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�METs have not been commercialized due to various constraints including one associated with the separator.
� Many problems associated with the Nafion PEM such as high cost of membrane, significant oxygen and substrate crossovers, and transport of cations

other than protons and biofouling.
� Porous materials enable non-ion selective charge transfer are better materials for MET separators.
� In organic separator such as earthenware and ceramic are promising materials for the purpose.
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Microbial electrochemical technologies (METs) are emerging green processes producing useful products
from renewable sources without causing environmental pollution and treating wastes. The separator, an
important part of METs that greatly affects the latter’s performance, is commonly made of Nafion proton
exchange membrane (PEM). However, many problems have been identified associated with the Nafion
PEM such as high cost of membrane, significant oxygen and substrate crossovers, and transport of cations
other than protons protons and biofouling. A variety of materials have been offered as alternative sepa-
rators such as ion-exchange membranes, salt bridges, glass fibers, composite membranes and porous
materials. It has been claimed that low cost porous materials perform better than PEM. These include
J-cloth, nylon filter, glass fiber mat, non-woven cloth, earthen pot and ceramics that enable non-ion selec-
tive charge transfer. This paper provides an up-to-date review on porous separators and plots directions
for future studies.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Fossil fuel will be depleted in the near future because of the
decline in discoveries of major new reserve and the rapid rise
in their continued use. Renewable energy sources are greatly
needed in the energy mix to continue sustaining the standard
of living for future generations on this planet while reducing
environmental issues caused by the use of fossil fuels such as
global warming and climate change. One of the most promising
renewable energy resources is biomass that could be converted
readily to renewable energy by using a variety of conversion
technologies. One of the most promising and emerging energy
conversion technologies from biomass are microbial electrochem-
ical technologies (METs), which include microbial fuel cell (MFCs)
and microbial electrolysis cells (MECs) among others. Organic
materials contained wastewaters can be used to generate electric-
ity in MFCs and to produce hydrogen as an alternative energy
carrier in MECs.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2015.06.105&domain=pdf
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Fig. 1. Schematic of ion and mass transfer across: (a) cation; and (b) anion
exchange membrane. MOH and HX represent undissociated base and acid,
respectively (Harnisch and Schröder, 2009).
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EABs, known as exoelectrogens oxidize electron donors (or
fuel/substrate) in the anode compartment and the resulting elec-
trons are transferred to the cathode through the anode and the
external circuit. The cathode catalyses reduction of electron accep-
tors such as oxygen and nitrate in MFCs and protons in MECs con-
suming electrons transferred from the anode compartment. For
thermodynamic reasons, external energy in the form of electricity
is supplied to reduce protons to hydrogen in MECs. Proton
exchange membranes (PEMs) used as separators are one of the
most important components in MET devices that influence their
performances (Rahimnejad et al., 2014a; Xu et al., 2012).

Nafion is the best options used as PEM in the METs. However,
problems associated with the Nafion PEM have been reported such
as highly cost, oxygen and substrate crossovers, cation transfer
rather than proton and biofouling (Chae et al., 2007; Li et al.,
2011). The higly cost of Nafion is attributing the high construction
cost of MET devices (Rozendal et al., 2008).

In addition, one of the major problems in METs using Nafion as
PEM is the pH imbalance between the anode and the cathode
chambers occurring gradually during the course of their operation
that limits the performance of METs (Sivasankaran and Sangeetha,
2011). In order to maintain electrical neutrality, for each electron
that is transferred to the cathode, an equivalent proton must be
transported to the cathode through the separator membrane
(Chung et al., 2011). The pH decrease in the anode chamber and
its rise in the cathode chamber during METs’ operation are caused
by the slower transport of protons through the Nafion separator
compared to both the proton production rate in the anode chamber
and the proton consumption rate in the cathode chamber (Gil et al.,
2003; Sivasankaran and Sangeetha, 2011). The pH imbalance also
results in higher internal resistance because of concentration
polarization loss (ElMekawy et al., 2013) high ohmic losses
because of higher affinity for cation species than protons (Logan,
2008) and a significant reduction in MFC performance (Rozendal
et al., 2008).

Various materials have been offered as alternative separators
such as ion-exchange membranes, salt bridges, glass fibers,
earthenware (Behera et al., 2010a,b) and composite membrane
(Li et al., 2011) to replace the Nafion PEM in METs. The suitability
of separators can be assessed by analysing the power density out-
put of the METs using them. The criteria for assessing potential
separators for commercial application of METs are low cost, low
cross-over of substrate and oxygen (Li et al., 2011), good transport
of ions other than just protons and minimum or no biofouling.

Nafion has been developed for electrochemical application
where non-aqueous eletrolytes are used. Recently, porous materi-
als that enable non-ion selective charge transfer have been
reported that could help improve performance of the technologies
at low cost. Winfield et al. (2013b) employed bi-directional polar-
ization methods to show that porous materials perform better as
separators in MFCs with lower internal resistance than CEMs.

In recent years, METs as new emerging renewable energy tech-
nologies, have been reviewed extensively (Atanassov et al., 2014;
Liew et al., 2014; Ge et al., 2014; Jafary et al., 2015; Dhar and
Lee, 2013) including reviews on separators used in METs (Kim
et al., 2007; Kraytsberg and Ein-Eli, 2014; Leong et al., 2013;
Rahimnejad et al., 2014a; Varcoe et al., 2014; Wang and Ren,
2013) but none of the reviews have considered inorganic separa-
tors as main topics of review such as ceramic and earthenware.

In the present paper, an overview of porous and non-porous
separators that have been used, including their advantages and dis-
advantages are presented. The suitability of inorganic porous
material for MFC separator application is also discussion high-
lighted and is main part of authors studied.
2. Separators used in MET studies

Good low-cost separators should have minimum crossover of
substrate and oxygen and efficient transfer of protons and other
ions present in the electrolyte. However, the performance of speci-
fic separators may also vary significantly depending on their mate-
rial characteristics, thickness, surface conditions and configuration.
Moreover, the operating conditions such as electrolyte composi-
tion and current discharge also affect the performance of the sep-
arator as well as of the MFCs as a whole (Harnisch and Schröder,
2009). It is therefore difficult to give a systematic comparison of
their specific performance based only on published data that have
been obtained using reactors of different design under different
conditions.

One way to assess performance of the separators is to compare
cost and ion and mass permeability (Kim et al., 2007). An ideal sep-
arator should increase both power density and Coulombic effi-
ciency (CE). However, CEs measured for the different separators
are inversely correlated with power density, demonstrating that
materials which reduce the oxygen diffusion into the anode cham-
ber also hinder proton transport to the cathode, reducing power
production through higher internal resistance (Kim et al., 2007).

2.1. Ion-exchange membranes (IEM)

Ion-exchange membranes usually consist of polymer backbones
containing charge carrying functional groups that facilitate trans-
port of oppositely charged ions (Fig. 1). Sulphonates are the most
common negatively charged group in cation exchange membrane,
l-p = whilst positively charged tertiary amines (ANH3+) constitutes
the most common functional groups in anion exchange membrane.

2.1.1. Cation exchange membranes (CEMs)
2.1.1.1. Nafion membranes. Nafion membranes, used widely in
METs, are the standard proton exchange membranes (PEMs) in
chemical fuel cells. They are used in the latter as solid electrolytes
to transport cations selectively and as effective internal separators
between the anode and cathode chambers. Nafion is a sulphonated
tetrafluoroethylene copolymer that consists of a hydrophobic fluo-
rocarbon backbone (ACF2ACF2A) and hydrophilic sulphonate
groups (SO3

�) that are attached to this backbone (Choi et al.,
2006). The high level of cation conductivity in Nafion membranes
is due to the presence of the sulphonate groups. Nafion membranes
are also durable and resistant to attacks by a variety of chemicals
(Peighambardoust et al., 2010).
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Nafions are highly selective for cations but are poorly selective
for protons under MET operating conditions. Transport of electrons
to the cathode chamber via an external circuit must be compen-
sated by transport of an equal amount of positively charged ions
to the cathode chamber through the separator in order to maintain
electroneutrality (Rozendal et al., 2008). Theoretically, electronue-
trality could be maintained by transport of protons through the
separator (Werner et al., 2013). However, in practice cations from
various inorganic salts that are used to support microbial growth,
are transported faster than proton. A typical growth medium con-
tains salts of Na+, K+, Ca2+, Mg2+, and NH4+, whose concentrations
are 105 times higher than that of protons at pH 7.0. The gradual
build-up of cations in the cathode during MFC operation leads to
a low pH in the anode chamber and a high pH in the cathode cham-
ber, which increases the internal resistance and inhibits microbial
activity (Rozendal et al., 2006). Furthermore, pH control in MEC
could raise the energy efficiency with respect to the electrical
energy input nearly nine fold (Ruiz et al., 2015).

2.1.1.2. Sulfonated poly-ether ether ketone (SPEEK). A cation
exchange membrane could be made by sulfonating poly ether
ether ketone (PEEK), a low-cost thermally and mechanically stable
polymer (Vona et al., 2006) to form the sulfonated PEEK (SPEEK),
whose degree of sulfonation (DS) can be controlled easily by vary-
ing the parameters of the sulfonation reaction (Yee et al., 2013).
SPEEK has been shown to be a good alternative to Nafion in direct
methanol fuel cell application (Ghasemi et al., 2011) because its
negative fixed charge sulfonate ions (SO3

�) allow only cations to
pass through but reject the passage of anions (Zhao et al., 2006).

SPEEK shares a similar structure with Nafion, where ionic clus-
ters co-exist with hydrophobic domains of the polymer backbone
as shown in Fig. 3. In addition, SPEEK is stiffer than Nafion because
the presence of aromatic groups in the polymer backbone greatly
stiffens it (Rinaldi et al., 2008). MFCs with SPEEK membrane sepa-
rator generates 20% less power than those with Nafion because of
SPEEK’s higher internal resistance, lower conductivity and higher
activation loss (Ghasemi et al., 2013). The COD removal of MFCs
with SPEEK membrane (88%) is about 18% higher than those with
Nafion, but the energy generation of MFCs with Nafion
(106.7 mW/m2) is better by about 29% (Ghasemi et al., 2013). In
terms of cost, SPEEK is two-thirds cheaper than Nafion (Ghasemi
et al., 2013).

2.1.1.3. Sulfonated polystyrene–ethylene–butylene–polystyrene
(PSEBS). Another important low cost cation exchange membrane
used in MFCs is the sulfonated polystyrene–ethylene–butylene–p
olystyrene (SPSEBS). It is synthesized by sulfonating polystyrene–
ethylene–butylene–polystyrene tri-block polymer (PSEBS), which
is a thermoplastic elastomer that consists of styrene blocks (ther-
moplastic phase) dispersed in an ethylene–butylene matrix (elas-
tomeric phase) (Ayyaru et al., 2012). The ionomer is based on a
hydrocarbon network with an aromatic nonfluorinated backbone,
which is chemically, thermally and mechanically stable.

MFCs using SPSEBS membranes as separators produced twice as
much maximum power density (600 mW m�2) compared to MFCs
using Nafion membranes while the pH difference between the
anode and the cathode chambers in the former (pH 6.4–7.6) is also
only a quarter of the pH difference in the latter (pH 4.4–10.3) due
to the latter’s poor transport of protons between the two chambers
(Ayyaru et al., 2012). These superior properties of the SPSEBS
membranes as MFC separators compared to Nafion are due to their
higher proton conductivity and greater water swelling, which facil-
itate more efficient proton transport from the anode to the cathode
chambers that consequently reduces pH difference (Mishra et al.,
2012).
2.1.1.4. Other CEMs. Two other important CEMs that have been
used in METs recently include Ultrex CMI 7000 made by
Membranes Inc. USA) and Hyflon Ion made by Solvay-Solexis
SPA. Ultrex CMI 7000 is a strong, acid polymer membrane with a
gel polystyrene backbone structure cross-linked with divinyl ben-
zene containing a large amount of sulphonate groups (Ismail and
Jaeel, 2013). Although its cation conductivity and mechanical dura-
bility are comparable to Nafion, its performance in MFCs is poorer
than Nafion (Sotres et al., 2014) because its ohmic resistance is
quite high (Rahimnejad et al., 2014b).

Hyflon Ion is a copolymer of tetrafluoroethylene (TFE) and a
short-side-chain (SSC) perfluorosulfonylfluoridevinyl ether
(Arcella et al., 2003). It exhibits better chemical stability and higher
cation conductivity than Nafion (Arico et al., 2006). MFCs using
Hyflon Ion generated twice as much current and power densities
compared to MFCs with Nafion (Ieropoulos et al., 2010).

2.1.2. Anion exchange membrane (AEM)
AEMs are polymer electrolytes that conduct anions, such as

OH� and Cl�, since they contain positively charged cationic groups
bound covalently to a polymer backbone (Varcoe et al., 2014).
Although AEMs have not been as widely used in MET processes
as CEMs, but there were reports that AEMs could function better
than CEMs in MFCs.

An MFC with an AEM, AMI-7001 has been reported to generate
25% higher power density (610 mW/m2) than that with a CEM
(Kim et al., 2007). It is believed that protons are consumed neutral-
ising OH� that diffuses through the AEM without further pH reduc-
tion in the anode chamber. An MFC with a membrane cathode
assembly using the same AEM generates almost twice as much
power density (13.1 W/m3) compared to that of a CEM cathode
assembly (Zuo et al., 2008). The internal resistance of MFCs with
AEM separators having different electrical resistance is related pos-
itively to the ion-exchange capacity of the separator used, and the
MFC performance was inversely related to the ion-exchange capac-
ity (Ji et al., 2011).

AEM functions better than CEM as a separator of METs probably
because of the easier diffusion of OH� through AEM than proton
through CEM under MFC conditions (Piao et al., 2013). There are
several hypotheses to explain better performance of MFCs with
AEMs than those with CEM. AEMs have lower ion transport resis-
tance and less membrane fouling and cathode resistance caused
by the precipitation of transported cations (Piao et al., 2013).
AEM has higher substrate permeability from the anode to cathode
chamber which causes mixed potentials at the cathode and para-
sitic currents (Kim et al., 2007). Electrochemically active bacteria
like most anaerobic respiratory bacteria except denitrifiers use fer-
mentation products preferentially over complex substrate, and fer-
mentation products include short chain fatty acids that are in
deprotonated state under MET conditions (Varcoe et al., 2014). In
addition, AEMs have been proved to be more liable to deformation
than CEM in single chamber air cathode MFC (Zhang et al., 2009).
This deformation would generate a void space between the mem-
brane and cathode when they are closely placed, and lead to a high
internal resistance.

2.1.3. Composite membrane
Composite membranes are made by combining different poly-

meric membranes together or polymeric membranes and other
organic or inorganic materials, creating novel separators whose
performance are better compared to Nafion or single PEMs
(Ghasemi et al., 2013).

Nafion could be combined with other materials to improve its
separator properties. MFCs using carbon nanofiber (CNF)/Nafion
and activated CNF (ACNF)/Nafion nanocomposite membranes
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generate higher power density (57.6 mW/m2) than those with
Nafion (Ghasemi et al., 2011). The CE is better than Nafion because
there is less pH gradient between the anode and cathode chamber
because CNF and the ASCNF increases the conductivity of the com-
posite membrane. MFCs using a Nafion/polyaniline (PANI) compos-
ite membranes as separators have higher current densities but less
biofouling than MFCs with pure Nafion separators (Mokhtarian
et al., 2013). The higher performance is due to the higher proton
conductivity afforded by the PANI and the lower biofouling of
the composite. In the same way, MFCs with polyvinylidene fluoride
(PVDF)/Nafion composite membranes shows comparable perfor-
mance to Nafion separators (Shahgaldi et al., 2014).

Composite membranes could also be made by combining two or
more cation polymers other than Nafion but with mixed results.
Separators made from 5% sulfonated poly(ether ether ketone)
(SPEEK)/polyethersulfone (PES) composite membranes generate
higher MFC power and current densities (150 mW/m2) compared
to Nafion and is cheaper than the latter (Lim et al., 2012). MFCs
using undoped polyaniline (PANI) nanoparticles/polysulfone (PS)
nanocomposites membranes generated 10% less power density
than Nafion (Ghasemi et al., 2013). SPEEK/charged surface modify-
ing molecule (cSMM) composite membranes used in MFCs gener-
ates 16.5% more power density (172.1 mW/m2) and 21% higher
CE (17.6%) compared to Nafion (Mayahi et al., 2015).

Organic–inorganic composite membranes could be produced by
blending a polymer with conducting inorganic material. MFCs with
a 15% Fe3O4 nanoparticle/PES composite membrane generates 29%
higher power than Nafion (Rahimnejad et al., 2012). MFCs with
Zirfon, a macro-porous organo-mineral material containing
85 wt% of hydrophilic ZrO2 powder and 15 wt% polysulphone
(Vermeiren et al., 2008) has a much lower specific resistance than
Nafion, but its higher oxygen permeability is detrimental to anodic
reactions (Pant et al., 2010a,b).

2.2. Salt bridge

A salt bridge is simpler and inexpensive compared to
ion-exchange membranes. In a salt bridge MFC, ions are conducted
between the two chambers via a salt bridge consisting of a glass
tube filled with electrolytes (Min et al., 2005). Inert electrolytes
such as saturated KCl solution and phosphate buffer solution are
frequently used in salt bridge for ions conduction (Min et al.,
2005). Agar is often added to prevent the intermixing of fluids.
For example, a salt bridge consisting of a 2% KCl-containing agar
(10%) layer sandwiched between two perforated plexi-glass plates
has used as a separator in an MFC (Kargi and Eker, 2007). In addi-
tion, oxygen diffusion is almost undetectable in an agar salt bridge
(Min et al., 2005). The low oxygen permeability of salt bridge
ensures higher Coulomb efficiency compared with that of a MFC
used CEM as a separator (Liu and Li, 2007).

However, the salt-bridge MFC resulted in a low power density
due to a high internal resistance. A phosphate buffer solution salt
bridge has been reported to yield a significantly higher internal
resistance than the Nafion membrane under similar conditions
(Min et al., 2005). Even a much lower peak voltage than that of a
CEM–MFC has been reported in KCl-agar salt-bridge MFC (Liu
and Li, 2007). Similar results were obtained in salt-bridge MFCs
for the treatment of chocolate industry wastewater, where the
maximum power density is lower compared with that of a CEM–
MFC (Patil et al., 2009).

All these studies proved that the high internal resistance is a
major challenge for MFCs using salt bridge as a separator. It is pos-
sible to reduce the internal resistance by appropriately selecting
electrolyte composition and concentration (Li et al., 2011). In addi-
tion, increasing the surface area of salt bridge in contact with the
anode and cathode chambers can also be an efficient approach to
improve the power-generating performance of a salt-bridge MFC
(Mohan et al., 2008). Close positioning of anode and cathode
reduces the internal resistance by reducing the distance proton
(or anion) to move (Mohan et al., 2008). Hence, the long distance
of proton diffusion is probably the reason why MFCs with salt
bridge shows high internal resistance.
3. Porous membrane

Porous separator materials that enable non-ion selective charge
transfer have been used in METs. These include J-cloth (Fan et al.,
2007), non-woven cloth (Xu et al., 2014; Choi et al., 2013), glass
fiber (Zhang et al., 2010), earthen pot (Behera et al., 2010a), cera-
mic (Winfield et al., 2013b), biodegradable bag (Winfield et al.,
2013b) and natural rubber (Winfield et al., 2013c). Porous separa-
tors can be generally divided into two categories based on their
pore sizes. They are either microporous filtration membranes, such
as microfiltration membrane (MFM) and ultrafiltration membrane
(UFM) (Sun et al., 2009) or course-pore filter materials, such as fab-
rics, glass fiber, nylon mesh and cellulose filters (Li et al., 2011).
3.1. J-cloth, nylon and glass fiber filter

When glass fiber mats of different thicknesses were compared
with J-cloth and CEM as separators in MFCs, both the 1.0 mm thick
glass fiber mats and the J-cloth produce similar maximum power
densities (790 mW/m2) and perform much better than the CEM
(Zhang et al., 2009). Coulombic efficiency (CE) of MFCs using the
non-biodegradable glass fiber mats with 1.0 mm thicknesses
(81%) is much higher than that of the J-cloth. Based on these
results, it is evident that the proton transport properties of these
different materials are similar but the oxygen transfer properties
are different (Zhang et al., 2009). Increasing pore size of nylon
mesh and filters used as MFC separators increases MFC power den-
sity significantly but increasing pore size in glass fiber filters does
not cause similar significant rise in MFC power density because of
the narrower range of pore size used in the latter (Zhang et al.,
2010).
3.2. Non-woven cloth

Non-woven fabric filter (NWF) used in water purification and
wastewater treatment processes could be used as a cheap separa-
tor in MFCs because its cost is only one 350th of Nafion’s (Choi
et al., 2013). MFCs with NWF shows lower internal resistance than
that with Nafion 117 (Choi et al., 2013). The former also generates
higher voltage and power density (97.0 mW/m2) than the latter
because of high water permeability in the former (Choi et al.,
2013). Although oxygen crossover for both MFCs remains roughly
the same, acetate diffusion is higher in Nafion 117 because the
hydrophobic backbone of Nafion enhances the diffusion of undis-
sociated form of acetic acid (Choi et al., 2013). The performance
of an MFC with NWF is more stable over 300 days than that of
the MFC with PEM, which decreases due to biofilm formation
and chemical precipitation on the membrane surface (Choi et al.,
2013).

NWFs also have larger pore sizes that facilitate greater overall
chemical species transfer and a higher proton transfer capability
compared to Nafion, thus contributing to the lower ohmic losses
(Li et al., 2011). Furthermore, proton conductivity of NWF could
be improved by applying a proton transfer conductor such as
poly[2,5-benzimidazole] (ABPBI) on the NWF (Choi et al., 2013).
The overall performance of the MFC with ABPBI applied NWF
improves because of the enhanced ion conductivity and steric
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contact, producing almost twice the power of an MFC using a PEM
as separator (Choi et al., 2013).
3.3. Earthen pot

Another separator that have been used in MFCs recently is the
cheap earthen pot (Behera et al., 2010a; Winfield et al., 2013a).
An MFC using an earthen pot separator with a stainless steel mesh
cathode and KMnO4 as the oxidant, generates four fold higher max-
imum power of 70.48 W m�3 at two fold higher CE of 64.5% than
another MFC with an earthen pot separator but with a graphite
plate cathode (Behera et al., 2010a). These results show that proton
diffusion is not the limiting factor for the power generation in the
MFC with earthen pot separator, but the rate of electron consump-
tion at the cathode.

In addition, following the same trend, an MFC using an earthen
pot separator treating rice mill wastewater generates four fold
higher power density of 2.3 W m�3 at 4–6% higher removal effi-
ciencies of 96.5% for chemical oxygen demand (COD), 84% for lignin
and 81% for phenol compared to an MFC using a Nafion 117
separator (Behera et al., 2010b).

Although the more porous earthen pot separator in an air–
cathode MFC tends to transfer anolytes faster compared to the
denser terracotta separator in a similar MFC, the more porous and
less iron-rich earthen pot is the better separator material for power
production despite the MFC with the denser terracotta separator
producing higher open circuit voltage (Winfield et al., 2013a).

A tubular-type up-flow MFC reactor using earthen pot separator
generates 46% higher volumetric power density of 14.59 W m�3

than that produced in a similar tubular MFC with a Nafion 117
Fig. 2. Bi-directional power density curves for MFCs using (a) CEM, (b) compostable Bio
(OCV to short circuit) and (closed circles) represent the reverse sweep (short circuit
separator (Jana et al., 2010). Similarly, MFCs using cylindrical
earthen pot produce 75% higher current and 33% power (33%) than
MFCs with terracotta separator (Winfield et al., 2013a). The higher
power density is probably caused by the lower internal resistance
of the MFC with earthen pot cylindrical separator compared with
the MFC using Nafion and terracotta separators (Jana et al., 2010;
Winfield et al., 2013a).

The thickness of the earthenware also affects its performance as
the separator in MFCs (Behera and Ghangrekar, 2011). The reactor
with the thinnest separator performed the best to achieve 60%
higher power density of 24.32 mW m�2, volumetric power of
1.04 W m�3 and coulombic efficiencies of 7.7%. Although the volu-
metric power density is higher, but the Coulomb efficiency is much
lower due to substrate consumption by anaerobic microbes such as
methanogenic archaea or sulfate-reducing bacteria as observed
elsewhere (He et al., 2005).

Although it is meaningless to compare performance of MFCs
with different design because other factors like separator surface
area (Oh and Logan, 2006) and reactor architecture also influence
MFC performance (Vázquez-Larios et al., 2011), these results
nonetheless clearly show that earthen pot can replace PEM in
MFC application.
3.4. Porous ceramic

The power and current densities of porous ceramic and
biodegradable bag (BioBag) used as MFC separators are compared
with cation exchange membrane MFC separators using
bi-directional polarization methods as shown in Fig. 2 (Winfield
et al., 2013b). CEM has a power overshoot during the forward
Bag and (c) ceramic as membrane. (square symbols) indicate the forward curve
to OCV) (Winfield et al., 2013b).
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sweep followed by a significant 38% power decline over the reverse
sweep. On the other hand, the porous membranes have no power
overshoot and relatively smaller drops in power during the reverse
sweep of about 8% for ceramic and 5.5% for BioBag. When the
external resistance of an MFC with porous separators is changed
from 100 O to 1000 O, the anolyte pH that is originally decreasing
at the lower load, has now increased in MFC with porous separa-
tors as shown in Fig. 3. These results show that porous separators
have higher proton conductivity than CEM and therefore ideal can-
didates for MFC separators in terms of cost and operational
stability.

3.5. Bio-degraded separator

Biodegraded natural rubber has been used as a separator in
MFCs (Winfield et al., 2013b). Pristine natural rubber membrane
used as an MFC separator is initially impermeable to protons,
but if the membrane is allowed to biodegrade in the MFC, a
working voltage is gradually generated that improves with time.
MFCs with natural rubber membrane out performs those with
AEM, but are slightly below MFCs with CEM (Winfield et al.,
2013b). When performance of MFCs with both AEM and CEM
decline after 11 months, MFCs with biodegraded natural rubber
continue to improve and generate higher power and current
than MFC with CEM. Scanning electron microscopy images show
the formation of micropores in biodegraded natural rubber sam-
ples that was used as an MFC separator for 9 months (Winfield
et al., 2013b). The channels and micropores formed as a result
of biodegradation provide increasing number of pathways for
proton transfer as the rubber degrades, which is reflected by
the steady increase in power generation over time (Winfield
et al., 2013b).

3.6. Comparison of separators used in MFC

Even though direct comparison of published MET performance
data is not feasible since the reactor architecture influences greatly
MET performance (Vázquez-Larios et al., 2011), but the compar-
ison can yield useful information. Table 1 summarizes performance
data of MFCs with different separators. The salt bridge is the poor-
est separator in MET due to its limited surface area. Generally, por-
ous materials are proven to be better MFC separators than
ion-exchange membranes. Table 1 also shows more porous mate-
rials having better properties (Table 1).

Advantageous and disadvantageous properties of separators
used in METs are summarized in Table 2. Most of the
ion-exchange membranes have been developed for electrochemi-
cal application where non-aqueous electrolytes are used. In early
stage of MET development, Nafion, a commercial cation exchange
membrane, was used widely as the separator, but performance of
ion-exchange membranes including Nafion is not as good as per-
formance of porous materials as shown in Table 1.
4. Current status and future prospects for separator of
microbial electrochemical technologies

The technical feasibility of microbial electrochemical technolo-
gies has been proven since Kim et al. (1999) published the first
paper on electrochemically active bacterium leading to a large vol-
ume of research in the area. But these technologies have not been
commercialized due to various constraints. One of them is prob-
lems associated with the membrane separating the anode from
cathode. In early studies on these technology, CEMs were com-
monly used as the separator. They are expensive and proven to
be poor proton conductors. They were believed to be good proton
conductors as in chemical fuel cell application. Unlike chemical
fuel cells METs employ aqueous electrolyte that contains inorganic
salts to support microbial growth. The reason for poor proton con-
ductance of CEMs is the use of salt solution as the electrolyte in
METs. Various materials have been tested as a separator to show
that porous materials are better separators than ion-exchange
membranes under MET conditions.

Porous materials used in the studies include inorganic and
organic materials, and the most of the organics are biodegradable
that is not suitable for a long-term operation of the technologies.
Among the inorganic materials used as separators, glass fiber
may not be suitable to produce reproducible separators because
its structure is not uniform. To obtain useful electricity, the
voltage and current should be increased through stacking.
Voltage reversal is a problem in stacking, and uneven perfor-
mance of stacked reactors is the main cause of voltage reversal
(Oh and Logan, 2007; Kim et al., 2012). For the reason earthen-
ware and ceramic are promising candidates as good materials
for MET separators.

Winfield et al. (2013a) reported that the more porous and less
iron-rich earthenware is the better material for power production.
It would be interesting to find if earthenware or ceramic can be
produced with increased porosity, if their elementary composi-
tion can be controlled to render the inorganic materials with
proton conductance (ABPBI) as in non-woven fabric (Choi et al.,
2013).



Table 1
Parameters of MFC performance with different separator.

MFC reactor Substrate
used

External
resistor (O)

Separator
material

Voltage
(mV)

Thickness
(mm)

Porosity
(lm)

Power density
(mW/m2)

Volumetric power
density (mW/m3)

Coulombic
efficiency (%)

Internal
resistance (O)

Cost ($) References

Single
chamber

Acetate 1000 Nylon – 0.17 0.2 443 ± 27 – 70 84.6 – Zhang et al. (2010)
Nylon – 0.17 0.45 650 ± 7 – 63 57.3 –
Nylon – 0.045 10 769 ± 65 – 55 41.4 –
Nylon – 0.05 60 816 ± 34 – 45 39.5 –
Nylon – 0.08 100 908 ± 24 – 41 37.3 –
Nylon – 0.1 160 941 ± 47 – 31 35.7 –
Glass fiber
filter

– 0.38 0.7 732 ± 48 – 56 40.4 –

Glass fiber
filter

– 0.72 1.0 716 ± 60 – 60 42.3 –

Glass fiber
filter

– 0.38 2.0 779 ± 43 – 55 39.6 –

Dual chamber Acetate 1000 Nafion 117 551 ± 56 – – 57.5 ± 3.9 609 ± 41 31 93 ± 2 1400
(m2)

Choi et al. (2013)

Non woven
cloth

402 ± 56 0.13 2.01 – 432 ± 76 – 43 ± 2 2 (m2)

Non woven
cloth

531 ± 35 0.18 1.78 – 839 ± 69 – 53 ± 6 3 (m2)

Non woven
cloth

388 ± 21 0.25 1.81 – 664 ± 74 – 37 ± 1 4 (m2)

Non woven
cloth

545 ± 22 0.13 1.21 97.0 ± 7.5 1027 ± 79 20 51 ± 7.5 2 (m2)

Dual chamber Acetate 1000 Eathen ware 191 3 – – 1042.31 7.7 – – Behera and
Ghangrekar (2011)Earthen

ware
– 5 – – 905.26 7.1 – –

Eathen ware – 7 – – 896.53 6.8 – –
Eathen ware – 8.5 – – 780.30 6.0 – –

Single
chamber

Acetate 1000 Nafion 117 – – – 267 ± 22 14 ± 1 131.7 ± 8.4 – – Zhang et al. (2009)
J-cloth – – – 786 ± 23 46 ± 1 40.1 ± 0.4 – –
Glass fiber 623 ± 4 40.1 ± 0.4 38.1 ± 0.1

Cylindrical
chamber

Tryptone 1000 Ceramic – 4 – 1.12 � 10�2 – – – – Winfield et al.
(2013a)Ceramic – 8 – 7.22 � 10�3 – – – –

Ceramic – 18 – 8.04 � 10�3 – – – –
Terracotta – 4 – 1.08 � 10�2 – – – –
Terracotta – 8 – 8.06 � 10�3 – – – –
Terracotta – 18 – 6.62 � 10�3 – – – –

Single
chamber

Acetate 1000 Nafion 117 – – – 514 – 46 84 ± 4 – Kim et al. (2007)
CMI-
7000,CEM

– – – 480 – 54 84 ± 2 –

AMI-7001,
AEM

– – – 610 – 72 88 ± 4 –

Dual chamber Glucose 1000 Nafion 117 – – – 106.7 – 29 727 120
(12 cm2)

Ghasemi et al. (201)3

SPEEK – – – 77.30 – 18 811 45
(12 cm2)

Dual chamber Glucose 1000 Nafion 117 640 ± 40 0.175 – 290 ± 7 – 51 125 1500
(m2)

Ayyaru et al. (2012)

SPSEBS 680 ± 30 0.18 – 600 ± 14 – 85 70 250 (m2)

Dual chamber Acetate 1000 Nafion 117 293 – – 38 – 55 1286 – Min et al. (2005)
Salt bridge 201 – – 2.2 – 55 19,920 –

176
S.M

.D
aud

et
al./Bioresource

Technology
195

(2015)
170–

179



Table 2
Advantage and disadvantage of separators.

Separator Advantage Disadvantage References

Salt bridge � Inexpensive
� Easy to handle
� Low oxygen diffusion

� Low power density
� High internal resistance
� Low input voltage

� Min et al. (2005)
� Liu and Li (2007)

Ion-exchange membranes
Nafion, CEM � High level of proton conductivity

� Durable and resistant to a variety of
chemicals
� Thermally stable

� Expensive, high cost
� Low proton transport under MET conditions
� Substrate and oxygen crossover
� Biofouling

� Rozendal et al. (2006)
� Piao et al. (2013)
� Leong et al. (2013)
� Peighambardoust et al.

(2010)
CMI-7000,

CEM
� Less expensive than Nafion
� Highly selective for cations including proton

� Other cation has higher mobility into cathode chamber rather
than proton
� Much thicker and stiffer than Nafion
� High ohmic resistance

� Varcoe et al., 2014
� Winfield et al., 2013a

AMI-7001,
AEM

� Less expensive than Nafion
� Reduce pH splitting by lowering pH in anode

chamber
� Power density higher than CEM
� Reduce biofouling
� Lower oxygen permeability
� Lower ohmic loses

� High substrate crossover
� Voltage losses over longer operational periods
� Membrane deformation

� Kim et al. (2007)
� Zuo et al. (2008)
� Piao et al. (2013)
� Varcoe et al. (2014)

Composite membranes
SPEEK � Less expensive than Nafion

� Good hydrophilic and proton conductivity
� Low Coulombic efficiency
� Low power density

� Ghasemi et al. (2013)

PBSEBS � Less expensive than Nafion
� Excellent mechanical, chemical and thermal

stability
� High power density

� Difficult to handle � Ayyaru et al. (2012)
� Mishra et al. (2012)

Porous materials
J-cloth � Low cost

� Effective separator to favour transport of
protons

� Biodegradable
� Power density lower than CEM
� Low CE
� Higher flux of oxygen and substrate

� Zhang et al. (2010)
� Li et al. (2011)
� Fan et al. (2007)

Nylon filter � Low cost
� Highly porous
� Low internal resistance

� Oxygen crossover increase give
� Low CE

� Zhang et al. (2010)

Glass fiber
filter

� Low cost
� Larger pore size give higher power density
� Less permeable to oxygen
� Resistant to biomass growth
� High CE

� Reduce cathode potential
� Increase ohmic resistances
� Alleviate pH splitting problem

� Zhang et al. (2010)
� Li et al. (2011)

Non Woven
Cloth

� Low cost
� Low ohmic loses
� Long term stability
� Highly porous

� Higher internal resistance
� Oxygen and substrate crossover

� Choi et al. (2013)
� Li et al. (2011)

Earthen ware � Low cost
� High power density
� Good proton transfer
� Sustain the hydrostatic pressure and

mechanical stress

� Brittle � Behera et al. (2010a)
� Behera et al. (2010b)
� Behera and Ghangrekar

(2011)

Ceramic � Low cost
� Short and long term stability
� Suitable for structural MFC
� Good proton transfer
� Accelerate to scale-up MFC

� Brittle � Winfield et al. (2013b)
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5. Conclusion

Technically feasible METs have not been commercialized due to
various constraints including one associated with the separator. A
good separator should have certain properties such as low cost,
low oxygen and fuel crossover, enable higher proton transfer than
other cations and long term stability. Cation exchange membranes
commonly used in chemical fuel cell are suitable in MET applica-
tion where aqueous salt solution is used as the electrolyte.
Porous materials are better materials for MET separators. Among
them earthenware and ceramic are promising materials for the
purpose. Challenges with them as MET separators are increase
porosity, proton conductivity, and their brittleness.
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