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Three novel constructed wetland-microbial fuel cells (CW-
MEFCs), based on electrode location, were developed for waste-
water treatment and sustainable electricity production by
embedding a MFC into a CW system. In the three CW-MFC,
electrodes were placed in different locations, including bot-
tom anode-rhizosphere cathode CW-MFC (BA-RC-CW-MFC),
rhizosphere anode-air cathode CW-MFC (RA-AC-CW-MFC),
and bottom anode-air cathode CW-MFC (BA-AC-CW-MFC),
to investigate the combined effects of organic loading rates
(OLRs) and reactor configurations on the electrogenesis
capacity of the hybrid system. All the systems operated con-
tinuously to treat five types of synthetic wastewater with
increasing OLRs: 9.2, 18.4, 27.6, 55.2, and 92.0 g chemical
oxygen demand (COD) m™ 2 d~'. The BA-RC-CW-MFC failed
to produce electricity at any OLR, whereas the maximum
power densities of 0.79+ 0.01 and 10.77+ 0.52 mW m™ >
were achieved in the RA-AC-CW-MFC with 18.4 g COD
m 2 d ' influent OLR and in the BA-AC-CW-MFC with
27.6 g COD m™ 2 d~ " influent OLR, respectively. The coulom-
bic efficiencies of the RA-AC-CW-MFC and BA-AC-CW-MFC
decreased gradually with the increase in influent OLRSs.
© 2016 American Institute of Chemical Engineers Environ Prog, 30:
435-441, 2017
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INTRODUCTION

Microbial fuel cells (MFCs) have garnered much attention
recently, owing to their ability to treat wastewater and simul-
taneously recover energy from wastewaters containing
organic matters [1]. In a typical MFC, electrochemically active
bacteria growing at the anode act as a catalyst to oxidize
organics in wastewater, producing electrons that are trans-
ferred to the anode and then flow to the cathode through an
external circuit. Electrons arriving at the cathode combine
with a reducible compound (e.g., oxygen, nitrate, or sulfate),
whereas protons migrate from the anode across a separator,
resulting in the generation of electric current [2,3].

© 2016 American Institute of Chemical Engineers
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To ensure their practical and economical suitability in
large-scale applications, much effort has been made to
improve the performance and reduce the construction and
operating costs of MFCs [4,5]. Incorporating MFCs with tradi-
tional constructed wetlands (CWs) is one of the approaches
taken towards this goal [6,7]. A CW that involves wetland
vegetation, soils, and the associated microbial metabolisms is
widely utilized as a cost-effective, efficient wastewater treat-
ment system because of its low operating and maintenance
costs and high removal capacity for pollutants [8].

The CW zonation of the redox gradient (—400 — +800
mV) in the vertical direction with depth [9], or in the radial
direction around roots [10], makes it possible to embed a
MEFC into a CW. The combination of CW-MFC has many ben-
efits [11]: (1) it helps improve electricity generation, owing to
the greater quantity of organic compounds (electron donors)
for anode oxidation; (2) it enhances the removal of some
recalcitrant compounds present in wastewater; and (3) the
generated electricity may be applied to offset energy con-
sumption by the CW or to power sensors for continuous and
automatic monitoring of the CW. Previous research has sug-
gested that power generation varied in proportion to waste-
water strength (represented as chemical oxygen demand,
COD) and that substrate oxidation was essential for electrici-
ty generation [12,13]. Improving the power density not only
helps recycle more electrical energy from the wastewater,
but also may promote the removal of contaminants. Howev-
er, the value is still low (<60 mW m 2 [14], and in conse-
quence much effort has been made to improve the system
output of CW-MFCs, including optimization of flow regimes,
influent COD concentrations, and electrode materials and
configurations [6,14-17].

In a conventional MFC, the anode chamber can use
organic matter to produce oxidation reactions under anaero-
bic conditions created by sealing the device and adding
nitrogen; whereas the cathode chamber can use oxygen to
produce reduction reactions under aerobic conditions creat-
ed by exposure to the atmosphere. Similarly, when building
a CW-MFC, the cathode can be placed in the aerobic envi-
ronment at the uppermost layer, and the anode can be
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Figure 1. Schematic representation of the three CW-MFCs. (a): BA-RC-CW-MFC; (b): RA-AC-CW-MFC; (¢): BA-AC-CW-MFC.

[Color figure can be viewed at wileyonlinelibrary.com]

placed in the anaerobic environment at the bottom or mid
depth of the wetland [14-17].

Furthermore, the presence of plants, which can release oxy-
gen as well as carbon-containing compounds into the rhizo-
sphere in waterlogged soils and flood-prone environments
through the aerenchyma and roots [18,19], offers more possi-
ble reactor configurations of the CW-MFCs via different elec-
trode locations. The rhizosphere can be a cathode by using
oxygen released from the roots as an electron acceptor or an
anode by utilizing root exudates of plants as fuel for harness-
ing bioelectricity [20-22]. Liu et al. [14] compared two types of
CW-MFCs (with Ipomoea aquatic plants in the anodic and
cathodic zones) and concluded that the CW-MFC with the
anode located in the rhizosphere was appropriate for treating
low concentration organic wastewater (COD < 250 mg L_l),
whereas the other CW-MFC had the ability to resist high con-
centrations of organic matter. Furthermore, a maximum power
density of 44.63 mW m~ 2 was obtained by placing the cathode
around the plant roots [14]. However, the power output with
the cathode located around the roots of Phragmites australis
or Typha latifolia is relatively low [23,24]. These significantly
different results obtained through utilizing the root as the cath-
ode may be caused by the variation in plant species, which
lead to discrepancies in root morphological and structural fea-
tures, as well as the secretory capacities of oxygen and organ-
ics. The suitability of the rhizosphere as the cathode is not well
understood yet. Furthermore, due to the discrepancies in the
influent conditions, inoculums, matrix, and plants, as well as
other parameters, it is difficult to compare the power densities
of the CW-MFCs that appear in different reports. The compara-
tive performance, in terms of electricity generation, of these
three types of CW-MFC structures under the same conditions
remains to be investigated.

To further improve the electricity production capability of the
CW-MFC hybrid system, and to optimize its reactor structure,
three different electrode placement configurations in continuous
up-flow CW-MFCs, including bottom anode-rhizosphere cathode
CW-MFC (BA-RC-CW-MFQ), rhizosphere anode-air cathode CW-
MFC (RA-AC-CW-MFC), and bottom anode-air cathode CW-MFC
(BA-AC-CW-MFC), were developed. Additionally, the effect of
reactor structure on power output is closely related to influent
organic loading rates (OLRs). Thus, the effects of influent OLRs
on the power output of the three CW-MFCs were compared.

MATERIALS AND METHODS
CW-MFCs Configuration and Setup

All three types of CW-MFCs (each in triplicate; Figure 1)
were composed of a polyvinyl chloride (PVC) column
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(700 mm height, 160 mm in diameter), a holding bucket
(60 L), and a multichannel peristaltic pump (feeding the
inflow) connected to an inlet pipe at the bottom of the sys-
tems in a room with relatively stable temperature (25 —
30°C). A PVC pipe (700 mm height, 20 mm in diameter) with
small holes in the sides wrapped in nylon mesh was inserted
vertically into the bottom of each reactor to monitor dis-
solved oxygen (DO) concentration. Granule active carbon
(diameter 3-5 mm) was used as the anode in all the CW-
MFCs and as the cathode in the BA-RC-CW-MFC, whereas
graphite felts (140 mm external diameter X 70 mm inner
diameter X 6 mm thickness) were used as the cathode in the
other MFCs. Stainless steel mesh (thickness of 1 mm, 12-
mesh), with a working surface area of 493 cm?, was inserted
into the randomly packed granule active carbon to collect
the generated electrons efficiently. All graphite components
were pretreated by washing them in 1 N HCl and 1 N NaOH
to remove possible metal and biomass contamination [3].
The electrodes were connected to an external resistance of
500 Q by titanium wire (1 mm thickness) to close the electric
circuit.

Reactor configurations of the three CW-MFCs, including
BA-RC-CW-MFC (Figure 1a), RA-AC-CW-MFC (Figure 1b),
and BA-AC-CW-MFC (Figure 1c¢), are shown in Figure 1. All
the systems were planted with equal amounts of freshly
developing shoots and rhizomes of Canna indica var. flava.
In the BA-RC-CW-MFC, four layers existed from the bottom
upward: the bottom gravel (particle size of 4-8 mm) layer
(depth of 100 mm), the anode compartment placed above
the gravel (depth of 200 mm), the middle gravel layer (depth
of 100 mm), and, at the top, the cathode compartment
(depth of 230 mm). The RA-AC-CW-MFC was constructed
with a bottom gravel layer (depth of 400 mm), the anode
region located around the plant root (depth of 200 mm), and
a gravel layer (depth of 24 mm), above which graphite felt
as the cathode was placed at the air-water interface. In the
BA-AC-CW-MFC, the anode compartment followed the same
arrangement and materials used as outlined for the BA-RC-
CW-MFC, the cathode setup was the same as the RA-AC-CW-
MFC, and a middle gravel layer (depth of 324 mm) was
placed between the anode and cathode regions.

Experimental Inoculation and Operation

To start up the CW-MFCs, the anode chamber was inocu-
lated with anaerobic activated sludge (30% v/v) collected
from a local domestic wastewater treatment plant (Wuchang
Zone, Wuhan, China) and filled with a synthetic wastewater
(COD =150 mg L_l), whereas the cathode was immersed in
aerobic activated sludge for 48 h before being introduced to
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the device. The synthetic wastewater contained 0.197 g L'
CH3COONa, 2.307 g L™* Na,HPO,-12H,0, 0.554g L™ NaH,.
PO42H,0, 0.191 g L' NH,CL, 0.5 g L™ NacCl, 0.0068 g L™
CaCl,-6H50, 0.1 g L™ MgSO,4-7H,0, and 1 g L~ ! NaHCOs5. The
systems were operated in batch mode during the enrichment
stage. After obtaining stable performances in batch mode, the
CW-MFCs were converted to continuous-flow mode with a
flow rate of 2.57 mL min~', giving an HRT of 24 h. In
continuous-flow mode, the OLR of the synthetic wastewater
was varied from 9.2 t0 92.0 g COD m~ % d~' by adjusting the
influent COD concentration from 50 to 500 mg L™'. The reac-
tors were operated for 3—5 days at each OLR.

Sampling, Analytics, and Calculations

Samples were collected weekly, before quasi-steady-state
conditions were achieved. The reactor was assumed to
achieve a steady state if voltage values did not vary more
than 10% in two consecutive weeks. Once the systems
reached steady state, a series of experiments was performed
to study the effects of OLR on the energy production of the
three CW-MFCs.

The ability of the different reactor configurations to affect
electricity generation performance was examined in terms of
voltage output and power density. The cell potential (mV)
across the external resistors in the CW-MFCs was monitored
continuously at 5 min intervals using an on-line data logger
(Jisheng R6016/U, Shanghai, China) and current (I) was cal-
culated using Ohm’s Law. The current density was calculated
by dividing the current by the anodic surface area (mA m™2).
To obtain polarization curves at a steady state, the external
resistance was changed in a stepwise manner every 15 min
(from 50,000 to 5 Q). The coulombic efficiency (CE) of the
systems was determined using Eq. (1) for MFCs under con-
tinuous flow [25].
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Figure 2. Representative voltage output in different CW-

MEFCs under 27.6 g COD-m~* d~' OLR. [Color figure can be
viewed at wileyonlinelibrary.com]
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where CE is coulombic efficiency (%), M is the molecular
weight of O, (g O, mol ! O;l; =32), I is current (mA), F is
Faraday’s constant (94,685 C mol™"), g is the volumetric
influent flow rate (L sfl), b is the number of electrons
exchanged per mole of oxygen (mol e~ mol™' O;';=4),
and ACOD represents the change in COD between influent
and effluent.

RESULTS AND DISCUSSION

Effect of Electrode Locations on Electricity Production
The CW-MFCs were fed at an OLR of 27.6 g COD
m~? d”" and flow rate of 2.57 mL min~" during operation of
start-up. After approximately a month of operation, the sys-
tems achieved constant electricity production. The results of
voltage output across a 500 Q external resistor taken on
three consecutive days during steady state are shown in Fig-
ure 2. The BA-RC-CW-MFC did not produce electricity during
operation (data not shown), whereas average voltages of
73 £25 and 329 * 16 mV were achieved by RA-AC-CW-MFC
and BA-AC-CW-MFC, respectively, under 27.6 g COD
m ™~ d~!' OLR. Different electricity generations by the BA-AC-
CW-MFC and RA-AC-CW-MFC reported here could be attrib-
uted to the different anode locations in the MFCs. The rea-
son there was no voltage generation in the BA-RC-CW-MFC
was probably that limited available oxygen in the cathode
region was present. In some previous studies of planted-
MFCs (PMFCs) [22] or CW-MFCs [0], the excreted oxygen
from plant roots that had high amounts of aerenchyma could
function efficiently as a cathodic electron acceptor when the
cathode was placed in an aerobic rhizosphere. However,
quite low voltage generation was obtained in other studies,
which also used roots as the cathode region [23,24]. Two
possible reasons exist for that the cathode located in the wet-
land plants root could not work efficiently or even stopped
working: a limited capacity to release oxygen through the
aerenchyma of wetland plants and a high concentration of
organic matter flowing into the cathode area [6]. For the BA-
RC-CW-MFC, the restrictive oxygen excreted via the root of
wetland plants may be the primary reason for electricity pro-
duction failure. The DO in the cathode region of the BA-RC-
CW-MFC was 0.45 mg L' (Table 1), which is significantly
lower than the normal value of such in other CW-MFCs with
the cathode located in the rhizosphere [16,26]. A comparison
of studies regarding the performances of various PMFCs or
CW-MFCs related to living plants was compiled and is pre-
sented in Table 2. Living plants can use root exudates, which
are oxidized at the anode, or employ a rhizosphere bioca-
thode, which acts as an electron acceptor and concurrently
reduces H" to H,O. The roots of some plants, such as rice
plants, Canna indica, and Ipomoea aquatic, can be used as
both an anode and a cathode (Table 2), which may be due
to the different operational conditions. Root depth and the
secretory abilities of oxygen and organic matter via the roots

Table 1. Comparative performance of different systems under 27.6 g COD-m™ > d~* OLR.

Anode Cathode
Depth DO Depth DO Average Average power
System (mm) (mg L™ b (mm) (mg L™ b voltage (mV) density (mW m™ %)
BA-RC-CW-MFC 100-300 0.21 400-630 0.45 0 0
RA-AC-CW-MFC 400-600 0.13 624-630 0.55 73+ 25 0.53+0.18
BA-AC-CW-MFC 100-300 0.30 624-630 2.38 329 =16 10.77%+ 0.52
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Table 2. Living plants used in the previous PMFC or CW-MFC studies.

Plant

Function

Rice plants

Spartina anglica

Canna indica

Ipomoea aquatica

Phragmites australis

Arundinella anomala
Glyceria maxima
Pennisetum setaceum
Typha latifolia

Assisting the anode

Assisting the cathode
Assisting the anode

Assisting the anode
Assisting the cathode

Assisting the anode

Assisting the cathode

Assisting the cathode

Assisting the anode
Assisting the anode
Assisting the anode
Assisting the cathode

Maximum
power density
MFC configuration Feed (mg L™ D) (mWm ™ %) Ref.
Single-chamber PMFC - 6 (28]
Single-chamber PMFC - 26 [21]
Single-chamber PMFC - 3.52-14.44 [29]
Single-chamber PMFC - 201 [22]
Single-chamber PMFC
Dual-chamber PMFC - 100 [30]
Dual-chamber PMFC - 211 [31]
Single-chamber PMFC - 222 [32]
Single-chamber PMFC - 18 [33]
Vertical subsurface Sucrose (8000) and 15.73 [34]
flow CW-MFC methylene blue dye
(500-2000)
Vertical subsurface Glucose (250-750) <0.05W m~? (171
flow CW-MFC
Vertical subsurface 50-1000 13.94-39.07 [14]
flow CW-MFC
Vertical subsurface COD (180) 0.455 W m™> [35]
flow CW-MFC and ABRX3 (18)
Vertical subsurface Glucose (600) 0.302 W m ? [36]
flow CW-MFC and X-3B artificial
wastewater (180)
Vertical subsurface 193-205 12.42 [26]
flow CW-MFC
Vertical subsurface ~200 55.05 [14]
flow CW-MFC
Horizontal subsurface 250, 560, 1100 0.15, 43, [6]
flow CW-MFC stop working
Simultaneous 583 0.276 W m™? (371
upflow—downflow
CW-MFC
Vertical subsurface 411-854 0.268 Wm > [16]
flow CW-MFC
Vertical subsurface 455-3220 9.35 (23]
flow CW-MFC (with aeration)
Single-chamber PMFC - 22 (32]
Dual-chamber PMFC - 72 [38]
Single-chamber PMFC - 163 (39]
Vertical subsurface ~315 6.12 [24]

flow CW-MFC

(with aeration)

may also have an important influence on the selection of the
root as an anode or a cathode, which should be studied fur-
ther. Higher voltage output was achieved by the BA-AC-CW-
MFC compared with the RA-AC-CW-MFC. Possible reasons
for this result are as follows: (1) there are more available
substrates in the anode of the BA-AC-CW-MFC, because its
anode region is closer to the inlet, and (2) it is possible that
untreated organic matter and root exudation in the anodic
region flowed to the cathodic region in the RA-AC-CW-MFC,
because of the short distance (24 mm) between the anode
and the cathode.

Polarization curves were obtained to determine the maxi-
mum power generation and internal resistance in the RA-AC-
CW-MFC and BA-AC-CW-MFC (Figure 3). The BA-AC-CW-
MFC exhibited a maximum power density of 11.21 mW m™ 2,
which was almost tenfold higher than the 1.05 mW m 2
achieved in the RA-AC-CW-MFC. A polarization curve can
provide information about major losses that are decisive for
the fuel cell performance [27]: (1) activation-related losses
caused by sluggish electrode kinetics of the electrochemical
reactions at the electrodes; (2) ohmic losses governed by
resistance to the flow of ions in the electrolyte and resistance
to flow of electrons through the electrode, which are
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proportional to the current density; and (3) mass-transport-
related losses caused by finite mass transport limitation rates
of the reactants and that depend strongly on the current den-
sity, reactant activity, and electrode structure. As seen in Fig-
ure 3, the decrease in the voltage outputs of the two CW-
MFCs along with the decrease in the external resistors indi-
cated existing ohmic losses. Moreover, the ohmic resistances
of the RA-AC-CW-MFC and BA-AC-CW-MFC were 188 and
319 Q, respectively. These results suggest that the decrease
of the space between the anode and the cathode may have
reduced the ohmic internal resistance. However, uncomplet-
ed oxidization of the organics in the anodic region flowed to
the cathodic one in RA-AC-CW-MFC and reduced the output
voltage. Thus, optimizing electrode spacing is crucial for
electricity generation by CW-MFCs, and depends on influent
OLR, HRT, DO, redox potential, etc.

Combined Effects of Influent OLRs and Electrode
Locations on Electricity Production

After the systems reached stable performance, the OLR of
the synthetic wastewater was varied from 9.2 to 92.0 g COD
m 2 d”!' by adjusting the influent COD concentration from
50 to 500 mg L™*. Voltage output and current density varied

Environmental Progress & Sustainable Energy (Vol.36, No.2) DOI 10.1002/ep
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with different OLRs (Figure 4). According to Figure 4, both
voltage output and current density of the RA-AC-CW-MFC
and BA-AC-CW-MFC showed similar variation tendencies.
However, the BA-RC-CW-MFC failed to produce electricity at
any OLR, which further confirmed the restrictive oxygen
excreted through the plant roots is the primary limiting factor
for electricity generation failure. The power density of the
BA-AC-CW-MFC was 2.81 = 0.02 and 9.69 = 0.25 mW m~? at
the concentrations of 9.2 and 18.4 g COD m™> d™' influent
OLR, respectively, whereas the power density of the RA-AC-
CW-MFC was 0.41=0.11 and 0.79=0.01 mW m ° at the
same concentrations. The maximum power densities of
0.79+0.01 and 10.77 = 0.52 mW m~* were achieved in the
RA-AC-CW-MFC with 18.4 g COD m™* d~! influent OLR and
in the BA-AC-CW-MFC with 27.6 g COD m™* d™' influent
OLR, respectively. However, when the OLRs were raised
higher than 18.4 g COD m™ ? d™ ! influent OLRs in the RA-
AC-CW-MFC and 27.6 ¢ COD m * d” ! influent OLRs in the
BA-AC-CW-MFC, the voltage outputs and power densities of
the two systems decreased gradually. When the OLR was
increased to 92.0 g COD m™* d™!, the RA-AC-CW-MFC even
stopped working, whereas the minimum power density of
2.30£0.08 mW m~* was achieved in the BA-AC-CW-MFC.
In addition, the voltage output and power density of the BA-
AC-CW-MFC were higher than those of the RA-AC-CW-MFC
were at any OLR. Moreover, the discrepancies in the voltage
outputs and power densities between the two systems
reached a minimum value at the minimum OLR of 9.2 g
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COD m™2 d™'. These results indicate that the RA-AC-CW-
MFC is more suitable for treating influent with a low OLR,
whereas the BA-AC-CW-MFC shows a higher electrogenesis
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capacity for influents with a wide range of OLRs. Similar
results have been reported [14].

The CEs of all the CW-MFC systems varied with influent
OLRs, as shown in Figure 5. The BA-AC-CW-MFC achieved
CEs in the range of 0.16-2.12%, which were higher than
those of the RA-AC-CW-MFC in the range of 0-0.78%. The
low CEs indicate that the majority of organic matter was
removed by methanogens or other microbes, instead of by
the anodophilic bacteria. The CEs of the BA-AC-CW-MFC
declined with increased influent OLR, which is consistent
with the results of previous studies on CW-MFCs [16,17].
Comprehensive considerations of the material and configura-
tion of the reactor, type and concentration of the feed, oper-
ating mode (batch or continuous), wetland plant species,
and hydraulic retention time, etc., are necessary to acquire
optimal CEs and power densities.

CONCLUSION

In this study, the combined effects of influent OLR and
electrode location on the power output in continuous up-
flow CW-MFCs were investigated. When placing the cathode
in the rhizosphere, the CW-MFC planted with Canna indica
var. flava failed to produce electricity because of the limited
capacity of oxygen release through the aerenchyma. Higher
voltage output and power generation were achieved by plac-
ing the cathode in the air-water interface in comparison with
the cathode in the rhizosphere. Moreover, the maximum
power densities achieved in the RA-AC-CW-MFC and BA-AC-
CW-MFC were 18.4 and 27.6 g COD m™ 2 d™! influent OLR,
respectively. The RA-AC-CW-MFC was more suitable for
treating influent with a low OLR, whereas the BA-AC-CW-
MFC showed a higher electrogenesis capacity for influents
with a wide range of OLRs. Nevertheless, when choosing a
wetland plant as an anode or a cathode, its root depths and
secretory abilities of oxygen and organic matter under differ-
ent operational conditions need to be studied further. To
acquire optimal CE and power density, comprehensive con-
siderations for reactor architectures and operational condi-
tions are critical.
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