this study are listed in Table 1. It was collected in a
single batch and stored at 4 °C until usage. Its COD did not
change during storage.

After 828 h of continuous operation of the cell with
MW, the MW feed was modified by adding the following
constituents: 4.22 g L! NaH,PO, and 2.75 g L' Na,.
HPO,—phosphate buffer (pH 7)—5 g L™ of NaHCO5 and

Table 1 Characteristics of the municipal wastewater (MW) utilized

Parameter Value
pH 7.63
Conductivity (mS cm™Y) 1.596
Total chemical oxygen demand TCOD (g L™ 0.34
Soluble chemical oxygen demand SCOD (g L 0.21
Total suspended solids. (g LY 0.45
Volatile suspended solids. (g L™") 0.25
Total nitrogen (mg L™") 63.8
Nitrate (mg LY 0.532
Phosphate (mg L™ 5.62
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0.16 g L™" of KCI. The conductivities of the MW before
and after the addition of these constituents were 1.6 and
10.3 mS cm ™!, respectively.

2.4 Performance indices: chemical analysis
of the anolyte

The performance of the 4ACMFC system was assessed in
terms of COD removal efficiency, Coulombic efficiency
(CE), and power density, based on the anodic liquid vol-
ume (180 cm3), which were calculated as described in
Logan et al. [3]. The measurements of dissolved and total
COD, TSS, and VSS were carried out according to the
standard methods [24]. The pH and conductivity were
measured using a digital pH-meter and a conductivity
meter (Model HQ440d multiparameter meter, HACH
GmbH, Diisseldorf, Germany), respectively. The total
nitrogen, the phosphates, and the nitrates, were measured
with kit tests from HACH GmbH (Diisseldorf, Germany).

2.5 Electrochemical characterization
of the 4ACMFC

The fuel cell voltage, Uy, was monitored and recorded at
10-min intervals, using an ADAM-4019+ data acquisition
system (Advantech Co. Ltd., Taipei, Taiwan R.O.C.) con-
nected to a personal computer, while the current, I, passing
through the cell was measured using a digital precision
multimeter (Model MY 64, Mastech, Taipei, TaiwanR.O.C.).

Polarization experiments, for batch operation, were
conducted after addition of the fresh substrate and estab-
lishment of a constant power output. The power outputs of
the MFCs were calculated using the recorded steady-state
voltage and current values, for different external resis-
tances, ranging from 0.04 to 80 kQ. The internal resistance
R, of the 4ACMFC was determined using the power-
density peak method [5].

In order to elucidate the relative contributions of the var-
ious components of R;;, under different operating conditions,
electrochemical impedance spectroscopy (EIS) experiments
were performed during the 4ACMFC operation. After
195.8 days of continuous operation of the cell, the 4ACMFC
operation was shifted to batch mode. Two batch cycles were
conducted using glucose (0.8 gcop Lfl) and municipal
wastewater as substrates. In both cases, EIS measurements
were carried out after the cell voltage had reached its quasi-
steady-state (highest) value. A two-electrode set-up was used,
i.e., the EIS characteristics of the entire cell were studied. The
measurements were performed under open- and closed-cir-
cuit conditions and, selectively, with varying number of
anode graphite rods and cathode electrodes.

The EIS measurements were conducted using an Auto-
lab PGSTAT302N potentionstat—galvanostat (Metrohm-

Autolab B.V., Utrecht, The Netherlands) equipped with a
frequency response analyzer (FRA) and controlled by the
Autolab FRA & GPES software packages. The EIS data
were collected over the frequencies ranging from 1 MHz to
1 mHz, using a stimulus of 10 mV amplitude.

3 Results and discussion
3.1 Acclimation stage

Figure 2 shows the changes in the monitored cell voltage
Ucenn (100 Q external load) and in COD during the start-up
stage (nine-batch cycles). It can be clearly observed that
after the third batch cycle the peak voltage was stabilized
to a value around 614 mV, which corresponded to a current
of 6.14 mA. The 4ACMFC was able to decrease COD by
more than 75 % in all cycles. Moreover, a reproducible cell
performance for the last seven cycles occurred. Coulombic
efficiency (CE) ranged between 12 and 14 % for the last
seven batch cycles, while the duration of these cycles
remained constant, equal to approximately 1.25 days.

3.2 Continuous operation of the 4ACMFC using
glucose as substrate

Following inoculation, the system performance was
examined in continuous mode using synthetic wastewater
(SW) as substrate (glucose, 0.8 gcop Lfl) for 135.4 days.
The variations of the cell voltage and of the organic content
of the output (in terms of COD) during continuous flow
with SW are presented in Fig. 3. The 4ACMFC exhibited
good stability over an operational period of 22.2 days.
During this period, the steady-state cell voltage was equal
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Fig. 2 4ACMEFC voltage, U, and COD versus time during the
enrichment of the 4ACMFC with electrochemically active bacteria.
The first four batch cycles were performed after addition of anaerobic
sludge (10 % vol.) and synthetic wastewater (glucose 0.8 gcop L7h.
The following five batch cycles were performed using only synthetic
wastewater (glucose 0.8 gcop L~Y). External load Rey = 100 Q
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Fig. 3 4ACMEFC voltage, U.e;, and COD of the cell effluent versus
time during continuous operation of the cell with synthetic wastew-
ater (glucose 0.8 gcop L1, at the inlet); External load Ruy, = 100 Q.
Arrows indicate the interventions made during operation. Time, ¢, is
measured from the onset of cell operation in batch mode (continuous
operation started at + = 14.8 days). See text for discussion

to 0.551 & 0.019 V and the Coulombic efficiency was
21 %.

After 135.4 days of continuous operation (~ 150.2 days
of total operation, Fig. 3), the voltage and the Coulombic
efficiency (CE) gradually decreased to 0.244 + 0.011 V
and 8.34 %, respectively. On the other hand, COD removal
remained relatively high, increasing from 66-74 to
80-85 % after 83.3 days of cell operation. The fact that
glucose degradation during continuous operation remained
high (70-85 %), while the 4ACMFC performance, in terms
of voltage generation and Coulombic efficiency, was
reduced, indicates that during the long-term operation of
the 4ACMFC microbes other than exoelectrogens were
grown. In order to elucidate the factors that caused this
decrease and to enhance the performance of the 4ACMFC,
a series of relevant targeted experiments were conducted,
as described below.

3.2.1 Effect of Nx/CO, (80/20 v/v) sparging

Due to the open-pore structure of the GORE-TEX® cloth,
oxygen diffusion to the anode chamber is in principle
possible, causing competitive electron scavenging and
leading to a decrease of the Coulombic efficiency [21].
Since GORE-TEX® cloth was used as a separator in the
present study, the possibility of oxygen crossover into the
anolyte was examined. In order to test the presence of
aerobic bacteria in the anode chamber, after approximately
76.5 days (t ~ 91.5 days in Fig. 3) of continuous opera-
tion (Ucen = 0.334 £ 0.040 V, CE 12 %) the anolyte
solution was sparged with N,/CO, (80/20, v/v) gas for
30 min. This action did not affect the 4ACMFC perfor-
mance, indicating that during long-term operation of the
cell, aerobic activity is insignificant.
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3.2.2 Effect of air exposure

Since the 4ACMFC was inoculated with anaerobic sludge
(AD), which contains mixed bacterial cultures such as
methanogens, the presence of methanogens (non-exoelec-
trogenic bacteria) in the anode chamber was examined.
Methanogens compete actively with exoelectrogens for
their substrate, causing a decrease in the performance of
MFCs [25]. Furthermore, methanogens are quite sensitive,
and their inhibition can be achieved by air exposure. In
order to suppress the possible presence of methanogens,
two air stresses were imposed. After aeration, the anolyte
was sparged with N,/CO, (80/20 v/v) to run the MFC. As
shown in Fig. 3, following the first aeration of the anolyte
(for 30 min) at t+ = 97.9 days, where time t is measured
from the onset of the operation of the cell in batch mode, an
increase by 22 % of the cell voltage (U..; = 0.33 V) and
an increase by 23.6 % of the Coulombic efficiency (CE
11.02 %) were observed after 20 h of continuous cell
operation. However, the cell voltage and the Coulombic
efficiency decreased then gradually (within 2 h) to their
previous values. When the second aeration (of 1 h dura-
tion) was imposed at r = 101.1 days, after the same delay
of 20 h, similar increases of the cell voltage and
Coulombic efficiency were observed, i.e., by 22 and 24 %,
respectively. U, and CE dropped again to their previous
values, but only after 5.1 days of continuous operation.
Thus, the time for resuming the previous state, possibly
related with the methanogens recovery time, was greatly
affected by the duration of aeration.

3.2.3 Effect of the catalyst layer coating

Since the voltage was not completely recovered to its ini-
tial value after air stresses (Fig. 3), the possibility that the
catalyst layer coating is degraded over time was examined.
In order to determine the effect of the catalyst degradation,
the cathode electrodes were replaced by new identical
ones, after 117.7 days of total operation in batch and
continuous modes. When the cathode electrodes were
replaced, an increase by 60.3 % (0.391 + 0.144 V) of the
cell voltage and an increase by 58.6 % (CE = 13.23 %) of
the Coulombic efficiency were observed. The enhanced
performance of the MFC remained stable for 7 days, while
U.n and CE gradually later decreased, reaching their
values before the replacement of the cathode electrodes
after 22.1 days of continuous operation. Although the
MnO, catalyst layer coating used in the present study was
suitable for oxygen reduction, the results indicated that it is
not stable over time. Other cathode assemblies should be
investigated in order to enhance the performance and the
longevity of the 4ACMFC. Zuo et al. [26] used an ultra-
filtration hydrophilic tubular membrane as cathode, coated
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with graphite paint and co-tetra-methylphenylporphyrin
(CoTMPP) as cathode catalyst. Similarly to the present
study, they observed that during continuous flow, the cat-
alyst layer coating gradually cracked, whereas a visible salt
accumulation on the cathode tube occurred. The system
operated for only 4.16 days before the catalyst layer
showed large cracks.

During the long-term continuous operation of the
4ACMFC (1354 days), the cell voltage was overall
decreased by 55.7 %. On the basis of the observed cell
voltage increases after aeration and that after replacement
of the cathode electrodes, it can be estimated that the
competing action of methanogenic bacteria contributed to
the voltage drop by 25.1 %, while catalyst layer degraded
by 47.9 %. This still leaves an undefined voltage reduction
percentage of 27 %, which could be mainly attributed to
graphite granule clogging and could possibly be minimized
by further improving the electrical contact among the
granules [5].

Polarization experiment, which was conducted approx-
imately after 50.3 days of total cell operation, showed that
the internal resistance, R;,, of the cell was 40 Q at a
maximum power density Pp., of 13.6 W m>
(Ucen = 034V, I =7.2 mA). The open-circuit potential
(OCP) of the 4ACMFC was 0.57 V. It should be noted that
the P,.x produced by the 4ACMEFC is within the range of
the power densities reported in previous studies using air-
cathode systems. You et al. [27] reported a maximum
power density of 50.2 W m™, using a graphite-granule
membrane-less tubular air cathode MFC. Zhuang et al. [22]
studied the performance of a tubular air-chamber MFC
equipped with graphite-based conductive paint and non-
precious metal catalyst (MnO,) as a cloth cathode assem-
bly and reported a maximum power density of
2.83 Wm .

3.2.4 Effect of HRT on the 4ACMFC performance using
glucose as substrate

In order to study the effect of the HRT on the 4ACMFC
performance, after 36 days of continuous operation
(t = 50.8 days) at HRT = 15 h the cell was exposed to
several HRTs (15, 7.5, 5, 3.75, 3, 2, and 1.76 h) for a total
period of 16 days (Fig. 3). In order to examine the flexi-
bility of the cell and the reproducibility of the results, HRT
gradually decreased from 15 to 1.76 h (15, 7.5, 5, 3.75, 3,
2, and 1.76 h) and then gradually increased from 3 to 15 h.
For each HRT, the cell was operated for a time equal to at
least three HRTs, to obtain stable performance.

The variations of cell voltage and organic load of the
effluent (in terms of COD) over the period of 4ACMFC
operation at different HRTs (continuous mode) are pre-
sented in Fig. 4. The number above each double-sided

arrow indicates the HRT used in the time period corre-
sponding to this particular arrow. As shown in the figure,
the change in cell voltage with HRT for the first 10 days of
operation (after + = 50.8 days) is insignificant, remaining
approximately constant at 0.446 & 0.019 V. Then, a small
decrease by 10.8 % (Ugp = 0.398 + 0.010 V) in the
voltage is observed. No further variations in the voltage
were noted when the HRT was then consecutively switched
to 1.76, 3, 3.75, 7.5, and 15 h. This absence of dependence
of the cell voltage on the HRT implies that the limiting step
of the process is not the biodegradation of the substrate.

The COD removal efficiency and the Coulombic effi-
ciency at different HRTs are shown in Fig. 5. As shown in
the figure, the COD removal efficiency increased with the
increasing HRT values. In particular, the COD removal
efficiency at relatively short HRTs (1.76-3.75 h) was in the
range of 39.5-45 %, while for longer HRTs (5-15 h), it
gradually increased to values ranging from 53 to 73.4 %.
The lower COD of the effluent for 4ACMFC operation at
longer HRTs is probably due to the fact that in the latter
case, there was more time available for consumption of the
substrate. Low COD removal at short HRTs indicates that
there was insufficient contact time between the substrate in
the solution and the biofilm on the graphite granules in
order for the substrate to be fully oxidized (kinetic limi-
tation). The effects of HRT on the COD of the effluent are
consistent with previous findings [28-30].

As shown in Fig. 5, the Coulombic efficiency increased
with increasing HRTs. In particular, the Coulombic effi-
ciency at the relatively short HRTs (1.76-5 h) was in the
range of 3-8.4 %, while at longer HRTs (7.5 and 15 h) it
ranged from 10 to 18.6 %. Aelterman et al. [31] and Kim
et al. [29] also observed an increase in CE at lower organic
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Fig. 4 Detailed views of the dependences of the 4ACMFC voltage,
Ucen, and COD of the cell effluent versus time during the stage of
continuous operation of the cell at various hydraulic retention times
(HRTs); Time, ¢, is measured from the onset of cell operation in batch
mode (continuous operation started at t = 14.8 days)
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Fig. 5 Effects of HRT (Fig. 4) on the performance of the 4ACMFC
in terms of COD removal efficiency and Coulombic efficiency, CE

loading rates (OLR) (higher HRTSs). It should be mentioned
that the opposite behavior of increasing Coulombic effi-
ciency with decreasing organic load has been reported in
other studies [17, 32]. Consequently, the effect of HRT on
CE is still rather dubious. It might be attributed to mass
transfer limitation within the biofilm on the anode, or to the
competing consumption of substrate by non-exoelectro-
genic species that may well vary significantly between
different studies of mixed culture microbial fuel cells.

3.3 Continuous operation of the 4ACMFC using
domestic wastewater as substrate

When SW was replaced by municipal wastewater a sharp
decrease by 90.2 % of the cell voltage occurred, to a value
equal to 0.035 £ 0.030 V. Moreover, the COD removal
decreased by 46 %, to the value of 45 %, and the CE
decreased by 33 %, to the value of 7.8 %. The variations of
the voltage and the effluent COD during continuous oper-
ation of the 4ACMFC using municipal wastewater (MW)
as substrate are presented in Fig. 6.

The decline of cell performance when synthetic
wastewater was replaced by municipal wastewater has
been also reported in previous studies [17, 18]. There are
several factors which may lead to a lower cell performance
when real wastewater is treated. Some of these factors
often are the low ionic strength (resulting in low conduc-
tivity), the availabilities of other electron acceptors (such
as nitrate and sulfate), the presence of complex, hardly
degradable or recalcitrant substrates, and the presence of
non-electrochemical active bacteria which compete with
the exoelectrogens for organic matter consumption [17]
and space at the surface of the anode electrode. In the
present study, the municipal wastewater had a conductivity
of 1.596 mS cm™' which was 7.65 times lower compared
to the conductivity of the SW used (12.21 mS cm ™).
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Fig. 6 4ACMFC voltage, U, and COD versus time during
continuous operation of the 4ACMFC with municipal wastewater
(MW). Time, t, is measured from the onset of cell operation in batch
mode. At t = 184.6 days, the municipal wastewater was modified by
adding phosphate buffer and potassium chloride. External load
Rexe = 100 Q

In order to determine the effect of conductivity, the
wastewater was modified by adding phosphate buffer,
potassium chloride, and bicarbonate to the feed. The
additives increased the wastewater conductivity to
10.25 mS ecm™!, and an increase in the cell performance
was observed. The cell voltage increased by 139 %, to an
average value of 0.082 £ 0.039 V, and the CE increased
by 185 %, to a value of 22.3 %. The COD removal
remained approximately constant (38 %).

The improvement of the MFC performance with the
increasing conductivity of real wastewaters has been also
reported in previous studies. The increase in conductivity
lowers the ohmic resistance, while it improves proton flux
between the electrodes [33]. A low conductivity can limit
current densities, and thus it may allow other non-exo-
electrogenic bacteria to colonize the electrodes and inhibit
growth of exoelectrogenic bacteria [34].

Another important observation is the remarkable
increase of the CE efficiency value (by 62.6 %) when the
4ACMEFC treated the real wastewater with the additives,
compared to the cell operation when synthetic wastewater
was used as feed. This behavior can be attributed to the
lower organic loading rate in the case of municipal
wastewater (0.544 kgrcop m3 days_l, HRT 15 h),
compared to that when glucose was treated (1.28 kgrcop
m—> days~', HRT 15 h).

3.4 Electrochemical impedance spectroscopy
characterization

Electrochemical impedance spectroscopy (EIS) was used
for identification of the limiting factors for power output in
the 4ACMFC. EIS data were obtained both for glucose and
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Fig. 7 Impedance characteristics (Nyquist plots with the correspond-»

ing Z, vs. log f plot as inset) of the 4ACMFC (four-air cathodes) for
different substrates and number of anode rods under open or closed-
circuit conditions: a glucose as substrate (0.8 gcop LY open-circuit
conditions (Ugeo & 0.5 V), b municipal wastewater as substrate
(0.34 grcop LY, open-circuit conditions (Uceno & 0.55 V), and
¢ glucose as substrate (0.8 gcop Lfl), closed-circuit conditions
(short-circuiting, Ucep = 0 V)

municipal wastewater as substrate, in batch operation
mode. The experiments were conducted when the MFC
voltage had reached a practically constant value after the
addition of the substrate and connection to the MFC of an
external resistance of 100 Q.

In Fig. 7a, b, c, for different numbers of anode elec-
trodes (graphite rods), the impedance characteristics of the
4ACMFC with glucose (Fig. 7a, c¢) and municipal
wastewater (Fig. 7b) as substrate, under open- (Fig. 7a, b)
and closed-circuit conditions (Fig. 7c) are compared. The
impedance data are presented in the form of Nyquist plots
with the corresponding Z,.. versus log f plot as inset (f fre-
quency). Despite the significant overlapping, at least two
individual spectral features can be observed in the Nyquist
plots, more clearly under closed-circuit conditions
(Fig. 7c), reflecting the contribution of the MFC’s anode
and cathode. Figure 7a, b shows that under open circuit, the
contribution of the polarization resistance R, of the cell is
dominant compared to that of the ohmic resistance Rynm,
whereas it is by approximately a factor of 2 higher for
municipal wastewater compared to that for synthetic
wastewater (glucose). The latter observation is in agree-
ment with the observed inferior performance of the
4ACMFC with municipal wastewater, as it concerns vol-
umetric power density. The higher open-circuit polariza-
tion resistance for municipal wastewater (0.34 gcop LY
reflects the fact that it consists of complex hardly degrad-
able or recalcitrant substrates, whereas glucose (0.8 gcop
L™") is an easily and completely biodegradable substrate.
On the basis of this difference in R, higher activation
overpotential can be expected under operating conditions
(closed circuit) when municipal wastewater is used, com-
pared with synthetic wastewater (glucose), and thus a lower
value of maximum power density. Under closed-circuit
conditions (Fig. 7c), specifically for applied cell voltage
equal to 0 V corresponding to short-circuit of the cell, the
relative contribution of Ry, in determining the power
output of the cell with glucose as substrate becomes sig-
nificant, as under these conditions the polarization resis-
tance R, is only around 3.5 times higher than Rgpm,. As
shown in Fig. 7a, b, c, the number of graphite rods does not
seem to affect significantly the impedance characteristics
of the 4ACMFC, in particular R, and R, irrespective of
substrate and polarization. This implies a sufficiently good
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«Fig. 8 Comparison of the open-circuit impedance characteristics of
the ACMFC (with 5 anode rods) for a different number of air
cathodes and municipal wastewater as substrate (0.34 grcop Lfl),
Uceno ~ 0.55 V. a Nyquist plots b Z. versus log f plots ¢ —Z;,
versus log f plots

electrical contact between the graphite granules, despite the
existence of the biofilm, which renders essentially unim-
portant the effects of position and number of current col-
lectors (graphite rods).

In Fig. 8a, b, c are compared the open-circuit charac-
teristics of the cell with municipal wastewater as substrate,
for different number of cathode electrodes. The impedance
data are presented in the form of Nyquist (Fig. 8a), Z.
versus log f (Fig. 8b) and —Z;,,, versus log f (Fig. 8c) plots.
The figure shows that the open-circuit characteristics of the
ACMEC are not practically affected when decreasing by
one the number of air cathodes, i.e., from four to three,
whereas they completely change by further decreasing this
number. The corresponding Nyquist plots do not appear as
depressed semicircles but as inclined lines, presumably
parts of incomplete large depressed semicircles, whereas
the apparent polarization resistance (not possible to be
determined) increases dramatically. This behavior implies
that the available surface area of the cathode electrodes has
become the limiting factor for the ACMFC performance
and indicates that an operation of the 4ACMFC with less
than three cathodes is not practically possible.

4 Conclusions

A four-air cathode MFC was operated in batch and con-
tinuous-flow modes, for ca. 208.3 days. For synthetic
wastewater (glucose) feed, a maximum power density of
13.6 W m_3, a COD removal of 85 %, and a Coulombic
efficiency (CE) of 21 % were obtained. For municipal
wastewater feed, COD removal was 45 % and CE was
7.8 %, the latter increasing to 22.3 % after salt addition.
CE increased with the hydraulic retention time (HRT),
whereas cell voltage is not affected significantly. During
long-term continuous operation, catalyst degradation
occurred, whereas competing action of non-electrogenic
microorganisms for substrate consumption was evident.
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