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h i g h l i g h t s

� Simultaneous organic matter,
nutrient removal and bioenergy
recovery by UFCW-MFC.

� Supplementary aeration contributed
to oxygenation of the wetland matrix.

� Aerated UFCW-MFC out-performed
control reactor in bioelectricity
generation.

� Macrophyte enhanced nitrification
and bioelectricity generation.

� Oxygen as terminal electron acceptor
for bioelectricity generation.
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a b s t r a c t

This study investigates the role of plant (Elodea nuttallii) and effect of supplementary aeration on wastew-
ater treatment and bioelectricity generation in an up-flow constructed wetland-microbial fuel cell
(UFCW-MFC). Aeration rates were varied from 1900 to 0 mL/min and a control reactor was operated
without supplementary aeration. 600 mL/min was the optimum aeration flow rate to achieve highest
energy recovery as the oxygen was sufficient to use as terminal electron acceptor for electrical current
generation. The maximum voltage output, power density, normalized energy recovery and Coulombic
efficiency were 545.77 ± 25 mV, 184.75 ± 7.50 mW/m3, 204.49 W/kg COD, 1.29 W/m3 and 10.28%, respec-
tively. The variation of aeration flow rates influenced the NO3

� and NH4
+ removal differently as nitrification

and denitrification involved conflicting requirement. In terms of wastewater treatment performance, at
60 mL/min aeration rate, UFCW-MFC achieved 50 and 81% of NO3

� and NH4
+ removal, respectively. E. nut-

tallii enhanced nitrification by 17% and significantly contributed to bioelectricity generation.
� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Environmental pollution particularly water pollution and
energy scarcity are two important challenges that our planet is fac-
ing nowadays (Xu et al., 2015). Water is required in energy produc-
tion and at the same time, energy is needed in water extraction,
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treatment and distribution (Olsson, 2015). From the understanding
of water-energy nexus and the need for clean water and energy,
have driven the exploration of sustainable wastewater treatment
technology to address both challenges simultaneously.

Constructed wetlands (CWs) appear to be a favourable wastew-
ater treatment option worldwide due to the advantages like low
cost in construction and maintenance as well as more sustainable.
Lim et al. (2003) showed that it was possible to provide aerobic
and anaerobic condition in a single unit sub-surface flow CW tank
with 44 rhizomes/m2 plant density. However, there were also
some single-stage CWs, which was unable to accomplish high total
nitrogen removal (Vymazal, 2007). Therefore, artificial aeration
was proposed for systems that lack of aerobic condition and could
not achieve good nitrogen removal. Higher aeration rate means the
higher the consumption of energy. It would be ideal to provide
optimum air flow rate to ensure minimum wastage. Aeration can
be energy intensive; however, wastewater treatment plant can also
be an energy producer.

Lately, microbial fuel cell (MFC) has gained large attention from
researchers worldwide for its ability to achieve wastewater treat-
ment and energy recovery. MFC is an emerging technology that
can utilize wastewater as fuel for anode for electrical current gen-
eration via biocatalyst and this makes MFC a sustainable technol-
ogy for waste management and merits with energy generation
(Logan et al., 2006; Srikanth and Venkata Mohan, 2012). MFC sys-
tems have been improving from time to time to achieve better per-
formance in all possible ways. The development of MFC evolved
from with the use of mediators, membranes and separators to
mediator-less, membrane-less, without separator and the use of
biocathode. These are some of the interesting components in a
MFCs system which are noteworthy, as they are more practical in
real applications.

The desire for sustainable wastewater treatment technology has
driven the development of microbial fuel cell integrated with con-
structed wetland, which is becoming a cutting edge hybrid tech-
nology (Yadav et al., 2012; Liu et al., 2014; Doherty et al., 2015a;
Fang et al., 2015; Oon et al., 2016). This type of MFC based technol-
ogy was derived from the similarity of both systems. CW possesses
the natural stratified redox potential along the wetland bed, where
aerobic condition can be developed at upper region, while anaero-
bic microenvironment at bottom region. Similarly, in MFC system,
the conditions also corresponded to the traits of CW, where anode
and cathode can be strategically placed at anaerobic and aerobic
conditions, respectively (Xu et al., 2015). CW-MFC studies found
that the pollutant removal efficiencies improved compared to
treatment by an individual unit (Srivastava et al., 2015). Anyway,
CW-MFC studies are limited and still in its infancy, thus further
researches on the configurations and optimizations are in great
need. A wastewater treatment plant resembles a water-energy
nexus, and in this study it is envisioned to serve as an energy pro-
ducer to partial off-set the energy consumed by the system. The
main objectives of this study are to investigate the role of wetland
macrophytes and the effect of supplementary aeration in wastew-
ater treatment and bioelectricity generation performance by using
up-flow constructed wetland-microbial fuel cell (UFCW-MFC)
reactors. This study also hoped to provide a reference on efficient
supplementary aeration to optimize the wastewater treatment
and bioelectricity recovery in a cost effective manner.

2. Materials and methods

2.1. Bioreactor configurations and operation

Two parallel UFCW-MFC bioreactors were fabricated and set up
to study the effect of aeration and role of submerged plant on the

performance of nitrification, denitrification, organic degradation
and bioelectricity generation. Fig. 1 shows the schematic diagram
of the two bioreactors. The bioreactors were located at outdoor
sheltered by veranda at average temperature of 28 ± 4 �C. Acrylic
columns with diameter of 18 cm and height of 75 cm were used
to construct the two bioreactors. Glass beats with an average diam-
eter of 1 cm were filled from the bottom of the reactor up to 3 cm
height of the reactor to ensure even distribution of wastewater
influent. Gravel was used as supporting medium. Five sampling
points (S1, S2, S3, S4 and S5) were designed along the wetland
bed at 7, 21, 36, 51 and 66 cm from the bottom of the bioreactor,
respectively (Oon et al., 2016).

Activated carbon was used as the electrode in this study. Acti-
vated carbon was layered in between gravels and each layer of
the anode and cathode electrode consists of 2544.69 cm3. The elec-
trode set up was similar to Oon et al. (2016) to study the bioelec-
tricity performance of the reactors. Three anodes were positioned
at 8 cm, 23 cm and 38 cm; while, cathode was placed at 53 cm
from the bottom of the reactor. Activated carbon and gravels were
immersed in the mixed cultures sludge for inoculation for a month
ahead before reactors’ set up. The activated sludge was obtained
from a local glove manufacturing factory’s wastewater treatment
plant (Shorubber (M) Sdn. Bhd). Anode and cathode were con-
nected by insulated copper wires across a 1000X external resis-
tant. Stainless steel and carbon rod were used as connects at the
electrodes. Voltage output of the UFCW-MFC systems were moni-
tored and recorded by using a data logger (Midi LOGGER GL820
GRAPHTEC).

Reactor 1 (R1) was planted with Elodea nuttallii (waterweed),
which is a type of submerged wetland plant. The plant was
obtained from Tasik Melati, Perlis. About 200 g of E. nuttallii was
strategically placed at the cathodic region of R1. On the other hand,
Reactor 2 (R2) was a control reactor, which was without plant and
without supplementary aeration. Aeration sparger was installed
below cathodic compartment, 45 cm from the bottom of the reac-
tor, in order to produce aerobic microenvironment. Concomitant
aeration was provided to the reactor. The airflow rates were regu-
lated from 1900, 1200, 600, 60 and 0 mL/min by using an air flow
meter with control valve (Model: LZB-3, China). The control valve
at the air flow meters was used to adjust the air flow at a desired
constant rate.

This study was operated for a total of 276 days. The bioreactors
were operated for 70, 73, 46, 38, and 45 days during aeration flow
rates of 1900, 1200, 600, 60 and 0 mL/min, respectively. It was
observed that after 30 days of operation on each air flow rate,
the voltage output appear stable.

Synthetic wastewater made up of 214.2 mg/L C6H5COONa,
409.8 mg/L CH3COONa, 176.1 mg/L NH4NO3, 7.0 mg/L, NaCl,
3.4 mg/L MgCl2 6H2O, 4.0 mg/L CaCl2�2H2O and 36.7 mg/L
K2HPO4 were fed to the bioreactors by a peristaltic pump (Natong
BL-100C, China) at flow rate of 4.048 mL/min. Air pump and peri-
staltic pump were connected to a timer, which regulated to 3 h
on followed by 0.5 h off cycles and maintained hydraulic retention
time (HRT) of 1 day.

2.2. Physical and chemical analyses

Wastewater samples from influent and all sampling points
(S1–S5) were collected to assess the performance of wastewater
treatment in the UFCW-MFC systems. The oxidation reduction
potential (ORP), dissolved oxygen (DO) and pH were periodically
measured by using an ORP probe with platinum electrode (Ag/AgCl
reference) connected to an ORP meter (HANNA HI 8424, USA), DO
meter (HANNA HI 9146, USA), and pH meter respectively. COD
concentration was evaluated by using a HACH DR 2800 colorimeter
and prior to analysis, water samples were centrifuged by using a
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