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Ion transport in microbial fuel cells: Key roles, theory and critical review

Manon Oliot *, Sylvain Galier, Héléne Roux de Balmann, Alain Bergel

Laboratoire de Génie Chimique, Université de Toulouse, CNRS, INP, UPS, France

HIGHLIGHTS

« MFC behaviour is predicted from the analysis of the electrolyte content.

« The theoretical concept of transport number is detailed.

« A comprehensive classification is provided of separators reported in MFCs.

« The experimental effects of the various separators are compared with theory.
« Future research directions are recommended.

ABSTRACT

Microbial fuel cells (MFCs) offer the possibility to convert the chemical energy contained in low-cost
organic matter directly into electrical energy. Nevertheless, in the current state of the art, microbial elec-
trocatalysis imposes the use of electrolytes of low ionic conductivity, at around neutral pH and with com-
plex chemical compositions, which are far from being ideal electrolytes for an electrochemical process. In
this context, ion transport through the electrolyte is a key step, which strongly conditions the electrode
kinetics and the global cell performance.

The fundamentals of ion transport in electrolytes are recalled and discussed in the light of MFC con-
straints. The concept of transport number is emphasized in order to provide an easy-to-use theoretical
framework for analysing the pivotal roles of ion transport through the electrolyte. Numerical illustrations
show how the concept of transport number can be used to predict MFC behaviour on the basis of the elec-
trolyte composition. The tricky problem of pH balance is discussed, the interest of separator-less MFCs is
emphasized, and the concept of “microbial separator” is proposed as a worthwhile future research direc-
tion.

The role of separators in driving ion transport is then reviewed following a comprehensive classifica-
tion, from the most compact, non-porous membranes to the most porous separators. For each group,
basic are first recall to guide the critical analysis of the experimental data. This analysis brings to light
a few research directions that may be reoriented and some critical issues that need in-depth investigation
in the future. The suitability of cation-/anion-exchange membranes is discussed in comparison to that of
porous separators. Finally, the large discrepancy observed on data obtained for the same separator type
suggests that, in the future, specific analytical set-ups should be developed.
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1. Introduction

For around 15 years, it has been known that microbial biofilms
can act as electrocatalysts and be very efficient in this role [1-5].
Microbial electrocatalysis makes possible electrochemical reac-
tions that “abiotic electrochemists” would never have dared to
imagine before, such as the oxidation of acetate, organic fatty acids,
and sugars [6,7] or the reduction of carbon dioxide to acetate, etha-
nol and fuels [8,9]. Numerous reviews have presented the wonder-
ful perspectives opened up by microbial electrochemical
technology [10] in a wide variety of application domains [11-13],
and particularly for the production of renewable energy from
non-fossil sources. Microbial fuel cells (MFCs) can convert the
chemical energy contained in low-cost organic matter directly into
electrical energy [14,15], microbial electrolysis cells can produce
hydrogen from the same renewable, low-cost compounds
[16,17], and microbial electrosynthesis cells [8,9,18] can use car-
bon dioxide to store electrical energy in chemical form.

Microbial fuel cells (MFCs) are considered as the archetype of
microbial electrochemical technologies [19] for several reasons.
Firstly, the beauty of the concept of transforming the chemical
energy contained in organic matter directly to electricity is doubt-
less a reason for its success. Secondly, MFCs were the pioneering
systems at the origin of microbial electrochemical technologies
[2-4,20]. Finally, MFCs can be cheap devices. The microbial anode,

often graphite, does not involve expensive materials and the elec-
trocatalytic biofilm forms spontaneously on its surface from the
microorganisms contained in the electrolyte, without requiring
any sophisticated chemical procedure. The cathode can be abiotic
or biotic [19,21], most often achieving oxygen reduction. As an
MFC produces its own current, monitoring does not require expen-
sive electrochemical equipment. Measuring the current and the
cell voltage may be sufficient for a first, simple approach. Although
an MFC cannot be assimilated with an electroanalytical system
[22], it has had the advantage of opening up the exciting field of
electroactive biofilms to a large variety of research groups. The
number of papers referring to MFCs has increased continuously
year on year, reaching more than 1000 articles published last year.

Any electrochemical process is based on a continuous chain
composed of three successive steps: (i) electron transfer from the
cathode to dissolved species, (ii) ion transport through the elec-
trolyte and (iii) electron transfer from dissolved species to the
anode. For each electron that is released from the cathode and col-
lected at the anode a positive ionic charge must move to the cath-
ode or a negative ionic charge must move to the anode (Fig. 1). The
slowest step(s) in this chain controls the system performance. If
ion transport in the electrolyte is not fast enough, it can severely
limit the electron transfer rate at the electrodes. The rate of elec-
trochemical reactions depends straightforwardly on the capacity
of the electrolyte to ensure efficient ion transport. The risk of ion
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Fig. 1. Scheme of ion transport pattern in an electrolyte with a chemical
composition roughly representative of wastewater with 5 mM sodium acetate
added, pH 7.0: Na* 6 mM, Ca®* 3.2 mM, NH} 3.6 mM, H* 10~* mM, CH5CO0~ 5 mM,
Cl~ 4mM, SOZ~ 3.5mM, OH~ 10~* mM. Transport numbers were: Na* 14.9%, Ca%*
18.9% (z = 2), NH} 13.1%, H' 0%, CH;C00~ 10.1%, CI~ 15.1%, SO5~ 27.8% (z=2), OH~
0%. For the scheme presented on the basis of 8 exchanged electrons, the transport
numbers corresponded to molar flux around 1 ion for each species, except H and
OH". lonic conductivity of the electrolyte was 0.20Sm™~".
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transport being rate-limiting increases with decreasing ionic con-
ductivity of the electrolyte.

Introducing a biofilm into an electrochemical process consider-
ably increases the level of complexity of each step by imposing
new constraints related to microbial growth. The kinetics of elec-
tron transfer at microbial anodes and microbial cathodes have
been the subject of very many studies, which have led to remark-
able fundamental and technical advances [23,24]. In comparison,
the new constraints that biofilm catalysis imposes on ion transport
through the electrolyte have been less comprehensively evaluated
so far.

Microorganisms generally grow in solutions at around neutral
pH and do not tolerate high salinity. In consequence, most MERs
use electrolytes at around neutral pH and low salinity, which
means electrolytes with low ionic conductivity. The large majority
of MERs have so far been implemented in synthetic culture media
with conductivity of the order of 1Sm™! [25,26] but the conduc-
tivity can fall lower than 0.06 Sm™! [27,28] when wastewater is
used as the electrolyte. In comparison, the electrolytes used in con-
ventional electrochemical reactors (abiotic processes) have ionic
conductivities of several tens of Sm~!. For example, 10-33%
KOH, which is commonly used for water electrolysis, has conduc-
tivity of up to 60 Sm™'. The low ionic conductivity of the elec-
trolyte used in microbial electrochemical reactors (MERs) has
often been identified as a major drawback.

Ion transport through the electrolyte costs energy, which is lost
as heat. The power consumed by the ion motion through the elec-
trolyte is inversely proportional to the conductivity of the elec-
trolyte (see Eq. (15)). A decrease of conductivity of one, two or
up to three orders of magnitude, as is the case for MERSs in compar-
ison with conventional abiotic electrochemical reactors, leads
directly to an increase of the same proportion in power loss. For
example, when 33% KOH is used as the electrolyte in an abiotic
electrochemical reactor, a current density of 100 Am~2 between
an anode and a cathode that are 1 cm apart creates an ohmic drop
of less than 17 mV, i.e. a power loss of 1.7 W m™2. In similar condi-
tions, a MER using an electrolyte of 1S m~!conductivity would
induce an ohmic drop of 1000 mV, ie. a power loss of
100 W m~2. This elementary calculation shows how essential the
issue of ion transport through the electrolyte is, and how severely
it can impact the large-scale development of microbial electro-
chemical technologies.

A reduction of the power loss due to ion transport can be
achieved by reducing the distance to be travelled by the ions, i.e.
the distance between anode and cathode (see Eq. (15)). Neverthe-
less, in most MERs, the chemical composition of the anode elec-

trolyte must be different from the composition of the cathode
electrolyte. These two opposite objectives, decreasing the inter-
electrode distance while keeping chemical gradients between
anode and cathode, are commonly pursued by using a separator
between anode and cathode.

A large diversity of separators of various natures has been
screened in the context of MERs, and reviewed in several recent
articles. Reviews by Dhar and Lee [29] or Daud et al. [30] have thus
analysed the major technical barriers related to membranes in
MERs. Other review articles have focused on MFCs: Li et al. [31]
have listed the different separator configurations while Leong
et al. [32] have detailed the effects of separators on MFC perfor-
mance. Recently, a review has focused specifically ceramic material,
which has the great advantage of being usable as the structural
material, the electrode material and also the ion exchange medium
[33]. Integration of membranes into MFC designs, such as cation-
exchange membranes, anion-exchange membranes, or osmosis
membranes can bestow an additional function on an MFC or even
fully transform its essential objective. In this context, MFCs
designed for water reclamation, saline water desalination and
wastewater treatment have been reviewed by Yuan and He [34],
Sevda et al. [35] and Xu et al. [36], respectively. A different kind
of approach has been proposed by Varcoe et al. [37], who consid-
ered only anion exchange membranes used as the separator and
reviewed the applications of this separator in all kinds of fuel cells,
including both chemical and microbial fuel cells.

Reviews of separators in MERs, and specifically MFCs, have
mainly focused on the technical aspects of separators and their
experimental impact on the MER behaviour and performance.
Some attempts at theoretical modelling have started to be pro-
posed. Ion transport through an ion-exchange membrane has been
modelled numerically [38] and a theoretical approach has also
shown the impact of buffer transport through the electrolyte on
the cathode overpotential [39]. Harnisch and Schroder have pro-
posed a detailed description of the intricate effects of ion transport
on the other phenomena that control the behaviour of an MER, par-
ticularly emphasizing the problem of pH splitting between the
anode and cathode zones [40]. Recently, Popat and Torres have
shaped the general framework of all the transport phenomena that
can be rate-limiting steps in MERs, including electron transport
and mass transports occurring inside the electroactive biofilms
[41]. These studies have confirmed the pivotal role of ion transport
through the electrolyte in MERs. Nevertheless, the theory of ion
transport in electrolytes has rarely been used to develop a unified
theory to analyse the huge amount of experimental data reported
in the literature.

Curiously, to the best of our knowledge, transport numbers
have never been used so far in the context of MERs, although they
are very useful theoretical tools, widely used to investigate ion
transport in electrochemical and membrane processes. The trans-
port number concept offers a simple theoretical approach to ion
transport in electrolytes and gives an easy-to-handle theoretical
basis for analysing experimental data and, very interestingly, for
predicting some aspects of the behaviour of an electrochemical
reactor based on the analysis of the electrolyte composition.

The objectives of the present review are, firstly, to provide a
simple theoretical tool to tackle the thorny problem of ion trans-
port in MFCs and, secondly, to review the experimental data
reported in the literature from the standpoint of this theoretical
basis. The theoretical explanation is based on MFCs but the
approach and the main conclusions should also be useful for other
kinds of MERs. Fundamentals of MFCs are briefly recalled by
emphasizing how the specific electrolytes required for microbial
growth can impact the anode and cathode electrochemical beha-
viours and how ion transport through the electrolyte can enhance
or mitigate these phenomena.



The concept of transport numbers is presented and used as a
theoretical breadcrumbs trail to analyse ion transport in MFC in
the absence or presence of a separator. In each case, theory is firstly
used to anticipate how ion transport through the electrolyte may
impact the MFC behaviour. This theoretical basis is then used for
a critical review of the experimental data reported in the literature.
Confronting experimental data with theoretical expectations
points out predictable data that fit the theory and others, which
seem rather surprising and need further investigation. As a result
of this cross analysis, advice for enhancing or reorienting some cur-
rent approaches is given and key issues for progressing towards
mastery of ion transport in MFCs are proposed. The objective is
to stimulate thinking and discussion in order to boost the advance
of electrochemical technology towards practical applications.

2. Back to basics
2.1. Electrolytes of MERs vs. abiotic electrochemical reactors

The solutions used in MFCs are very different from the elec-
trolytes used in conventional abiotic electrochemical processes.
Abiotic electrochemical reactors generally implement solutions
with very simple chemical compositions in order to avoid fouling
and inhibition of the electrocatalytic surfaces. Metallic electrocat-
alysts are known to be very sensitive to any source of pollution
and most of them require clean reactants. In contrast, microbial
electrodes are most often developed in very complex media, even
in “dirty” solutions such as marine sediments or wastewaters,
the composition of which is sometimes not fully known. Even
when bioelectrodes are formed from pure cultures, complex media
must be used, which must contain all the micro-nutriments and
trace elements required for microbial growth. Consequently, MER
electrolytes generally contain various chemical compounds, and
Ca?*, Mg?* and other cations.

As mentioned in the introduction of this article, electroactive
biofilms are generally sensitive to high salinity and are conse-
quently developed in solutions of low conductivity. A few recent
articles have described halotolerant electroactive biofilms able to
work in solutions with ionic conductivity higher than 10S m™!
[25,42]. Benthic MFCs operate in seawater [43,44] but the energy
they produce remains modest because of the low availability of
organic matter in sediment. Nevertheless, the large majority of
MEFC electrolytes have conductivities in the range of 0.5-2Sm™!
[25,26]. When wastewater is used as the electrolyte, ionic conduc-
tivity is as low as 0.15Sm~' [4546] and even lower than
0.06 Sm~! [27,28]. In comparison, abiotic electrochemical pro-
cesses commonly used electrolytes with conductivities two to
three orders of magnitude higher.

Finally, using a microbial biofilm as the electrocatalyst most
often makes it indispensable to work at pH values around neutral-
ity. Some electroactive biofilms can develop in slightly alkaline
solutions [47-50] but, except for a few cases up to pH 11 [51], gen-
erally not above pH 10. Very few have been formed in acidic solu-
tions below pH 5 [28,47]. In consequence most MFCs work at pH
values around 7-8.

In summary, the need to develop and to maintain living biofilms
in MFCs imposes three main constraints on the electrolytes:

- complex chemical composition, including cations,
- low conductivity,
- pH around neutrality,

which represent three new and awkward conditions in the con-
text of electrochemistry.

2.2. Microbial anode

2.2.1. Electron transfer and limitation due to local acidification

On the anode of an MFC, the microbial biofilm oxidizes the
organic substrate(s) by transferring the electrons produced to the
anode material. Acetate has been widely used as an MFC substrate
[6] and can be taken as a model:

CH;CO0™ +4H,0 — 2HCO; + 9H" + 8e~ (1)

The electrochemical reaction provokes acidification of the solu-
tion near the anode surface. The local pH decrease inside the bio-
film creates adverse conditions for microbial development and
severely affects the electrocatalytic activity of the biofilms. This
is a major limitation of the anode performance because very few
electroactive biofilms have been shown to be efficient at pH values
under 5 [47].

The detrimental effect of local acidification inside the biofilms
of bioanodes has already been pointed out and theorized
[40,41,52]. Nevertheless, ion transport inside biofilms is outside
the scope of this review. This is of great interest but it would
deserve specific in depth investigations because ion transport
inside the biofilm matrix may be complicated by the accumulation
of different compounds coming from the solution or produced by
the cells, including, for instance, weak acids, which may contribute
to the pH balance. The present study addresses ion transport
through the bulk electrolyte of MFCs. The anode and cathode are
considered as the boundaries of the electrolyte. The electroactive
biofilm that develops at the anode, and at the cathode if a biocath-
ode is implemented, is assumed to be part of the electrode kinetics
and is not assimilated as part of the electrolyte [53].

2.2.2. Deactivation by oxygen

A microbial anode requires an anaerobic environment. A micro-
bial anode may involve strictly-anaerobic anode-respiring bacteria,
which are killed by the presence of oxygen. On the other hand,
some electroactive bacteria can tolerate oxygen. In this case, the
presence of oxygen diverts them from electron transfer to the
anode and electrons are preferentially released to oxygen [40].
They prefer oxygen, their natural electron acceptor, over the elec-
trode material. In supplement, oxygen can also support the devel-
opment of non-electroactive bacteria in the biofilm or on its
external side [54]. The growth of aerobic bacteria thickens the bio-
film, which may distend the extracellular electron transport net-
work and hinder mass transfer of the fuel to the anode-respiring
bacteria. Consequently, in an MFC, either by killing the cells or
diverting them to electron transfer to the electrode or by favouring
the development of non-electroactive cells, the flux of oxygen to
the anode can severely affect the electrocatalytic performance.

2.3. The cathode

2.3.1. Electron transfer and limitation due to local alkalinization
Electrons collected at the anode flow through the external elec-
trical circuit and are re-injected to dissolved species at the cathode.
Oxygen is the most common oxidizer used at MFC cathodes. Many
cathodes used in MFCs are abiotic and use an inorganic catalyst
such as platinum, although it loses most its efficiency at the around
neutral pH required in MFCs. Looking for oxygen-reduction cata-
lysts that are efficient at neutral pH is a hot research topic [55],
and many studies have aimed at finding less expensive and more
efficient inorganic catalysts [56-58], including simply activated
carbon [59] or more technologically-advanced materials such as
graphene [60]. These abiotic cathodes are often implemented in
the form of air-cathodes, with one side exposed to the electrolyte
and the other side exposed to air [61]. Microbial oxygen-



reducing cathodes may be another solution of interest [21,62] and
enzymatic cathodes have also been envisioned [19,63]. Two mech-
anisms of oxygen reduction are possible, depending on pH:

0, +4e +4H" — 2H,0 (2)

0, +4e~ +2H,0 — 40H" (3)

Eq. (2) has frequently been used in MFC studies, mainly in
pioneering works, where it was probably chosen by similarity with
proton exchange membrane fuel cells (PEMFCs). However, the pH
of an MFC electrolyte is very different from that in a PEMFC as
the development of the microbial biofilms imposes pH close to
neutrality. Proton concentration is rarely higher than 107 M in
an MFC, which is not sufficient to sustain mechanism (2). Except
in the few rare cases that have implemented oxygen-reducing
cathodes in acidic conditions [64], the reduction of oxygen in an
MEC should be considered according to mechanism (3), i.e. as a
reaction that produces OH™ ions.

Thermodynamically, the pH increase near the cathode surface is
detrimental to the oxygen reduction reaction [65]. Alkalinization of
the cathode zone has an additional disadvantage in MFCs. It is
known that the pH increase leads to the precipitation of cations
on the surface of oxygen-reducing cathodes in the form of hydrox-
ides and scale [66,67]. Cations such as Ca®* or Mg?*, which are com-
monly present in the culture, are sources of surface fouling of MFC
cathodes by alkaline precipitation. The phenomenon will be all the
stronger when OH™ ion production is high, that is to say it will
become stronger as the current increases. In particular, this phe-
nomenon may limit the performance of benthic MFCs because of
the high proportions of these cations in seawater [68,69].

From the experimental point of view, even if the current pro-
vided by MFCs remains rather low in the present state of the art,
chemical fouling of the cathode has already been observed
[70,71]. A recent study has evidenced sodium carbonate and cal-
cium carbonate deposits on the air-side and the water-side of an
MFC air-cathode, respectively, and showed their major role in
decreasing the cathode performance [72].

2.3.2. Deactivation by organic matter

In the absence of a separator, the cathode is exposed to the
organic matter contained in the electrolyte. However, even when
a separator is used, the cathode may be exposed to organic matter,
e.g. fuel, which flows through the separator, depending on its nat-
ure. The mechanisms of deactivation of the cathode may be differ-
ent for abiotic and microbial cathodes.

For abiotic cathodes, the presence of organic compounds can be
a source of conventional inhibition. Metallic catalysts of oxygen
reduction, such as platinum, are known to be very sensitive to
organic pollution [73]. The formation of mixed potentials due to
simultaneous catalysis of oxygen reduction and the oxidation of
organic compounds also results in a lowering of the cathode per-
formance [74]. Biocathodes using pure enzymes as catalysts can
be affected by the same kind of inhibition mechanism [75] as, sim-
ilarly to metallic catalysts, enzymes are known to be very sensitive
to inhibition.

Cathodes generally work in non-sterile conditions. If they are
provided with organic compounds, a biofilm develops on the cath-
ode surface, which can hinder mass transfers to or from the elec-
trode [76,77]. When an air-cathode is used, the parasitic biofilm
can develop either on the side exposed to the electrolyte or on
the side exposed to air. In the first case, mass transfer of the OH™~
ions (Reaction (3)) from the surface [70,78] is hindered by the bio-
film; in the second case biofouling hinders the mass transfer of
oxygen to the catalyst [78,79]. Nevertheless, in some cases, the bio-
film has been observed to become virtuous by acquiring oxygen
electrocatalytic ability [80].

For microbial cathodes, the presence of organic compounds can
lead the oxygen-reducing electroactive bacteria to preferentially
use the fuel, rather than the cathode, as the electron donor [81].
This phenomenon is similar to the deactivation of microbial anodes
by the presence of oxygen. On the other hand, the presence of both
oxygen (electron acceptor) and organic matter (possible electron
donor) favours the development of non-electroactive bacteria,
which can thicken the biofilm, disturb the electron transport
mechanisms and slow down mass transfers.

2.4. Theoretical basis of ion transport in electrolytes and transport
number

2.4.1. Importance of ion transport in the electrolyte bulk

The balance sheet of reactions (1) and (3) shows that positive
charges are created at the anode, while the same quantity of nega-
tive charges is created at the cathode. To maintain electroneutrality,
an equivalent amount of anions must be transported to the anode
or cations to the cathode. The motion of ions through the electrolyte
is the only way to carry electricity inside the MFC. If ion transport
through the electrolyte is low, it can drastically limit the rate of
electron transfer at the electrodes. Electron transfers at the elec-
trodes cannot be faster than ion transport through the electrolyte.

In chemical hydrogen fuel cells, ion transfer is rather simple,
because the protons produced at the anode by hydrogen oxidation
migrate to the cathode where they are involved in oxygen reduc-
tion (Reaction (2)) [82]. The flux of protons produced at the anode
is equal to the flux of protons transported through the electrolyte
and to the flux of protons consumed at the cathode.

In MFCs the situation is far more complex due to the specificity
of the electrolyte imposed by microbial growth requirements (Sec-
tion 2.1). Around neutral pH, the contribution of protons and
hydroxide ions to electricity carrying through the bulk is nil (see
Section 3.4.1); the anode produces protons, the cathode produces
hydroxide ions, but other ions ensure ion transport through the
electrolyte (Fig. 1). As a result, a sharp pH split can occur between
the anode zone, which acidifies (Section 2.2), and the cathode zone,
which alkalinizes (Section 2.3). The possible pH buffering of these
two zones depends on the way buffer species are transported
through the bulk. Moreover, the fuel, most often acetate or other
dissociated volatile fatty acids, can also be involved in ion trans-
port through the bulk. The flux of fuel to the anode and the detri-
mental effect of the fuel flux to the cathode (Section 2.3.2) can thus
be strongly impacted by their transport through the electrolyte.
Similarly, the possible biofouling of the cathode by the precipita-
tion of cations also depends on the way these cations are trans-
ported through the electrolyte.

In summary, because of the low ionic conductivity of MFC elec-
trolytes, ion transport may be a rate-limiting step of the electro-
chemical chain. Moreover, because of the neutral pH and the
chemical complexity of the MFC electrolytes, ion transport through
the bulk is at the crossroad of multiple fluxes, which directly
impact the operating conditions of the electrodes. lon transport
through the electrolyte is clearly an essential step, which must
be optimized if the objective is to design efficient MFCs.

2.4.2. lon transport, general theory

The motion of the ionic species ensures current transport
through the electrolyte(s), each ionic species carrying a current
density (J;) proportional to its charge:

Ji =ziFd; 4)

where the subscript i refers to the species i, J; is the current density
(Am™2), z; is the charge (e.g. +1 for Na*, —1 for CI™), F is Faraday’s
constant (96,485 C mol~!), ¢; is the molar flux (mol m~2s™1).



The molar flux of species i (¢;) is described through the Nernst-
Planck equation:

oai(x) zF | . 0p(x)
ax RO ok

where D; is the diffusion coefficient (m?s!), a; is the activity (no
unit), X is the distance along the X-axis, z; is the charge, C; is the con-
centration (mol m~3), ois the electrostatic potential (V), R is the gas
constant (8.31 ] mol~! K1), T is the temperature (K) and v is the
convective velocity along the X axis (m/s). Each term on the right
hand side of Eq. (5) represents a specific mass transport mode: dif-
fusion driven by the activity gradient, migration driven by the elec-
trostatic potential gradient and convection due to the fluid motion,
respectively:

¢i = ¢de.i + d’mig.i + d’conv,i (6)

¢i(x) = =D

+ Giv(x) )

2.4.3. Ion transport in the bulk and transport number

In an MFC, steep activity gradients can occur in the vicinity of
the electrode and separator surfaces. In contrast, in the bulk, far
from the electrodes and separator, activity gradients are not so
marked and, in absence of convection, the current is mainly driven
by migration. Introducing the migration term into Eq. (4) gives the
current density transported by each ionic species through the elec-
trolyte, far from the separator and electrode surfaces:

op(x
]i :]mig,i = _iCi (g)(( ) (7)
where 2; is the molar ionic conductivity (m? S mol~!) defined as:
2
h=DZ L (8)
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Values of }; are available in the literature. The A; value of a given
species depends on the ionic composition of the electrolyte
because interactions between ions alter the mobility of each ion.
This is the reason why %; are often given for pure electrolytes
and extrapolated to infinite dilution (Table 1). In some cases, ion
mobility u; (cm? V-'s71) is given instead of 2;, which is equivalent
as,i=z; Fu,.

The current density passing through the reactor is the sum of
the contributions of all species to ionic transport:

IEDY/ 9)
k

so the part of the current that is transported through the electrolyte

due to the motion of the ionic species i is given by:

t :.]mig,i _ 7»:‘9‘ (10)
I G

and is called the transport number (or transference number) t;.

According to Eq. (9), the sum of the transport number of all the ionic

species contained in an electrolyte is equal to unity:

Table 1

Molar ionic conductivities of cations 12 and anions 2% extrapolated to infinite dilution
at 25°C [83]. Some tables available in the literature give the equivalent ionic
conductivities (m? S equiv~"), which are equal to A;/z;.

Cations Molar ionic conductivity Anions

72104 m? Smol 1)

Molar ionic conductivity
72 (107 m? S mol 1)

Ca? 1189 CH;CO0~ 409
Cu® 107.2 cl- 76.3
Fe?* 108 Cc0o3~ 138.6
H* 349.6 HCOO~ 54.6
K 73.5 HCO3 445
Mg?* 106 H,PO; 36
Na* 50.1 HO~ 198
NHj 73.5 HPO3~ 114
Zn* 105.6 S03~ 160

She=1 (11)
k

Finally, it should be mentioned that the denominator of Eq. (10)
is the ionic conductivity, ¥ (Sm~! or Q' m~!), which measures
the capacity of an electrolyte to ensure efficient ion transport:

K= Z/lka (]2)
k

Electrolytes can also be characterized by their ionic resistivity p
(©Q m), defined as the inverse of conductivity. For a homogeneous
electrolyte with a cross sectional area A, through which the current
is transported over a distance I, the resistance to transport encoun-
tered by the ionic species (Riot) iS:

1_r

PR~ %A

Applying Ohm’s law, the ohmic loss (Nonmic, V) due to the cur-
rent flow through the electrolytes is:

!

Nohmic = E] (14)

R[o[ = (13)

and the power density lost (Pjos, W m™2) is:

l
Plost = %]2 (15)

Eq. (15) shows that the power consumed by ion transport
through the electrolyte increases as the square of the current den-
sity, meaning that it is essential to tackle ion transport when the
objective is to design a commercial MET able to operate at high
current density.

2.4.4. How to use transport numbers and balance sheets

Transport numbers are very useful parameters which, in a
straightforward manner, give the contribution of each ionic species
to current carrying in conditions where migration is the dominant
mode. Curiously, it has rarely been used in the context of MFCs,
although this is a basic concept in electrochemistry and in mem-
brane separation science. An objective of this article is to show
how this parameter can be helpful in understanding, predicting,
modelling and opening tracks for MFC development. Particularly,
transport numbers can be very helpful to anticipate the behaviour
of an MFC (or any other MER) from the simple analysis of the
electrolyte.

On the basis of the electrolyte chemical composition, the trans-
port number of each ionic species can be calculated using Eq. (10)
with the molar ionic conductivities, which are reported in Table 1
for the most common ionic species contained in MFC electrolytes.
These values correspond to infinite dilution and they should be
corrected i to take the ionic interactions that occur in real solutions
into account. Nevertheless, such a correction can be omitted for not
too concentrated solutions. A simple and relevant way to assess the
relevance of the theoretical approach is to calculate the ionic con-
ductivity of the electrolyte through Eq. (12) and to compare it with
the experimental measurement. It is advisable to take the opportu-
nity of this calculation to check the charge balance of the elec-
trolyte composition, because experimental data coming from raw
analytical measures sometimes do not meet charge balance
requirements (see comment in Section 3.4.5).

The transport numbers give the percentage of current that is
transported by each species in the zones where migration is pre-
dominant, i.e. far from steep concentration gradients, in the
absence of convection. This means in the bulk of the electrolyte,
far from the electrode surface and far from the separator surface
when there is one. Transport numbers thus give an immediate
and accurate image of ion motion through the electrolyte. Another



way of representation this is to transform transport numbers into

molar mass fluxes (¢migi) which are directly proportional:
t.

it = 21 (16)

The main difference is the charge z. The transport number,
which gives the percentage of current transported, is directly pro-
portional to the charge of the species. For instance, with identical
molar fluxes, a divalent species transports twice as much current
as a monovalent one.

Finally, close to the electrode surface, mass transfers are the
sum of the migration and diffusion effects (absence of convection).
Mass balance sheets can be calculated using Eq. (6). As a first
approximation, it can be assumed that the transport numbers are
identical in the bulk and in the diffusion layers near the electrodes.
This hypothesis is fully valid if concentrations are high enough, so
that only small changes in t; are induced by the changes of local
concentrations in the diffusion layers. The mass balance sheets
give an accurate image of ion transport close to the surface of elec-
trodes, which may be considered as essential if the objective is to
characterize the electrode kinetics. The mass balance sheet indi-
cates the actual operating conditions under which the electrode
operates, which is very important information if the objective is
to characterize or optimize the electrode kinetics.

Such a theoretical approach is illustrated in detail in Sections
3.4.1,3.4.2 and 3.4.5 in the absence of separator and then recalled
in Sections 5 and 6 for each type of ion-selective separator.

2.4.5. MFC performance assessment

The essential objective of an MFC is to produce power. The main
performance criterion is consequently the maximum current or the
maximum power produced. Current and power are extensive vari-
ables, which depend on the electrode surface, and performance is
generally expressed as current density (Jmax, A m~2) or power den-
sity (Pmax, W m~2) with respect to the geometrical surface area of
one of the electrodes. The two values are connected by the cell
voltage (Ucen):

pmax = Ucell '.]max (17)

When three-dimensional electrodes are implemented, these
values are expressed with respect to the volume of the electrode
(Am~3; Wm™).

The MFC efficiency with respect to fuel consumption is mea-
sured by the Faradic yield, often called Coulombic efficiency (CE)
in the MFC field. CE expresses the percentage (%) of the fuel that
is actually transformed to electricity. CE is the ratio of the electrons
that flowed through the electrical circuit during a given period of
time (obtained by integrating the current) to the total amount of
electrons that can be provided by the fuel consumed during the
same period of time.

Several other criteria exist to assess MFC performance, particu-
larly when the MFC has some other objective in addition to power
production, such as effluent treatment, desalination, water recla-
mation, and biosensing. Nevertheless, the P,ax Or Jmax and CE crite-
ria are the most universal and the present review uses them as the
basis for comparison.

3. Separator-less MFC

3.1. Why chemical gradients of fuel and oxygen are required in the
electrolyte

Theoretically, both electrodes of a fuel cell could operate in
exactly the same medium if each electrode was able to drive the
reaction it is intended for. Selective electrodes, which are able to

operate in this way, have been designed in enzymatic biofuel cells.
Different enzymes are immobilized on the anode and cathode sur-
faces, which drive the electrode towards oxidation or reduction,
respectively. For example, in enzymatic biofuel cells, the enzyme
glucose oxidase wired on the anode surface and bilirubin oxidase
or laccase immobilized on the cathode surface make both elec-
trodes so selective that two electrodes can thus operate in the
same electrolyte [84,85], fruit juice [86] or physiological fluids
[87,88] for example, which contains uniform concentrations of
both glucose and oxygen.

Unfortunately, similar selective electrodes are not available in
the MFC field yet. As described in Sections 2.2.2 and 2.3.2, micro-
bial anodes are very sensitive to the presence of oxygen and
oxygen-reducing cathodes can be considerably disturbed by the
presence of organic matter. To overcome these numerous detri-
mental effects, the anode must be immersed in an electrolyte that
contains the fuel but no oxygen, while the cathode must be
exposed to an environment rich in oxygen and free of fuel. Actu-
ally, no separator is required in between if the concentration gra-
dients can be maintained between the anode and cathode zones.

3.2. Principle and limit of separator-less MFCs

Benthic MFCs are typical separator-less devices. The bioanode is
immerged in anaerobic sediments rich in organic compounds and
the cathode is in the overlying oxygenated seawater. The concen-
tration gradients are maintained by taking advantage of the natural
stratification of the water column caused by gravity [89,90]. Aero-
bic microorganisms that live in the intermediate zone between
anode and cathode consume the dissolved oxygen and protect
the bioanode from detrimental oxygen impact. The intermediate
zone also prevents the organic compounds contained in the sedi-
ments from reaching the cathode.

In laboratory MFCs, a similar intermediate zone, in which fuel
and oxygen are consumed by aerobic bacteria, also occurs between
anode and cathode. This aerobic consumption of fuel can cause a
considerable decrease in CE. Liu and Logan measured a CE around
40-55% in the presence of a separator that prevented oxygen from
reaching the anode compartment, whereas the CE fell to 9-12%
when the separator was removed [76].

In separator-less MFCs, the inter-electrode distance must be
large enough to prevent oxygen from reaching the anode and the
substrate from reaching the cathode. However, increasing the
inter-electrode distance increases the ionic resistance (Eq. (13))
and consequently the ohmic drop (Eq. (14)) and the power density
lost (Eq. (15)). This is not too much of a problem in benthic MFCs
because they display low current densities and the ionic conductiv-
ity of marine sediments and seawater is high. The resulting ohmic
drop remains low even with significant inter-electrode distance
[91].

3.3. Interest of separator-less MFCs and how to develop them

Except in the specific case of benthic MFCs, which work in a sal-
ine electrolyte with modest current density, increasing the inter-
electrode distance to ensure chemical gradients is a major hin-
drance for ion transport. Nevertheless, separator-less MFCs are
not devoid of interest and have been widely used at the laboratory
level [76,92,93]. Actually, using a separator between anode and
cathode significantly increases the technical complexity of the
device. It may require onerous maintenance for long-term indus-
trial applications [94] and may be the source of a significant
increase in the investment cost, particularly if membranes are
implemented. The simplicity of separator-less MFCs is certainly
an essential advantage that would deserve further development.



In our opinion, a clear distinction should be made between the
interactions that can deactivate the electrode kinetics (Sections
2.2.2 and 2.3.2) and the parasite consumption of fuel and oxygen.
The former must imperatively be avoided because they impact
the essential function of an MFC. In contrast, parasite fuel con-
sumption, which only results in decreased CE [95], may be not so
detrimental for some applications, such as the treatment of efflu-
ents. When the most important target is to lower the level of an
organic compound, for example, it can be accepted that some of
the organic compound is not used to produce electricity but to
ensure better operation of the MFC by ensuring the required chem-
ical gradients between the anode and cathode. Thus, the necessity
to sustain chemical gradients in the MFC would be paid for by the
consumption of part of the fuel.
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Fig. 2. Balance sheet without separator or with a non-selective separator. Molec-
ular fluxes were calculated on the basis of 100 electrons exchanged per arbitrary
unit of time. In the bulk, migration is assumed to be the dominant transport mode.
Both migration and diffusion occur near the electrode surfaces. Transport numbers
can be found in Table 2. (A) The electrolyte is composed of 50 mM phosphate buffer
and 10 mM potassium acetate. (B) Same electrolyte with 100 mM KCl added.

Further development of separator-less MFCs should be aimed at
controlling the zone where aerobic microorganisms consume oxy-
gen and fuel. The simplest way would be to space the electrodes far
enough apart to be sure that consumption of oxygen and/or fuel is
completed. However, the larger the electrode spacing, the higher
the internal resistance and ohmic drop (Eqs. (13) and (14)) [96,97].

To be more efficient, it may be possible to anchor the microor-
ganisms to a highly porous intermediate structure (Fig. 3B). This
porous structure would be technically less demanding than a con-
ventional separator, because it would be solely intended to favour
the development of an intermediate aerobic biofilm without strict
sealing or other complex function. It would also introduce a smal-
ler internal resistance because, with a largely open structure, the
intermediate zone should have a conductivity close to that of the
electrolyte. The objective would be to favour the development of
an intermediate anaerobic biofilm achieving the chemical gradi-
ents of oxygen and fuel in a layer as narrow as possible. The inter-
mediate aerobic biofilm would protect the bioanode against
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Fig. 3. Two-compartment air-cathode MFC. (A) The main functions of a separator
should be to avoid oxygen transfer to the bioanode, to avoid fuel transfer to the
cathode and to put up the smallest possible resistance to ion transfers. (B) These
functions may also be ensured by an intermediate microbial layer implementing
aerobic microorganisms, which would consume part of the fuel.



oxygen and the cathode against organic matter and the related
inhibition effects (see Section 2.3.2). In most cases, the fuel flux
should be greater than the oxygen flux, so it may be useful to pro-
vide this layer with oxygen. Investigating this new concept in
depth would consequently lead researchers to reconsider the
MEFC design and operating procedure.

We propose that this concept be named “Microbial separator”.
Such a microbial separator has sometimes been observed to
develop spontaneously in MFCs, for example in the form of an aer-
obic biofilm that grows on the cathode surface [80,98,99] or on the
J-cloth used as a separator [100] (Section 6.5). Until now, microbial
separators have formed spontaneously on surfaces that were not
initially provided for this purpose. Nevertheless, the positive effect
on MFC performance is observed. Dedicated research work should
now aim at optimizing the support structure and its location inside
the MFC, particularly by separating the microbial separator from
the cathode surface to avoid the detrimental effect on OH™ mass
transfer. It should be thus possible to gain considerable power pro-
duction, at the price of fuel consumption.

3.4. lon transport in separator-less MFC: numerical illustration

Current transport is illustrated with an electrolyte of pH 7.0
composed of 50 mM phosphate buffer and 10 mM potassium acet-
ate, with or without addition of KCI, a medium commonly imple-
mented in MFC laboratory experiments. This numerical
illustration, proposed throughout the study, is made on the basis
of a very simple medium, which is representative of a large number
of MFC studies performed in laboratory conditions. The electrolyte
is assumed to be quiescent and calculations are made on the basis of
an initial state with uniform concentration of each species, as is the
case when starting a batch cycle, for instance. The concentration of
the anode product, e.g. HCO3 (Reaction (1)), is assumed to be nil.

3.4.1. Current transport in the bulk

The transport numbers (Table 2) show that current is mainly
carried in the bulk by migration of K* ions towards the cathode
(61%) and, to a lesser extent, by migration of phosphate ions to
the anode (35%). Neither H" nor OH™ contributes to current carrying
in the bulk. Contrary to what has too often been thought intuitively
and by analogy with hydrogen fuel cells (Section 2.4.1), protons and
hydroxide ions play absolutely no role in current carrying.

Table 2

Transport numbers in an electrolyte composed of 50 mM phosphate buffer and
10 mM potassium acetate, pH 7.0. Calculations were made with Eq. (10) with the
equivalent ionic conductivities, Aq;, extrapolated to infinite dilution (Table 1) without
correction for concentrations. (A) The total ionic conductivity (k) calculated with Eq.
(12) was 0.95Sm™'; (B) Same electrolyte with 100 mM KCI added; the total ionic
conductivity was 2.45Sm™".

Species i Concentration C; (M) t; x 100 (percentage)
(A) Phosphate 50 mM pH 7.0 and potassium acetate 10 mM

H* 1077 3.7 x1074
OH~ 1077 21 %107
H,PO; 31x1073 12

HPO3~ 19 x 1073 23
CH3C00~ 10 x 1073 4

K 79 x 1073 61

(B) Solution (A) with 100 mM KCl added

H* 1077 14 x 107
OH~ 1077 8.1x10°
H,PO; 31 %1073 5

HPO3~ 19 x 1073 9

CH5C00 10 x 1073 2

K* 179 x 1073 54

cl- 100 x 103 31

This important conclusion can be demonstrated in a more gen-
eral way. With a medium at pH 5, which can be considered as the
acidic limit below which most microbial anodes are no longer able
to operate, the conductivity due to protons (Ay+Cy+) is equal to 3.5
1074 Sm™! (Ay. in Table 1, Cys = 1072 mol m~3). For protons to be
responsible for more than 1% of the current transport through the
bulk, the transport number ty. must be greater than 0.01. Eq. (10)
indicates that, for the transport number of the proton to be higher
than 1%, with Ay-Chye=3.5-10"4Sm™!, the conductivity of the
medium (Eq. (12)) must be lower than 0.035 S m~'. Consequently,
protons do not contribute to current transport at pH equal to or
higher than 5 for conductivity higher than 0.035 S m~!. This value
is very low, lower than in any electrolyte used in MFCs or other MERs
so far, and it would preclude any efficient electrochemical process. It
can be concluded that, for such time as acidophilic microbial anodes
are not implemented, proton transport makes no contribution to
current transport in the bulk of the electrolyte. An exception to this
statement concerns osmotic MFCs. In this case, due to the massive
rejection of all other ions, protons play the key role in current trans-
port, but large scale development would be limited by the low con-
centration of protons (see Section 5.4.1) [101,102].

It should consequently be strongly recommended to abandon
reasoning with proton transport in the bulk when the objective
is to develop MFCs that operate around neutral pH. This way of
thinking has already been adopted by several research groups
[40,65,78,103,104] but a large number of studies still aim at
improving the proton transfer capability of proton exchange mem-
branes with the objective of improving MFC power production. The
large number of recent studies in this direction [105-109] incited
to stress this issue here.

The mass transfer balance sheet presented in Fig. 2A was
achieved on the basis of 100 electrons exchanged through the
external circuit per arbitrary unit of time. The molecular fluxes cor-
responding to 100 electrons exchanged per unit of time were cal-
culated from the transport number according to Eq. (16).

3.4.2. Balance sheet close to the electrode surfaces and buffering

Close to the surface of the electrodes, concentration gradients
are created by the electrochemical reactions and diffusion signifi-
cantly impacts the mass transfer balance. In the absence of convec-
tion, each mass flux is the sum of the diffusion and the migration
contributions (Eq. (6)). It was assumed here that the transport
numbers were identical in the bulk and in the diffusion layers near
the electrodes. This hypothesis is valid if concentrations are high,
so that only small changes in t; are induced by the changes of local
concentrations in the diffusion layers.

The cathode provided with oxygen and water produced 100
OH™ ions per unit of time (Reaction (3)). For the sake of simplicity,
the acid-base equilibrium of the phosphate species was assumed to
be instantaneous:

H,PO, — HPOZ + H* (18)

and the possible involvement of the HCO3 ions was not taken into
account in the acid-base balance, so the 100 OH™ ions produced
roughly resulted in the consumption of 100 H,POZ; and the produc-
tion of 100 HPO3 . According to the values of the transport numbers,
migration expelled 12 H,PO; and 11.5 HPOZ~ ions from the cathode
surface. Consequently, to maintain the steady state, diffusion had to
provide the electrode with 112 H,PO; and to remove only 88.5
HPOZ~ ions. Near the cathode surface, the diffusion and migration
fluxes of the H,POy ions are opposite, while diffusion and migration
cooperate to remove the HPO7~ ions produced. The ions whose con-
centration is not affected by the electrochemical reaction (e.g. Ac~
and K* on the cathode surface) must have a nil balance sheet, and
diffusion must compensate the effect of migration.



At the anode, to sustain the steady state with 100 electrons
extracted per unit of time, 12.5 acetate molecules must be supplied
to the anode (Reaction (1)). Only 4 acetate molecules are provided
by migration. An additional 8 acetate molecules must be supplied
by diffusion. Besides, 25 HCO3 and 112.5 H* are produced per unit
time by acetate oxidation (Reaction (1)). The balance on phosphate
ions is done in the same manner as for the cathode. In this case,
migration hinders the motion of the H,POZ; ions away from the
anode, which must be compensated by diffusion.

The balance sheet shows that buffering is mainly ensured by
diffusion of the phosphate species near the surface of the elec-
trodes. Migration has only a slight effect on buffering. Actually,
by moving H,POz from the cathode towards the anode, migration
makes a detrimental contribution to the buffer effect which, on the
contrary, requires H,PO; to be driven away from the anode
towards the cathode.

3.4.3. Effect of adding a supporting salt (Table 2B, Fig. 2B)

If 100 mM KClI is added into the electrolyte, migration of K*
always makes the main contribution to current transport in the
bulk (54%). The contribution of the phosphate ion migration is
reduced to 14% because migration of Cl~ takes charge of 31% of
the current transport. As can be expected, the supporting salt
ensures a significant part of current transport in the bulk and
reduces the contribution of the other ionic species. This can also
be seen by calculating the ionic conductivity, which is significantly
increased from 0.95 to 2.45 S m~! by the addition of 100 mM KCl.
The ohmic drop should thus be divided by a factor greater than 2.

The balances drawn up close to the electrode surfaces (Fig. 2B)
give similar mass fluxes to the previous ones. The negative/positive
effects of migration of the phosphate species on buffering are
attenuated, as can be expected when adding a supporting salt.

3.4.4. Evolution of pH and ionic concentrations in an MFC during
operation

In an operating MFC, the pH decreases near the anode (Reaction
(1)), while it increases near the cathode (Reaction (2)). This phe-
nomenon has often been confirmed experimentally
[103,110,111]. The numerical illustration calculated with the ini-
tial concentrations of the buffering species showed that, in the
bulk, migration moves both H,PO;z and HPOZ~ ions towards the
anode with approximately equal molecular fluxes. On the basis
of 100 electrons passing through the system, the conditions con-
sidered in Fig. 2A led to 12 and 11.5 molecules of H,PO; and HPO3~
respectively. Only 11.5 molecules of HPO3~ are carried by migra-
tion to the anode, while 112.5 protons are produced. Migration
cannot efficiently mitigate anode acidification. Diffusion of HPOZ~
must contribute strongly to pH balance, but diffusion is not a fast
process and is not proportional to the current density. Conse-
quently, the local acidification of the anode biofilm is moderately
mitigated by migration of buffering species and is strongly depen-
dent on diffusion. This would become a major hindrance if the
objective is to provide high current density.

This situation is even aggravated by the addition of 100 mM KCI
(Fig. 2B). In this case only 4.5 molecules of H,PO; are moved
towards the anode by migration. Adding a supporting salt
improves the global ion transport and decreases the ohmic drop
but, in return, it decreases the capacity of the bulk to fight against
anode acidification.

One way to enhance pH balance inside the cell would be to cre-
ate convective mass transport by stirring or circulating the elec-
trolyte [39]. Nevertheless, it should be kept in mind that stirring
or circulating costs energy, more energy than the MFC could pro-
duce as the state of the art stands at the moment. This solution
may be suitable only for specific cases.

This situation with phosphate occurs because, around neutral
pH, the two species involved in buffering are negatively charged
(H,POz and HPO3™, reaction (17)). They are both driven towards
the anode by migration. A different pattern would be found if a
form of the buffer was not charged:

AH < A + H' (19)

In this case, only the alkaline form (A™) is driven by migration
towards the anode, which should result in a better mitigation of
bioanode acidification.

For the same reason, Logan’s group has recently shown that
positively-charged non-dissociated buffers (AH"):

AH' < A+ H' (20)

are more efficient than non-charged or negatively-charged buffers
to mitigate alkalinization of oxygen-reducing cathodes (Reaction
(3))[112]. Obviously, a positively-charged buffer would not be suit-
able for controlling the bioanode pH, but a multi-species buffer may
be envisioned, including a non-charged compound and a positively-
charged compound to optimally mitigate both bioanode acidifica-
tion and cathode alkalinization.

The pH balance inside MFCs, or any other MER, is a major source
of current limitation. When the objective is to maximize the power
produced by MFCs, this issue definitely deserves dedicated studies.
In this context, transport numbers in the bulk and balance sheets
at the surface of electrodes would be the essential theoretical tools
to optimize ion transport for pH balance. Experimental validation
of the theoretical prediction is then required, at least to check
whether the microorganisms accept the nature and concentration
of the buffers.

3.4.5. Numerical illustration with wastewater used as electrolyte

This review does not intend to review all the possible MFC elec-
trolytes but aims at developing a general theoretical rationale that
can then be used for other cases. The numerical illustration made
throughout the study with a phosphate buffer solution, supple-
mented or not with KCI, corresponds to the majority of laboratory
studies reported so far. An additional short numerical illustration is
given here relating to the field of wastewater treatment, a possible
application domain for MFCs (Table 3). The transport numbers
were calculated as previously with Eq. (10) from the data gathered
in Table 1.

The majority of the electricity (35.9%) was carried through the
electrolyte by the movement of Cl~ ions. This example confirms
that the capacity of migration to mitigate bioanode acidification
depends on the pH of the bulk. In this case, migration drove a lar-
ger amount of HPOZ~ than H,PO3; towards the anode, which is an
advantage to attenuate the anode acidification. Nevertheless, the
transport numbers show that pH balance will be modest as only

Table 3

Transport numbers in an electrolyte composed of wastewater. The ionic composition
was extracted from Le Bonté et al. [113], with a pH value averaging 7.8. Calculations
were made using Eq. (10) with the equivalent ionic conductivities, A¢;, extrapolated to
infinite dilution (Table 1) without correction for concentrations.

Species i Concentration C; (M) t; x 100 (percentage)
H* 16x10°8 41x10*
OH~ 6.3 x 1077 9.2 x 1073
ca® 2.1 %1073 18.5

K 0.26 x 1073 1.4

Mg?* 0.33 x 1073 2.6

Na* 3.1 %1073 11.5

NH} 1.8x10°° 9.8

cl- 6.34 x 1073 35.9
H,POz 0.08 x 1073 0.2

HPO3~ 0.37 x 1073 3.1

S03~ 1.42 x 1073 16.9




3.1% of the current was transported by the HPOZ~ ions. In return,
migration was less effective in expelling negative charges from
the cathode zone. This is a strong disadvantage here because of
the quantities of Ca®* jons contained in wastewaters. The Ca* ions
carried a considerable proportion of the electricity (18.5%) by mov-
ing to the cathode. The poor efficiency of phosphate species in bal-
ancing the pH of the cathode zone and the large flux of Ca?* ions
converge to predict fast cathode fouling because of the formation
of scale. This illustration shows how transport numbers can help
to predict some aspects of MFC behaviour from the simple analysis
of the electrolyte composition.

From a practical point of view, looking for data to present this
numerical illustration, pointed out the difficulty to obtain an
exhaustive list of the ionic contents of wastewaters; often, the
existing data were not balanced from the point of view of charges.
In the present case, it was necessary to multiply by a factor of 1.67
the anion concentrations reported in the article to reconcile the
experimental data with charge balance. The calculated ionic con-
ductivity, k, of 0.13 Sm™! was consistent with the average exper-
imental value of 0.11 S m~". In the context of MFC development for
wastewater treatment, and given the great impact of ion transport
on MFC behaviour, preliminary analytical work to determine the
ionic composition of wastewaters would be most helpful.

4. Functions of a separator in MFC
4.1. The ideal separator and even more

The role of the separator is to overcome the lack of selectivity of
the electrodes used in MFCs. It must allow two zones with different
chemical compositions to be maintained inside an inter-electrode
space that is as narrow as possible. Basically, an ideal MFC separa-
tor designed for maximizing power production would (Fig. 3A):

(1) prohibit the transfer of oxygen to the anode,

(2) prohibit the transfer of the fuel and other organic matter to
the cathode,

(3) not introduce any resistance to the transfer of ionic species.

In practice, it should not be forgotten that a separator cannot
fully validate condition 3. In all cases, a separator introduces resis-
tance to the mass transfer for each species, including ions. It is
essential to keep in mind that any separator introduces additional

Table 4

resistance to ion transport. According to Egs. (14) and (15), the
function of a separator is to maintain chemical gradients while
reducing the distance 1 to a minimum and keeping a reasonable
value of k inside the separator.

Many separators are able to modulate the resistance to mass
transfer according to the size and/or the charge of the compounds.
Thanks to the capacity of these separators to impact ion transports,
additional functions can be attributed to them. For example, they
could also:

(4) protect the cathode against (bio-)fouling,

(5) allow the MFC target to be enlarged far beyond the simple
production of electricity. This is typically the case with
ion-exchange membranes, which push the MFC towards
specific operational strategies. MFC devices have thus been
designed for water desalination [114-116], selective
removal of ions [117], reverse electrodialysis [118,119],
effluent denitrification [120,121], ammonium recovery
[122,123], effluent treatment by alkalization [124], etc.
Osmosis membranes can also be implemented to add a
water reclamation objective [101] (see Section 5.4). Such
specific functions would deserve a dedicated theoretical
approach, which is beyond the scope of the present article.

Depending on the nature of the cathode, the main purpose
assigned to the MFC (to optimize power density, to increase CE,
to maximize an effluent treatment, to abate the concentration of
a given compound, etc.), or the type of process that may be associ-
ated with the MFC, many configurations have been reported to
implement separators in MFCs. The different MFC designs have
been reviewed elsewhere [31,125,126] and are not detailed here.
It can just be recalled that the most recent configurations include
a separator-electrode assembly (also called membrane-electrode
assembly), in which the separator is sandwiched between the
anode and the cathode [127,128]. This technology should be a very
promising way to reduce the ohmic drop by reducing the inter-
electrode distance to its minimum.

4.2. Separator characteristics and classification
The literature reports a wide diversity of separators tested in

MEFCs. They can be divided into two major categories: non-
porous and porous separators. Table 4 gives a basic classification

Separator classification according to the membrane type, the pore diameter and the rejected species. From [129,130].

Ion Exchange Membrane (IEM)

Reverse and

Forward Nano- Ultra- Micro- Macro-
Osmosis Filtration Filtration Filtration Filtration
Cation Anion . (NF) (UF) (MF)
Exchange Exchange MBlpolar (RO/FO)
embrane
Membrane Membrane (BPM)
(CEM) (AEM)
Type Non porous Porous
Ton-selective Is\Ie(l):clt(i)\rfle_ Ton-selective Non ion-selective
Pore
diameter / 10-100 100-1000 1000-10* >10*
A)
MWCO 2000-
(Da) / 250-2000 500,000 /
Small .
Monovalent particles, Proteins, . Macro-
Smallest Atoms and divalent  Sugars Polysaccha-  Solids, particles,
reiected ions A uet;{xs rides, Bacteria Colloids,
1 X iacl]tq Viruses Granules
species salts
Obser\tatlon Transmission Electron Microscopy Scanrpng O el Naked eye
technique Electron Microscopy microscopy




ranging from the most compact non-porous membranes to the
most porous separators. Following this classification, each type is
analysed thereafter with respect to its impact on ion transport.

5. Non-porous separators

Table 5 gathers together the characteristics of non-porous sep-
arators used in MFCs so far. As it is crucial to prohibit oxygen trans-
fer to the bioanodes, many studies have focused on oxygen
diffusion through the membranes, with pretty dispersed results.
A quick glance at this table gives an idea of the difficulty of extract-
ing firm, universal conclusions from experimental studies carried
out with different experimental set-ups, different microbial sys-
tems and different conditions. Nevertheless, an attempt is made
here to analyse these experimental data in the light of the theory.

5.1. Cation exchange membrane (CEM)

Cation exchange membranes (CEMs) contain negatively
charged groups, such as —SO3, —COO~, —PO5~ or —POsH™, fixed
to the membrane backbone, which gives them a selective perme-
ability for cations [144]|. CEMs include proton exchange mem-
branes (PEMs), which are specially designed to allow proton
transfer and to oppose a high resistance to the transfer of all other
ions.

5.1.1. Basics on ion transport controlled by CEM

Theory indicates that protons are not involved in current carry-
ing in MFCs (Section 3.3). Consequently, the use of a PEM in an MFC
can hardly be justified except if microbial anodes could operate at
very low pH. Unfortunately, to our knowledge, acidophilic bioan-
odes still remain poorly developed [47,145,146] and it remains a
worthwhile challenge to develop such efficient bioanodes. Much
work has been carried out to improve the proton exchange capac-
ity of PEMs [105,107] [108,109], with some successes in terms of
MEFC performance [147]. Nevertheless, the objectives and results
should not be discussed in terms of proton transfer, when
improvement was related to the transfer of other cations present
in solution (K*, Na*, Mg?*, Ca?", etc.) as confirmed experimentally
[103,111,133].

The buffer ionic species H,POz and HPO3 ™ are strongly retained
by a CEM. By prohibiting the diffusion of the buffer ionic species
between the anode and cathode compartments, a CEM severely
hinders the pH balance in an MFC implemented with phosphate
buffer. The balance sheet calculated in the presence of a CEM
(Fig. 4) shows that the whole current results from the motion of
the K* ions. If KCl is added as a supporting salt, part of this desir-
able action is lost because the CI~ ions cannot take part in the cur-
rent transport. The balance sheet also demonstrates that the anode
compartment tends to be deionized, while the ionic concentration
of the cathode compartment increases.

In long-term operation, complex ion transport situations can
occur. Electro-osmosis, due to the transport of the water molecules
that compose the K* solvation layer [148,149] should be taken into
account. Ultimately, the K" concentration gradient will drive a
backward diffusion flux that will oppose migration and hinder
MFC operation. The gradient in water activity caused by K" migra-
tion may also lead to the diffusion of water from the anode to the
cathode compartment by osmosis. The long-term ion transport
would deserve a dedicated analysis, with the same theoretical tools
as used here, by taking the modification of the chemical composi-
tion in each compartment into account.

Basic analysis of ion transport points out numerous drawbacks
that make it hard to justify using a CEM in an MFC, except for
specific cases. For instance, the CEM can ensure the function of fuel

retention in the anode compartment perfectly when the fuel is in
anionic form (see Section 5.2.2). If saving fuel is seen as essential,
using a CEM may be justified. Similarly, when the objective is to
couple power generation with another function, such as desalina-
tion [114,116] or other kinds of separation processes (34), CEM
can also be fully relevant. The balance sheet (Fig. 3) shows that
cations can easily be extracted from the electrolyte, which may
be essential when a separation function is assigned to the MFC
(see point 5 in Section 4.1). Nevertheless, except in such specific
cases, which deserve a dedicated theoretical analysis, blocking
the motion of anions by a CEM is a major drawback for conven-
tional MFCs.

5.1.2. CEM in the MFC literature

Among CEMs, PEMs have been particularly used in MFCs, prob-
ably by analogy with PEMFCs. Nafion membranes from Dupont are
the most commonly used PEMs. They offer high proton conductiv-
ity due to sulfonate groups fixed on an inert backbone (PTFE-like
skeleton) [134]. They are classified according to their molecular
weight cut-off and nominal thickness [150]. For example, the num-
bers “11” and “7” in Nafion 117 refer to 1100 g “equivalent weight”
and 7/1000 in., respectively, where the equivalent weight defines
the weight of Nafion in molecular mass per sulfonic acid group.
Similarly, Nafion 112 and Nafion 115 are 2/1000 and 5/1000 in.
thick, respectively.

Rahimnejad et al. 2010 observed that the thinner Nafion 112 led
to better performance than Nafion 117 [151]. In contrast, Ghasemi
et al. measured a considerably lower power production with
Nafion 112 than with Nafion 117 (19.7mW m™2 against
126.1 mW m~2) and assumed that it was due to the greater diffu-
sion of oxygen to the bioanode with Nafion 112 [152]. This discrep-
ancy illustrates the difficulty of establishing universal conclusions,
probably because of the great dependence of the results on the
experimental set-ups and operating conditions.

A wide range of values have been reported for the oxygen mass
transfer coefficient in Nafion 117: 1.3 x 107*cms™! by Kim et al.
[133] or 2.80 x 1074 cms~! by Chae et al. [134], while Khilari
et al. [135] measured only 2.8 x 10> cm s~ . Here again, the dif-
ferences in the experimental set-ups (two-compartment MFC with
an immersed cathode for the first two, single-compartment MFC
with an air cathode for the last) or in electrolyte compositions
might have been sources of discrepancy. Nevertheless, in our opin-
ion, such significant oxygen transfer rates through Nafion mem-
branes are surprising, as these membranes were designed to
separate O, and H, under high pressures in PEMFC. The hypothesis
of a different mechanism of O, crossover in aqueous conditions
cannot be discarded, neither can possible oxygen leakages in the
experimental set-up disturbing the measurements. If PEM is
judged to be justified for a specific MFC, this issue should be tack-
led in priority.

Because Nafion remains one of the most expensive PEM
(approx. $1400/m?) low-cost alternatives have been investigated
[153,154]. Among them, the Ultrex membrane (CMI 7000, Mem-
brane Inc., USA) has been widely tested in MFCs [133]. It is a strong
acid CEM composed of a polystyrene gel cross-linked with divinyl-
benzene that contains sulfonic acid groups. Compared in identical
conditions, it presented a higher ionic resistance (45 Q cm~2) than
Nafion 117 (9.2 Qcm™2) due to its greater thickness (457 vs.
183 pum for Nafion 117) [132].

Although trying to increase the proton transfer rate through
PEM in order to enhance MFC performance is a theoretical impasse,
many studies have been devoted to PEM modifications. They are
overviewed in Table 6.

PEMs are affected by fouling and biofouling during long-term
operation, which can significantly reduce their ion exchange
capacity [155,156]. Removing the biofouling layer may not be suf-
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Fig. 4. Balance sheet of the molecular fluxes with a cation exchange membrane
(CEM). The electrolyte is composed of 50 mM phosphate buffer and 10 mM
potassium acetate. It is assumed that no acetate was initially put into the cathode
compartment.

ficient to recover the initial characteristics and it may be necessary
to regenerate the CEM functional groups [157]. The resistance to
biofouling has been enhanced for some composite CEMs by
increasing the proportion of a given compound: GO for GO-PVA-
STA membranes [135] or polyaniline for Nafion/PANI composite
membranes [158].

5.2. Anion exchange membrane (AEM)

Anion Exchange Membranes (AEMs) have a selective perme-
ability for anions due to the positively charged groups they con-
tain, covalently bound to their polymer backbone [37,144]. Anion
exchange functional groups can be either strongly basic, such as
tertiary ammonium, or weakly basic, such as primary, secondary
or tertiary amine groups [131]. The wide use of AEMs in all types
of fuel cells, including MFCs, has recently been detailed in a com-
prehensive review [37]. AEMs have been less often reported in
MEFC studies than CEMs but with a significant diversity of types
(Table 5).

5.2.1. Advantages of AEM vs. CEM

AEMs allow anions to pass through. The theoretical balance
sheet (Fig. 5) shows that this is a great advantage over CEMs for
MFCs, because AEMs introduce a smaller resistance to the pH bal-
ance role of the H,POz and HPOZ~ species. AEM creates minimum
hindrance to the pH balance by anionic species between the two
compartments.

This advantage has often been confirmed experimentally
[165,166], particularly the virtuous association with phosphate or
bicarbonate buffer [40,167,168]. Compared in a two-
compartment MFC, an AEM produced a larger power density
(610 mW m~2 with AMI-7001 from Membrane International Inc.,
NJ) than CEMs (514 mW m~2 with Nafion; 480 mW m—2 with
CMI-7000 from Membrane International Inc., NJ), or an ultrafiltra-
tion membrane (462 mW m~2) [133]. The better suitability of AEM
than CEM or ultrafiltration membrane was also observed when the
membrane was used to support an oxygen-reduction cathode. One
side of the membrane was made conductive using graphite paint

and a non-precious metal catalyst to form a membrane-cathode
configuration [168]. AEM has also proved more appropriate than
PEM in the design of a membrane-electrode assembly [169]. Simi-
larly to CEM a few studies have been aimed at designing specific
AEM for MFCs (Table 6).

A lower oxygen mass transfer coefficient has also been mea-
sured for AEM than Nafion (0.94 x 10~*cms~' and 1.3 x 1074
cms~! respectively) [133]. Nevertheless, a large range of values
have been reported in the MFC literature. For instance, Ji et al. have
measured oxygen transfer coefficients from 0.65 x 10~*cm s~ to
126 x 10°*cms™! for three different commercially available
AEMs (ASTOM Co., Yamaguchi, Japan) [143]. As mentioned above
for CEMs, it is difficult to make relevant comparisons on this issue.

Finally, comparing the balance sheets of CEM (Fig. 4) and AEM
(Fig. 5) shows that CEM favours the access of cations to the cath-
ode, while AEM hinders it. AEM should consequently mitigate
cathode fouling due to alkaline precipitation (Section 2.2). This
advantage has also been noted experimentally [169,170]. An
antibacterial effect of QAPVA/TiO, membrane has also been noted
as positive [137].

5.2.2. In a few circumstances AEM perform less well than CEM

AEM may have some disadvantages compared to CEM when the
fuel used is in anionic form, e.g. the widely used volatile fatty acids
(acetate, propionate, butyrate, etc.). If the fuel is fed into the anode
compartment only, migration through an AEM can only weakly
oppose the diffusion-driven flux established from the anode to
the cathode compartment. The diffusion flux from anode to cath-
ode would form a countercurrent to migration (see balance sheet
Fig. 5), in opposition to current carrying. Some of the anionic fuel
is unavoidably lost with AEM, and feeding only the anode compart-
ment would lead to detrimental diffusional flux. As described in
Section 2.4, the access of the fuel to the cathode compartment
has detrimental effects, which have been confirmed experimen-
tally [133,143,166].

AEMs have proved to be more subject to membrane deforma-
tion. Zhang et al. found that the performance of a single-
compartment MFC equipped with a membrane pressed against
the air-cathode was reduced when an AEM was used (AMI-7001
from Membrane International Inc.) rather than a CEM (CMI-7000)
(16 22Wm~3 vs. 21 2 Wm3, respectively) [170]. This differ-
ence was attributed to membrane swelling during ion transport
through the membrane, which induced detrimental deformation
of the AEM.

5.3. Bipolar membrane (BPM)

A BPM is composed of a cation exchange layer and an anion
exchange layer mounted together to form a humid junction inter-
face. The humid interface between the two layers is generally con-
sidered as a third layer. Under the effect of an electric field, the
water content of the membrane is split into protons and hydroxide
ions. Protons and hydroxide ions respectively migrate through the
CEM, which faces the cathode compartment, and through the AEM,
which faces the anode compartment. BPM would consequently be
able to stabilize the pH in both compartments of an MFC by sup-
plying the cathode compartment with protons and the anode com-
partment with the same amount of OH™ ions. The theory, already
presented elsewhere [40], is not described in detail here. BPM
offers an apparently very appealing solution to the thorny problem
of pH gradient in MFCs. Unfortunately, water splitting requires a
lot of energy, which is deducted from the power supplied by the
MFC and BPM would heavily burden the energy balance. The few
existing experimental achievements implemented more efficient
cathode reaction than oxygen reduction [171,172].



Table 6
Performance of various advanced laboratory-made CEMs and AEMs designed for MFC.

Nature MEFC performance Comment Ref.
CEM: Modified Nafion
Nafion 112-polyaniline 124 mW m~2, around nine fold power density [158]
composite (Nafion/ obtained with Nafion 112
PANI)

Supported ionic liquid 215 mW m 2 vs. 157.9 and 102.2 mW m 2 with [109]
Nafion Nafion 117 and Ultrex CMI-7000, respectively

Nafion 117 reinforced Up to 91 mW m~2 vs. 79 mW m~2 with Nafion [159]
with PVA 117

CEM: Alternative membranes to Nafion

SPEEK 77.3 mW m~2 vs. 106.7 mW m~2 with Nafion Power production with SPEEK was lower than with Nafion 117 but SPEEK  [160]
117 was assessed to be about twice as cost effective because of its lower price
126.1 mW m 2 vs. 179.7 mW m~2 with Nafion [161]
117

GO-PVA-STA 86.7 mW m2 vs. 64.5 mW m~2 with Nafion 117  Oxygen mass transfer coefficient of 6.1 x 107® cm s~! was lower than that  [135]

of Nafion 117 of 2.8 x 10> cm s™!

Composite GO-SPEEK 902 mW m~2 vs. 1013 mW m~2 with Nafion 117  Nafion 117 produced the highest power density and GO-SPEEK had the [106]
and 812 mW m~2 with a non-modified SPEEK highest O, diffusion coefficient (1.15 10~ cm? s~!) but GO-SPEEK is less
membrane expensive

Nanofibre-reinforced Lower fuel crossover compared to Nafion [159]

composite based on
SPEEK
Carbon nanocomposite 57.6 mW m 2 vs. 14.0 mW m 2 with Nafion 112 [162]
Modified SPEEK 98.1 and 1008 mW m 2 with TiO, and SiO,, Oxygen mass transfer coefficient decreased with the increase in TiO, or [136,140]
membranes by respectively; higher performance than with Si0,, up to 2.2 x 10 and 0.7 x 10~® cm s~ ! respectively
incorporating TiO, or SPEEK and Nafion 117
Sio,
Modified SSEBS 1209 mW m~2 vs. 290 mW m~2 with Nafion 117  Oxygen mass transfer coefficient decreased with the increase in S-SiO, [163]
membrane by into the SSBES matrix, up to 0.67 x 10> cm s ™!
incorporating S-SiO,

AEM

QPEEK 60 W m > vs. 52 W m 3 with the commercial 0, mass transfer coefficient and diffusion coefficient were [141]
AMI-7001 from Membrane International Inc., NJ 2.1 x 107*cm s~ ! and 4.8 x 1078 cm? s~ ! for QPEEK, and

1.6 x 1074 cm s~ and 3.1 x 10”7 cm?s~! for AMI 7001
Organic-inorganic hybrid 125.4 mW m~2 vs. 65 mW m~2 with Nafion 117 Lower O, mass transfer coefficient of 0.05 x 10~# vs. 0.3 x 10~*cm s~! [137]
AEM composed of (here comparison was made with an CEM) with Nafion 117
QAPVA and TiO,
QPEI 612 mW m 2 vs. 565 mW m~2 with AMI-7001 O, mass transfer coefficient and diffusion coefficient were [142]
23 x10°cms ! and 4.7 x 1077 cm? s~ for QPEIL and 0.1 x 10 >cm ™!
and 3 x 1077 cm? s~ for AMI 7001
QPSU membrane modified 1036 mW m ™2 vs. 576 mW m~2 with AMI 7001 [164]

with FGO

FGO: functionalized graphene oxide.

GO-PVA-STA: graphene oxide, poly(vinyl alcohol) and silicotungstic acid.
PVA: poly(vinyl alcohol).

QAPVA: quaternized poly(vinyl alcohol).

QPEEK: quaternized poly(ether ether ketone).

QPEI: quaternized poly(ether imide).

QPSU: quaternized polysulfone.

SPEEK: sulfonated poly(ether ether ketone).

SSEBS: sulfonated polystyrene ethylene butylene polystyrene.

The energy cost of a BPM is too high if energy production is the
main objective envisaged and, in our opinion, BPM should be
reserved for specific objectives, in which pH balance is crucial.
Some clever associations of BPM with MFCs have been proposed
to produce alkali and ensure desalination [173] or to remove
organic and zinc contamination in parallel effluent streams [174].

5.4. Reverse and forward osmosis (RO/FO) membrane

5.4.1. Characteristics and theoretical advantages and limit

RO membranes are used in large scale industrial units for
desalination and water treatment [129,175,176]. In RO units,
membranes are operated by achieving a hydrostatic pressure
greater than the osmotic pressure so as to drive water transfer
through the membrane against the natural direction of osmosis,

while the salts are retained and concentrated on the influent sur-
face of the membrane. Forward osmosis has also been envisioned
to produce electrical power from a salinity gradient [177,178]. In
this case, water transfer from a low-concentration solution (e.g. a
river) to a high-concentration solution (e.g. the sea) increases the
pressure of the high-concentration side, which is utilized to drive
a turbine.

RO and FO membranes are similar from the point of view chem-
istry and separation characteristics. RO membranes, which gener-
ally have to support higher pressure than FO membranes, may be
designed with a stronger mechanical resistance. RO/FO membranes
are composed of polymer material that forms a layered, web-like
structure [175,179]. They do not have distinguishable pores and
are considered to be essentially non-porous. Theoretically, all
dissolved and suspended material is rejected, even the smallest
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Fig. 5. Balance sheet of the molecular fluxes with an anion exchange membrane
(AEM). The electrolyte is composed of 50 mM phosphate buffer and 10 mM
potassium acetate.

contaminants such as monovalent ions, and water is considered to
be the only material passing through the membrane [129,180].
Practically, RO membranes have salt rejection of more than 90%.

FO membranes have been implemented in MFCs to provide a
water flux from the anode to the cathode compartment [101].
The anode compartment has the common salt content appropriate
for microbial growth, while the salt concentration is considerably
higher in the cathode compartment. Due to the salt gradient,
osmosis drives water molecules from the anode to the cathode.
Theoretically, all ions are rejected by the membrane, except pro-
tons, which are driven through it by the water flux because of their
very small size. In this case, in theory, the transport number of pro-
ton is 1, while any other ion has a transport number of zero (Fig. 6).

In the context of MFCs, this situation is an exceptional case, in
which protons are responsible for all current carried through the
separator. Consequently, in theory, using an osmosis membrane
is an ideal solution to achieve perfect pH balance in the MFC.
Unfortunately, in return, the MFC performance is severely limited
because current transport in solution is ensured only by protons,
the concentration of which is generally below 10°°M (pH 6) to
prevent the bioanode from becoming deactivated. Proton concen-
tration at pH around neutrality is too low to ensure high current
density. Moreover, the possible benefit of adding a supporting salt
to carry the current is also lost with such membranes. In the pre-
sent state of the art of bioanode development, osmosis MFCs are
not an effective solution when the aim is to considerably enhance
power production. As mentioned in Section 5.1.1, in this context
too, designing efficient acidophilic microbial anodes would be a
crucial challenge.

5.4.2. Experimental work

Experimental studies have confirmed that osmosis membranes
perform better than AEM or CEM because of proton transfer to the
cathode side (Table 7). Moreover, it has been observed that the
water flux and the high membrane resistance prevent oxygen dif-
fusion to the anode [101]. The high salt concentration in the cath-
ode compartment is another advantage as it significantly decreases
the MFC internal resistance. Qin et al. observed that increasing
NaCl concentration from 1 to 35 g L~! decreased the osmosis mem-
brane resistance from 17.6 to 5.3 Q, while a CEM resistance
decreased from 22.6 to only 9.6 Q [181].

In conventional RO processes, several fouling mechanisms have
been reported. A large variety of contaminants exist, including sus-
pended particulate matter [inorganic or organic] and biogenic
materials [129,175,176,179]. Suspended and colloidal particles
coagulate together and adsorb, forming a cake-like layer on the
membrane surface, while dissolved organics can interact directly
with the membrane surface [184,185]. In MFCs also, osmosis mem-
branes have been shown to be sensitive to biofouling on the bioan-
ode side and fouling on both sides [182,186]. In conventional RO
bioreactors, biofouling is mitigated by intermittent vigorous air
bubbling; this solution might be adapted to MFC by bubbling nitro-
gen to respect anaerobiosis.

6. Porous separators
6.1. Classification and basics

Porous separators reject molecules according to their size and
shape, and charge in the specific case of nanofiltration membranes.
Nanofiltration (NF), ultrafiltration (UF) and microfiltration (MF)
membranes retain small particles (e.g. ions, aqueous salts, viruses)
in order of increasing size. The term macroporous separators, less
accurately defined, aggregates various kinds of separators that
retain only particles of large size such as bacteria, sands or colloids.
Porous separators are less expensive than ion-exchange mem-
branes and some common macroporous materials can even reach
very low cost. Macrofiltration and UF membranes are the most
commonly studied in the MFC field, whereas no or very few data
are available concerning NF membranes (Table 8). As for non-
porous membranes, experimental data about oxygen diffusion
can differ significantly from one study to the other.

In theory, with the exception of nanofiltration membranes (see
Section 6.1), porous separators do not exert selectivity in ion trans-
fer. The balance sheets are consequently identical to that found in
the absence of a separator (Fig. 2) but the mass transfer rates are
reduced. Non-porous separators form a barrier to mass transfers
with a strength that decreases from NF membranes to macrop-
orous materials. According to the functions identified in Section 4.1,
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Fig. 6. Balance sheet of the molecular fluxes with a reverse/forward osmosis
membrane (RO/FO). The electrolyte is composed of 50 mM phosphate buffer and
10 mM potassium acetate. Addition of KCI does not modify the theoretical balance
sheet.



Table 7
Performance of osmosis membrane vs. CEM, AEM and FO membrane.

Nature MEFC performance Comment Ref.

Hydration Technology Innovations, LLC, Albany, OR 43 Wm~3 vs. 40 and 23 W m—> with AEM Lower pH of the catholyte with the osmosis [182]
and CEM respectively membrane

Hydration Technology Innovations, Albany, USA 47Wm3vs. 3.5Wm> with CEM [101]
(Membrane International Inc., Ringwood, NJ)

Hydration Technology Innovations, LLC, Albany, OR, USA  12.57 Wm 3 vs. 9.4 and 10.71 W m > for Higher anolyte conductivity with osmosis [102]
CEM (Nafion 117) and AEM (AMI-7001, membrane

Membrane Inc., USA) respectively

Hydration Technology Innovations, LLC, Albany, OR

Hydration Technology Innovations, LLC, USA modified
with silver nanoparticles (nAg) deposited on a
polydopamine (pDA) coated membrane surface

75.2Am 3 vs. 42.8 Am 3 for a MFC with
CEM (not mentioned)

61.5mW m2 vs. 55.2 mW m~2 for a MFC
with the pristine FO membrane

Higher conductivity of the osmosis membrane due [181]
to the high salinity of the cathode compartment

Lower internal resistance of the nAg-pDA coated [183]
FO membrane in consequence of significant

changes in membrane characteristics

it can be predicted that oxygen transfer to the bioanode and fuel or
cation transfer to the cathode (items 1, 2 and 4 in Section 4.1) are
thwarted with an efficiency that decreases from NF membranes to
macroporous separators. In return, the ease with which ions cross
the separator increases from NF membranes to macroporous mate-
rials (item 3), so that buffer balance is more easily achieved in this
order.

6.2. Nanofiltration (NF) membrane

With pore diameters between 10 and 100 A, NF membranes
retain small particles of about the size of water molecules, sugars
or aqueous salts. They fall into a transition region between RO
and UF membranes. Typically, RO and UF membranes have salt
rejection of more than 90% and less than 5% respectively, while
NF membranes reject between 20 and 80% [189]. They are catego-
rized by their molecular weight cut-off (MWCO expressed in Dal-
tons (Da)), a loosely defined term that generally means the
molecular weight of the globular protein molecule that is 95%
rejected by the membrane [190]. MWCO is accepted to range from
around 250 to 2000 Da for NF membranes [129].

Retention mechanisms involved in NF membranes are based on
both the size and the charge of molecules. lons are retained by
interactions of the ion charge with the membrane, whereas water
is transported through the membrane. Multivalent ions have
higher rejection than monovalent ions because charge interactions
are stronger [191]. NF membranes are generally negatively charged
and applications consequently often deal with the elimination of
anions, such as removal of sulfate [192], nitrate [193,194| or
arsenic from drinking water present in the form of arsenate AsOz~
[195]. Nevertheless, removal of cations, e.g. cobalt from nuclear
liquid waste [196] has also been proposed. NF membranes are
known to suffer from fouling especially during wastewater recla-
mation [179].

To our knowledge, NF membranes have never been tested in
MECs so far. From their very small pore size, it may be predicted
that they could efficiently reduce oxygen and fuel crossover. In
return, it can be feared that they would create high resistance to
ion transfer but probably less than ion-selective membranes,
which are widely used in MFCs. In consequence, NF membranes
may be interesting candidates deserving to be tested as MFC
separators.

6.3. Ultrafiltration (UF) membrane

UF membranes, with pore diameters in the 100-1000 A range,
are mostly used to separate small colloidal particles [190]. Their
MWCO varies between 2000 and 500,000 Da [34,129]. Yang and
He dedicated a large part of their recent review on integrating UF
membranes in bioelectrochemical systems [34].

UF membranes have not been widely investigated in MFCs. Kim
et al. compared various UF membranes (DIAFLO ultrafiltration,
Amicon, Inc., MA) with a CEM and an AEM (CMI-7000 and AMI-
7001, both from Membrane International Inc., NJ) as MFC separa-
tors [133]. The results depended strongly on membrane MWCO.
The MFC internal resistance was significantly higher (6009 Q) with
the 0.5 kDa UF membrane than with the others (1239 and 1233 Q
for 1 and 3 kDa respectively). The same trend was confirmed when
the anode-cathode distance was reduced from 12 to 4 cm (1814 Q
versus 98 Q and 91 Q, respectively). Oxygen mass transfer coeffi-
cients of the UF-membranes were smaller than those measured
for the other membranes, including Nafion 117, CEM and AEM.
The smallest coefficient was achieved by the 0.5 kDa UF membrane
(0.19 x 10~* cm s71), which also showed the lowest acetate mass
transfer coefficient (0.89 x 10-8cms~!). In contrast, the 1kDa
and 3 kDa UF membranes were the most permeable to acetate
(16 x 10 8cms ! and 27 x 10 8 cm s~ ! respectively). This study
presents UF membranes with low MWCO as valid MFC separator
candidates.

Nevertheless, the MFCs equipped with Nafion 117 or with the
UF membranes delivered similar power densities, ranging from
36 to 38 mW m 2. The authors concluded that the high internal
resistance due to the 12-cm inter-electrode distance was the lim-
iting step, which precluded comparison of membrane impact. This
study nicely illustrates the necessity to accurately characterize the
experimental device used to compare membrane performance.
Similar results have been reported by comparing a 1 kDa UF mem-
brane (DIAFLO ultrafiltration, Amicon Inc., USA) with a Nafion
membrane, which led to similar power densities of 53.5 mW m 2
and 55.7 mW m™2, respectively [197]. In contrast, Hou et al., test-
ing UF membranes with different MWCO (1, 5 and 10 kDa) in a
single-compartment MFC, observed the highest maximum power
density with the 1 kDa membrane (324 mW m~2) [198]. It should
be emphasized here that comparison of membrane performance
achieved in MFCs should be taken with great caution. MFCs may
be controlled by several limiting steps, including the solution
ohmic drop, the bioanode kinetics or the cathode kinetics, or com-
binations of several of these steps. Comparing membrane perfor-
mance in an MFC requires the MFC be designed so that the
membrane is the rate-limiting step.

Attempts have been made to reduce the membrane resistance
by enhancing its hydrophilic character. With this aim, the surface
of a UF membrane was coated with polydopamine (PD), which
has similar capability to a mussel’s adhesive foot protein [199].
MFC power generation was improved by 15% due to an enhanced
hydrophilicity on the UF membrane that caused a greater retention
of electrolytes at the solution-membrane interface. Furthermore,
PD coating on UF membranes can delay biofouling by hindering
the attachment of EPSs and bacterial cells, which block the mem-
brane pores.



Table 8

Characteristics of porous separators reported in the MFC literature. Both manufacturer’s data and parameters calculated from experimental data are given. Manufacturer’s data

are indicated by an asterisk .

Membrane Thickness  Pore Porosity  Internal Oxygen mass Oxygen diffusion Acetate mass Acetate diffusion Ref.
(mm) diameter (%) resistance  transfer ko coefficient Do transfer ka coefficient Da
(mm) (Q) (cms™1) (cm?s1) (cms™1) (cm?s)
Ultrafiltration
UF-0.5K 265* 6009 0.19 x 10°* 0.51 x 10°© 0.89 x 108 024 x10°° [133]
UF-1K 265* 1239 0.41 x 107* 1.1 x107° 16 x 1078 42 x107°
UF-3K 265" 1233 0.42 x 10°* 1.1x10°° 27 x 1078 72 x107°
(DIAFLO
ultrafiltration.
Amicon. Inc., MA)
M-10 118 2.96 x 10°° 81x10°° 323x10° 8.06 x 10°° [187]
(Montmorillonite
10%)
M-15 96 1.94 x 107° 9.71 x 10°° 2.60 x 107° 6.51 x 10°°
M-20 78 1.09 x 107° 435x107° 2.38 x 107° 5.96 x 107
K-20 (Kaolinite 20%) 104 2.05 x 107° 8.13 x 1076 293 x10°° 731 %1078
Microfiltration
Q/IEF JO1 Shanghai 130 0.45 263 59 x 107 7.7 x 107 [188]
Xingya Co.,
Shanghai
Supor. Pall Co.. MI. 132~ 0.1* 113 x 1073 1.49 x 107° [70]
USA
(Hydrophilic 145 0.2* 127 x 1073 184 x 1073
polyethersulfone
PES) 140* 0.45* 227 x 1073 3.17 x 107°
Durapore 125* 0.1* 70 327 x 1073 4,08 x 1075 [70]
(polyvinylidene
fluoride PVDF)
0.22* 1.87 x 1073 2.33x107°
0.45* 11 x 1073 13.8 x 107°
Macrofiltration
Glass fiber 1.0 400 226 5% 1075 5x10°° [100]
Glass fiber 0.4 1000 2.39 7.5x107° 3%x10°°
J-cloth 300 0.21 290 x 10°° 86.9 x 10°° [100]
PP80 (nonwoven 480 30 x 1074 3x10°® [138]
fabric)
PP100 (nonwoven 535 20 x 1074 9x10°°
fabric)
PPS (textile fabric) 779 50 x 1074 2.6 x10°°
S-PPS (sulfonated 519 34 x 104 18 x 107
polyphenylene
sulfide)
Cellulose (cellulose- 481 11 x107% 1.5 x 10°°
ester)
PP80 (nonwoven 490 30 9.29 3.7 x107° 1.8x10°¢ [139]
fabric)
PP100 (nonwoven 540 42 9.5 73x107° 3.7 %107
fabric)
PPS (textile fabric) 520 40 9.51 7.5 x 1073 3.9x10°°
S-PPS (sulfonated 540 44 3.53 7.2 x107° 3.7x10°°
polyphenylene
sulfide)

Ceramic separators have also been reported in the recent MFC
literature [33,185,200]. They are considered to be porous separa-
tors and can be classified as UF or MF membranes. Ghadge and
Ghangrekar developed a ceramic separator made from red soil
blended with cation exchanger, montmorillonite and kaolinite
[187]. Addition of 20% montmorillonite in clay yielded better con-
ductivity of the separator and hence higher energy recovery. Win-
field et al., testing two types of ceramic, showed that earthenware
provided better performances than terracotta (2.83Wm™> vs.
3.66 Wm™3) [201] with quite a long operation time of 6 weeks.
In another study, earthenware was compared to a CEM. The
earthenware-MFC provided current for 8 months and generated
power densities comparable to those of the CEM-MFC, up to
4.5 W m~3 [200].

6.4. Microfiltration (MF) membrane

MF membranes, with pore diameters ranging from 1000 to
10* A, reject particles such as solids, colloidal particles and bacte-
ria, while even proteins pass through [180]. MF membranes are
commonly used for wastewater treatment and a few studies have
tested them for MFCs.

Biffinger et al. tested polymer filters made of regenerated cellu-
lose (Fisherbrand, 12,000-14,000 Da, 20 um wall thickness), cellu-
lose nitrate (Millipore, 0.2 pm pore size, 125 pm thickness), nylon
(Whatman, 0.2 pm pore size, 20 pm thickness) and polycarbonate
(Millipore, GTTP, 0.2 um pore size, 20 pm thickness), which were
considered as nanoporous, although these materials are principally
used to create MF membranes [202]. These separators were



compared to Nafion 117 in a miniature MFC. MFCs produced com-
parable power densities ranging from 16 Wm > to 6 W m> for
cellulose nitrate, of the same order of magnitude as those obtained
with Nafion (11 W m3). They also exhibited comparable durabil-
ity, up to 500 h, to Nafion-117 membranes. Interestingly, no pH
gradient between the two compartments was observed with the
polycarbonate membrane.

Cellulose acetate MF membrane (Q/IEF J01 Shanghai Xingya Co.,
Shanghai) have been compared with Nafion 117 in a two-
compartment MFC [188]. As predicted, CE was smaller with the
MF membrane (38.5 vs. 74.7% with Nafion 117) due to the higher
oxygen mass transfer coefficient (5.9 x 107 vs. 1.4 x 10~*cm s~!
for MF and Nafion 117, respectively). Lower CE can also be
explained by fuel diffusion to the cathode compartment. The pH
gradient was reduced: pH values were 6.9 and 8 in the anode
and cathode compartments respectively with the MF membrane,
vs. 6.4 and 9.5 with Nafion 117. Nevertheless, similar power densi-
ties were obtained (0.831 Wm™2 and 0.872 W m~2, respectively).
It was concluded that MF membranes could parallel PEM in power
density while decreasing the separator cost [153]. Here again, the
equality of the power produced may also indicate that the mem-
brane was not a rate-limiting step in the MFC. For instance, MF
membranes compared to a PEM in an air cathode, single-
compartment MFC have led to different conclusions [203]. The
lower internal resistance obtained with the MF membrane
(248 Q vs. 672 Q with PEM) resulted in higher power: 214 mW m 2
with the MF membrane against 103 mW m 2 with PEM. Once
again, the cell configuration may have had a major impact on the
conclusions that could be drawn about membrane suitability.

Recently, MF membranes (hydrophilic polyethersulfone PES,
Supor® from Pall Co., MI, USA, and poly(-vinylidene fluoride) PVDF,
Durapore® from Millipore Co., MA, USA) have been tested in an air-
cathode single-compartment MFC, paying particular attention to
the fouling mechanisms of the air-cathode [70]. Oxygen mass
transfer coefficients of the MF membranes were confirmed to be
higher than that of Nafion 117 (Table 8).

6.5. Macrofiltration

Macroporous separators reject only species of very large size,
such as bacteria and yeasts, or even retain only macro-particles
such as granules. They have been widely tested in MFCs, especially
because of their low cost and easy availability. From a theoretical
point of view, their macro-porosity should benefit the pH balance
between the anode and cathode compartments but should be
detrimental to oxygen and substrate crossover.

The range of macroporous materials that can be used is limited
only by the imagination of researchers. Technologically advanced
material such as Zirfon has been tested in a two-compartment
MEFC [153]. Zirfon is a macroporous organomineral material con-
taining 85 wt% of hydrophilic ZrO, powder and 15 wt% polysul-
fone. The lower resistance than with Nafion was confirmed
experimentally (2727 Q cm vs. 17,000 Q cm) but so was a higher
permeability to oxygen (1.9 x 102 cms™! vs. 2.8 x 1074 cm s},
respectively), which globally led to lower MFC performances than
Nafion.

On the other hand, material as simple and cheap as J-Cloth has
also been investigated several times [100,126,204]|. The oxygen
flux through this material is high (290 x 10~> cm s~!) but the main
advantage lies in its capability to support the development of an
intermediate biofilm, which has been observed as a factor that
increases power, by consuming oxygen before it can reach the
anode. This aerobic biofilm may be thought of as a preliminary
proof of the concept of the “Microbial separator” proposed in Sec-
tion 3.2 Glass fiber has also demonstrated good capacities as a por-
ous separator [100,204] [205,206]. It led to higher CE than J-Cloth,

probably due to its lower oxygen mass transfer coefficient
(5.0 x 10> cm s~ 1) [100].

In the long term, J-Cloth is handicapped by its biodegradability.
Nevertheless, the biodegradability of the separator is not always a
disadvantage. An MFC equipped with latex rubber as separator
started to produce current after 3 weeks and then showed contin-
uous improvement over time. After 6 months, it reached higher
power and current than a similar MFC equipped with an AEM. After
11 months, performance declined with both AEM and PEM but
continued to increase with the latex separator [207]. Biodegrada-
tion of the material resulted in pores forming through the separa-
tor, which improved the MFC performance. Building on this
success, the same group has recently investigated a biodegradable
bag as a macroporous membrane separator [208]. The MFC began
to produce power after 2 weeks and displayed continuous
improvement. After 7 months, the performance decreased and
damage was visible, so the bag material was no longer able to pro-
vide sufficient separation. From a general point of view, biodegrad-
ability of whole MFC is starting to be viewed as an important
advantage.

Different nonwoven polypropylene, polyphenylene sulfide and
cellulose-ester fabrics also led to comparable or slightly better
MFC performance than Nafion 117 and CEM (CMI-7000, Memb.
Inc., USA) because of their smaller ohmic resistance [138]. The
higher oxygen mass transfer compared to Nafion and CEM led to
lower CEs. Another study comparing textile fabrics of polypheny-
lene sulfide, sulfonated polyphenylene sulfide and the nonwoven
fabrics of polypropylene to Nafion 117 and CEM (CMI-7000)
revealed a greater difference in terms of power density produced
(up to 190 mW m~2 with macroporous separators vs. 24 mW m 2
with Nafion 117) and surprisingly similar or lower oxygen mass
transfer coefficients than that of Nafion (Table 8) [139].

7. Concluding remarks

In the current state of the art, most MFCs use low conductivity
electrolytes at around neutral pH. This situation may change if effi-
cient halotolerant, acidophilic or alkaliphilic microbial anodes
were designed, but these objectives remain research challenges.
Work in these directions should be encouraged. Because of the
nutriments, salts and trace elements required for microbial
growth, MFCs seem condemned to work with chemically complex
electrolytes, which may raise various causes of electrode deactiva-
tion. Local acidification of the bioanode and local alkalinization of
the cathode are also important pathways to electrode deactivation.
In this context, ion transport through the electrolyte is the central
crossroad, which controls the MFC performance and long-term
behaviour.

This review gives an easy-to-use theoretical tool to predict the
behaviour of an MFC on the basis of the ionic contents of the elec-
trolyte. The theory should motivate the redirection of certain
research routes on MFC separators and boost some others. For
instance, it is shown that, except in osmotic MFCs, proton transport
has no role in current carrying in the pH range of the electrolytes
used so far. This has already been claimed by a several research
groups but too many studies still focus on proton transport and
try to improve PEM to enhance MFC power production.

The awkward problem of pH balance inside the cell is another
essential issue in MFC development. Proton migration from the
anode to the cathode has no significant impact and migration of
the buffering anionic species helps to mitigate the bioanode acidi-
fication only moderately. This situation is very different from that
in chemical hydrogen fuel cells, which have often been used as
model to understand MFC mechanisms. Controlling the pH gradi-
ent is a crucial requirement, though a tricky task, to optimize



MFC performance. The theoretical framework presented here
should now allow dedicated theoretical approaches, e.g. to opti-
mize buffer composition, including multispecies buffers.

Separator-less MFCs could be of considerable interest as far as
loss of a part of the fuel may be accepted as the price to be paid
for a device that is simple to implement. This constraint should
be perfectly acceptable in the context of waste treatment for exam-
ple. In this context, the concept of “microbial separator” may be a
promising way to control fuel and oxygen transport inside the
MEFC.

Using a suitable separator may be an effective way to drive ion
transport towards a specific pattern but it may also be detrimental.
The advantages/disadvantages of the various kinds of membranes
and separators are compared in the light of theory and the conclu-
sions are confronted with the experimental data reported in the lit-
erature. In the context of ion-exchange membranes, AEMs would
possibly be better candidate MFC separators than CEM if the objec-
tive is to increase power at the price of lower Coulombic efficiency.
Nevertheless, in our opinion, ion exchange membranes should
mainly be implemented when the MFC has a target other than
power generation, such as desalination, separation, and sensing.
If the only goal is power supply, porous separators, less costly, pro-
pose a continuum of transfer characteristics that should be appro-
priate for most MFCs.

Concerning the essential issue of oxygen transfer, large discrep-
ancies are observed among the experimental data; this item
deserves deeper and dedicated investigations. The analysis of
many experimental studies points out the need to perfectly charac-
terize the experimental set-up in order to draw sound conclusions
on membrane suitability. The fact that different membranes lead
an MFC to provide similar power does not always prove the equiv-
alence of the membranes tested; it may also indicate that a step
other than ion transfer through the membrane is rate-limiting.
Specific experimental devices should now be designed for compar-
ing membranes in MFCs, ensuring that ion transfer through the
membrane is the rate-limiting step. Conventional studies per-
formed in the domain of membrane processes should be a suitable
source of inspiration.
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