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Abstract: Much energy is stored in wastewaters. How to efficiently capture this energy is of great significance for meeting the
world’s energy needs, reducing wastewater handling costs and increasing the sustainability of wastewater treatment. The micro-
bial fuel cell (MFC) is a recently developed biotechnology for electrical energy recovery from the organic pollutants in
wastewaters. MFCs hold great promise for sustainable wastewater treatment. However, at present there is still much research
needed before the MFC technique can be practically applied in the real world. In this review, we analyze the opportunities and key
challenges for MFCs to achieve sustainability in wastewater treatment. We especially discuss the problems and challenges for
scaling up the MFC systems; this is the most critical issue for realizing the practical implementation of this technique. In order to
achieve sustainability, MFCs may also be combined with other techniques to yield high effluent quality or to recover more
commercial value (i.e., by producing energy-rich or high value chemicals) from wastewaters. However, research in this area is still
on-going and many problems need to be settled before real-world application. Advances are required in respect of efficiency,

economic feasibility, system stability, and reliability.
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1 Introduction

Sustainable treatment and utilization of
wastewater are receiving intensive attention due to the
growing shortage of freshwater resources, depletion of
fossil fuel, and environmental pollution. At present,
most traditional wastewater treatment processes con-
sume energy and cause environmental problems (Li et
al., 2014). For instance, treatment of organic-rich
wastewater consumes about 3% (1.5x10'° W) of all
electrical power produced in the USA each year
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(McCarty et al., 2011). Considerable amounts of
greenhouse gases, such as nitrous oxide, carbon di-
oxide, and other volatile substances are released into
the atmosphere. Furthermore, large quantities of ex-
cess sludge are produced during the treatment, dis-
posal of which is energy and economically costly
(McCarty et al., 2011).

However, wastewaters are actually a huge “en-
ergy storage tank”. It is estimated that municipal
wastewater contains approximately 9.3 times more
energy than is currently needed for its treatment in a
modern municipal wastewater treatment plant
(WWTP) (Heidrich et al., 2011). So, how to effi-
ciently capture the huge energy potential in
wastewaters is of great significance for meeting the
world’s energy needs, reducing wastewater handling
costs and increasing the sustainability of its treatment.
To this end, various energy-efficient and resource-
recovering technologies have been developed.
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Typical examples include the anaerobic digestion
(Liu et al., 2008) and dark fermentation (Li and Fang,
2007) processes. Recently, microbial fuel cells
(MFCs) have emerged as a promising technology for
wastewater treatment while recovering electrical
energy from organic pollutants (Logan, 2009; Dewan
et al., 2010; Cheng et al., 2014a). MFCs use micro-
organisms as the catalysts for directly converting the
chemical energy available in the biomass into elec-
tricity. Only those microorganisms capable of trans-
ferring electrons outside the cell to insoluble electron
acceptors (such as iron and other metal oxides, or to
solid electrodes), called “exoelectrogens”, contribute
to electricity generation in MFCs (Logan, 2009).
Currently, the most studied exoelectrogens belong to
the a-, B-, y-, and d-proteobacteria (e.g., Geobacter
sulfurreducens, Geobacter metallireducens, She-
wanella oneidensis, Escherichia coli, Rhodopseu-
domonaspalustris) (Bond and Lovley, 2003; Min ef
al., 2005a; Ringeisen et al., 2006; Qiao et al., 2008;
Xing et al, 2008); while some non-
proteobacteria (e.g., Geothrixfermentans (Bond and
Lovley, 2005)) and yeasts (e.g., Saccharomyces
cerevisiae (Walker and Walker, 2006)) are also ca-
pable of exocellular electron transfer. A typical MFC
system essentially consists of an anode compartment
and a cathode compartment with or without a proton
exchange membrane (Fig. 1). In the anode, organic
substrates (electron donors) are oxidized by exoelec-
trogens, generating electrons and protons. The elec-
trons are transferred to the anode material and then

pass through an external electric circuit to the cathode.

At the same time, protons diffuse from the anode to
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Fig. 1 Schematic diagram of the working principle of
MFC:s for electricity production and pollutant degradation

the cathode through the electrolyte and membrane in
order to achieve electroneutrality. At the cathode, a
terminal electron acceptor, such as oxygen, nitrate, or
sulfate, accepts the electrons and combines with
protons to produce new reduced products. MFCs can
generate electricity from nearly all sources of biode-
gradable organic matter in wastewaters, including
simple molecules such as acetate, ethanol, and glu-
cose, and polymers such as polysaccharides, proteins,
and cellulose (Rabaey and Verstraete, 2005; Pant et
al., 2010).

The MFC technology has many advantages that
make it a promising sustainable pattern of wastewater
treatment (Pant et al., 2012). However, its practical
application in wastewater treatment has not been
realized. Great challenges from low power output,
high capital cost, and other system limitations exist
and need to be overcome. There have been many
excellent review papers published regarding the ap-
plication of MFCs in wastewater treatment (Du ef al.,
2007; Rismani-Yazdi et al., 2008; Rozendal et al.,
2008a; Logan, 2010; Pant et al., 2010; Oh et al., 2010;
Lefebvre et al., 2011; Li et al., 2014). In this per-
spective, we will focus on the important opportunities
and challenges of MFCs for sustainable wastewater
treatment. The scaling-up of MFCs and the integra-
tion of MFCs with other relevant technologies are
especially discussed. We aim to offer some valuable
information about the key issues in the development
of MFCs, and to stimulate more thinking and discus-
sion regarding what needs to be done in the future to
promote the practical applications of MFCs in
wastewater treatment.

2 MFCs for sustainable wastewater treat-
ment: opportunities and challenges

A sustainable wastewater treatment process
should essentially features: neutral-energy operation,
minimal adverse environmental impact, balanced
investment and economic output, stable treatment
performance, high effluent quality to meet water
reclamation and reuse requirements, little resource
consumption, and good social equity (Levine and
Asano, 2004; Muga and Mihelcic, 2008). Treatment
of domestic wastewaters using conventional pro-
cesses, such as activated sludge approach, membrane
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bioreactor and anaerobic digestion, is usually hard to
achieve sustainability, because of their high energy
consumption, adverse environmental impacts and/or
low effluent quality. For example, a conventional
activated sludge process requires 0.3 kWh/m® for
aeration (McCarty et al., 2011), and generates 0.4—
0.8 g-VSS (volatile suspended solids)/g-COD.
Membrane bioreactors demand a high energy input of
1 to 2 kWh/m® for an appropriate treatment efficiency
and high effluent quality (Nowak and Fimml, 2011).
Although anaerobic digestion of sludge has achieved
energy neutrality by producing biogas (methane) in
some wastewater treatment plants, its sustainability is
limited due to the requirement for a high organic load
(>3 kg organic matter per m’) and warm temperature
(>20 °C), resulting in low effluent quality, and high
operational cost (Nowak and Fimml, 2011). As an
emerging technology, MFCs are, due to their many
unique advances, a promising candidate for realizing
the sustainability in wastewater treatment.

First, MFCs are theoretically energy profitable,
based on their low energy consumption and direct
electricity generation. MFCs are considered an
energy-saving technology due to their needless of
aeration or temperature maintenance, and their low
excess sludge generation compared to the conven-
tional activated sludge process (Rozendal et al.,
2008a; Oh et al., 2010; He, 2013). Only about
0.024 kW or 0.076 kWh/kg-COD on average (mainly
for reactor feeding and mixing) was estimated to be
consumed in MFCs (Zhang F. et al., 2013b), com-
pared to about 0.3 kW or 0.6 kWh/kg-COD for the
activated sludge-based aerobic process (McCarty et
al., 2011). More importantly, MFCs are capable of
directly producing electricity from the organic matter
in wastewater with a high energy conversion rate,
whereas the conversion of biogas (e.g., CH4 or Hy)
into electricity causes a significant energy loss of
more than 60% (Rittmann, 2008).

Second, MFCs have a low adverse impact on the
environment. MFCs are capable of efficiently re-
moving a large variety of contaminants from
wastewaters, such as nutrients (Min et al., 2005b),
recalcitrant cellulose (Aulenta et al., 2011; Kalathil ez
al., 2011), dyes (Liu et al., 2009; Mu et al., 2009),
leachates (You et al, 2006a), volatile fatty acids

(Freguia et al., 2010), metals (Li et al., 2008; Zhang B.

et al., 2009a) and nitrate and sulfur compounds

(Rabaey et al., 2006; Zhao et al., 2009; Yan et al.,
2012; Zhang and He, 2012). A good effluent quality
with COD<20 mg/L can be achieved by MFCs with
an optimized reactor configuration and operating
condition (Yu et al., 2012). Moreover, the low energy
consumption of MFCs results in low fossil-related
CO; production. MFCs also have a low sludge pro-
duction of about 0.1 g-VSS/g-COD, which is much
lower than that produced in activated sludge systems
(0.4-0.8 g-VSS/g-COD) (Foley et al., 2010; Zhang F.
et al., 2013b). Therefore, the secondary pollution
risks and extra energy consumption associated with
sludge disposal are greatly reduced.

Third, MFCs have theoretically a good opera-
tional stability and low operational cost. The mi-
crobes in MFCs have a good resistance to toxic sub-
stances and fluctuations in pH (Borole et al., 2011).
MFCs can also operate over several different tem-
perature ranges, ranging from ambient temperatures
(15-35 °C) to both high temperatures (50-60 °C) and
low temperatures (<15 °C) (Larrosa-Guerrero ef al.,
2010). Theoretically, an MFC could gain an eco-
nomic revenue of about 0.0005 USD/kg-COD based
on a net energy recovery rate of 0.004 kWh/kg-COD
and an average electricity price of 0.12 USD/kWh. In
contrast, the treatment cost for an activated sludge-
based WWTP is about 0.12 USD/kg-COD given an
energy consumption of 0.6 kWh/kg-COD (McCarty
etal,2011).

Despite these theoretical advances, the applica-
tion of MFCs in real-world wastewater treatment is
currently far from successful. The biggest challenge
is the relative low power production level of MFCs,
especially for those at larger scales. This makes it
hard to realize the energy and economic revenues.
Although a maximum volumetric power density of
2.87 kW/m® (normalized to the fuel cell volume) has
been achieved in a 30 ml MFC with a cloth electrode
assembly configuration (Fan ef al., 2012), the value
decreased substantially (typically to less than
35 W/m’) when the fuel cell size was increased from
milliliter-scale to liter-scale (Dekker et al., 2009). It
has been suggested that MFCs should have to be able
to produce at least 400 W/m’ to be competitive with
traditional anaerobic digestion (Pham et al., 2006),
and to have an output of 1 kW/m’ (at an organic
loading rate of 10 kg-COD/(m™-d)) to achieve energy
self-sufficiency (Rabaey and Verstraete, 2005). It is
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clear that there is much room for the MFC technology
to improve its power production level. In addition to
low power generation, other factors, such as high
capital cost, low power harvesting efficiency and
poor long-term system stability, are also challenging
the real-world application of MFCs in wastewater
treatment (Fig. 2).
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Fig. 2 Challenges of MFCs for real-world sustainable
wastewater treatment

During the past decades, much laboratory work
has been conducted on milliliter-scale MFCs (Logan,
2010), which provides valuable guidance for the
future development of commercial MFCs. However,
it is not advisable to design practically-used MFCs
along the lines of the laboratory ones, because there
are many differences between the laboratory and the
real-world conditions. For example, most laboratory
experiments for MFC study use a defined substrate
(sodium acetate in most cases), controlled solution
chemistry, and stable operation temperature, but the
actual wastewaters, both municipal and industrial, are
much more complex. The components of wastewaters

are complicated and may contain some undegradable
or even toxic substances which will hinder the
electrochemical activity of anodic microorganisms.
Wastewaters are usually poorly buffered which will
lead to an accumulation of H' in the anode and OH™ in
the cathode region; the conductivity of real
wastewaters is usually too low to maintain a low
internal resistance; in many regions the ambient
temperature may change dramatically at different
times of the day and in different seasons of the year,
which makes it hard to always maintain a high per-
formance of the anode bacteria. The components and
chemistry of wastewaters may also change over time
depending on changes in the production processes of
factories, sudden rainfall or sudden influx of unex-
pected chemicals. All these factors need to be con-
sidered when we design and operate a MFC system
for wastewater treatment.

In order to realize the real-world application of
MFCs in wastewater treatment, system scaling-up is
inevitable. Large-scale MFCs can act as a standalone
technique for wastewater treatment and energy pro-
duction, or they can be combined with other processes
to form a synergic system. This latter strategy is ca-
pable of realizing many specific purposes, e.g., for a
high effluent quality or for recovering more com-
mercial value from wastewaters, and thus has been
proposed as a more promising way for future
wastewater treatment (Li et al., 2014). However, with
a continuing improvement in both technique and
material aspects, we believe it is also possible in some
instances to achieve sustainable wastewater treatment
by using the MFC technique alone. Moreover, a good
performance of large-sized MFCs is the corner-stone
of any MFC-based synergic system. In the following,
we will first introduce the key issues and propose
future development directions for the scaling-up of
MFCs. Afterwards, we will discuss several possible
approaches for the integration of MFCs with other
processes for sustainable wastewater treatment.

3 Scaling up MFCs to a practical level

It would be ideal to get a practical level of both
energy output and wastewater treatment efficiency
when the reactor size of MFC is enlarged from milli-
liter to liter or cubic meter scale. However, limitations
such as low power output, high capital cost, power
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management problems, and poor long-term stability
of the system are challenging the scaling up of MFCs.
Only few studies on overcoming these limitations
have been done. We will discuss how to manage the
critical factors limiting the scaling up of MFCs and
will propose approaches to the challenges posed in
the following section.

3.1 Increasing power output

There are two strategies for making large-scale
MFCs for wastewater treatment: enlarging the size of
an individual reactor and combining MFC units as a
stack.

3.1.1 Enlarging reactor size

When the MFC is scaled up to several liters or
more, the volumetric power density can be 2—4 orders
of magnitude lower than that of laboratory-scale
MFCs (Liu et al., 2008; Clauwaert et al., 2009; Logan,
2010; Cheng and Logan, 2011). Previous scaling up
efforts provide us valuable information for under-
standing the reasons for this low power output from
large-scale MFCs, which should be considered in for
future reactor design. It has been proposed that one of
the main reasons for power loss upon scaling up of
MFCs is the increase in internal resistance (Clauwaert
et al., 2008a). Internal resistance can be reduced by
decreasing the spacing of the electrodes or by in-
creasing the solution conductivity (Liu et al., 2008). A
close distance between the anode and the cathode is
important for reducing the solution resistance and pH
gradient in large-scale MFC systems (Fornero et al.,
2010). However, possible short circuits and increased
oxygen diffusion to the anode decrease power output
when the electrodes are too close. So a separator
which prevents electrode contact and oxygen diffu-
sion is recommended to keep the electrodes spaced
and the internal resistance small. However, the sepa-
rator can also inhibit proton transfer and lead to pH
gradients between the electrode chambers thus in-
creasing the internal resistance. The offsetting needs
of reducing oxygen transport but facilitating proton
transport make it difficult to design separators.
Low-cost cloths have been recommended to replace
expensive membranes as an effective separator for
large-scale applications. A cloth-electrodes assembly
configuration has proved to enable reducing the
anode-cathode spacing to 0.6 mm while greatly en-

hancing power generation (Fan et al., 2012). However,
cloths may gradually be degraded by the microor-
ganisms in the system, thus impairing the long-term
stability of MFCs. Non-biodegradable and low cost
separators with low oxygen permeability and high
proton transmission rates need to be developed.

Solution chemistry is another important factor
affecting the internal resistance and thus the power
output of MFCs. Increasing the solution conductivity
and pH buffering capability has proved effective in
improving the power density of large-sized MFCs.
For example, increasing the ionic strength of a 520 ml
MFC from 100 to 300 mmol/L increased power out-
put by 25% (Liu et al., 2008). In a 20 L stacked
two-chamber MFC, the cathode performance was
improved by decreasing the pH, aerating the catholyte
with pure oxygen instead of air, and increasing the
flow rate, resulting in a power density increase to
144 W/m® (Dekker et al., 2009). Balancing pH by a
complete liquid loop over cathode and anode
(Clauwaert et al., 2009), or acidifying the catholyte of
two-chamber MFCs (Zhang F. et al., 2010) also in-
creased power generation. However, real domestic
and industrial wastewaters are generally poorly
conductive or pH buffered. Hence, it is a critical
problem to maintain a high performance of MFCs
under such conditions. Addition of chemicals, such as
NaCl, bicarbonate and phosphate buffered saline,
may be useful in lab-scale studies, but it is not sus-
tainable for large-scale real-world wastewater treat-
ment. We propose here that using a close electrode
assembly configuration to offset the high internal
resistance caused by the low conductivity of the so-
lution, and increasing the solution flow rate or stirring
intensity to alleviate the H/OH accumulation on
anodes/cathodes to make up for the poor pH buffering
capability of actual wastewaters may be needed.

To minimize internal resistance, the electrode
overpotentials should also be reduced. Reducing
electrode overpotential can be achieved by increasing
the surface area or surface reactivity of electrode
materials. Increasing the surface area of the anode can
significantly increase power density in a smaller fuel
cell (28 ml) (Logan et al., 2007), but it did not appear
so important in larger MFCs (Cheng and Logan,
2011). In contrast, the surface area of the cathode is
the limiting factor for power production in large-scale
MFCs. Cheng and Logan (2011b) demonstrated that
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in a 1.6 L air-cathode MFC, doubling the cathode size
can increase power output by 62% with domestic
wastewater, but doubling the size of the anode in-
creased power output by only 12%. The volumetric
power density of MFC was linearly related to the
specific surface area of the cathode, and independent
of the fuel cell size or configuration.

When the MFC becomes large, it may not be
easy to maintain “homogeneity” in the reactor. The
“inhomogeneity” in large-sized MFCs is revealed by
different substrate concentrations and hydraulic
pressures in different parts of the reactor. (i) An un-
even distribution of substrate can affect the mass
transfer rate, electrochemical reaction rate and finally
electricity production. Increasing the mixing intensity
by increasing the hydraulic retention time, the inter-
nal recirculation flow rate and/or the aeration flow
rate would be useful in achieving a homogenous dis-
tribution of the substrate for large-sized MFCs (You
et al., 2006b; Chen et al., 2008; Cha et al., 2010; Oh
et al., 2010). However, adverse effects such as anodic
biofilm detachment and low pollutant removal effi-
ciency may occur when the flow rate is too high.
Hence, it is necessary to design an optimal flow rate,
at which the substrate is homogenously distributed,
the system is not seriously disturbed, and the
wastewater treatment efficiency is appropriate. (ii) In
large-sized MFCs, an electrode may experience quite
different hydraulic pressures at different water depths.
For instance, the bottom of an upright electrode of
1 m height would experience a hydraulic pressure
98 kPa higher than the top area. Our laboratory has
studied the effect of hydraulic pressure on the per-
formance of single-chamber air-cathode MFCs
(Cheng et al., 2014a). Results showed that the power
density of the MFC decreased by 24.4% and 44.7% as
the hydraulic pressure increased to from 100 mm H,O
to 500 mm H,O and 2000 mm H,O, respectively. The
high hydraulic pressure suppressed the performance
of both the cathode and the anode. Hydraulic pressure
had no effect on the microbial community of anodic
biofilms. However, the metabolism and electro-
chemical activity of exoelectrogenic bacteria were
found to be temporarily suppressed by high hydraulic
pressures. The decreased cathode performance under
high hydraulic pressures arose from water flooding of
the catalyst layer, resulting in an increase in both
charge transfer resistance and diffusion resistance.

Thus, in order to obtain a high performance of
large-sized MFCs, effective strategies for improving
the electrode performance of MFCs under high hy-
draulic pressures are very much required. To this end,
culturing pressure-resistant anodic exoelectrogenic
bacteria and developing a new cathode structure with
less water-flooding under high hydraulic pressures
should be conducted.

3.1.2 MFC stacks

As mentioned above, a variety of challenges
exist in the scaling up of individual MFCs, which may
prevent the reactor size being as large as the existing
treatment systems. An alternative, which may be a
more feasible option for MFC scaling-up, is to con-
struct stacks of moderately-scaled MFC units. In
order to practically apply MFCs as an energy source,
one can connect MFC units in parallel to produce a
higher current or in series for a higher voltage.
Aclterman et al. (2006) connected six MFCs in par-
allel, which resulted in a current equal to the sum of
the individual MFCs, while the voltage was similar to
the average of the individual MFCs. Furthermore, the
maximum power density of parallel-connected MFCs
can be several times greater than that of the single
MFC unit (Ieropoulos et al., 2008; Wang and Han,
2009). With connection in series, it would be ideal
that the output voltage equals the sum of the voltages
of the individual MFCs, and the current would be at
the average of the individual reactors. However,
MFCs may experience cell voltage reversal and ionic
short circuits, making the series stack efficiency as
low as 38%—41% (leropoulos et al., 2008; Wang and
Han, 2009). Voltage reversal results from unequal
electrode potentials between the unit cells, probably
due to insufficient distribution of the substrate (Kim
et al., 2012). Voltage reversal can be prevented by
using air cathodes of high parallelism in performance,
maintaining similar catalytic activity of anode bio-
films, and increasing the homogeneity of substrate
distribution in different unit cells. However, much
work is still needed to turn these strategies into reality.
The ionic short circuit occurs when the same anolyte
or catholyte is shared by different MFCs in serial-
connection (Ledezma et al., 2013). Separating the
anolyte of the unit cells might be useful to prevent
ionic short circuits, but it would increase the costs of
reactor construction and maintenance. A promising
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development direction for the MFC stack is to create
an electrical array to multiply connect the MFC units
both in series and in parallel. In this way, both the cell
voltage and current can be boosted and the substrate
can be sufficiently degraded. However, researches in
this aspect are still few, and research effort is required
to better understand the interplay between individual
MEFC units, to optimize the connection mode for the
maximum power output, and to maintain the stability
of the complex stack system.

3.2 Reducing capital cost

Another critical problem hindering the large-
scale application of MFC is its high capital cost,
which mainly arises from the expensive construction
materials. Reducing the capital cost can be achieved
by using highly efficient, scalable and less-expensive
anode, cathode and separator materials. Electrodes
that contain current collectors are now considered a
suitable configuration, due to their simple structure
and effective current collection. For the anode, one of
the most promising electrode structures is a graphite
fiber brush, which is made by incorporating graphite
fibers into a non-corrosive metal core (certain stain-
less steels or titanium). Metals such as tungsten and
stainless steel can also be used in brush form. Another
promising anode material is activated carbon (AC)
granules, especially when linked to a metal mesh
current collector. An anode chamber stacked with AC
has a high specific surface area (area per mass) for
bacterial growth and electricity production. However,
much remains to be known about the distribution of
microbes, and the proton and electron transfer
mechanisms inside the AC stack, and the fuel cell
configuration needs be optimized for a better
performance.

The price of cathode materials accounts for the
greatest percentage (47%—75%) of the MFC capital
cost (Rozendal et al., 2008a). The most promising
cathode form for future MFCs is that using oxygen in
the air as the terminal electron acceptor (the air-
cathode), based on the readily available nature of
oxygen in the air and the absence of a need for solu-
tion aeration. Reducing the cost of the air-cathode can
be achieved by developing inexpensive current col-
lection materials, diffusion layer materials, binders,
and catalysts. A promising current collection material
is the metal mesh, such as a stainless steel mesh and

nickel foam, which is low cost and highly-conductive.
Low-cost poly-tetrafluoroethylene (PTFE) and poly-
dimethylsiloxane (PDMS) can be used as the oxygen
diffusion layer and catalyst binder instead of the ex-
pensive Nafion. Low cost catalysts with non-precious
metals, such as CoTMPP, MnPc, B-MnO,, Co-OMS-2,
MnO,, and Co/Fe/N/CNT (Zhou et al., 2011) can be
used instead of the expensive Pt. An especially in-
teresting catalyst is activated carbon, which is low
cost and has a high catalytic activity. However, the
mechanism how the activated carbon catalyzes oxy-
gen reduction remains unclear (Watson et al., 2013).
Another difficulty in reducing the cost of cathodes is
the requirement of a complex gas-liquid-solid three-
phase interface for oxygen reduction, which makes
the selection of cathode material and design of cath-
ode structure more challenging.

The separator is another costly component of
MFCs. Although it has been proved that the absence
of a separator in small MFCs favors low internal
resistance and low capital cost (Liu and Logan, 2004),
in large-sized MFCs it is usually necessary to con-
struct close electrode spacing for a low internal re-
sistance, and thus a separator is essential to prevent
electrode contact and oxygen crossover to the anode.
From the economic point of view, expensive mem-
branes, such as ion exchange membranes, ultra fil-
tration membranes, and forward osmosis membranes
are not suitable for use in large-scale MFCs. A
promising low-cost separator material is non-woven
cloth (Fan et al., 2012; Wang et al., 2013), but its
mechanical strength and long-term stability still need
to be improved. The development of low cost, proton
transferable, and long-term stable separator materials
is very important for large-scale MFCs in the future.

3.3 Managing power output

How to efficiently harvest the electrical energy
is another critical issue in the scaling up of MFCs. It is
difficult for an MFC to directly support a practical
load, even at the maximum power generating point,
due to the low voltage and current level (Kim et al.,
2011). Thus, a power management system (PMS) is
needed to be incorporated into MFCs to make the
energy feasible for powering electrical devices, e.g.,
wireless sensors to monitor the environment
(Donovan et al., 2011; Zhang F. et al, 2011Db).
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Although using an optimal resistor (resistance value
equal to the internal resistance) makes MFCs capable
of producing their maximum power density, resistors
cannot harvest energy because the generated elec-
tricity is dissipated as heat instead of being utilized or
stored. For efficient harvesting and usage of MFC
energy, a DC/DC voltage boost converter and various
electric-storage capacitors have been tested. DC/DC
voltage boost converters can extract energy from
MFCs by a high frequency switching action (Park and
Ren, 2012a). Park and Ren (2012a) have demon-
strated that the operating voltage of MFCs can be
easily maintained at the maximum power point and
the output voltage can be boosted to a standard level
of 1.5 V or 3.3 V using a separate boost converter to
support electronic loads. After using a metal oxide
semiconductor field effect transistor to replace the
traditional diode of the converter, the harvesting
efficiency of the synchronous boost converter can
reach 75.9% (Park and Ren, 2012a). However, there
still much room to raise the energy harvesting effi-
ciency and the voltage output level. Optimization of
the electronic circuit of the converter and developing
a maximum power point tracking technique (Park and
Ren, 2012b) could be promising strategies for this
purpose. When a capacitor is connected to a MFC it
stores energy from the MFC and waits until a desired

amount of energy is stored, then discharges the energy.

It has been reported that connecting a capacitor to a
sediment microbial fuel cell (SMFC) enabled the
SMEFC to produce 2.5 W power, which could be used
to operate a wireless sensor (Donovan et al., 2011).
Another study showed that parallel charging of mul-
tiple capacitors can avoid potential voltage reversal
and discharging the capacitors in series produced up
to 2.5 V with four capacitors (Kim et al., 2011). A
great challenge for capacitor energy harvesting is that
capacitors can only passively capture the energy from
the MFC, so the system’s performance may not be
stable. Another challenging problem is that a con-
tinuous high-level power output cannot be realized by
using capacitors. To overcome these drawbacks, de-
veloping more efficient capacitors by optimizing
electrode materials and control systems, or designing
novel combination modes between the capacitor and
the MFC might prove useful.

For large-sized MFCs, it is also critical to con-

sider the great power loss from the large ohmic re-
sistance of large-sized electrodes. This is because the
distance between the points where electrons are
generated/consumed and the leading-out/leading-in
terminals where current flows in/flows out of the
electrode increases with the increase of the size of the
electrodes. We have estimated the power loss and
electrode potential drop distribution on the carbon
mesh anode with different leading-out terminal
configurations and various electrode dimensions by
both modeling and experimental methods (Cheng et
al., 2014b). We found that the power loss within an
anode of 1 m” can be as high as 4.19 W (at 3 A/m?),
which can be lowered to 0.04 W with an optimized
leading-out terminal configuration (Fig. 3) and to
0.01 W by utilizing the more-conductive brass mesh
as an anode material. The experimental results also
showed that more than 47.1% of the power loss from
moving from small-scale to large-scale MFCs came
from poor leading-out terminal configurations.
Therefore, optimizing the leading-out mode of the
electrodes is one of the key factors for scaling up
MFCs, and is an important issue in the design of large
sized reactors.

3.4 Increasing long-term stability

Long-term stability is important for the energy
balance and economic feasibility of the MFC system.
A deteriorating performance of MFCs during long-
term operation has been detected in many studies
(Min and Logan, 2004; Chung et al., 2011; Zhang F.
et al., 2011a; 2013b; Zhuang et al., 2012). Reasons
for this performance decline arise from many factors,
such as the decrease of electrochemical activity of
anodic biofilm, the deterioration of cathode perfor-
mance, fouling and deformation of separator materi-
als, and clogging of the system by excessive biomass
and solid pollutants in wastewaters.

3.4.1 Maintaining the electrochemical activity of the
anodic biofilm

Maintaining the electrochemical activity of the
anodic biofilm is a great challenge because the
wastewater environment is complex. Factors like
substrate concentration, waste components, solution
temperature, acidity, and conductivity may change
irregularly (Zhang Y. and Angelidaki, 2012; Zhang F.
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et al., 2013a) and influence microbial activity. In par-
ticular, the anodic biofilm may be seriously damaged
when the wastewater contains toxic chemicals, e.g.,
heavy metals and antibiotics. A comprehensive under-
standing of the electrode microorganisms and their
extracellular electron transfer behavior at both molec-
ular level and at the level of the microbial community
would be helpful for better control of the activity of
anodic biofilm. However, much remains unknown in
this area. Future work should especially focus on (i)
understanding the electron transfer paths between the
exoelectrogens and the electrode, (i) how to increase
the biofilm conductivity for a low internal resistance,
(ii1) understanding the relationship between the biofilm
properties (e.g., community composition, biofilm
thickness, porosity) and mass diffusion and electron
transfer, and (iv) understanding the complex interac-
tions between the exoelectrogens and their various
syntrophic partners and competitors.

3.4.2 Reducing the cathode deterioration

The deterioration of cathode performance is an-
other critical challenge for the long-term stability of
MFCs (Timmers et al., 2010; Ahmed, 2011; Chung et
al., 2011). This performance decline is dependent on
several factors, including catalyst deactivation, bio-
film pollution, substrate salting-out, and corrosion of
the current collector (Fig. 4).

(1) Deactivation of oxygen reduction catalysts
(ORC:s) is especially critical for metal-based catalysts,
such as the Pt-, Co-, and Fe-based ones. This is be-
cause metal-based ORCs are susceptible to the envi-
ronmental conditions in MFCs, which may change
adversely due to chemical reactions, biological ac-
tivities, and changes in catholyte composition. For
instance, Schmidt ef al. (2001) found that when a Pt
cathode was placed in a chloride-rich electrolyte, the
adsorbed Cl ions on the catalyst layer would block
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the active catalytic sites for oxygen reduction and
thereby change the reaction pathway toward the
production of H,O,. Zhao et al. (2006) have reported
that the performance of a pyr-FePc cathode was re-
duced by 40% when the concentration of a phosphate
buffer catholyte (pH 3.3) was lowed from 500 to
50 mmol/L, and the oxygen reduction rate on a
CoTMPP-based cathode was decreased by 80% when
the catholyte pH was increased from 2.4 to 7
(500 mmol/L phosphate). Furthermore, catalyst poi-
soning caused by extracellular polymeric substances
(EPS) of attached microorganisms or other ions in
wastewaters may be also a great challenge for the
long-term stability of ORC. The mechanism of how
the activity of ORC is affected by environmental
factors should be uncovered in future studies, based
on which approaches to minimize catalyst deactiva-
tion should be developed.

Current collector corrosion Salt precipitation

Deactivation of oxygen
reduction catalysts

Aerobic biofilm growth

Wastewater
»
Catalyst layer  Gas diffusion layer

Fig. 4 Schematic diagram of various factors causing the
deterioration cathode performance

(i1) Growth of biofilm on the solution-facing side
of air-cathodes may reduce the long-term cathode
performance, especially for single chamber MFCs
(Liu et al., 2005a; Yang et al., 2009; Santoro et al.,
2012; Yuan et al., 2013). Oxygen is reduced at the
cathode through the reaction 0,+4e¢ +4H —2H,0
(E°=+1.230 V) or Oy +4e +2H,0—40H (E"=+0.40V)
depending on the catalyst selected (Yuan et al., 2013).
A thick aerobic biofilm on the cathodes may function
as a diffusion barrier to H' transfer to the catalyst site
(Zhang X. et al., 2009; Ahmed, 2011), and it can
severely block OH  transport outside the electrode,
resulting in an significant OH  accumulation in the
cathode microenvironment and thus a lower cathode
potential (Yuan et al., 2013); the aerobic bacteria may

consume a portion of the available oxygen at the
catalytic sites and thus reduce the oxygen reduction
kinetics (An ef al., 2011; Yuan et al., 2013); the EPS
of attached microorganisms may also cause catalyst
poisoning. Up to now, only the mechanisms of
blockage of OH and oxygen transfer by the cathodic
biofilms have been demonstrated (An et al., 2011;
Yuan et al., 2013), the mechanisms how the aerobic
biofilm affects cathode performance still need to be
investigated. As a result of biofilm growth, an in-
creased internal resistance coupled with a decreased
electricity (power) generation of MFCs was obtained
in many studies (Cheng et al., 2006; Yang et al., 2009;
Zhang X. et al., 2009; Zhang F. et al., 2011a).
Therefore, it is important to develop effective meth-
ods to minimize the cathode bacterial growth for a
better long-term performance of MFCs. At present,
only few studies have been conducted to this end (An
et al., 2011; Watson et al., 2011). Promising strate-
gies may include employing metal nanoparticles in-
stead of Pt/C as the cathodic catalyst (An et al., 2011),
reducing oxygen transfer to the solution-facing side
of the cathodes (Watson et al., 2011), incorporating
bactericidal compounds (e.g., fluoroquinolones,
cephalosporins, and chloramphenicols) into the cat-
alyst layer of the cathodes, or changing the physico-
chemical properties (e.g., hydrophilicity or surface
functional groups) of the cathodes.

(ii1) Salt precipitation and current collector cor-
rosion have been observed during the long-term run-
ning of air-cathode MFCs in our laboratory (Pan et al.,
2014). Ahn et al. (2014) and Santoro et al. (2013)
have also reported that salt precipitations on the
cathode decreased catalyst activity and thus long-
term cathode performance. However, much remains
unknown about the dependence of salt precipitation
on the physicochemical properties of the cathode and
the components of the electrolyte. Also, the mecha-
nisms how salt precipitation affects the catalytic ac-
tivity, mass and gas diffusion, and cathodic overpo-
tential need to be uncovered. The corrosion of current
collectors, especially nickel foam, due to the complex
redox environment of the cathode is also challenging.
Using corrosion-resistant materials, e.g., stainless
steel mesh and carbon mesh, may solve this problem,
but attention should be paid to the ohmic resistance
and effective surface area when selecting appropriate
current collectors for the cathodes.



Liu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2014 15(11):841-861 851

3.4.3 Preventing the fouling and deformation of
separators

Fouling and deformation of separator materials
(e.g., membranes and various cloths) also impair the
long-term stability of MFCs (Zhang X. et al., 2009;
2010; Xu et al., 2012). The mechanism how separator
fouling affects the performance of MFCs is very
complex because physical, chemical, and biological
interactions between the contaminants and the sepa-
rator all occur simultaneously during the fouling
process. Extracellular polymers secreted by the at-
tached microorganisms may block the routes for ion
diffusion, inorganic salts in the solution may precip-
itate on the separator, and specific ions in the solution
may react with the functional groups of the separator
through ion exchange or complexing reactions. These
factors reduce the ion-exchange capacity, conductiv-
ity, and the ion diffusion coefficients of the separator,
thus increasing the internal resistance and pH gradient
of MFCs (Xu et al., 2012). Up to now, truly effective
and practical countermeasures to separator fouling
are still lacking. Designing the separator material to
avoid biofilm formation, prevent inorganic salt pre-
cipitation, and reduce the reaction with various ions
might be useful to this end. The deformation of the
separator material, which results from the water and
gas trapped between the membrane and electrode,
also contributes to the declining long-term perfor-
mance of MFCs (Zhang X. et al., 2010). Using porous
materials with high hardness, e.g., stainless steel
mesh (Zhang X. et al., 2010) to press the membrane
flat against the electrode has been demonstrated to be
effective in easing separator deformation and in-
creasing the long-term performance of MFCs, but it
also increases the complexity and capital cost of the
system.

In addition to the above-mentioned aspects, the
long-term stability of MFCs also depends on many
other factors. For instance, clogging of the MFC
system may occur due to the excessive biomass and
solid pollutants in real wastewaters. This problem is

especially critical when the electrode spacing is small.

The ambient temperature may vary dramatically at
different seasons in many regions (e.g., it can
be >35 °C in summer and <—10 °C in winter in Bei-
jing, China), which will affect the activity of anodic
microorganisms for both electricity generation and

pollutant degradation. Hence, the maintenance of a
stable and effective -electricity production and
wastewater treatment efficiency of MFCs at all tem-
perature levels becomes challenging. Above all,
maintaining the long-term stability of MFCs during
real-world wastewater treatment is a very difficult
task, and we still need to do much work on this issue.
Encouragingly, we have found some examples of
good long-term performance (with stable operation
for up to two years) of pilot-scale MFCs for real-
world wastewater treatment (Zhuang et al., 2012;
Zhang F. et al., 2013b). We can learn many valuable
lessons from these pioneer attempts for future
research.

As discussed above, sustainable wastewater
treatment by MFCs requires a high power output, low
capital cost, efficient energy harvesting, and long-
term stability. Though large-scale MFCs are currently
infeasible for practical applications due to various
limitations, we believe that with concerted efforts
from talented researchers around the world, and ad-
vances in fundamental research, materials engineer-
ing and system design, MFCs have the potential to
become commercially viable.

4 Synergies of MFC and other treatment
technologies

As discussed above, there are many challenges
to the MFC technique before it can realize a sus-
tainable full-scale wastewater treatment. An alterna-
tive and, perhaps, a more practical option for meeting
the sustainability criterion is to combine MFC with
other processes to form a synergic system. Such
synergic systems take the advantages from both MFC
and the coadjutant techniques while avoiding their
drawbacks, and thus obtain a maximum benefit. From
the sustainability point of view, one may expect to get
a high effluent quality (e.g., low COD, low phosphate
and nitrogen concentration, low nutrient content, and
low salinity), or to extract more commercial value
(i.e., produce energy-rich or highly valuable chemi-
cals) from the wastewater. Depending on different
purposes, there have been developed many types of
synergic systems by combining MFCs with different
techniques. In the following, we will introduce some
promising MFC-based synergic modes for each
purpose. At present, studies on this area are just
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emerging, and there are many challenges in system
design, fundamental study, and material engineering.

4.1 For a higher effluent quality

A good effluent quality is an important criterion
for the sustainability of a wastewater treatment pro-
cess (Levine and Asano, 2004; Muga and Mihelcic,
2008). In order to meet water reclamation and reuse
requirements, the effluent from a treatment process
should be low in organic matter, salinity, and inor-
ganic nutrient ions. In general, MFCs are good at
treating medium- and low-strength wastewaters with
a relatively simple composition. However, some ac-
tual wastewaters may contain high concentrations of
organic matters, many of which are non-degradable
by the microorganisms in MFCs. In some instances,
strict discharge regulations require a very low con-
centration of phosphate and nitrogen ions in the ef-
fluent of wastewaters, which is difficult to achieve by
MFC alone. Depending on the properties of
wastewater and the reclamation requirements, MFC
may be integrated with different traditional processes.

For high-strength wastewaters, such as brewery
(Feng et al., 2008) and winery (Cusick ef al., 2010)
wastewaters, integration of MFC with the anaerobic
digestion (AD) technique should be an attractive
synergic mode (Zhang B. et al., 2009b). First, the AD
reactors hydrolyze and ferment the complex sub-
strates and particulates in high-strength wastewaters
into more utilizable substrates (mainly volatile fatty
acids) while producing methane or hydrogen gas.
Subsequently, MFCs degrade the remaining organics
in AD effluent to further polish the water quality and
produce electrical energy. Such an AD-MFC synergic
process has been demonstrated successfully in several
studies (Zhang B. et al., 2009b; Sharma and Li, 2010;
Durruty et al., 2012). For example, Sharma and Li
(2010) integrated MFCs with an anaerobic hydrogen
producing biofermentor (HPB) to simultaneously
produce hydrogen and electricity from glucose
wastewater (Fig. 5). This synergic system could
maximally yield a hydrogen production of
2.85 mol Hy/mole glucose, and a MFC power density
of 4200 mW/m’, with a total energy recovery effi-
ciency of 29% (559 J/L) and a COD removal effi-
ciency of 97%.

To meet strict water reclamation and reuse re-
quirements, MFCs can be integrated with a mem-

brane or algae process to further reduce the effluent
COD. Integration of MFCs with the membrane
technology has been reported to produce high quality
effluent with a turbidity <1 NTU and COD remov-
al >90% (Ge et al., 2013). Attention should be paid to
the high energy consumption and high capital cost of
the membrane technology. Algal treatment can be
sequentially linked to MFCs to remove the residual
nutrients and improve water quality, based on the
great absorption capability of algae for nitrogen,
phosphorus, and toxic metals (Cai et al., 2013).
Zhang Y. et al. (2011) have introduced microalgae
(Chlorella vulgaris) into the MFC system to remove
carbon and nutrients from wastewater, and produce
electricity and algal biomass simultaneously. The
removal efficiencies of total organic carbon, nitrogen,
and phosphorus in this MFC-algae synergic system
reached up to 99.6%, 87.6%, and 69.8%, respectively,
accompanied with a stable power density of
68 mW/m”> and a microalgae biomass yield of
0.56 kg/m’.

Gas Sampling Tube

T ———

H; Flow
meter

Nz
KOH
o JD Liquid
A_-melahnlmée R . 4 A
= B
! e Biofermentor “Pump He o
Influenttank  Pump Effluenttank H N?

Anode Cathode
Microbial Fuel Cell

A ‘ Biogas

A Sampling points

Fig. 5 Experimental setup of the continuous flow HPB and
MFC synergic system (Sharma and Li, 2010)

For industrial wastewaters with high salinity, it
would be attractive to integrate MFCs with the elec-
trodialysis technique to form microbial desalination
cells (MDCs) (Cao et al., 2009; Chen et al., 2011;
Jacobson et al., 2011), which can simultaneously
remove ionic species and generate electricity from the
wastewater. A MDC is constructed by incorporating
one or several pairs of anion exchange membrane
(AEM) (next to the anode) and cation exchange
membrane (CEM) (by the cathode) in a MFC (Cao et
al., 2009). Wastewaters of high salinity are injected
into the chamber between the membranes and those
with low salinity into the anode and cathode cham-
bers. When current is produced through anodic
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bacterial oxidation and cathodic reduction, negatively
charged species (anions) migrate from the middle
chamber to the anode, and positively charged species
(cations) move to the cathode chamber. As a result,
salt concentration in the high salinity wastewater can
be greatly reduced during the electricity production
process. At present, MDCs are primarily used for the
desalination of seawater, and little is known about
their suitability for high salinity wastewaters. Unlike
seawater, industrial high salinity wastewaters may
contain very complex organic and inorganic compo-
nents besides the salt ions, which may cause severe
membrane fouling and system clogging. The poor
durability and high price of membranes are also great
challenges for the practical application of MDCs for
wastewater treatment.

Despite the tempting superiorities of MFC-based
synergic systems, there is still a long way to realize
their practical implementation in wastewater treat-
ment at the present stage. The first challenge is the
high cost and low performance of large-scale MFCs
(as discussed in Section 3) which will limit the pol-
lutant removal efficiency, energy balance, and eco-
nomic feasibility of the system. Moreover, the com-
plex synergic treatment process will increase the
difficulties of system design, process optimization,
and maintenance. The performances of different
treatment steps interrelate, and any problem in one of
the steps will lead to poor performance of the whole
system. Hence, much needs to be done in the future
regarding how to monitor and control the perfor-
mance of the functional units of the system, how to
increase the system’s shock-resistance toward sudden
changes in pollutant components, temperature and
organic loading, and how to increase the long-term
stability of the synergic system.

4.2 To extract more commercial value

MFCs can be integrated with electrochemical
reduction technology to produce energy-rich and
commercially valuable chemicals, i.e., H,, CHs, H,O,,
acetate, and ethanol other than electrical power dur-
ing wastewater treatment (Harnisch and Schroder,
2010; Pant et al., 2012). Such devices are called
MXCs, where X stands for different types and ap-
plications (Harnisch and Schroder, 2010). MFCs and
MXCs share the common element: the microbial
anode, but the cathode of MXCs fulfills different

tasks rather than just reduction of O, to H,O. A
schematic diagram of the concept of MXC for both
wastewater treatment and chemical production is
shown in Fig. 6. In the following, we will introduce
some important cathode tasks, analyze their major
advantages and limitations, and propose promising
development directions in each area.
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Fig. 6 Schematic diagram of the concept of MXC for sim-
ultaneous wastewater treatment and chemical production

The most studied cathode reaction is the hy-
drogen evolution reaction in microbial electrolysis
cells (MECs). MECs function similarly to the
air-cathode MFC, except that hydrogen is generated
at the cathode instead of water, and an external volt-
age (minimum 0.13 V, generally —0.25 V or more) is
added to reach the reduction potential of hydrogen
and to produce H; at sufficiently high rates (Liu et al.,
2005b; Rozendal et al., 2007; Selembo et al., 2009).
This voltage is very low compared to that in the tra-
ditional electrolysis of water, which generally needs a
voltage input about 1.8-2.0 V, making MEC an at-
tractive technique for hydrogen production (Rozendal
et al., 2006). Indicators in evaluating the performance
of MEC mainly include hydrogen yield, hydrogen
recovery efficiency, energy input, product purity, and
system stability (Liu et al., 2008). A high H, recovery
efficiency of 96% has been obtained in a lab-scale
MEC using acetate as the substrate at an applied
voltages of 0.8 V (Call and Logan, 2008). However, at
present only limited information is available on the
application of MECs in real-world wastewater
treatment and H, production.
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One of the critical factors determining the per-
formance of MECs is the cathode catalyst. An ideal
H, evolution catalyst should be of high catalytic ac-
tivity, low cost, high selectivity, and super stability.
Platinum is the first and most widely used cathode
catalyst for H, production (Rozendal et al., 2006).
Despite its high catalytic activity, its high price and
low selectivity limit the practical application of plat-
inum. Alternative low cost metal catalysts are now
under investigation, such as nickel alloy (Selembo ef
al., 2009), stainless steel (Call and Logan, 2008;
Selembo et al., 2009), and tungsten carbide (Harnisch,
et al., 2009), but their catalytic activity and selectivity
need to be raised. Another promising type of catalyst
for H, production is microorganisms on the cathode
(Rozendal et al., 2008b) which have the advantages
of low cost and high operational sustainability.
However, the mechanism for bacteria-catalyzed H,
production is still unclear and the catalytic perfor-
mance of bacteria is still much lower than that of the
chemical catalysts (Xu et al., 2014).

During MEC operation, hydrogen may be lost
from the cathode chamber, decreasing the hydrogen
yield and recovery efficiency. The loss of hydrogen
can occur through several processes: (i) diffusion to
the anode chamber through the membrane; (ii) abiotic
conversion of hydrogen to methane; and (iii) degra-
dation of hydrogen by some cathodic microbes. Thus,
it is a challenging task to reduce the hydrogen loss to
achieve high MEC performance. Another challenge
for the application of MECs is the requirement of an
external energy supply to increase hydrogen produc-
tion. The theoretical minimal applied voltage for H,
production in MEC is 0.114 V. However, this value
increases to 0.8—1.0 V due to various energy losses in
real MEC systems. It has been proposed that the ap-
plied voltage needs to be lower than 0.6 V in order to
achieve a positive energy balance from an MEC (Lee
and Rittmann, 2010). In future applications, MECs
may combine with other techniques, such as dark
fermentation, to achieve a greater Bio-H, yield than
an MEC alone. The fermentation process can degrade
complex biomass into simple organic products that
can be utilized by MECs. Such combination will
make it possible to effectively produce H, from
complex organic compounds from a variety of
wastewaters, such as animal wastes or farming resi-
dues (Wang et al., 2011).

The production of methane in the cathode of
MEC:s frequently coexists with the production of H,
(Cusick et al., 2010; Hamelers et al., 2010). This will
reduce the commercial value of H, and increase the
energy and economical cost for its purification (Pant
et al.,2012). A new perspective on this issue is to use
MEC:s to produce methane as an alternative energy
source. Methane can easily be stored or transported
by mature technologies (Cheng et al., 2009).
Methane-producing MECs are a promising approach
for polishing digester effluents, due to their low
sludge production and no aeration cost (Clauwaert
and Verstraete, 2009). Several studies have reported
the production of methane by reduction of CO; at the
biocathode of MECs through electro-methanogenesis
(Cheng et al., 2009; Clauwaert and Verstraete, 2009;
Lovley, 2011). However, the source of the electrons
for methane production remains controversial. It has
been suggested that methanogens may accept elec-
trons directly from the cathode (Cheng et al., 2009;
Lovley, 2011), but other studies propose that meth-
anogens may use the hydrogen produced in the sys-
tem for methane generation (Clauwaert et al., 2008b;
Tartakovsky et al., 2009). Further molecular biolog-
ical studies should be made to uncover the metabolic
pathway of the methanogens in methane production.
Other challenges for methane production include its
low production rate and purity, severe loss due to its
high solubility (approximately 25%—50%) at moder-
ate temperatures, and the requirement for methane
removal from the effluent to avoid the greenhouse
effect. For a real-world large-scale application, how
to efficiently collect the methane gas and how to
maintain the long-term stability of the system are also
critical problems.

Beside hydrogen and methane gases, cathode
reactions of MFCs or MECs can also be used to
produce a variety of valuable compounds. Such ex-
amples include hydrogen peroxide, caustic soda, ace-
tate, 2-oxobutyrate, and ethanol. Hydrogen peroxide,
an important industrial chemical, can be produced at
the cathode through the reduction of oxygen (Rozendal
et al., 2009). A life-cycle analysis suggests that pro-
duction of hydrogen peroxide in MECs is more sus-
tainable than traditional manufacturing routes (Foley et
al., 2010). The most critical challenge for hydrogen
peroxide production by cathodic oxygen reduction is
the difficulty of selecting a suitable catalyst.



Liu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2014 15(11):841-861 855

Caustic soda can also be produced at the cathode
by making use of alkalization of the catholyte during
oxygen reduction (Rabaey et al., 2010). A NaOH
concentration as high as 1 mol/L in the cathode has
been achieved in a liter-scale bioelectrochemical
system using acetate and brewery wastewaters in the
bioanode (Rabaey et al., 2010). As in the case of
hydrogen peroxide, how to select a suitable catalyst is
a great challenge for the long-term stable production
of caustic soda, because a high concentration of
caustics impairs the catalytic activity.

Cathode reactions can also be used to produce a
variety of organic chemicals via microbial electro-
synthesis, in which microorganisms reduce CO, or
organic matter with electrons donated from the elec-
trode (Rabaey and Rozendal, 2010). It has been re-
ported that acetate and 2-oxobutyrate can be produced
by biofilms of Sporomusa ovata through the reduc-
tion of CO, with the cathode as the sole electron
donor (Nevin et al., 2010). Ethanol can be produced
from the oxidation of glycerol by engineered She-
wanella oneidensis MR-1 species (Flynn et al., 2010),
or it can be produced from the reduction of acetate by
a microbial mixed culture in MECs (Steinbusch ef al.,
2010). As the material and microbiological tech-
niques advance, we expect that more valuable chem-
icals are going to be producible in the cathode of
MXCs. Thus far, the rate of chemical production is
still too low to justify the processes. The purity of the
produced chemicals also needs to be raised to reduce
excess energy and economic cost for product purifi-
cation. The long-term stability of chemical produc-
tion systems needs to be evaluated. Increasing the
catalytic activity, selectivity, and durability of mi-
crobial catalysts, optimizing the system configuration,
and better understanding the interactions between
different parts of the system will be useful to solve the
above problems, thus to promote the large-scale
application of these microbial electrosynthesis
processes.

5 Conclusions

MFCs hold great promise for realizing the sus-
tainability of wastewater treatment. At present, the
real-world large-scale application of this attractive
technology is still in progress. Scientists and engi-
neers from all over the world are making great efforts

to develop large-scale MFCs and to settle the prob-
lems limiting the scaling up of MFCs, such as the low
power output, high capital cost, low energy harvest-
ing efficiency, and poor system stability. Studies
regarding the integration of MFCs with other tech-
niques to give high effluent quality or for recovering
energy rich or highly valuable chemicals have just
emerged, and challenges in the electricity/chemical
production efficiency, wastewater treatment effec-
tiveness, economic feasibility, and system stability
need to be overcome for the practical application of
these techniques. Joint efforts from experts in reactor
design, material engineering, system optimization,
and biological manipulation are required in the future
to realize sustainable wastewater treatment by MFCs.
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