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Microbial fuel cells (MFCs) have been conceived and intensively studied as a promising technology to
achieve sustainable wastewater treatment. However, doubts and debates arose in recent years regarding
the technical and economic viability of this technology on a larger scale and in a real-world applications.
Hence, it is time to think about and examine how to recalibrate this technology's role in a future
paradigm of sustainable wastewater treatment. In the past years, many good ideas/approaches have
been proposed and investigated for MFC application, but information is scattered. Various review papers
were published on MFC configuration, substrates, electrode materials, separators and microbiology but
there is lack of critical thinking and systematic analysis of MFC application niche in wastewater
treatment. To systematically formulate a strategy of (potentially) practical MFC application and provide
information to guide MFC development, this perspective has critically examined and discussed the

problems and challenges for developing MFC technology, and identified a possible application niche
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Accepted 26th November 2013 whereby MFCs can be rationally incorporated into the treatment process. We propose integration of

MFCs with other treatment technologies to form an MFC-centered treatment scheme based on

DOI: 10.1039/c3ee43106a thoroughly analyzing the challenges and opportunities, and discuss future efforts to be made for

www.rsc.org/ees realizing sustainable wastewater treatment.

Broader context

Our society's expectations for wastewater treatment have evolved over time. While protecting aquatic environment and public health continues to be a para-
mount concern, the desire to recover clean water, energy and useful resources from wastewater is getting increasingly stronger today. This increased demand on
wastewater treatment has stimulated intensive research for sustainable treatment technologies. Microbial fuel cell (MFC) has been regarded as a promising
technology to serve this goal, but low power density, high cost and difficulty in reactor scaling-up severely limit its development and give rise to debates about its
practical feasibility. Here, we provide critical rethinking about the challenges and opportunities of this technology, and propose a more promising avenue for
MFC development—through integration with other enhanced treatment and resource recovery technologies for more sustainable wastewater treatment. The
advantages of such an MFC-centered treatment system in terms of energy consumption, environmental footprint, operating stability and economics are
analyzed, and an exemplary process flow is presented.

carbon dioxide (CO,) and nitrous oxide (N,0), and other volatile
substances are released into the atmosphere, and in the

1. Introduction

The problems of fossil-fuel depletion, environmental pollution,
water and other resource shortage are driving intensive efforts
towards more sustainable treatment and utilization of waste-
water. Indeed, while abating contamination continues to be an
important task of wastewater treatment, sustainability is grad-
ually becoming a pivotal criterion and driving force to its further
advancement. Unfortunately, at the present stage wastewater
treatment processes are generally energy intensive and require
high investment and operating costs. During the treatment a
considerable amount of greenhouse gases (GHGs), such as
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meantime excess sludge is produced and needs further
disposal. Moreover, many valuable resources such as phosphate
(PO,*7), ammonia (NH,;") and some metals contained in
wastewater are not recovered. All these facts substantially lower
process sustainability.

Nonetheless, wastewater treatment does have the potential
to become a sustainable process if suitable technologies can be
adopted. Today, society is increasingly aware that wastewater
could be a valuable source of energy and resources rather than
“waste”—an awareness that has led to a shift in our way of
handling wastewater and stimulated the development of
various energy-efficient and resource-recovering technologies.
For example, anaerobic digestion (AD) processes enable effi-
cient recovery of energy in the form of methane (CH,) or H,
from wastewater to partially offset the energy consumption for
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treatment; struvite precipitation process can simultaneously
recover phosphate and ammonia. Among these developments,
microbial fuel cell (MFC) as an emerging technology is bringing
new opportunities.”” Especially, MFC technology could be
highly adaptable to a sustainable pattern of wastewater treat-
ment for several reasons: (1) it enables direct recovery of electric
energy and value-added products; (2) good effluent quality and
low environmental footprint can be achieved because of effec-
tive combination of biological and electrochemical processes;
and (3) it is inherently amenable to real-time monitoring and
control, which benefits good operating stability.

However, practical application of MFC technology has not
been realized, because of great challenges in cost, system
development, and energy recovery. To find out whether the
envisioned advantages of this technology can be ultimately
achieved, we need to re-examine the challenges and feasibility
of this technology, and to think about how to recalibrate the role
of this technology in a future paradigm of sustainable waste-
water treatment.

With a critical analysis of the opportunities and challenges
of MFCs for wastewater treatment, this perspective aims to offer
some useful information to address key issues such as whether
we can possibly achieve sustainable operation of MFCs for
wastewater treatment and how, and to stimulate more thinking
and discussion of a possible application niche for MFC tech-
nology. An MFC-centered hybrid treatment system is proposed
as an example of integrating MFCs and relevant technologies
for improving treatment sustainability.

2. How might MFC technology
contribute to sustainable wastewater
treatment: opportunities and
challenges

Sustainable wastewater treatment is a fascinating concept that
promises to partially address the multiple challenges of energy
shortage, resource depletion and environmental pollution. It is
widely accepted that a sustainable treatment process should
strive for: neural-energy operation, balanced investment and
economic output, stable treatment performance, high effluent
quality to meet water reclamation and reuse requirement, less
resource consumption, a low environmental footprint, and
good social equity.** It is essentially difficult to simultaneously
meet all these criteria with the existing technologies and/or
single treatment technology. The MFC technology, although
still at its infancy, might bring in new opportunities because of
its many unique features (Fig. 1). To facilitate an in-depth
analysis, social sustainability is not covered here.

2.1 Energy balance

It is estimated that municipal wastewater contains approxi-
mately 9.3 times more energy than currently needed for its
treatment in a modern municipal wastewater treatment plant
(WWTP).> The value is even higher for carbohydrate-rich
wastewaters such as those from food-processing and brewery
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Fig. 1 Potential benefits of MFCs for energy, environmental, opera-
tional and economic sustainability.

industries. Thus, theoretically it is possible to turn wastewater
treatment into a self-sufficient or even a net energy-producing
process, although energy loss is unavoidable and could be
considerable in a practical conversion process. The energy
balance analysis of an MFC can be conducted based on its
electricity generation and energy consumption.

One of the most commonly-quoted advantages of MFCs is
their capability to directly extract electric energy from organic
matters in wastewater. Unlike other energy products such as
CH, or H, produced in AD processes, electricity is a cleaner and
more widely utilizable form of energy. Moreover, MFCs can
work well at ambient temperature and thus consume less
energy for temperature maintenance than AD reactors. It has
been reported that MFCs could produce normalized energy
recovery (NER) of 0.026 kW h m? wastewater, or 0.080 kW h
kg™' chemical oxygen demand (COD) from municipal waste-
water.*” MFCs are also known as an energy-saving technology
resulting from reducing aeration (for air-breathing cathode
MFC) and less sludge production than the conventional acti-
vated sludge processes.>™ It is estimated that, according to the
state-of-the-art practice for domestic wastewater treatment, an
MFC would only consume 0.024 kW or 0.076 kW h kg~ '-COD in
average (mainly for reactor feeding and mixing),® about one
order of magnitude less than activated sludge-based aerobic
processes (~0.3 kW or 0.6 kW h kg '-COD).** Therefore, a
positive energy balance in domestic wastewater treatment is
theoretically achievable by MFCs alone on a liter scale (Fig. 2).

However, in a real-world application, the goal of energy
neural is still far from success, especially for the MFCs at larger
scales. Generally, the maximum power output in the liter-scale
MEFCs are in the order of several W m ™ (Table 1), which is three
orders of magnitude lower than the target value of 1 kW m™3
(given an organic loading rate of 10 kg-COD m ™ day ') for an
energy self-sufficient implementation.”® The unfavorable solu-
tion characteristics (e.g. low conductivity and pH buffer capa-
bility of most wastewaters)'®'*'* and the complexity of
wastewater composition®"” further add up to the difficulty in
power density improvement. A detailed overview of those limi-
tations can be found elsewhere.'®**>*

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (A) Energy balance; and (B) estimated costs of an MFC and an
activated sludge system for municipal wastewater treatment. For the
energy balance calculation, the energy generation and consumption
associated with sludge treatment is not included.

Of course, there is still space for power and energy
improvement. For example, considering a much higher volu-
metric energy content of wastewater (about 1.2 kW h m ™ for
municipal wastewater assuming a COD of 300-400 mg L™ ' and
even higher for food-industry wastewater),® further improve-
ment in energy extraction by MFCs is possible.”” In the mean-
time, through optimizing reactor configuration and hydraulics
or adopting a decentralized wastewater treatment mode (which
can avoid energy consumption for long-distance transport of
water and are highly suitable for smaller-scale facilities like
MFCs?), the energy consumption might be further reduced.

2.2 Environmental impacts

Environmental sustainability of a wastewater treatment process
means that the effluent quality should meet the standards of
water reclamation and reuse. Meanwhile, the transfer of
contamination from aqueous to atmosphere and solid phases
(e.g., excess sludge) should be diminished to an environmen-
tally acceptable level.

Although both MFCs and AD processes allow simultaneous
pollutant removal and energy recovery, in most cases MFCs
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show a better decontamination performance, especially for
removal of aqueous recalcitrant contaminants including many
persistent contaminants.* This superior performance of MFC is
likely due to the co-existence of anaerobic and aerobic micro-
environments, which allows many reactions that are inherently
incapable by strict anaerobic or aerobic technologies. So far, the
high capability of MFCs and their derived reactors (e.g.,
microbial electrolysis cells) has been demonstrated for efficient
removal of aqueous contaminants, such as recalcitrant
organics,*”** nutrients,* sulfur compounds,***” and metals,***°
and to achieve good effluent quality (COD < 20 mg L™ ").* This
feature is especially valuable today because the water quality
standards are getting increasingly stringent while the discharge
of anthropic chemicals (e.g., various dyes, cosmetics and
medicines) is increasing.

MFCs may also have a low carbon footprint, arising from less
fossil-related CO, production as a result of low energy
consumption as well as ability for CO, sequestration in some
reactors with a specifically designed cathode.*** Additionally,
the MFC process has low sludge production. Compared with the
sludge yield of 0.4-0.8 volatile suspended solids (VSS) g '-COD
in an activated sludge system, an MFC produces around 0.1
2-VSS g~ '-COD.°® Thus, the secondary pollution risks and extra
energy consumption associated with sludge disposal can be
greatly reduced.*

Many of these environmental benefits of MFCs are yet to be
experimentally demonstrated in real-world facilities. Several
preliminary studies indicate that the realization of such benefits
in a practical wastewater treatment process is not easy. For
example, the conversion of CO, to organic compounds such as
CH, and acetate is very slow and energy-intensive, and the
autotrophic organisms that carry out those processes may not
be able to compete with heterotrophic organisms in case of
microbial contamination.** Moreover, many of the materials
used in MFCs such as catalysts, electrodes, and separators are
fossil fuel based and might have negative environmental
impacts. Hence, the overall environmental impacts of MFCs for
wastewater treatment need more comprehensive evaluation.

2.3 Operating stability

For a practical application, the treatment process should also be
robust and stable without extra investment of much energy and
resources for maintenance in the long-term run. In MFCs,
microorganisms typically develop into a biofilm on electrodes,

Table 1 Electricity generation performance of liter-scale MFCs for wastewater treatment

Wastewater Reactor volume (L) Max. power density (W m™>) NER (kW h kg™ '-COD) CE (%) Ref.
Synthetic 20 11 — — 24
Municipal 20 0.17 0.003 0.3 25
Brewery 10 4.1 0.10 7.6 26
Synthetic 7.5 0.39 — 50 27
Municipal 4 — 0.08 10.7 6
Municipal 2 0.18 0.04 — 28
Synthetic 1.5 6.8 — — 29
Synthetic 1.5 3.5 — 5 30

This journal is © The Royal Society of Chemistry 2014
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which confers their good resistance to toxic substances and
environmental fluctuations (e.g. pH and temperature varia-
tions).’ One unique advantage of MFCs over other biotech-
nologies is its good amenability to real-time monitoring and
control by means of electrochemical reactions; hence the
process robustness can be further strengthened.*™*” Several
MFCs with good long-term performance (with stable operation
for up to two years) have been reported for treating real waste-
water in both bench-scale***® and pilot studies.®**>¢

However, there are also a number of studies reporting
deteriorated performance of MFCs during long-term operation.
Especially, maintaining the predominance of electrochemically
active microorganisms (EAMs) in a complex wastewater envi-
ronment could be challenging.?®*** The variation of the oper-
ating environment (e.g., accumulation of protons and hydroxyl
ions in different chambers™) and declined functions of elec-
trode/membrane materials also affect long-term performance.
Electrode deterioration frequently occurs, resulting from
fouling,*** corrosion,* clogging of electrode materials, and
deactivation of catalysts. Additionally, there is always gradual
fouling of the separators over time.**** All these factors may
impair the long-term stability of MFCs for wastewater treat-
ment. To date, some attempts have been made to address these
problems, but truly effective and practical countermeasures are
still lacking.*

2.4 Economics

Poor economic viability might be the primary barrier for
advancing MFCs to a practical application (Fig. 2). The cost of
MFCs mainly includes initial capital investment and operation/
maintenance expenses associated with energy, chemicals and
materials consumption, while the economic revenue may come
from governmental subsidizing and the fee charged from the
contaminant discharge. Additional revenue can be from the
recovery of energy (e.g., electricity in MFC and CH,/H, in
anaerobic digesters) and value-added products (e.g., fertilizer
and poly-hydroxybutyrate).””

2.4.1 Operation cost. The operation of MFCs could be
energy saving as compared to many other treatment technolo-
gies.**** Based on the aforementioned energy balance analysis,
it is estimated that an MFC can theoretically generate a net NER
of around 0.004 kW h kg '-COD,* which equals an extra
economic revenue of about $0.0005 kg~ *-COD given an average
electricity price of $0.12 kW h™'.°* In comparison, the state-of-
the-art treatment cost for an activated sludge-based WWTP is
about $0.12 kg~ '-COD, assuming an energy consumption of
0.6 kW h kg~ '-COD*? and that 60% of the operation cost is used
for energy consumption. Additionally, a possible recovery of
value-added products from wastewater may further strengthen
the economic justification of MFCs.**** However, the achievable
profit of such processes remains under debate in light of the
usually low product yield and the high cost for product extrac-
tion and purification.

2.4.2 Capital cost. The capital costs of MFCs are still
extraordinarily high at the present stage, due to the use of
expensive electrodes (including carrier material, current
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collector and catalyst)'® and separator materials.** For example,
Ultrex membranes, one of the most often-used separators in the
larger-scale MFCs, cost approximately $110 m™>. It is estimated
that, even with relatively cheap carbon cloth electrodes and a
nonwoven fabric separator that have been demonstrated in
several studies,* the overall capital costs of an air-cathode MFC
for municipal wastewater treatment would still reach $3 kg™ '-
COD (or approximately $1.5 m>-municipal wastewater). This
estimation is based on the state-of-the-art levels of MFC
configuration and treatment capability:> treatment capacity of
25 kg-COD m?® d 7, cathode of $ 1500 m ™2, anode of $100 m 2,
separator of $1 m ™2, reactor of $5000 m >, and a lifetime of 10
years. This capital cost is 30-times higher than that of a
conventional activated sludge system.'® Therefore, the capital
cost of MFC technology must be substantially reduced before its
commercialization.

To conclude, the energy output of MFCs is still far from
meeting an energy-neutral operation at practical scales, the
environmental benefit is not straightforward, the process
performance tends to decline over a long-term operation, and
the materials of MFCs are generally cost-prohibitive. While
continuing improvement in those aspects can be expected with
the ongoing research, it seems some of the challenges such as a
relatively high capital cost might remain, making MFCs
competitively unfavorable. To meet the sustainability criteria,
more suitable strategies other than advancing MFC technology
alone should be sought. In our opinion, integrating MFCs with
other processes might be a more feasible avenue. Several
possible approaches of the integration and the reasons are
discussed below.

3. Taking advantage of synergies
between MFC and other treatment
technologies

3.1 Integration of AD for pre-fermentation

There has been growing interest in combining AD with MFCs
for wastewater treatment, resulting from complementary
synergy between these two processes.® In general, MFCs are
more suitable for treating medium and low-strength wastewa-
ters with a relatively simple composition, while AD has a clearly
competitive advantage in dealing with high-strength wastewa-
ters. Many practical wastewaters such as brewery®® and winery
wastewaters,"”” due to a high fraction of particulate and
fermentative substrates, cannot be efficiently used by EAMs, as
suggested by a recent report that MFCs cannot compete with AD
when treating sludge for energy recovery.®” Pre-hydrolysis and
fermentation of particulates and complex substrates in AD
could provide more better-utilizable substrates (mainly volatile
fatty acids) for electricity generation in an MFC.*** MFCs can
also degrade the remaining organics in AD effluent, thereby not
only further recovering energy from the waste stream but also
polishing the effluent quality while avoiding the energy-inten-
sive aerobic post-treatment step.””’* Such an AD-MFC inte-
grated process for enhanced pollutant removal and energy
recovery from various wastewaters has been demonstrated.””®

This journal is © The Royal Society of Chemistry 2014
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Besides, several recent studies showed that bioelectrochemical
systems can also be used to effectively monitor the AD reactor
status’” or even to improve stability and remediate AD systems
that exhibited process failure.”

3.2 Struvite precipitation for enhanced phosphate recovery

Phosphorus removal and recovery has become a key issue for
wastewater treatment because of the stricter regulations. In
addition, due to the increasing gap between a dwindling reserve
of phosphorus and a growing demand on its supply,” recovery
of the valuable phosphorus resources contained in wastewater
is becoming attractive. One appealing approach for this is to
produce struvite (MgNH,PO,-6H,0) or other phosphate-based
precipitate, which are known as an excellent slow-release
fertilizer.®®> In this process, phosphate, ammonia and
magnesium are recovered simultaneously.® This method can
be used in combination with MFCs for more sufficiently
exploiting the available resources and improving treatment
performance. In particular, it is very suitable for the treatment
of wastewater rich in nitrogen and phosphorous such as swine
wastewater and urine.* Sufficient recovery of the nutrients
through struvite precipitation can greatly increase the economic
benefits of the treatment process (this would be even more
significant considering the increasing scarcity and hence the
high strategic value of phosphate) and alleviate possible
ammonia-induced microbial suppression, thereby improving
electricity generation in the subsequent MFC treatment.
Meanwhile, MFCs as a post-treatment step can substantially
remove the organics (which is impossible by struvite precipi-
tation) and recover the energy in organic compounds. By
adopting such an integrated process, Zang et al. successfully
recovered 94.6% of phosphate and 28.6% of ammonia from
urine, and achieved 64.9% COD removal and 2.6 W m > power
output.”” Interestingly, an MFC can also be incorporated into a
struvite reactor to enhance the struvite precipitation efficiency,
due to a high local pH at the MFC cathode®® or accelerated
release of phosphate from sewage sludge with high selectivity
(Fig. 3).*>% Those prior studies imply good synergy between
these two technologies. Of course, the struvite precipitation
performance is strongly dependent on the solution chemistry
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e
Nutrient-rich @

I~ MFC

wastewater P release

Digested sludge

Fig. 3 Schematic diagram of integrating struvite precipitation and
MFC for enhanced phosphate recovery.
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(mainly wastewater composition), hence the application range
of such processes would be constrained.

3.3. Algae for improved removal of nutrient and production
of biomass

For treatment of relatively low-nutrient wastewater, struvite
precipitation is unsuitable while MFCs are generally inefficient
for nutrient removal. Algal treatment in connection with MFCs
could be highly desirable. It is well known that many photo-
autotrophs, such as algae and cyanobacteria,*” can efficiently
absorb nutrients from water for biomass synthesis.*® Therefore,
after COD removal by an MFC, algal treatment may further
remove the residual nutrients and improve water quality.
Besides, there are also other concomitant environmental and
energy benefits, such as CO, sequestration® and biodiesel
extraction” from the produced algal biomass or even using
biomass for extra electricity production.®* It was reported that
the removal efficiencies of total organic carbon, nitrogen and
phosphorus in an MFC-algae integrated 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>.?2 Through optimizing the reactor configuration
and imposing self-buffering,” the nutrient recovery ratio was
further increased (98% for nitrogen and 82% for phosphate)
and a higher power density (up to 2.2 W m™>) was steadily
achieved during a one-year operation. In addition to nutrient
uptake, the algal treatment can also efficiently remove various
heavy metals and many other contaminants in water through
biosorption,® thus further purifying the MFC effluent.

3.4 Membrane separation for water reclamation

To ensure good effluent water quality, a deep treatment for
sufficiently removing the suspended solids (including plank-
tons) and some residual recalcitrant substances would be
necessary. For this purpose, membrane technology would be an
attractive option, and has been widely adopted to efficiently
separate pollutants or recycle valuable chemical products® and
meanwhile to produce high-quality water.>® There have been
several successful attempts to integrate the membrane separa-
tion process with MFCs, either through sequential linking or
through direct coupling, of both.”**” For instance, the integra-
tion of hollow-fiber ultrafiltration membranes into a tubular
MFC for municipal wastewater treatment was found to
substantially improve the effluent quality, with effluent
turbidity <1 NTU and COD removal >90%.°® Wang et al. reported
a low-cost electrochemical membrane bioreactor (EMBR) with
good effluent quality and theoretically net energy production.®
In their system, the treated wastewater from the anodic
chamber directly flew through a layer of non-woven cloth and a
graphite felt, the latter serving as both a filter and the cathode.
Meanwhile, air was continuously diffused from the atmosphere
into the microbial-colonized graphite felt cathode, where
simultaneous ORR, nitrification and denitrification reactions
occurred at high efficiency (Fig. 4). Furthermore, no excess
sludge was discharged over a two-month operation.

Energy Environ. Sci,, 2014, 7, 911-924 | 915
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The above suggests that more benefits can be achieved and
many of the limitations of MFCs can be eased up by combining
it with other treatment technologies. However, such integra-
tions may also bring in some new challenges as detailed below.
To maximize the synergies and reduce possible negative
impacts, it is important that different technologies can be
integrated appropriately according to the actual wastewater
properties and environmental conditions. Hence, the process
design is critical. In the following, we propose an exemplary and
hypothetical scenario where several bioenergy/chemical recov-
ering and enhanced treatment steps are optionally integrated by
taking into account the sustainability criteria.

4. MFC-centered hybrid process—a
future paradigm for improving
treatment sustainability

4.1 Hypothetical process for wastewater refinery

Similar to oil refinery, in a wastewater refinery concept the value
of each product stream should be maximized, while the output
of waste streams should be minimized. In addition, the
investment of energy or resources into this process should also
be controlled at a reasonable level. Based on these principles,
we hypothesize that the above discussed technologies,
including AD, struvite precipitation, algae treatment and
membrane filtration, can be partially or all incorporated into a
MFC-centred treatment chain for maximizing the treatment
sustainability. The schematic process flow is shown in Fig. 5.
As the first step, a settling tank and other primary treatment
facilities (e.g., bar screens and debris basin as in most of the
existing wastewater treatment plants—WWTPs) can be adopted
to remove the majority of the non-utilizable fractions and
meanwhile reduce the risk of the reactor clogging in the
subsequent treatment steps. Then, depending on the waste-
water properties, the wastewater can be treated via three
different paths: (1) wastewater with a low organic loading can be
directly fed into an MFC system; (2) high-strength wastewater
might need to be treated firstly in an anaerobic reactor for pre-
fermentation before entering into the MFC system, for biogas
production and for generating a favourable wastewater

Acetate
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~

Cathodic
microbes
Nonwoven cloth Cathode

Fig. 4 Schematic diagram of an air-breathing cathode EMBR for
wastewater treatment.*®
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composition for the subsequent MFC treatment; to support the
energy self-sustained operation of a WWTP, the produced
biogas can be converted into electricity via combined heat and
power systems, and it is estimated that in this way up to 28% of
the energy potential in wastewater can be recovered as elec-
tricity by using an upflow anaerobic sludge blanket (UASB)
reactor,'” and the produced heat can in turn be used to main-
tain the reactor temperature; and (3) phosphate-rich wastewater
can undergo a struvite precipitation step for nutrient recovery
prior to MFC treatment (depending on the COD loading, an AD
pre-fermentation step can also be optionally inserted).

Subsequently, in MFCs the remaining organics are further
exploited for energy production and possible recovery of a wide
range of valuable products. Nevertheless, the MFC treatment
may be insufficient for lowering the aqueous nutrients to an
acceptable level yet, especially for nutrient-rich wastewaters like
urine or swine wastewater.'® Therefore, the MFC effluent can be
subjected to algal treatment for further improving the effluent
quality and lifting the energy output, as well as environmental
benefits from wastewater.*®

And last, to yield high-quality water that meets the recla-
mation standard, membrane filtration processes such as ultra-
filtration, nanofiltration or reverse osmosis can be incorporated
as a deep-treatment step to further polish the water or even to
further extract useful products from the effluent stream.

Notably, as an important part of the wastewater treatment,
the produced excess sludge from the treatment processes (e.g.,
primary treatment and bioreactors) could also be utilized as a
source of energy and resources. Thus, it is appropriate and
necessary to also incorporate sludge treatment into the waste-
water refinery process. In light of the complexity and bio-
calcitrancy of sludge as a feedstock for MFCs (proteins and
carbohydrates are enveloped in the microbial matrix of the cells
and EPS),' an AD pretreatment of sludge could be helpful.'*
One possible strategy would be to recirculate the excess sludge
from an MFC to a UASB for digestion, and then the digested
sludge can be further degraded in MFCs, thereby producing
extra energy and minimizing the sludge discharge. The syner-
getic effects between AD and MFCs can be further maximized if
MFCs can be designed in some way to simultaneously remove
the inhibitive substances produced in sludge fermentation.*****
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As thus, with a rational integration of multiple technologies
(many of which can be optionally selected and flexibly deployed
in the overall process), a maximized recovery of energy, clean
water and other resources from wastewater can be achieved.
Taking the energy production as an example, assuming that the
ratio of energy recovery (relative to the energy content of
wastewater given a COD concentration of 500 mg L™ ') from the
AD, MFC and algae treatment steps are 28%,'” 10%,° and 3%
(ref. 93) respectively, in total 41% of the chemical energy would
be recovered, which theoretically would turn the treatment
process into a net energy producer considering that the energy
consumption of wastewater treatment would account for no
more than 10% of the energy content. An additional advantage
of such an MFC-centered treatment process over conventional
systems is that a decentralized treatment concept can be greatly
favored due to less restriction on running the site and origin of
energy source. For example, the treatment facilities can be
deployed at some off-grid places such as farming fields
(important non-point agricultural pollution source) and eutro-
phic lakes for self-sustained treatment (solar energy can be well
utilized as an extra energy source by specifically designed MFC
configurations). Of course, energy loss could be exaggerated in a
scaled system, and the actual energy performance is still to be
experimentally demonstrated.

It is worth noting that here we only give an exemplary process
as to how several wastewater treatment technologies could be
integrated to achieve sustainable treatment. The actual design
would be case-specific and depend heavily on the wastewater
properties, operating conditions and other related criteria.

4.2 Challenges of the hybrid processes

There will be great challenges to achieve these envisioned
advantages of the hybrid processes and to realize their practical
implementation.

First of all, the high cost, low power density of MFCs and
difficulty for reactor scaling-up have been and will continue to
be primary barriers for practical implementation of both MFCs
and such a hybrid process.” Although better overall perfor-
mances in economics and energy production can be expected in
a MFC-centered hybrid system, the ultimate success of this
system would still heavily rely on further breakthroughs of MFC
technology. Because of the offsetting effects of other treatment
steps, the improvement in power density and economics of
MFCs to achieve self-balanced treatment could be less as
compared to that of advancing MFC technology alone, thereby
making such hybrid systems more feasible to be realized. An
important task will be acknowledging to what extent MFCs need
to be improved to enable a sustainable operation of such a
hybrid process.

Secondly, the combination might add up to the complexity of
the treatment process, hence creating more challenges for
process optimization and maintenance. The different treatment
steps vary considerably in their functions (ie., contributing
differently to various aspects of the sustainability criteria), and
their performances are interrelated. For example, when treating
high-strength organic wastewater, poor AD performance might
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lead to decreased electricity generation in MFCs and increase
fouling of the subsequent membrane separation step. Further-
more, while energy can be derived from all the steps of AD, MFC
and algal treatment, they may require different economic or
environmental expenses to achieve comparable energy recovery.
For hybrid processes there is inevitably a counterbalance
between the multiple sustainability criteria. For instance, some
enhanced purification technologies, such as membrane filtra-
tion for deep treatment, electrodialysis for improved phosphate
recovery,'” and advanced oxidation for promoted recalcitrant
degradation,'® can bring better effluent quality but usually at
the cost of higher energy consumption. Hence, difficulty would
arise in balancing the energy/resource gains, environmental
impacts, process stability and the economics in MFCs and
between different treatment units. Although the current
economic values of products such as struvite, clean water,
methane, biodiesel are relatively low, the added complexity in a
hybrid system will be paid off with increasing the demand on
sustainability and elevated product values due to the depleting
resources.

Lastly, we should be aware that, along with many envisioned
positive synergies, the introduction of other processes may also
bring new problems. For example, the use of membrane sepa-
ration as a polishing step would give rise to membrane fouling
problems; algae in photosynthesis processes can suffer from
self-shading; during struvite precipitation some hazardous
metals may be co-deposited, and the alkaline effluent may
impair the microbial activity in the subsequent treatment steps.
Therefore, a balanced evaluation of all favorable and unfavor-
able factors should be conducted to guide the process design
and operation.

5. The way forward
5.1 Scaling up MFCs to a practical level

To make MFCs suitable for real-world applications, system
scaling up would be inevitable. This requires not only
increasing the reactor size and treatment capacity to a practical
level, but also achieving levels of useful energy.” Although a
neutral or positive energy balance has been theoretically
demonstrated, there has not been an actual operation of ener-
getically self-sustained MFCs for wastewater treatment.’
Therefore, the biggest challenge of MFCs designed for waste-
water treatment application is how to simultaneously scale up
the reactor size and energy output. The specific limitations
associated with system scaling up include: high internal resis-
tance, pH buffering, high material cost, and low efficiency of
mixed culture biofilm on an electrode.”>*® Overcoming these
limitations calls for further joint efforts in reactor engineering,
material development and biological manipulation.

5.1.1 Engineering MFC reactors. (1) Enlarging the reactor
size. Several lessons are learned from the previous scaling up
efforts, and should be considered in the future reactor design.
Firstly, a close distance between the anode and the cathode
electrodes, and an efficient transfer of ions should be ensured
to decrease internal resistance, regardless of an increased
overall reactor size. This is important because a large electrode
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distance and a pH gradient are usually the main reasons for the
high internal resistance in the large-scale systems.*® However,
shortening the electrode spacing would also increase the
possibility of oxygen intrusion into the anode and substrate
crossover to the cathode, especially in the membrane-less
MFCs. An appropriate separator will be necessary between two
closely deployed electrodes, thus making it a sandwich-struc-
tured separator electrode assembly, which can be realized in
either tubular or plate MFCs. Secondly, a high electrode-
packing density would benefit the system performance.
Increasing the electrode surface area would increase the
amount of active biomass in an MFC, thereby favoring efficient
wastewater treatment and energy generation.'”” As a result, the
volume of the reactor for pollutant removal can be reduced and
the volumetric power density can be increased. A high elec-
trode-packing density would also reduce the pressure of the
footprint demand, thus eliminating the possible location limi-
tation for MFC application. However, highly packed biofilm-
electrodes may also limit mass diffusion and electron transport,
and are prone to electrode clogging.

(2) MFC stacks. Because of significant challenges in reactor
scaling up, MFCs may not be scaled up to a very large scale like
the one of the existing treatment systems. Thus, a more feasible
and perhaps unavoidable way for MFC scaling up will be to
employ multiple moderately-scaled MFC units as a stack.”® It
has been proven that a serial connection of multiple MFCs can
substantially boost the overall output voltage, and offer high
flexibility for MFC installation and modularized operation.>**%®
The success of such cascade-stacking systems has long been
achieved for chemical fuel cells.'® However, for MFCs with
biocatalyzed electrode reactions, issues such as cell voltage
reversal and ionic short circuit may arise. Voltage reversal
occurs as a result of unequal electrode potentials between the
unit cells, likely due to unbalanced substrate distribution,"****
and leads to a low power output or even a failure of the whole
system.'** Ionic short circuit is encountered for serial-connected
MFCs that share the same anolyte or catholyte,"*"'* and may be
avoided by separating the anolyte of the unit cells, but this
would increase the cost for reactor construction and mainte-
nance (e.g., extra pumps might be used to distribute the influent
wastewater). It seems that a possible approach of stacking MFCs
would be to create an electrical array of multiple MFC stacks by
appropriately connecting the MFC cells both in series and in
parallel. In this way, the unit cells from different reactor
modules are connected in series to increase voltage without
causing ionic short circuit;""* meanwhile the MFC stacks are
connected in parallel to increase the total current output.
Furthermore, the multiple unit cells in each reactor module are
hydraulically connected, thus ensuring sufficient substrate
degradation and good treatment performance.'** For example,
tubular MFCs of separator-electrode assembly (SEA) configura-
tion with an appropriate reactor length and passive air-cathodes
can be adopted as the unit cells as demonstrated in Fig. 6.

(3) Reducing capital investment. Another important chal-
lenge pertaining to MFC scaling up is the high capital cost,
mainly resulted from expensive materials (e.g., electrodes and
membrane/separators). Clearly, more efficient, robust, scalable
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Anode Effluent

Fig. 6 Conceptual MFC stacking system (only four unit cells are
depicted for simplification). The gray lines refer to electric connection.
Straight arrows stand for water flow direction.

and economically affordable materials will be needed. Gener-
ally, carbon-based materials, because of a large surface area,
good stability, and low cost, could be a desirable choice in this
respect." However, their relatively low electrical conductivity is
a limitation.” The use of metal materials as current collectors
may increase conductivity, but this would incur extra cost."'*'”
When oxygen acts as an electron acceptor, its diffusion to the
cathode electrode could affect the MFC performance. Thus, the
requirement of efficient three-phase (air, water, and electrode)
interface makes the selection of cathode materials even more
challenging. Another high-cost component in an MFC is the
separator, for which an ion exchange membrane is commonly
adopted.®** In the quest for low-cost and fouling-resistant
alternatives, many filtration materials such as non-woven
cloth,*?® ultrafiltration membranes,**® and forward osmosis
membrane,'® have been tested so far, but none of them seem to
perfectly meet all the criteria of low cost, good mechanical
strength, efficient proton transfer, and long-term stability for
large-scale systems.™® Future development in nanotechnology
and bionics may introduce new materials with fine-tuned
properties and acceptable cost.”®'** For example, it was
reported that Geobacter sulferreducens could synthesize nano-
wires with metallic-like conductivity to facilitate electron
transfer (ET) at the microbe-electrode interface.****® Hence,
such bioderived nanowires may be used to construct conductive
materials,” but their feasibility is yet to be further validated.
Moreover, the possible impacts of environmental variations
(e.g., wastewater composition and temperature changes) and
maintenance activities (e.g., cleaning of fouled electrode) on
these materials will need validation in practical systems.

(4) Power management systems. In an MFC stack consisting
of multiple MFCs, how to efficiently harvest energy will become
a challenge. Power management systems (PMS) have been
studied to extract energy from MFCs, and they may include
charge pump, DC-DC voltage boost converter, and various
electric-storage capacitors. It has been demonstrated that the
use of PMS with appropriate on/off switches substantially
increased the output voltage of an MFC to 3.3 V."*® However,
such devices also add up to the electric circuit complexity and
increase the energy losses and cost.*” These drawbacks may be
eased to a certain extent by using more efficient materials,
applying accurate control,”* or optimizing the design and
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operation of capacitor.">***'> For instance, the extracellular c-
type cytochromes of G. sulferreducens were found to function as
both shuttles for electron transfer and capacitors for electron
storage,"**'** and such a property might be utilized for fabri-
cating low-cost and environmentally-sustainable electron
storage devices.”*® Enhancing power control could be another
useful way to aid the MFC scaling-up endeavor; to achieve this,
more efficient and cost-effective PMS will be needed to contin-
uously harvest energy from MFC operation.

5.1.2 Taking control over microbiology. The core of an
MFC process mainly lies in the electrode-colonized microor-
ganisms that simultaneously metabolize substrates and
exchange electrons with an electrode.>*** While a bioanode is an
essential part of an MFC, the use of microbial catalyst also in
the cathode is interesting and will undoubtedly further add to
the importance of microbiology control in such a system.'”
However, the potential of such EAMs have not been fully
exploited yet. Especially, the conflict between increasing
biomass density and decreasing resistance of mass and elec-
trons transport presents a big challenge. Indeed, poor biofilm
conductivity usually contributes to a major fraction of the
internal resistance.'® Thus, one important future task of elec-
trode microbiology manipulation will be to create an active,
conductive, and permeable biofilm. This calls for a compre-
hensive understanding of electrode microorganisms and their
extracellular electron transfer behavior at both molecular level
and microbial community and biofilm levels (Fig. 7).

An improved understanding of the molecule-level mecha-
nisms of the microbe-electrode interactions in MFCs is yet to be
achieved. To date, even the most-extensively studied EAMs,
Geobacter and Shewanella, have not been fully recognized yet in
their EET mechanisms.? It is believed that EAMs can donate
electrons to and/or accept electrons from a solid electrode via
four possible routes: (a) periplasmic and membrane-bound
cytochromes; (b) conductive nanowire; (c) redox mediators; or
(d) metabolic intermediates. Recently, it was also revealed that a
network of nanowire, cytochromes, and/or some conductive
proteins in the extracellular polymeric matrix might be involved
in long-range ET through cell-to-cell and -cell-to-electrode

EAMs:

microbe- electrode
interactions; genetic and
metabolic engineering

J

Microbial community:
Synergistic effects;
competition between
different species

N

(Bioﬁlm:
thickness, porosity,
conductivity, composition,
GPS, QS signals

Fig. 7 Critical microbial aspects of MFCs to be better understood and
manipulated.
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communication.**®*** This feature is of particular significance
for constructing a conductive thick biofilm. However, the
specific molecular mechanisms of such long-range ET are
unclear. Especially, intensive debates recently arise regarding
the mechanisms of long-range ET across a G. sulferreducens
biofilm."?*"*'** The c-type cytochromes, which are widely
distributed in both extracellular polymeric substances and
along the nanowires of this strain, were regarded as a
predominant contributor to its long-range ET via electron
hopping or tunneling.***'**> However, the new finding of a
network of nanowires with metallic-like conductivity suggested
that metallic transfer instead of a cytochromes-based super-
exchange ET should be critically responsible for such biofilm
conductivity.'*»**>'*3 Both theories of mechanisms will require
more convincing evidence for validation, either based on direct
observation of intact, actively respiring biofilm, or on direct
probing into the molecule-level structure.

A similar situation was encountered with Shewanella spp.*****
S. oneidensis MR-1 is also known to possess filamentous nano-
wires, with closely arranged redox molecules along the nanowire
length, and is capable of long-range ET.'** However, it is unclear
as to how such nanowires, and quite possibly also the membrane-
bound c-type cytochromes, are involved in the long-range
ET."*8 Moreover, suppression of polysaccharides synthesis in S.
oneidensis MR-1 was found to improve ET across the biofilm,
which is in contrast with in G. sulferreducens biofilms."***** These
results hence reveal a great diversity in the mechanisms of EET
among different microbial species. In light of the great diversity
of EAMs in natural environment, and also the possibility of
interspecies ET,** thus, an in-depth investigation into the EET
mechanisms of other EAM species in addition to Geobacter and
Shewanella would also be necessary."*>'>

Notably, compared with the anode biofilm, the EET mecha-
nisms of microbial cathode are even less known. Although many
of the EET routes identified in the cathode so far are similar to
those at the anode, the microorganisms involved and their
functions seem to be different.’>* Furthermore, it is unknown
how the cathode-respiration microorganisms gain energy from
the electron uptake process.”® Obtaining such knowledge will
require substantial development in detection techniques for
more efficient, accurate and even iz situ analysis into the complex
microbe-electrode interactions.’>'***®* Meanwhile, gene engi-
neering approaches™'* and molecular dynamic simulation
techniques'**'** may also aid in revealing the EET pathways at a
molecular level.

To support an efficient and robust biofilm electrode for
practical wastewater treatment, it is also essential to maintain a
well-balanced microbial community consisting of EAMs and
their various syntrophic partners as well as competitors.'®*'%
Some efforts have been initiated to gain a better characteriza-
tion and engineering of microbes, such as optimization of
operating conditions (e.g., pH, temperature, solution proper-
ties),’® creation of an artificial biofilm,'”'** selective enrich-
ment of microorganisms via electrode surface modification,'*®
or using quorum sensing (QS) signal for microbial community
regulation,”*"* but more research works are still to be con-
ducted in practical situations for validation and improved
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control. The properties of biofilm, such as thickness, porosity,
conductivity, composition and extracellular polymer substances
(EPS) content, which significantly affect mass diffusion and
electron transfer,'”? are also critical for the microbiology control
and warrant future investigations.">'7

5.2 Better coordinating the synergies among individual
technologies

In addition to improving individual technologies, especially
MFCs, rational coordination between the individual units is
also critical for the success of such MFC-centered hybrid
processes. This requires a delicate optimization in both the
system design and process operation, for which mathematical
modelling and advanced process monitoring/control may be
used.

5.2.1 Mathematical modeling. A better understanding and
optimization of such complex hybrid processes may be facili-
tated by use of mathematical models.”*"*** Specifically, two
directions could be pursued: first, more detailed MFC models
should be established by taking into account multiple
biochemical, hydrodynamic, and electrochemical parameters;
and second, global models that describe the overall MFC-
centered processes and reflect the multiple sustainability
criteria are needed. These might be accomplished by incorpo-
rating bioelectrochemical processes of MFCs into the existing
activated sludge model and AD model for a uniform process
simulation, and by performing multiple-factor analysis based
on a life-cycle assessment (LCA) of the hybrid process. LCA
analysis should proceed with caution, since there has been no
successful demonstration of MFC system at a reasonable scale
yet that can provide sufficient information for such analysis.

5.2.2 Process monitoring and control. To enable a robust
and stable treatment process, online monitoring and real-time
process control must be afforded. MFCs are inherently amend-
able to a real-time monitoring and control, because the electro-
chemical parameters such as electric current and electrode
potential can function as useful indicators of the system status
and treatment levels****7* and offer effective means for process
control."”>"¢ This is a relatively untapped but highly promising
area for advancing MFC applications. To this end, an in-depth
and comprehensive understanding of the complex relationships
among engineering, microbiology and electrochemistry in MFCs
should be acquired, and more monitoring/control factors
(including not only electrochemical parameters but also
conventional biological indexes, water quality parameters and
various mass transfer processes) should be considered. A detailed
list of these various factors is given in Fig. 8. Considering that
MFC itself can only provide an electric signal, more comple-
mentary detection techniques would also be required for moni-
toring many other parameters. In this regard some attempts have
already been initiated. For example, a non-destructive confocal
Raman microscopy method was recently reported to in situ
determine the spatial redox electrochemistry of MFC biofilms;**”
A nuclear magnetic resonance micro-imaging system was used to
successfully measure the spatially and temporally resolved
effective diffusion coefficients in electrode biofilms."”” Such
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® Water quality indexes: pH, temperature, VFA,
alkalinity, BOD, nutrient, SS, DO,
conductivity, ...;

® Biological parameters: bioactivity, microbial
community;

® Electrochemical parameters: electric current,
voltage, electrode potential, internal resistance.

*

® OLR, flow rate, recirculation, chemical dosing,
aeration
® External resistance, electrode potential

Mathematical
model

Process control
Auto-control
unit

Fig. 8 Flow chart of an online monitoring and control system for
MFCs.

direct monitoring of the biofilm evolution and mass transfer
process would offer more straightforward and less-interfered
information about the system status.

Apart from MFCs, the monitoring and control of other
treatment steps should also be strengthened. Dong et al.'”®
reported an efficient online AD reactor monitoring and alert
system based on the use of low-cost online detection devices
and a stability index for reactor diagnosis, which could offer
real-time information about the reactor status, but more rich
diagnosis database and a feedback control system are yet to be
developed. In other relevant fields, the advanced online sensing
systems for in situ monitoring of algae, microcystin'”® various
trace organic pollutants,*® etc. in aqueous solution may also be
used in an MFC-centered hybrid system to improve the process
robustness and stability.

6. Conclusions

In this perspective, we propose the concept of an MFC-centered
hybrid process as an example to promote the practical appli-
cation of MFCs and improve the sustainability of wastewater
treatment process. Both the opportunities and the limitations
of MFC technology to meet the multiple criteria of sustainability
are analyzed. A possible paradigm of an MFC-centered hybrid
system for wastewater refinery by appropriately integrating MFC
with several other treatment technologies, including AD, stru-
vite precipitation, algae treatment and membrane filtration, are
presented. The challenges and future directions for scaling up
MFCs to a practical level as well as for advancing the application
of such hybrid processes are discussed. In light of the limited
available data about practical application of MFCs and many
uncertainties in future technological and economic develop-
ment, this paper only presents an initial attempt to explore the
possibility for applying MFCs as a sustainable technology for
wastewater treatment and to guide its future development. A
quantitative evaluation of the sustainability of MFCs and its
hybrid processes will rely on the establishment of more statis-
tical data, and its practical application feasibility will be sub-
jected to field demonstration.
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