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Significant advances in the design of bioelectrochemical systems (BES) have promoted these applications to be
seen as contemporary biotechnological platforms. However, notable issues in system architecture are still to be
addressed and overcome, in particular concerning the membrane separators, which rely widely on polymers.
These architectural components play a key-role in facilitating the transport of ions (i.e. protons) between the
(compartments containing the) electrodes and therefore, their properties substantially influence the overall BES
performance. This article aims presenting an up-to-date survey on the important accomplishments and promising
outlooks with polymer-based membranes (both porous/non-porous, charged/uncharged) applied in BES (first
and foremost microbial fuel cells, MFCs) that could drive this technology towards enhanced efficiency. Because
of the interdisciplinary concept of BES, it attracts attention from scientists and engineers involved in environ-
mental biotechnology, microbial electrochemistry and applied material sciences and as a result, this review
paper would target the audience of these fields with particular interest on the progress with membrane se-
parators fabricated with various polymeric materials.

1. Introduction longest history among various BESs [2]. In essence, electricity genera-

tion in MFCs takes place by transporting the anaerobic, substrate oxi-

Electrochemical effects accompanying biodegradation of organic
matter have been first reported by M. C. Potter [1]. These, however,
remained without wider application until being recently dusted and
“rediscovered” in so-called bioelectrochemical systems (BES) [2]. BES
are electrochemical reactors somewhat analogues to galvanic cells,
where the metabolic activity of special microorganisms referred as exo-
electrogens can be exploited for the (i) direct generation of electric
current, (ii) production of value-added (reduced) components as well as
(iii) simultaneous waste(water) treatment.

Microbial fuel cells (MFCs), which deliver electrical energy typically
from the degradation of organic matter, represent the platform with the

dation-derived electrons through an external circuit between anode and
cathode electrodes, while the positively charged species, in particular
protons are transferred to the (aerobic) cathode electrode typically
through a solid electrolyte (such as a proton exchange membrane) to be
combined with O, and arriving electrons into water [2].

In addition to MFCs, more recently, a range of microbial electro-
synthesis processes (bio-electrosynthesis cells) have been developed. In
these systems, utilizing additional/external power supply, a wider
range of substances can be formed on the cathode electrode maintained
under appropriate environmental conditions [3]. The release of
cathodic product(s) can be achieved either via physical or biological
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reactions. In fact, bio-electrosynthesis cells show remarkable potential
for the generation of valuable compounds for instance CH,, alcohols,
organic acids, etc., which can be coupled in many cases to simultaneous
CO, sequestration [4-7]. Apart from MFCs and bio-electrosynthesis
cells, hydrogen gas as a future energy carrier can be evolved in mi-
crobial electrohydrogenesis cells (MECs) [8-10]. MECs are devices that
stand in between MFCs and bio-electrosynthesis cells, as on the top of
the electricity provided by the exoelectrogens, they require certain
voltage supplementation to drive the non-spontaneous cathodic cell
reaction to be described by the reduction of protons into H, gas.

The research of BES, due to their fundamentally complex attributes,
requires interdisciplinary knowledge and experience in subjects that are
primarily associated with (i) electrochemistry, microbiology, material
science and process engineering [11]. Therefore, to sufficiently exploit
the potential of electro-active bacteria, foster the advancement of BES
and aid their maturing, particular hurdles in these biological and non-
biological areas should be overcome [2,12].

Traditionally, BES designs apply the separation of the anode and the
cathode compartments by a separator, usually a membrane [13].
Among exceptions, special, single-compartment devices can be re-
garded [14]. In both cases, particular pros and cons exist, where the
presence/absence of separators is a definitive factor to take into ac-
count concerning the achievable performance [15-18]. Despite mem-
brane-less BES can be characterized by (i) less complex design, (ii)
certain savings in material (investment) costs [19] as well as (iii) de-
creased internal resistance, efficiencies are often declined due to the
occurrence of side-reaction. For example, on the one hand, in MFCs
lacking the membrane, enhanced transport of oxygen from the cathode
to the anode is a threat and to be noted as a perturbation on biomass
growth and activity of electro-active microbes. Furthermore, it induces
considerable substrate losses associated with aerobic respiration,
leading to deteriorated current and Coulombic efficiency (CE) [20,21].
On the other hand, in other membrane-less bioelectrochemical appli-
cations such as microbial electrohydrogenesis cells (MECs), the re-
covery and purification of H, gas is a hurdle, making the downstream
more complicated and energy-intense [9]. Additionally, the employ-
ment of membranes in microbial electrosynthesis cells seems to be re-
quired for the spatial separation of anode-side oxidation and (bio)
cathode-side reduction reactions [4,5,7] and membrane type could be
appointed as critical variable for a steady and efficient technology [22].
Overall, on the grounds of these arguments, BES designed with two-
chambers, which are split by a membrane is a worthy avenue for re-
search and will be in the core of this article.

In two-compartment bioelectrochemical systems, membrane se-
parators, as a matter of fact, must at the same time act as (i) physical
barriers to avoid catholyte and anolyte solutions getting mixed and (ii)
as a solid electrolyte [23] that allow certain reactants such as protons
(coupled to a water molecule, H;0™) to pass through. This is required
to close the electric circuit together with electrons, originated from
substrate decomposition i.e. according to a generalized stoichiometry
presented by Harnisch et al. [24] for biological oxidation of organic
matter taking typically place on the anaerobic anode. In other words,
membranes as separators ought to be permeable but selective enough
towards given (ionic) substances in order for the cell reaction to pro-
ceed adequately [25].

The process of BES development from the perspective of the mem-
brane/separator can be presented by the schematic flow chart in Fig. 1
and particular cornerstones will be addressed to structure this paper.
Hence, in the next sections, the most important membrane related areas
will be analyzed, followed by the assessment of recent achievements
with various classes of polymer-based membranes as separators in BES.
We will try to give an insight by omitting/decreasing the amount of
redundant information for individual studies from the type “Study A
shows this, Study B found that”. Rather, it will be aimed to make an
objective discussion based tendencies. In our opinion, such an inter-
pretation of the subject can enhance the readability, make the paper
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Fig. 1. Process flow chart of BES development from a membrane/separator
point of view.

informative and of reasonable volume at the same time, which are
standards for a timely literature survey.

2. Issues to tackle for a way forward - assessment of most critical
membrane separator properties in BES

2.1. High reactant (substrate, O,, CO,) mass transfer resistance — upstream
point of view

Substrates (normally organic matters) are fed to be purposefully
consumed by electro-active strains, located in the anode chamber and/
or in case of biocathodes, in the cathode chamber as well. Either way, if
the transport of these components is not sufficiently restricted by the
membrane, the substrate crossover diverts from appropriate metabolic
utilization and consequently, the deterioration of BES performance can
be expected i.e. in terms of product recovery per unit of substrate
loaded [26]. Therefore, for a given substrate component (S), substrate
mass transfer rate (ks) through the membrane is useful to determine
(Section 3.) in order to get a picture about expectable losses, which may
cause the limitation of biocatalytic reactions and induce side-reactions
on the other electrode. The transfer of oxygen molecules towards the
anode chamber can be a critical issue when MFCs are the objects of
interest. Oxygen is supplied in MFCs to the cathode-side to form H,O
via oxygen reduction reaction (ORR) at the electrode surface based on
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the utilization of oxygen from air (air-cathode MFCs) or dissolved
oxygen from the cathode electrolyte (two-compartment MFCs) with the
involvement of protons and electrons, liberated from biocatalytic sub-
strate conversion taking place on the anode-side. This latter, however,
must be maintained under anaerobic conditions. Hence, penetration of
dissolved oxygen gas to the anode should be prevented or otherwise,
metabolic perturbation of exoelectrogens will occur, causing losses i.e.
in CE, energy yield, etc. [21,26,27]. Carbon dioxide can be seen as a
novel starting material to generate value-added commodities in bio-
electrosynthesis cells [28]. Hence, similar to the case of (organic)
substrates discussed above, escape of this substance (typically from the
cathode to the anode chamber) through the membrane separator can be
a technological issue. Methods concerning the experimental determi-
nation of mass transfer and diffusion coefficients (substrate, oxygen) for
particular membranes can be found in the already published literature
and will be detailed in Section 3.

2.2. High product (both for gaseous and liquid phase components) mass
transfer resistance — downstream point of view

In BES designed with a separator (such as in two-chamber appli-
cations) the products are typically generated on the cathode and can
accumulate either in the gaseous (H,, CH,) or the liquid (organic acids,
alcohols, H,0,, etc.) phase [7]. In both cases, losses of particular
compounds due to migration through the membrane into the anode
half-cell should be mitigated in order to assist the downstream process
[29]. On grounds of similar considerations, the penetration of meta-
bolic products released by bacteria in the anode compartment (that
might be carbon dioxide, methane, etc.) is also to be avoided so as to
restrict contamination of products on the cathode-side and ease the
recovery and purification of targeted substances [9]. In addition,
transfer of cathode side products to the anode electrode can lead to
undesired recycle mechanism, i.e. when Hj is converted by anode-re-
spiring exoelectrogenic bacteria or by other (non-electro-active) Ho-
scavengers such as methanogens and homoacetogens, causing in such a
way the deterioration of cathodic H, recovery, H, yield/productivity
and the potential appearance of parasitic current (virtually enhancing
the CE) [30,31]. Nonetheless, this challenge is more pronounced in
membrane-less (single-chamber) BES constructions.

In general, water transport through the solid electrolyte (mem-
brane) is a notable issue in the field of fuel cell technology [32]. In case
of BES — most likely in case of MFCs equipped with membrane electrode
assembly and air-cathode - the nature of water is also important. It is
present in the electrolyte solution bridging the electrodes and the
membrane and besides, as a product formed at the cathode [33].
Management of water transport can be challenging since air-cathodes
require water for proper operation, however, the so-called cathode
flooding can hinder oxygen transfer to the cathode as well as passivate
the electrochemically active catalyst sites at cathode through their oc-
cupation by water molecules [34,35]. It is to mention that water
transport is not necessarily a negative factor, mainly if the potential of
the technology is considered from wastewater treatment point of view,
according to Gajda et al. [35].

From a water transfer mechanism viewpoint, it is to note that the
ionic species moving through the separator can grab and carry water
molecules by electroosmosis, which is a process (together with the
occurring electro-osmotic drag) that can be recognized as a convective
electrolyte flow through a charged material driven by the electric field
present [36]. For its quantification, electro-osmotic drag coefficients
can be derived, which shows the number of water molecules per
charged species being transported (most commonly protons) [37].

2.3. High ionic conductivity (Low ion transfer resistance)

The internal resistance of BES is directly proportional to membrane
separator conductivity, which will affect the actual electrochemical
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potential losses (i.e. on the cathode-side of MFCs). Hence, a membrane
with smaller ohmic resistance is favored to establish an efficient process
[38] and should be of hydrophilic character (to allow sufficient ion
transport and mitigate internal resistance) [39]. It is noteworthy that
besides the membrane as solid electrolyte, the conductivity of anolyte
and catholyte as liquid electrolytes — which can be orders of magnitudes
lower than that of the membrane (e.g. wastewater vs. Nafion) [40] —
should be also increased to reduce internal Ohmic losses [41]. As noted
by Harnisch and Schroder [42], actual membrane material (Ohmic)
resistance can be highly dependent on the composition/concentration
of liquid electrolyte solution. Actually, the internal resistance of BES
involves (i) polarization/charge transfer resistances on the electrodes
(anode, cathode) and (ii) Ohmic resistance of (liquid +solid) electro-
lytes. These particular contributions can be distinguished by techniques
such as electrochemical impedance spectroscopy (EIS) [42,43]. As in
many cases protons are the primary target ions to be shuttled between
the anode and the cathode via the membrane, it can be worthy to
quantify related mass transfer coefficients (and ion transport numbers
for other charged species) — for instance as described by Zhang et al.
[44] and Kondaveeti et al. [45] — and use them in BES characterization
for a comprehensive assessment. These aspects will be elaborated later
on in Section 3.

Moreover, it is to remark that proton flux across the membrane is
not the only limiting factor in BES. As described by Torres et al. [46],
protons must first be transported from an electrode surface where they
are discharged (i.e. anodic organic matter oxidation by electro-active
microbes) and travel through a corresponding diffusional layer in order
to reach the bulk (electrolyte solution) phase before continuing their
movement via the membrane separator towards the counter electrode.
Consequently, metabolite transfer between the electrode and the bulk
solution can have an impact [47] and in particular, faster proton
transfer between the electrodes and membrane would be beneficial to
improve the bioelectrochemical process [48].

2.4. Sufficient geometrical traits (area, thickness, surface morphology) and
stability over time

As it was found, the membrane employed in BES i.e. in MFCs be-
tween the anode and cathode electrodes as spatial separator highly
determines the obtainable performance i.e. in terms of power density
[17]. This indicates a need of reporting process outputs relative to the
actual membrane surface area. The importance of membrane size was
recognized [49], where area may influence the capacity of exchanging
ions i.e. protons between the half-cells and ultimately, the ion fluxes
and corresponding transfer resistances [38]. Therefore, the ion-ex-
change capacity — meaning the number of functional groups (in molar
equivalents) relative to the mass of membrane in case of polymeric,
non-porous materials — is a substantial characteristic to be considered
[50] and was found to directly affect microbial fuel cell efficiency [51].
Besides that fact that thickness inherently determines component dif-
fusivities [52], it may require an optimization to find a trade-off value
balancing between membrane resistance and cross-over effects [38,50].
Furthermore, wettability and membrane swelling are to be considered
as altering factors of thickness over time, which may concurrently affect
the mass transfer and internal resistance in BES.

Concerning membrane surface features, roughness seems to count,
especially from the viewpoint of superficial bacterial growth and con-
sequent biofouling. To counteract this disadvantageous phenomenon,
smoother membrane surfaces would be more beneficial [53]. In fact,
the adhesion of bacteria onto the membrane (enhanced by the release of
extracellular polymeric substances, salt precipitates on the membrane
surface) and successive formation of biofilm layer are reportedly dis-
advantageous [54,55], for instance due to reduced ion exchange ca-
pacity, conductivity concomitantly increased transport resistance [56].
Thus, fouling (both chemical and biological) can be seen as a threat
leading to insufficient BES operation, occurring mostly in longer-terms
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[57]. Additionally, as membrane separator properties are subject to
change over time because of such microbial attachment, its stability
might be influenced too and should therefore withstand biological de-
gradation. This points to the need of monitoring separator character-
istics not only in shorter-, but also in longer-term experiments [58] and
timely treatment to regenerate its properties may be necessary [59].

Besides, on the top of microbial impacts, membrane separators
should resist against oxidative/reductive atmospheres, various che-
mical compounds found in BES, which are dependent on the particular
application (such as microbial fuel and electrohydrogenesis cells) as
well as the traits of the feedstock. This latter, in order to improve the
energy/economical balances and the ecological footprint of the process,
should be inexpensive, organic matter rich and environmental pollutant
such as waste streams [60-66].

2.5. Potential to counteract pH-splitting

In bioelectrochemical systems, the cell electrode reactions take
place at electrodes separated from each other by a membrane and (non-
mixed) electrolytes in most cases. The catholyte consists many times of
a buffer solution (i.e. phosphate-based) or alternatively, it is un-
buffered. As the composition of the anode- and cathode-side electro-
lytes is generally different, inevitable concentration gradients arise on
the two side of the membrane separator.

Theoretically, membranes should be selective to allow the passage
of selected ions such as proton, while others are retained properly.
However, in practice, it is a common observation that such a privileged
mechanism cannot be accomplished. Rather, membranes tend to
transfer other ions (mainly the ones present in regular wastewater-
based anolyte, e. g. K*, Na*, Ca®>*, Mg?*, NH,*, SO, CI) as well
[67,68], which can be regarded as a charge-balancing ion flux [42],
driving the system towards charge neutrality on the two opposite sides
of the separator [69]. This process inherently depresses the migration of
protons since a part of membrane capacity to exchange ions between
the electrodes is occupied by other charged species [59]. As a result,
protons — released by the activity of exoelectrogenic microorganisms
transforming the substrates — cannot be carried away at as fast as they
are supposed to be (imbalanced proton production and consumption
rates) and will get accumulated in one of the compartments (e.g. in the
anolyte of MFCs), consecutively acidifying the electrode (anode) en-
vironment. Simultaneously, the pH in the counter (cathode) electrode
compartment will get increased (due to the insufficient quantity of
protons and the formation of alkaline hydroxides from cations trans-
ported and OH present in the cathode chamber) and the pH gradient
develops across the membrane, called the pH-splitting phenomenon
[56,701.

While pH-splitting is mentioned generally as a negative side-effect
in BES, it might be exploited to harvest some cathodic by-products. As a
matter of fact, the alkaline solution (mostly sodium- and potassium-
hydroxides, causing increased pH in the cathode chamber) drawn from
the reactors could be regarded as a valuable commodity after putting
minor efforts into the handling of these cathodic streams e. g. feeding of
clean water [71]. The production of caustic in such a manner i.e. joint
to the electricity generation may be seen as an opportunity to tackle the
issue of pH-splitting and increase the economic footprint of the tech-
nology. Additionally, in cases when the cathode is to be protected from
disadvantageous biofilm formation, the caustic solutions may be sup-
portive because of their disinfectant/anti-microbial growth impact
[72]. Besides, using potassium-rich waste streams and the formed
caustic solution as sorbent, the sequestration of carbon dioxide in a
form of bicarbonate salts could be a possibility, according to Gajda et al.
[73,74].

It is to underline that the membrane type influences not only the
direction of ion transfer, but the energy efficiency of the transfer, as
well. As Sleutels et al. [75] demonstrated, cation and anion exchange
membranes (CEM and AEM, carrying negative and positive charge on
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their functional groups, respectively) show remarkable differences in
terms of actual ionic flux (J), which can be described by the Nernst-
Planck equation (Eq. (1)):

F'Z'C-VE)
R-T (@)

where D, C and z are the diffusivity, concentration and valence of the
given (ionic) species, respectively, F is the Faraday's constant, R is the
universal gas constant, T is the absolute temperature and E is the
electric field of the electrolyte through which the ions move. Therefore,
the ion transport is determined by diffusion and migration processes,
and when membrane-cross transport is discussed, the amount of energy
dissipated or gained by the ion transfer is proportional to the membrane
potential [75]. These membrane potentials (affected by the chemical
potential of both the electrolyte solution and the ionic species in the
solid electrolyte) are negative both for CEM and AEM. However, the
ionic species migrating through them can be positive or negative,
among which negatively charged ions are energetically preferred to be
transferred across the separator relative to positive ions. This can point
to a theoretical advantage of using AEMs in BESs in order to minimize
ion transfer-related losses [75].

To maximize the efficiency of BES, large ion transfer losses and pH-
splitting should be diminished. In BES, every unit of pH change across
the membrane provokes potential losses and in the end, the achievable
efficiency [40]. Besides, aspects such as the survival of bacteria ought to
be considered here, since, in general, strongly acidic circumstances (for
an extended time) in the vicinity of biofilm-covered electrode surfaces
are not optimal for electro-active strains, demonstrating preference to
pH values closer to neutral [76].

J= —D(VC +

3. Effective techniques for the characterization of membrane
separators and related transport processes

3.1. Determination of essential physico-chemical membrane properties

From practical and material engineering viewpoints, studying the
structure of physico-chemically homogenous/inhomogenous materials
i.e. individual polymers, blends and composites is essential. This may
involve simulation methods [77], but the importance of experimental
approaches e.g. using various microscopic methods in membrane surface
morphology and topology characterization is also beyond question.
Among microscopy techniques, scanning electron microscopy (SEM) —
and transmission electron microscopy (TEM) for studies needing higher
resolution such as investigation of pore size and its distribution for
porous membranes — and atomic force microscopy (AFM) are men-
tioned as the most versatile options [78,79].

SEM studies can be implemented for mapping the microstructure
morphology of membrane material (including homo- and hetero-
geneous segments) through optical analysis of SEM photographs taken
for the particular samples [80]. The application of electron microscopy
techniques also offers a powerful tool for assessing membrane mod-
ification and deterioration effects on morphology, microstructure as
well as pore structure [81]. Thus, SEM seems to be useful for qualitative
evaluation. AFM is often used when in addition to morphology, surface
topological features are also of interest [82]. By creating the re-
presentative 3D images of the samples, AFM can deliver information
about surface homogeneity, roughness and adhesion behavior [82].

Wetting properties — often referred as hydrophobicity — of the
membranes are determined usually by measuring the contact angle (6)
between a drop of liquid and the actual membrane surface. High
wettability is indicated by contact angles of 6 « 90°, while hydrophobic
membrane surfaces are characterized by 8 > > 90° [83]. The various
technical implementations in literature to determine membrane contact
angle (for example measurements by using so-called goniometer, cap-
tive bubble method, tilting plate method, capillary bridge method, etc.)
are generally based on Young's equation and apply optical analysis
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[83,84].

As in many cases ion exchange membranes are used in bioelec-
trochemical systems, they need to be characterized from an ion ex-
change capacity point of view (in accordance with Section 2.). The
quantification of IEC is commonly a subject of experimental membrane
characterization, where titration method is generally used by soaking
the membranes in NaCl solution to replace protons with Na* and then,
the solution is titrated against NaOH to neutralize the amount of pro-
tons exchanged [85]. By knowing the dry membrane mass (m), the ti-
trant volume (V) and its molar concentration (M), the IEC (e.g. in unit
of mmolg’l) can be delivered (Eq. (2)). To determine the equivalent
point of titration, phenolphthalein is well-accepted indicator [85].

VeM
re==0 @

Water uptake (denoted by A) is a helpful parameter to describe the
average quantity of water molecules per the functional groups of the
membrane at equilibrium [86]. Simple weight measurements can be
carried out to obtain the dry and hydrates masses of the sample, my and
my, respectively, as well as the moisture content (¢ = m”m;dmd-loo). This
@ is then specified to IEC and the molar mass of water (My,) to derive A
(Eq. (3)) [86].

P

A= —2F
IEC+My, +100

3

One of the significant performance-limiting phenomena in BES is
the so-called fouling/biofouling, as emphasized in Section 2. During this
process, the active sites of the separator become covered by particles,
solid matter, biological materials or microbe cells. As a standard tech-
nique, the examination of fouling can be performed by measuring the
pressure drop across the separator [87]. To assess (bio)fouling via op-
tical (visualization) techniques, the common microscopic techniques
(as outlined above) are routinely applied, for example by SEM micro-
graphs. For more in-depth analysis of (bio)fouling phenomena, Fourier
transformation infrared spectroscopy (FTIR) could be a promising
candidate, assisting the chemical identification of the membrane-at-
tached materials (e.g. the amount of amino acid or polysaccharide
fraction in the sample) [88].

3.2. Quantification of membrane-related mass transport and transfer rates

Following the transport of species through a given separator are
useful for process monitoring and better understanding of what related
mechanisms contribute to an actual BES performance.

For example, oxygen permeation towards the anode chamber can be a
critical issue in microbial fuel cells as discussed previously (Section 2).
Usually, oxygen mass transfer and diffusion coefficients (ko and Do,
respectively) are used to characterize the process. To measure these
data, abiotic test rigs are preferred, based on the change of dissolved
oxygen concentration over time in one side of the membrane while the
other one is filled with an O, saturated liquid. The formula to compute
ko is presented in Eq. (4) [52]:

[(Co - C)]
Cy ()]

where V is the liquid volume, A is the membrane surface, Cy and C are
the dissolved oxygen concentrations in the saturated half-cell (re-
presenting the cathode) and in the opposite (anode) chamber at time ¢,
respectively. To calculate Dy, ko and membrane thickness (L) are re-
quired (Eq. (5)).

Do = koL

v
ko =——In
O T At

(5)

On similar grounds, data for the substrate can be calculated as well.
ks (the substrate mass transfer coefficient) takes into account (i) the
initial substrate concentration in the anode chamber (Cs ) and its value
at time t in the opposite chamber (Cs) according to Eq. (6) [52].
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ks = ——In

(Cs,0 — 2Cs)
2At

Cso (6)

Dg (substrate diffusivity) can be derived analogous to Eq. (5) from kg
and membrane thickness (Eq. (7))

Ds = kSL (7)

Ion mass transfer coefficient can be obtained for particular ionic
species analogous to the balance equation in Eq. (6) by substituting the
appropriate C; concentrations [89]. Similar approach was commu-
nicated for proton mass transfer coefficient (ky;) determination by Zhang
et al. [44], where pH probe was used to monitor the changes in the
anodic pH after adjusting it to 8.5 with sodium hydroxide solution (Eq.
(8)).

|4

———o-ln
2At

(Cro+ Cyp—2:C)

ki
CI,O - CZ,O

(8

where Cy and C; are the initial concentrations of the chambers with
neutral and elevated pH (considered as cathode and anode chambers),
respectively, while C, is the proton concentration in the anode solution
at time t.

For characterization of water transport properties of membranes,
several techniques can be adapted from literature [90]. The determi-
nation of diffusivity (D) and interfacial mass transfer coefficient (ky,;)
are based on the measurement of water uptake values (1) of the
membrane. The test device consists of two flow channels, where aqu-
eous solution flows in one side (side A) of the separator, while oxygen
gas flows on the other side (side B) [86]. The flow rate of water at the
exit of side B channel can be quantified by using water traps and sub-
sequent measurement of the amount of transported water molecules.
Afterwards, once Dy and ky,; are known, it allows the computation of
electro-osmotic drag coefficients [90].

3.3. Electrochemical impedance spectroscopy for studying membrane
resistance and ionic/proton conductivity

Electrochemical impedance spectroscopy (EIS) is a tool for the assess-
ment of certain BES traits i.e. associated with the membrane employed.
EIS has the capability for separating the different resistance-like para-
meters occurring in bioelectrochemical reactors such as anodic/
cathodic charge transfer resistance, double-layer capacitance, mass
transport resistance, electrolyte resistance [91,92]. When using EIS to
study discrete electrodes or a whole BES cell, sinusoidal alternating
perturbation is applied, generally with a small amplitude (10 mV or
less) in order to (i) compare the disturbance and the electrode response
by measuring phase shift and amplitude of current and voltage signals,
(ii) prevent interference with the data acquisition and (iii) avoid biofilm
deterioration when measurements are conducted in the presence of
electro-active microbes forming biocatalyst film layer on the electrode
surface [92]. The frequency interval of EIS measurements covers the
range of 100 kHz-1 mHz. The evaluation of the impedance results relies
on equivalent circuit models (ECMs) and representation mainly in form
of Nyquist (real impedance vs. imaginary impedance) and Bode (fre-
quency vs. phase angle) plots. Information about the fundamental
theory of EIS and its use in BES are detailed elsewhere [93].

When membranes are the main target of EIS analysis, several ex-
perimental arrangements are available and accordingly to be able to
reveal different membrane properties. For instance, the ohmic resistance
of the membrane - as a part of the total ohmic resistance of a BES — can
be easily determined in both biotic and abiotic systems by two-elec-
trode experimental setup, where anode act as the working electrode and
the cathode is used as both reference and counter electrodes [94]. In
this case, a symmetric ECM can be used according to Fig. 2A. By con-
ducting EIS analysis in the presence and absence of membrane se-
parator — while maintaining uniform conditions in terms of other
parameters — the total ohmic resistance (which contains electrolyte
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Fig. 2. Equivalent circuit models (ECMs) for electrochemical impedance spec-
troscopy (EIS) measurements. (A) Whole-cell ECM; (B) ECM for two-probe
measurement; (C) ECM for four-probe measurement. Resistors, capacitors and
constant phase element (non-ideal capacitance) are denoted as R, C and CPE,
while subscripts “C”, “A”, “M”, “S”, “CT”, “DB” and “ED” refer to the cathode,
anode, membrane, solution, charge transfer, diffusion boundary layer and
electrical double layer, respectively.

solution, membrane and other connection resistance) and the ohmic
resistance without membrane resistance can be quantified [95]. The
difference between the two values is the ohmic resistance of the
membrane, which can be an indicator not only of the differences be-
tween various membranes but of the membrane-related changes ap-
pearing in long-term operation [96].

EIS offers an effective way for studying the transport phenomena of
polymeric electrolyte membranes [97]. In traditional abiotic systems (e.
g. PEM fuel cells), proton — and generally — ionic conductivity of the
membrane samples can be determined both by two- or four-probe
systems considering the high-frequency range (often as high as 10° -
10° Hz) of the EIS spectra (appearing usually as a semi-circle on the
Nyquist plot) [98]. The proper choice of the measurements technique is
suggested on the basis of real membrane employment circumstances,
e.g. the membrane is used in membrane electrode assembly or separates
two liquid phase. In the first case, the two-probe, while in the latter case
the four-probe method is widely used [99,100]. ECMs for these cases
can be seen in Fig. 2B and C [101]. Once the membrane resistance and
the geometry (in two-probe case, membrane thickness and electrode
surface area, while in four-probe case, distance between reference
electrodes and the membrane cross-sectional area are needed) of the
given set-up are known, the conductivity (in unit of Scm™!) can be
calculated.

4. Polymers used for the preparation of negatively charged
separators - cation exchange membranes (CEM)

In polymeric (electrolyte) materials to fabricate CEM, negatively-
charged functional groups are linked to a backbone in order to ac-
complish cation transfer. The most recognized CEM in BES is Nafion (to
be further sub-divided as explained by Oliot et al. [57]), taken actually
into account as an effective proton exchange membrane (PEM) and the
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primary reference for comparative evaluations [38,102-104]. PEMs,
from the point of view of polymer material structures, can be classified
perfluorinated, fluorinated, non-fluorinated, acid-base blend-based, etc.
[105]. Among them, Nafion contains a poly(tetrafluoroethylene)
(PTFE) backbone and proton-conducting sulfonic acid head-groups at-
tached [41]. Though it demonstrates good mechanical/thermal stability
as well as remarkable ionic conductivity [15], main shortcomings for
bioelectrochemical applications include high price, inefficient se-
lectivity of proton transport, notable O, mass transfer and sensitivity to
biofouling. To enhance Nafion properties, several attempts have been
realized via its combination with other materials to manufacture special
composite membranes [57,106] i.e. carbon nanocomposite/Nafion
[107], PVA-Nafion-borosilicate [19], Nafion with silica-based functio-
nalized fillers [108], Nafion/PVDF nanofiber [109], etc.

Apart from that, efforts have been made to substitute Nafion and
apply membranes that fit better with the demands in BES, both in
economical and technological terms. The major directions in the lit-
erature point to the improvement of individual polymer properties, the
development of polymer blends and fabrication of composites with
polymer content.

In these research lines, results with SPEEK [103,110,111] are ap-
pealing, which has paramount chemical stability and lower costs in
comparison with Nafion [112]. However, depending on the degree of
sulfonation and IEC, it might be prone to marked hydration and swel-
ling as well [113]. Besides, promising outcomes have been reported
with the already commercialized CMI-7000 as an alternative to Nafion
[114-120]. Furthermore, particular studies demonstrated the potential
of PBI [77], SPPS [121], SLDPE [122], SPVDF [123], crosslinked and
sulfonated PVA [124] for membrane manufacturing and application in
BES. Moreover, blend membrane preparation has been investigated too,
based on the mixture of polymers such as PVA-SA-PEG [125], SPEEK-
PES [126], PES-SPES [127]. Additionally, specific incorporations of
nanoparticles e.g. magnetite, graphene oxide with some of the polymers
mentioned above were also communicated [128-130], however, these
often produce porous membrane structures. Other possibilities re-
garding the application of polymer-composite materials in the bioe-
lectrochemical field can be found in the review article published lately
by Antolini [131].

The chemical structures of several representative polymers ad-
dressed herewith can be found in literature papers, such as Maiyalagan
and Pasupathi [105] (Nafion), Zhao et al. [132] and Wei et al. [133]
(SPEEK), Aeshala et al. [134] (CMI-7000), Harsha et al. [135] (SPES),
Schauer and Brozova, [136] (SPPS). It can be noted that, for the
functionalization of polymer backbones, negatively-charged sulfonate
groups are the most preferred in CEM to transfer positively-charged
counter-ions such as protons. In this aspect, it was observed that the
increasing degree of sulfonation (e.g. in SPEEK) membranes can lead to
better ion conductivity and MFC performance, however, a threshold
level seems to exist and therefore, this factor should be optimized for an
attractive operation [137].

5. Polymers used for the preparation of positively charged
separators — anion exchange membranes (AEM)

In principles, the structure of AEM polymers is similar to CEM, ex-
cept certainly that in this case, positively-charged functional groups are
linked to the backbone in order to accomplish the transport of anions,
where hydroxide ions (OH') play a leading role in BES [138]. More or
less a decade ago, it was shown in papers such as Kim et al. [52] and
Rozendal et al. [139] that various bioelectrochemical applications, in
particular MFC and MEC could be established and operated with
commercialized AEMs (e.g. AEM-7001 and Fumasep FAB) to replace
the more traditionally used CEM and attain process enhancement.

As a matter of fact, among possible benefits of AEM over CEM (i.e.
Nafion) in BES, lower resistance, better buffering and restricted pH
drop across the membrane are primarily mentioned. The latter property
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Fig. 3. Scheme of microbial fuel cell and microbial electrohydrogenesis cell systems highlighting the application of supported ionic liquid membrane as separator.

is related with restricted cation transport, while protons are still able to
pass by linked to phosphate species (commonly found in electrolyte
solutions used in BES), leading to reduced losses on the electrodes i.e.
cathode [140]. However, in contrast to CEMs, AEMs could be more
susceptible to substrate losses [141] due to the easier crossover of ne-
gatively-charged acetate, butyrate, propionate, etc. These organic mo-
lecules are favored carbon-sources of exoelectrogenic bacteria and
found in many feeds streams such as (waste water) effluents discharged
by processes, such as dark fermentative hydrogen production and to
some extent, anaerobic digestion [142-148].

So far, the experiences with AEMs in BES are less relative to CEM
[23,106] and it is quite difficult to predict whether and AEM or CEM
fits better with BES. This aspect, in agreement with the discussion
above in Section 2, should be investigated case by case and a decision
can be made accordingly. Lately, Oliot et al. [57] listed particular AEMs
tested in BES in particular MFCs. Some of them are already offered on
the market by several companies (Membrane International Inc., MEGA
a.s., Tokuyama Co., Fumasep, Agfa, etc.) relying on (i) gel polystyrene
cross linked with divinyl-benzene, (ii) polyester with poly-ethylene and
poly(ether ketone), polysulphone, etc. and mostly, quaternary ammo-
nium group as charge-carrier functional group. One of the issues to
address could be the stability and deformation of AEMs in longer-terms
[141], i.e. in case of materials such as AEM reinforced with PVC [140].
Recently, the topic of using AEM in electrochemical applications has
been comprehensively reviewed by Varcoe et al. [50] and possible di-
rections/strategies in AEM polymer chemistry and improvement were
presented.
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6. Size-selective, porous membranes based on polymers

The approach of porous membrane employment in BES relies either
on the adaptation of polymeric filters well-known in water treatment
technology, differing in pore diameter range i.e. micro-, ultra-, etc. [15]
or coarse-pore materials, including a range of fabrics, fibers, meshes. As
analyzed by Li et al. [70], in both cases, economical saving can be
realized (compared to Nafion for instance) and high ion permeability is
normally observed, which decreases the treat of pH splitting [39]. On
the one hand, these features are advantageous from an internal re-
sistance and current density point of view [53]. However, at the same
time, the open pore structure allows considerable mass transport i.e. in
terms of substrate and O, (in MFCs), encoding for suboptimal perfor-
mance i.e. when CE is considered [149]. In short, this can be described
by the confrontation of ion and mass permeation [56]. Furthermore, it
is known from the practice that porous membrane filters are highly
sensitive to biofouling over time, having an adverse effect on membrane
stability and causes the substantial increment of membrane resistance
[53]. Additionally, if the pore size is not rejective to the microorgan-
isms, electrode (cathode) fouling may occur. In case of such an en-
visaged biofilm layer formation, ion transport limitations in the vicinity
of cathode can be expected. For instance, protons can be hindered in
reaching the electrode surface to react with electrons and active-sites of
cathodic-side catalysts (i.e. Pt) may be deactivated too. Therefore,
porous materials seem to be more limiting than useful for BES [53].
Nevertheless, with appropriate modifications and functionalization of
porous polymers, gates may be open to obtain membrane separators
with improved properties.

On particular research line that has just recently emerged is asso-
ciated with the application of ionic liquids (ILs). ILs are widely-known
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as attractive materials in a broad range of chemical and biotechnolo-
gical processes and are salts composed of organic cations and organic/
inorganic anions. By alternating these ion pairs, IL properties can be
adjusted in accordance with actual requirements. Moreover, ILs are
chemically/thermally stable, have non-detectable vapor pressure and
many of them are liquids at room temperature. Because of such attri-
butes, they have attracted remarkable attention and been employed to
improve separation techniques designed with membranes.

For instance, ILs have experimentally confirmed potential to con-
struct novel electrodes, both anode and cathode resulting in enhanced
MEFC efficiency [150,151]. Apart from electrode design, several distinct
ways appear to apply ILs in fabrication of membranes for BES. One is
the immobilization of ILs in high-porosity polymer membranes — such
as PVDF [26,152] nylon [115] - serving as a support matrix (Fig. 3). As
a result, the conventional porous membranes can be turned into non-
porous ones, in which ionic (charged) species (anion and cation of IL, to
be considered as a salt-type chemical) are located. Successful demon-
stration of such so-called supported ionic liquid membranes (SILMs) can
be found in papers by Hernandez-Ferndndez et al. [115] and Kook et al.
[26,152].

For SILMs, the stability could be a concern but for now, not much
relevant feedback gained in BES applications is available. To design and
fabricate SILMs with sufficient working life, the porous support and the
actual IL should be applied in a feasible combination as the interactions
between these two phases in contact and their properties will determine
the capillary binding forces [153], as crucial factor of SILM robustness.
In the literature, specific works such as those conducted by Fortunato
et al. [154,155] have reported information relevant to the durability of
some SILMs under varied operating conditions.

Apart from SILMs, additional examples [156-158] have pointed to
the use of ILs in the formulation of ionic liquid-polymer inclusion
membranes and membrane-cathode assembly prepared with ILs. Fur-
thermore, ILs could be employed together with Nafion to enhance
proton conductivity of the membrane in MFCs [159]. Besides, PVA
polyelectrolyte membranes containing ILs have been reported [160],
leading to the significant increase of MFC performance.
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7. Future outlook for possible membrane separator development
in BES - specific analysis and implications for microbial fuel cells

In Fig. 4, CE as a function of oxygen mass transfer coefficient (ko)
measured in various physical separators/membranes throughout the
MFC literature is shown. The CE expresses the actual ratio of electrons
captured by the anode and transferred subsequently towards the
cathode relative to the total amount of electrons released from substrate
degradation. Thus, it is a representative parameter to evaluate how
efficiently a BES i.e. MFC works [2].

In fact, the illustration in Fig. 4 includes data (taken from Table 1)
for different porous/non-porous, charged/uncharged i.e. CEM/AEM,
polymeric/non-polymeric, etc. membranes/separators such as applied
in both two- and single-chamber devices. Basically, the users could
expect higher CE values with membranes/separators demonstrating
lower ko because of reasons elaborated in Section 2. However, this
chart (based on a good mass literature data, n (number of data) = 58 in
Table 1) indicates that MFCs assembled with membranes/separators of
nearly identical ko resulted in CEs scattering on wide range, from only a
few percent (< 10%) to around 70-90% (Fig. 4). Consequently, though
membrane properties should be enhanced to the best possible in terms
of ko, it could be concluded that those alone cannot guarantee the
adequate performance in BES.

Nevertheless, in the aspect, it would appear that membranes/se-
parators demonstrating ko < 10~ > might in general be more feasible
for MFCs, since almost exclusively in this critical window (vertical
dashed line in Fig. 4) we are able to find CEs qualifying to the promising
range of = 50% (horizontal dashed line in Fig. 4).

On similar grounds, considering relevant data available (n = 17,
Table 1), it can be argued that membranes/separators characterized
with k, (mass transfer coefficient for acetate, a commonly used sub-
strate for fundamental investigations) in the order of 10~8 and below
may be more beneficial to realize process enhancement (CE = 0%) in
BES such as MFCs (Fig. 5 and its inset). Nonetheless, revisit of these
aspects can be suggested over time once even more data are generated
as a result of the expansion of the field.

Additionally, Figs. 6 and 7 (linked to ko, k4 and thickness data listed
in Table 1) illuminate that thinner membranes/separators are more
appealing to target higher CE values in MFC applications and verify the
considerable impact of this feature, in agreement with the implications

0 +
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Fig. 4. Coulombic efficiency data collected from literature as a function of oxygen mass transfer coefficient for various types of membranes/separators. Vertical

dashed line: critical ko; Horizontal dashed line: = 50% CE.
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Table 1
Coulombic efficiency (CE) literature data as a function of oxygen and substrate (acetate) mass transfer coefficients as well as thicknesses for a wide range of physical
separators/membranes.
Material Thickness (cm)? Mass transfer coefficient (cm/s)
Oxygen (ko) Acetate (ka) CE (%) References
Nafion 0.0150 28x107° 2.7 [161]
PVA—STA 0.0093 6.1 x10°° 2.94
PVA —STA-GO-1 0.0109 22x107° 3.14
PVA — STA-GO-2 0.0107 1.4x107° 3.44
PVA —STA-GO-3 0.0095 1.1 x107° 3.33
Nafion 0.0190 8.5x 107> 47 [162]
SPEEK 0.0180 4x10°° 64
SPEEK-TiO,-1 0.0170 32x107° 69
SPEEK-TiO,-2 0.0170 28x107° 72
SPEEK-TiO5-3 0.0180 2.2 x107° 74.5
SPEEK-TiO,—4 0.0190 2.6 x107° 73
QAPVA-TiO, 0.0040 5x10°° 13.6 [163]
Nafion 0.0183 3x107° 10
LeHOAM-III 0.0220 5x107° 9.7
Nafion 0.0187 7.5 x10°° 19 [164]
CMI-7000 0.0450 2x107° 16
PP 80 0.0486 3.7 x107° 22
PP 100 0.0507 7.3x10°° 18
PPS 0.0520 7.5 x 107> 11
S-PPS 0.0514 7.2x10°° 14
Q-PEEK 0.000002 21x107° 4.6 x 108 66 [165]
AMI-7001 0.0045 1.03 x 107° 52 x 1078 51
QPEI 0.0003 23x107° 4x10°8 64 [166]
AMI-7001 0.0045 1x10°° 47 x 1078 61
SPEEK 0.0200 2.4%x107° 75 [167]
Nafion 0.0188 1.6 x 107° 51
Natural clay-Montmorillonite-1 0.2736 2.96 x 107° 3.23x10°° 23.9 [168]
Natural clay-Montmorillonite-2 0.5005 1.94 x 10~° 2.6 x 107° 27.3
Natural clay-Montmorillonite-3 0.3991 1.09 x 107° 2.38 x 107° 30.4
Natural clay-Kaolinite 0.3966 2.05 x 107° 2.93 x 107° 23.1
Nafion 0.0191 43x10"* 50 [45]
CEM 0.0002 9.8 x10°* 47
CMI-7000 0.9800 1x10°° 39
PP 80 0.0010 3x1072 44
PP 100 0.0045 2x107° 42
Cellulose-ester 0.0014 1.1x1073 32
AMI-7001 0.0457 9.4 x10°° 55x%x 1078 72.7 [52]
Nafion 0.0185 1.3x107* 53 x10°8 69
CMI-7000 0.0457 9.5x 107° 1.4x 1078 76.9
UF-05k 0.0268 1.9 x 1075 8.9 x107° 6.9
UF-1k 0.0268 41x10°° 1.6 x 1077 44.7
UF3k 0.0262 4.2 x107° 2.7 x 1077 43.6
Nafion 0.0178 3.6 x107* 9.5x 1077 17.8 [169]
Anodisc 13 0.0064 6.3x10°* 2.32x107° 26.5
Sterlitech 15 0.2660 8x10°° 1.3x 1077 16.3
Nafion 0.0190 2.05 x 107* 19.9 [170]
UF-1k 0.0400 211 x 1074 14.5
UF-5k 0.0400 214 x 1074 11.7
UF-10k 0.0400 2.224 x 10~* 8.3
MF 0.0200 498 x 1074 7.25
J-cloth 0.0300 29x107% 30 [44]
Glass fiber 1.0 0.1000 5x107° 70
Glass Fiber 0.4 0.0400 7.5x10°° 50
SPSEBS 0.0180 3.59 x 107° 85 [171]
Nafion 0.0175 23x1074 51
Nafion 0.0193 1.4x107* 75 [149]
MF 0.0131 5.9 x 1074 38.5
Nafion 0.0191 28x 1074 20.3 [172]

a

made in Section 2.

Moreover, membranes/separators are not only suggested to have ko
and k, below the (roughly) estimated threshold levels (< 10~2 and
<1078, respectively), but these parameters ought to approach a
minimum, according to the plot in Fig. 8, where it is to note that lower
ko and k4 could potentially aid the enhancement of CE (n =17,
Table 1, where both kg, and k4 are available). This coincides well with
the evaluation provided in Section 2 concerning the most important
traits that membranes/separators are supposed to reflect.
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: as reported in the original paper or calculated in accordance with Eq. (5). UF: ultrafiltration membrane, MF: microfiltration membrane.

In summary, under such combination of membrane qualities (in
particular smaller thickness and lower mass transfer coefficients),
smaller component i.e. oxygen and substrate (acetate) diffusivities (Do,
Ds) can be expected (by taking Egs. 5 and 7 into account), which are
desirable to cut transport-related losses in BES. However, it is also
noteworthy from a practical viewpoint that very thin membranes may
cause difficulties with handling/mechanical durability and thus, such
aspects should be also taken into account for adequate membrane en-
gineering.
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Fig. 6. Coulombic efficiency data collected from literature as a function of

oxygen mass transfer coefficient and thickness for various types of membranes/
separators.

8. A brief outlook on emerging bioelectrochemical processes
utilizing membrane separators

As surveyed by Wang and Ren [173] and more lately by Zhen et al.
[7], bioelectrochemical systems represent a versatile and suitable
platform for the design of advanced, membrane-dependent processes
accomplishing simultaneous waste treatment and electricity/electro-
fuels production. Among such emerging and most recently introduced
concepts, Microbial Desalination Cells (MDC) [174], Microbial Reverse-
Electrodialysis Electrolysis Cells (MREC) [175] and Osmotic Microbial

Electrochemical Cells (OMEC) [176] are the most particular ones to
mention.
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acetate mass transfer coefficient and thickness for various types of membranes/
separators.

In MDC, the primary objective is to pull out electrical energy from
certain (organic) feedstock by the aid of electro-active bacteria and use
it to achieve saline (waste) water desalination [177-179]. Actually,
MDC can be recognized as modified, next-generation system originating
from microbial fuel cells, which, by inserting a couple of ion exchange
membranes (i.e. CEM and AEM) between the anode- and cathode
compartments, create a central chamber where salt removal takes
place. As a result of MDC evolution, in accordance with the careful
review of Sevda et al. [180], hybrid-MDC systems producing valuable
chemicals such as H, and other MDC-related technologies have been
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developed. The MREC has been demonstrated as an option for energy-
efficient, sustainable generation of value-added substances (i.e. H,)
[175], which captures and utilizes the electrical power coming from the
conversion of organic matter by exoelectrogenic microorganisms as
well as from saline gradient arising in the reverse electrodialysis process
using ion exchange membranes [181]. The OMEC can be constructed
e.g. by deploying forward osmosis (FO) membranes in MFCs
[182-184]. In OMEC, on the top of the benefits realized with conven-
tional MFCs, reclamation of water from aqueous streams such as was-
tewaters is possible, as H>O (in agreement with the principles of FO)
passes selectively from one electrode compartment to the other [185].
Besides, by the attachment of OMEC to other bioreactors, special
membrane bioreactors can be established, possessing significant oper-
ating advantages in comparison to conventional systems [186-188].

9. Final conclusions and take home messages related to
membrane separators in BES

9.1. Economic viability and low cost materials

For now, remarkable barriers for a range of bioelectrochemical
applications, especially at an envisaged larger-scale can be identified
[14,41,68]. From an economical point of view, membranes should be
affordable. Relevant estimations for various materials can be found in
the paper of Dhar and Lee [15] and it can be drawn that further efforts
have to be invested to attain the reduction of costs [18]. In this aspects,
apart from artificially designed and synthetized polymers, naturally-
occurring polymers and relatively cheap materials such as cotton fabric
combined with PVA-PVDF [189], gelatin and alginate [190], agar
[191], rubber [192], biodegradable bag [193], cellulose-derivative
[121], carrageenan [194], ceramics [68,195-199], J-cloth (a macro-
porous filter) [200] have been also employed as membranes/separators
with various degrees of success in BES and hence, may present a path in
the R&D of membranes/separators for cost reduction purposes.

9.2. Material engineering

Besides making the separators economically-viable, principal
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membrane properties should be concerned and improved as well to
meet specific requirements from a technological standpoint. Actually,
plausible membrane candidates should carefully balance between (i)
fast ion (proton) transfer, (ii) restricted oxygen and substrate cross-
overs, (iii) antifouling, (iv) reduced ability to create pH-splitting (ela-
borated in Section 2). To now, however, despite tremendous efforts,
there is no membrane available that would satisfy all the criteria de-
tailed above. As concluded by Harnisch et al. [24]: “there is no silver
bullet in sight for the separation of electrodes in BES”. Thus, the further
exploration and tailoring of materials is a primary objective. The
membranes applied so far in two-chamber BES can be divided into a
number of groups, such as porous and non-porous (dense) ones, fabri-
cated mostly from polymers [57]. In the former class, size-selective
(uncharged), polymer micro- and ultrafiltration membranes, whilst
among non-porous, (charged) ionomer separators, ion-exchange mem-
branes (first and foremost cation- and anion exchange, and less fre-
quently bipolar, referred as CEM, AEM and BPM, respectively) have
been most routinely used [39,70] and should be further engineered and
developed. This can be performed by the modification of polymer
composition and structure since in essence, polymer characteristics are
determined by these factors.

9.3. Process indicators for the evaluation of membrane materials

To evaluate how the actual physical and chemical properties (and
consequent electronic and steric effects) of a given (polymer-based)
membrane affect the BES performance and judge its appropriateness
from an electrical efficiency point of view, parameters such as current
density, power density (Pg), CE, etc. should be computed and mon-
itored. Obvious interrelationships between P4 and CE for particular
membranes and separators could be found, but interestingly, particular
trends seem to be dependent on the actual study i.e. direct pro-
portionality by Ma et al. [201] and reverse correlation by Zhang et al.
[202].

9.4. Need for experimental standardization to produce more comparable
results

It is to mention that the viability of a certain membrane separators
(and ranking of those) shall require case-specific, experimental analysis
under the similar settings of environmental factors [104]. This can be
attributed to the huge variability of BES operating circumstances (in
terms of seed inoculum origin, feedstock characteristics, anode poten-
tial, electrode material properties, electrode distances, electrolyte
quality, reactor configuration, pH, temperature, etc.), meaning that
“membrane A” may yield more attractive outputs than “membrane B”
in a particular case, while it could be the other way around in another
system [57]. Hence, in many cases, the direct comparison of various
BES reported throughout the literature pertain to the role of mem-
branes/separators can be quite difficult and sometimes ambiguous
[106] due to diversities in (biotic and abiotic) test conditions (lack of
standardized methodologies to carry out the measurements), often
causing divergence and discrepancies between studies. Additionally,
the observation that actual membrane properties influence the com-
position of underlying communities makes the situation complicated.
Actually, the abundance and phylogenetic distribution of electro-active
bacteria may be subject to change as a function of the membrane/se-
parator, to be seen as a sort of “selective pressure” for microbial en-
richment [118,203]. As a result, because of such cross-effects and su-
perposition of impacts in relation with biological and non-biological
BES components, the cell performance will be eventually determined by
the complex array of these variables [41].

Acknowledgement

Péter Bakonyi acknowledges the support received from National



P. Bakonyi et al.

Research, Development and Innovation Office (Hungary) under grant
number PD 115640. Gopalakrisnan Kumar would like to acknowledge
the financial assistance from Ton Duc Thang University, Ho Chi Minh
City, Vietnam. The “GINOP-2.3.2-15 - Excellence of strategic R+D
workshops (Development of modular, mobile water treatment systems
and waste water treatment technologies based on University of
Pannonia to enhance growing dynamic export of Hungary (2016-
2020))” is also thanked for supporting this work. The Janos Bolyai
Research Scholarship of the Hungarian Academy of Sciences is ac-
knowledged for supporting this work. Laszl6 Kodk was supported by the
UNKP-17-3 “New National Excellence Program of the Ministry of
Human Capacities”. This work was supported by the New & Renewable
Energy Core Technology Program of the Korea Institute of Energy
Technology Evaluation and Planning (KETEP) granted financial re-
source from the Ministry of Trade, Industry & Energy, Republic of Korea
(No. 20173010092470).

References

[1]

[2]

[31

[4]

[51

(61

[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]
[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

M.C. Potter, Electrical effects accompanying the decomposition of organic com-
pounds, Proc. R. Soc. Lond. B 84 (1911) 260-276.

B.E. Logan, B. Hamelers, R. Rozendal, U. Schroder, J. Keller, S. Freguia, et al.,
Microbial fuel cells: methodology and technology, Environ. Sci. Technol. 40
(2006) 5181-5192.

K. Rabaey, R.A. Rozendal, Microbial electrosynthesis — revisiting the electrical
route for microbial production, Nat. Rev. Microbiol. 8 (2010) 706-716.

S. Bajracharya, S. Srikanth, G. Mohanakrishna, R. Zacharia, D.P. Strik, D. Pant,
Biotransformation of carbon dioxide in bioelectrochemical systems: state of the art
and future prospects, J. Power Sources 356 (2017) 256-273.

X. Christodoulou, T. Okoroafor, S. Parry, S.B. Velasquez-Orta, The use of carbon
dioxide in microbial electrosynthesis: advancements, sustainability and economic
feasibility, J. CO, Util. 18 (2017) 390-399.

S. Venkata Mohan, G.N. Nikhil, P. Chiranjeevi, C.N. Reddy, M.V. Rohit,

AN. Kumar, et al., Waste biorefinery models towards sustainable circular bioec-
onomy: critical review and future perspectives, Bioresour. Technol. 215 (2016)
2-12.

G. Zhen, X. Lu, G. Kumar, P. Bakonyi, X. Kaigin, Z. Youcai, Microbial electrolysis
cell platform for simultaneous waste biorefinery and clean electrofuels generation:
current situation, challenges and future perspectives, Prog. Energy Combust. Sci.
63 (2017) 119-145.

P. Bakonyi, G. Kumar, L. Kook, G. Téth, T. Rézsenberszki, K. Bélafi-Bako, et al.,
Microbial electrohydrogenesis linked to dark fermentation as integrated applica-
tion for enhanced biohydrogen production: a review on process characteristics,
experiences and lessons, Bioresour. Technol. 251 (2018) 381-389.

G. Kumar, P. Bakonyi, G. Zhen, P. Sivagurunathan, L. Kodk, S.H. Kim, et al.,
Microbial electrochemical systems for sustainable biohydrogen production: sur-
veying the experiences from a start-up viewpoint, Renew. Sustain. Energy Rev. 70
(2017) 589-597.

B.E. Logan, D. Call, S. Cheng, H.V.M. Hamelers, T.H.J.A. Sleutels,

A.W. Jeremiasse, et al., Microbial electrolysis cells for high yield hydrogen gas
production from organic matter, Environ. Sci. Technol. 42 (2008) 8630-8640.
S.A. Patil, S. Gildemyn, D. Pant, K. Zengler, B.E. Logan, K. Rabaey, A logical data
representation framework for electricity-driven bioproduction processes,
Biotechnol. Adv. 33 (2015) 736-744.

F. Aulenta, S. Puig, F. Harnisch, Microbial electrochemical technologies: maturing
but not mature, Microb. Biotechnol. 11 (2018) 18-19.

C. Li, L. Wang, X. Wang, M. Kong, Q. Zhang, G. Li, Synthesis of PVDF-g-PSSA
proton exchange membrane by ozone-induced graft copolymerization and its ap-
plication in microbial fuel cells, J. Membr. Sci. 527 (2017) 35-42.

B.E. Logan, J.M. Regan, Microbial fuel cells - challenges and applications,
Environ. Sci. Technol. 40 (2006) 5172-5180.

B.R. Dhar, H.S. Lee, Membranes for bioelectrochemical systems: challenges and
research advances, Environ. Technol. 34 (2013) 1751-1764.

B. Kokabian, V.G. Gude, Role of membranes in bioelectrochemical systems,
Membr. Water Treat. 6 (2015) 53-75.

B.E. Logan, Essential data and techniques for conducting microbial fuel cell and
other types of bioelectrochemical system experiments, ChemSusChem 5 (2012)
988-994.

C. Santoro, C. Arbizzani, B. Erable, 1. Ieropoulos, Microbial fuel cells: from fun-
damentals to applications. A review, J. Power Sources 356 (2017) 225-244.

B.R. Tiwari, Md.T. Noori, M.M. Ghangrekar, A novel low cost polyvinyl alcohol-
Nafion-borosilicate membrane separator for microbial fuel cell, Mater. Chem.
Phys. 182 (2016) 86-93.

J.K. Jang, T.H. Pham, LS. Chang, K.H. Kang, H. Moon, K.S. Cho, et al.,
Construction and operation of a novel mediator- and membrane-less microbial fuel
cell, Process Biochem. 39 (2004) 1007-1012.

H. Liu, B.E. Logan, Electricity generation using an air-cathode single chamber
microbial fuel cell in the presence and absence of a proton exchange membrane,
Environ. Sci. Technol. 38 (2004) 4040-4046.

S. Gildemyn, K. Verbeeck, R. Jansen, K. Rabaey, The type of ion selective

519

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Journal of Membrane Science 564 (2018) 508-522

membrane determines stability and production levels of microbial electrosynth-
esis, Bioresour. Technol. 224 (2017) 358-364.

Z. Ge, J. Li, L. Xiao, Y. Tong, Z. He, Recovery of electrical energy in microbial fuel
cells, Environ. Sci. Technol. Lett. 1 (2014) 137-141.

F. Harnisch, R. Warmbier, R. Schneider, U. Schréder, Modeling the ion transfer
and polarization of ion exchange membranes in bioelectrochemical systems,
Bioelectrochemistry 75 (2009) 136-141.

T. Luo, S. Abdu, M. Wessling, Selectivity of ion exchange membranes: a review, J.
Membr. Sci. 555 (2018) 429-454.

L. Kook, N. Nemesto6thy, P. Bakonyi, A. Gollei, T. Rézsenberszki, P. Takécs, et al.,
On the efficiency of dual-chamber biocatalytic electrochemical cells applying
membrane separators prepared with imidazolium-type ionic liquids containing
[NTf;] ™ and [PFs]~ anions, Chem. Eng. J. 324 (2017) 296-302.

B. Min, S. Cheng, B.E. Logan, Electricity generation using membrane and salt
bridge microbial fuel cells, Water Res. 39 (2005) 1675-1686.

D.R. Lovley, K.P. Nevin, Electrobiocommodities: powering microbial production of
fuels and commodity chemicals from carbon dioxide with electricity, Curr. Opin.
Biotechnol. 24 (2013) 385-390.

S.G. Park, K.J. Chae, M. Lee, A sulfonated poly(arylene ether sulfone)/polyimide
nanofiber composite proton exchange membrane for microbial electrolysis cell
application under the coexistence of diverse competitive cations and protons, J.
Membr. Sci. 540 (2017) 165-173.

E. Lalaurette, S. Thammannagowda, A. Mohagheghi, P.C. Maness, B.E. Logan,
Hydrogen production from cellulose in a two-stage process combining fermenta-
tion and electrohydrogenesis, Int. J. Hydrog. Energy 34 (2009) 6201-6210.

G. Zhen, T. Kobayashi, X. Lu, G. Kumar, Y. Hu, P. Bakonyi, et al., Recovery of
biohydrogen in a single-chamber microbial electrohydrogenesis cell using liquid
fraction of pressed municipal solid waste (LPW) as substrate, Int. J. Hydrog.
Energy 41 (2016) 17896-17906.

T.A. Zawodzinski, J. Davey, J. Valerio, S. Gottesfeld, The water content depen-
dence of electro-osmotic drag in proton-conducting polymer electrolytes,
Electrochim. Acta 40 (1995) 297-302.

J.R. Kim, G.C. Premier, F.R. Hawkes, R.M. Dinsdale, A.J. Guwy, Development of a
tubular microbial fuel cell (MFC) employing a membrane electrode assembly
cathode, J. Power Sources 187 (2009) 393-399.

F. Zhang, G. Chen, M.A. Hickner, B.E. Logan, Novel anti-flooding poly (di-
methylsiloxane)(PDMS) catalyst binder for microbial fuel cell cathodes, J. Power
Sources 218 (2012) 100-105.

Gajda, J. Greenman, C. Melhuish, C. Santoro, B. Li, P. Cristiani, I. Ieropoulos,
Water formation at the cathode and sodium recovery using microbial fuel cells
(MFCs), Sust. Energy Technol. Assess. 7 (2014) 187-194.

D. Wiley, G.F. Weihs, Electroosmotic Drag in Membranes. In Encyclopedia of
Membranes, Springer, Berlin Heidelberg, 2016, pp. 653-654.

M. Ise, K.D. Kreuer, J. Maier, Electroosmotic drag in polymer electrolyte mem-
branes: an electrophoretic NMR study, Solid State Ion. 125 (1999) 213-223.

H. Rismani-Yazdia, S.M. Carver, A.D. Christy, O.H. Tuovinen, Cathodic limitations
in microbial fuel cells: an overview, J. Power Sources 180 (2008) 683-694.

G. Chen, B. Wei, Y. Luo, B.E. Logan, M.A. Hickner, Polymer separators for high-
power, high-efficiency microbial fuel cells, ACS Appl. Mater. Interfaces 4 (2012)
6454-6457.

S.C. Popat, C.I. Torres, Critical transport rates that limit the performance of mi-
crobial electrochemistry technologies, Bioresour. Technol. 215 (2016) 265-273.
A. Rinaldi, B. Mecheri, V. Garavaglia, S. Licoccia, P. Di Nardoc, E. Traversa,
Engineering materials and biology to boost performance of microbial fuel cells: a
critical review, Energy Environ. Sci. 1 (2008) 417-429.

F. Harnisch, U. Schroder, Selectivity versus mobility: separation of anode and
cathode in microbial bioelectrochemical systems, ChemSusChem 2 (2009)
921-926.

Z. He, F. Mansfeld, Exploring the use of electrochemical impedance spectroscopy
(EIS) in microbial fuel cell studies, Energy Environ. Sci. 2 (2009) 215-219.

H. Zhang, S. Cheng, X. Wang, X. Huang, B.E. Logan, Separator characteristics for
increasing performance of microbial fuel cells, Environ. Sci. Technol. 43 (2009)
8456-8461.

S. Kondaveeti, J. Lee, R. Kakarla, H.S. Kim, B. Min, Low-cost separators for en-
hanced power production and field application of microbial fuel cells (MFCs),
Electrochim. Acta 132 (2014) 434-440.

C.IL Torres, A.K. Marcus, B.E. Rittmann, Proton transport inside the biofilm limits
electrical current generation by anode-respiring bacteria, Biotechnol. Bioeng. 100
(2008) 872-881.

F. Zhao, R.C.T. Slade, J.R. Varcoe, Techniques for the study and development of
microbial fuel cells: an electrochemical perspective, Chem. Soc. Rev. 38 (2009)
1926-1939.

C.L Torres, A.K. Marcus, H.S. Lee, P. Parameswaran, R. Krajmalnik-Brown,

B.E. Rittmann, A kinetic perspective on extracellular electron transfer by anode-
respiring bacteria, FEMS Microbiol. Rev. 34 (2010) 3-17.

S.E. Oh, B.E. Logan, Proton exchange membrane and electrode surface areas as
factors that affect power generation in microbial fuel cells, Appl. Microbiol.
Biotechnol. 70 (2006) 162-169.

J.R. Varcoe, P. Atanassov, D.R. Dekel, A.M. Herring, M.A. Hickner, P.A. Kohl,

et al., Anion-exchange membranes in electrochemical energy systems, Energy
Environ. Sci. 7 (2014) 3135-3191.

E. Ji, H. Moon, J. Piao, P.T. Ha, J. An, D. Kim, et al., Interface resistances of anion
exchange membranes in microbial fuel cells with low ionic strength, Biosens.
Bioelectron. 26 (2011) 3266-3271.

J.R. Kim, S. Cheng, S.E. Oh, B.E. Logan, Power generation using different cation,
anion, and ultrafiltration membranes in microbial fuel cells, Environ. Sci. Technol.


http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref1
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref1
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref2
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref2
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref2
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref3
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref3
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref4
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref4
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref4
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref5
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref5
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref5
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref6
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref6
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref6
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref6
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref7
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref7
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref7
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref7
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref8
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref8
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref8
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref8
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref9
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref9
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref9
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref9
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref10
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref10
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref10
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref11
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref11
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref11
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref12
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref12
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref13
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref13
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref13
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref14
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref14
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref15
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref15
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref16
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref16
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref17
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref17
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref17
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref18
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref18
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref19
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref19
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref19
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref20
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref20
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref20
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref21
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref21
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref21
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref22
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref22
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref22
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref23
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref23
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref24
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref24
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref24
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref25
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref25
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref26
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref26
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref26
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref26
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref27
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref27
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref28
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref28
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref28
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref29
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref29
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref29
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref29
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref30
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref30
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref30
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref31
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref31
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref31
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref31
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref32
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref32
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref32
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref33
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref33
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref33
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref34
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref34
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref34
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref35
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref35
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref35
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref36
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref36
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref37
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref37
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref38
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref38
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref39
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref39
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref39
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref40
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref40
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref41
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref41
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref41
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref42
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref42
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref42
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref43
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref43
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref44
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref44
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref44
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref45
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref45
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref45
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref46
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref46
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref46
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref47
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref47
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref47
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref48
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref48
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref48
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref49
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref49
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref49
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref50
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref50
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref50
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref51
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref51
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref51
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref52
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref52

P. Bakonyi et al.

[53]

[54]

[55]

[56]
[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

731

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

41 (2007) 1004-1009.

J.X. Leong, W.R.W. Daud, M. Ghasemi, K.B. Liew, M. Ismail, Ion exchange
membranes as separators in microbial fuel cells for bioenergy conversion: a
comprehensive review, Renew. Sustain. Energy Rev. 28 (2013) 575-587.

M.J. Choi, K.J. Chae, F.F. Ajayi, K.Y. Kim, HW. Yu, C.W. Kim, et al., Effects of
biofouling on ion transport through cation exchange membranes and microbial
fuel cell performance, Bioresour. Technol. 102 (2011) 298-303.

M. Ghasemi, W.R.W. Daud, M. Ismail, M. Rahimnejad, A.F. Ismail, J.X. Leong,
et al., Effect of pre-treatment and biofouling of proton exchange membrane on
microbial fuel cell performance, Int. J. Hydrog. Energy 38 (2013) 5480-5484.
M. Sun, L.F. Zhai, W.W. Lib, H.Q. Yu, Harvest and utilization of chemical energy in
wastes by microbial fuel cells, Chem. Soc. Rev. 45 (2016) 2847-2870.

M. Oliot, S. Galier, H. Roux de Balmann, A. Bergel, Ion transport in microbial fuel
cells: key roles, theory and critical review, Appl. Energy 183 (2016) 1682-1704.
V. Yousefi, D. Mohebbi-Kalhori, A. Samimi, Ceramic-based microbial fuel cells
(MFCs): a review, Int. J. Hydrog. Energy 42 (2017) 1672-1690.

M. Rahimnejad, G. Bakeri, M. Ghasemi, A. Zirepour, A review on the role of proton
exchange membrane on the performance of microbial fuel cell, Polym. Adv.
Technol. 25 (2014) 1426-1432.

A. Escapa, R. Mateos, E.J. Martinez, J. Blanes, Microbial electrolysis cells: an
emerging technology for wastewater treatment and energy recovery. From la-
boratory to pilot plant and beyond, Renew. Sustain. Energy Rev. 55 (2016)
942-956.

V.G. Gude, Wastewater treatment in microbial fuel cells — an overview, J. Clean.
Prod. 122 (2016) 287-307.

A. Kadier, M.S. Kalil, P. Abdeshahian, K. Chandrasekhar, A. Mohamed,

N.F. Azman, et al., Recent advances and emerging challenges in microbial elec-
trolysis cells (MECs) for microbial production of hydrogen and value-added che-
micals, Renew. Sustain. Energy Rev. 61 (2016) 501-525.

P. Pandey, V.N. Shinde, R.L. Deopurkar, S.P. Kale, S.A. Patil, D. Pant, Recent
advances in the use of different substrates in microbial fuel cells toward waste-
water treatment and simultaneous energy recovery, Appl. Energy 168 (2016)
706-723.

A. Raheem, V.S. Sikarwar, J. He, W. Dastyar, D.D. Dionysiou, W. Wang, et al.,
Opportunities and challenges in sustainable treatment and resource reuse of
sewage sludge: a review, Chem. Eng. J. 337 (2018) 616-641.

O.M. Rodriguez-Narvaez, J.M. Peralta-Hernandez, A. Goonetilleke, E.R. Bandala,
Treatment technologies for emerging contaminants in water: a review, Chem. Eng.
J. 323 (2017) 361-380.

S. Zhang, J. You, S. Kennes, Z. Cheng, J. Xe, D. Chen, et al., Current advances of
VOCs degradation by bioelectrochemical systems: a review, Chem. Eng. J. 334
(2018) 2625-2637.

R.A. Rozendal, H.V.M. Hamelers, C.J.N. Buisman, Effects of membrane cation
transport on pH and microbial fuel cell performance, Environ. Sci. Technol. 40
(2006) 5206-5211.

J. Winfield, I. Gajda, J. Greenman, I. Ieropoulos, A review into the use of ceramics
in microbial fuel cells, Bioresour. Technol. 215 (2016) 296-303.

S. Bajracharya, M. Sharma, G. Mohanakrishna, X.D. Benneton, D.P.B.T.B. Strik,
P.M. Sarma, et al., An overview on emerging bioelectrochemical systems (BESs):
technology for sustainable electricity, waste remediation, resource recovery,
chemical production and beyond, Renew. Energy 98 (2016) 153-170.

W.W. Li, G.P. Sheng, X.W. Liu, H.Q. Yu, Recent advances in the separators for
microbial fuel cells, Bioresour. Technol. 102 (2011) 244-252.

K. Rabaey, S. Butzer, S. Brown, J. Keller, R.A. Rozendal, High current generation
coupled to caustic production using a lamellar bioelectrochemical system,
Environ. Sci. Technol. 44 (2010) 4315-4321.

I. Gajda, J. Greenman, C. Melhuish, I. Ieropoulos, Electricity and disinfectant
production from wastewater: microbial Fuel Cell as a self-powered electrolyser,
Sci. Rep. 6 (2016) 25571.

I. Gajda, J. Greenman, C. Melhuish, C. Santoro, I. Ieropoulos, Microbial fuel cell-
driven caustic potash production from wastewater for carbon sequestration,
Bioresour. Technol. 215 (2016) 285-289.

1. Gajda, J. Greenman, C. Melhuish, C. Santoro, B. Li, P. Cristiani, et al., Electro-
osmotic-based catholyte production by microbial fuel cells for carbon capture,
Water Res. 86 (2015) 108-115.

T.H.J.A. Sleutels, A. ter Heijne, P. Kuntke, C.J.N. Buisman, H.V.M. Hamelers,
Membrane selectivity determines energetic losses for ion transport in bioelec-
trochemical systems, ChemistrySelect 2 (2017) 3462-3470.

S.A. Patil, F. Harnisch, C. Koch, T. Hiibschmann, I. Fetzer, A.A. Carmona-Martinez,
et al., Electroactive mixed culture derived biofilms in microbial bioelec-
trochemical systems: the role of pH on biofilm formation, performance and
composition, Bioresour. Technol. 102 (2011) 9683-9690.

G. Bahlakeh, M.M. Hasani-Sadrabadi, S.H. Emami, S.N.S. Eslami,

E. Dashtimoghadam, M.A. Shokrgozar, et al., Experimental investigation and
molecular dynamics simulation of acid-doped polybenzimidazole as a new mem-
brane for air-breathing microbial fuel cells, J. Membr. Sci. 535 (2017) 221-229.
K.J. Kim, M.R. Dickson, A.G. Fane, C.J.D. Fell, Electron microscopy in synthetic
polymer membrane research, J. Microsc. 162 (1991) 403-413.

M. Ulaganathan, R. Nithya, S. Rajendran, Surface Analysis Studies on Polymer
Electrolyte Membranes Using Scanning Electron Microscope and Atomic Force
Microscope. In Scanning Electron Microscopy, InTech, Rijeka, 2012.

E. Volodina, N. Pismenskaya, V. Nikonenko, C. Larchet, G. Pourcelly, lon transfer
across ion-exchange membranes with homogeneous and heterogeneous surfaces,
J. Colloid Interface Sci. 285 (2005) 247-258.

B. Bae, B.H. Chun, D. Kim, Surface characterization of microporous polypropylene
membranes modified by plasma treatment, Polymer 42 (2001) 7879-7885.

520

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Journal of Membrane Science 564 (2018) 508-522

K.C. Khulbe, C.Y. Feng, T. Matsuura, Membrane Surface Morphology and
Membrane Performance. In: Synthetic Polymeric Membranes, SpringerLaboratory.
Springer, Berlin, Heidelberg, 2008.

Y. Yuan, T.R. Lee, Contact Angle and Wetting Properties. In Surface Science
Techniques, Springer, Berlin, Heidelberg, 2013, pp. 3-34.

V.I. Vasil’eva, N.D. Pismenskaya, E.M. Akberova, K.A. Nebavskaya, Effect of
thermochemical treatment on the surface morphology and hydrophobicity of
heterogeneous ion-exchange membranes, Russ. J. Phys. Chem. A 88 (2014)
1293-1299.

K.T. Park, U.H. Jung, D.W. Choi, K. Chun, H.M. Lee, S.H. Kim, ZrO,-SiO,/Nafion®
composite membrane for polymer electrolyte membrane fuel cells operation at
high temperature and low humidity, J. Power Sources 177 (2008) 247-253.

Y.S. Li, T.S. Zhao, W.W. Yang, Measurements of water uptake and transport
properties in anion-exchange membranes, Int. J. Hydrog. Energy 35 (2010)
5656-5665.

H.C. Flemming, G. Schaule, T. Griebe, J. Schmitt, A. Tamachkiarowa, Biofouling —
the Achilles heel of membrane processes, Desalination 113 (1997) 215-225.

H. Ivnitsky, I. Katz, D. Minz, E. Shimoni, Y. Chen, J. Tarchitzky, et al.,
Characterization of membrane biofouling in nanofiltration processes of waste-
water treatment, Desalination 185 (2005) 255-268.

J. Xu, G.P. Sheng, H.W. Luo, W.W. Li, L.F. Wang, H.Q. Yu, Fouling of proton
exchange membrane (PEM) deteriorates the performance of microbial fuel cell,
Water Res. 46 (2012) 1817-1824.

C. Xu, T.S. Zhao, In situ measurements of water crossover through the membrane
for direct methanol fuel cells, J. Power Sources 168 (2007) 143-153.

Z. He, N. Wagner, S.D. Minteer, L.T. Angenent, An upflow microbial fuel cell with
an interior cathode: assessment of the internal resistance by impedance spectro-
scopy, Environ. Sci. Technol. 40 (2006) 5212-5217.

F. Zhao, R.C. Slade, J.R. Varcoe, Techniques for the study and development of
microbial fuel cells: an electrochemical perspective, Chem. Soc. Rev. 38 (2009)
1926-1939.

N. Sekar, R.P. Ramasamy, Electrochemical impedance spectroscopy for microbial
fuel cell characterization, J. Microb. Biochem. Technol. S6 (2013) 004, https://
doi.org/10.4172/1948-5948.56-004.

A.K. Manohar, O. Bretschger, K.H. Nealson, F. Mansfeld, The use of electro-
chemical impedance spectroscopy (EIS) in the evaluation of the electrochemical
properties of a microbial fuel cell, Bioelectrochemistry 72 (2008) 149-154.

N. Wagner, Characterization of membrane electrode assemblies in polymer elec-
trolyte fuel cells using ac impedance spectroscopy, J. Appl. Electrochem. 32
(2002) 859-863.

A.P. Borole, D. Aaron, C.Y. Hamilton, C. Tsouris, Understanding long-term
changes in microbial fuel cell performance using electrochemical impedance
spectroscopy, Environ. Sci. Technol. 44 (2010) 2740-2745.

J.S. Park, J.H. Choi, J.J. Woo, S.H. Moon, An electrical impedance spectroscopic
(EIS) study on transport characteristics of ion-exchange membrane systems, J.
Colloid Interface Sci. 300 (2006) 655-662.

S.D. Mikhailenko, M.D. Guiver, S. Kaliaguine, Measurements of PEM conductivity
by impedance spectroscopy, Solid State Ion. 179 (2008) 619-624.

E. Fontananova, V. Cucunato, E. Curcio, F. Trotta, M. Biasizzo, E. Drioli,

G. Barbieri, Influence of the preparation conditions on the properties of polymeric
and hybrid cation exchange membranes, Electrochim. Acta 66 (2012) 164-172.
A. Antony, T. Chilcott, H. Coster, G. Leslie, In situ structural and functional
characterization of reverse osmosis membranes using electrical impedance spec-
troscopy, J. Membr. Sci. 425 (2013) 89-97.

E. Fontananova, Membrane Characterization by Impedance Spectroscopy, In
Encyclopedia of Membranes, Springer, Berlin, Heidelberg, 2016, pp. 1025-1027.
M.A. Charef, M. Kameche, M. Ouis, S. Laribi, C. Innocent, Electrochemical and
spectroscopic characterisations of cation exchange membrane equilibrated in acid
and salt solutions: application as separator in microbial fuel cell, Phys. Chem. Liq.
53 (2015) 717-731.

M. Ghasemi, W.R.W. Daud, A.F. Ismail, Y. Jafari, M. Ismail, A. Mayahi, et al.,
Simultaneous wastewater treatment and electricity generation by microbial fuel
cell: performance comparison and cost investigation of using Nafion 117 and
SPEEK as separators, Desalination 325 (2013) 1-6.

T. Krieg, A. Sydow, U. Schroder, J. Schrader, D. Holtmann, Reactor concepts for
bioelectrochemical syntheses and energy conversion, Trends Biotechnol. 32
(2014) 645-655.

T. Maiyalagan, S. Pasupathi, Components for PEM fuel cells: an overview, Mater.
Sci. Forum 657 (2010) 143-189.

S.M. Daud, B.H. Kim, M. Ghasemi, W.R.W. Daud, Separators used in microbial
electrochemical technologies: current status and future prospects, Bioresour.
Technol. 195 (2015) 170-179.

M. Ghasemi, S. Shahgaldi, M. Ismail, Z. Yaakob, W.R.W. Daud, New generation of
carbon nanocomposite proton exchange membranes in microbial fuel cell systems,
Chem. Eng. J. 184 (2012) 82-89.

S. Angioni, L. Millia, G. Bruni, C. Tealdi, P. Mustarelli, E. Quartarone, Improving
the performances of Nafion™-based membranes for microbial fuel cells with silica-
based, organically-functionalized mesostructured fillers, J. Power Sources 334
(2016) 120-127.

S. Shahgaldi, M. Ghasemi, W.R.W. Daud, Z. Yaakob, M. Segidhi, J. Alam, et al.,
Performance enhancement of microbial fuel cell by PVDF/Nafion nanofibre
composite proton exchange membrane, Fuel Process. Technol. 124 (2014)
290-295.

S. Ayyaru, S. Dharmalingam, Development of MFC using sulphonated polyether
ether ketone (SPEEK) membrane for electricity generation from waste water,
Bioresour. Technol. 102 (2011) 11167-11171.


http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref52
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref53
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref53
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref53
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref54
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref54
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref54
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref55
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref55
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref55
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref56
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref56
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref57
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref57
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref58
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref58
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref59
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref59
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref59
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref60
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref60
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref60
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref60
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref61
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref61
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref62
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref62
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref62
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref62
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref63
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref63
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref63
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref63
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref64
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref64
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref64
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref65
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref65
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref65
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref66
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref66
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref66
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref67
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref67
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref67
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref68
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref68
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref69
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref69
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref69
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref69
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref70
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref70
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref71
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref71
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref71
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref72
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref72
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref72
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref73
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref73
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref73
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref74
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref74
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref74
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref75
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref75
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref75
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref76
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref76
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref76
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref76
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref77
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref77
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref77
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref77
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref78
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref78
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref79
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref79
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref79
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref80
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref80
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref80
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref81
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref81
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref82
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref82
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref82
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref83
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref83
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref84
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref84
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref84
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref84
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref85
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref85
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref85
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref86
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref86
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref86
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref87
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref87
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref88
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref88
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref88
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref89
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref89
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref89
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref90
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref90
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref91
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref91
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref91
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref92
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref92
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref92
https://doi.org/10.4172/1948-5948.S6-004
https://doi.org/10.4172/1948-5948.S6-004
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref94
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref94
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref94
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref95
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref95
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref95
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref96
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref96
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref96
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref97
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref97
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref97
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref98
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref98
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref99
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref99
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref99
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref100
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref100
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref100
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref101
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref101
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref102
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref102
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref102
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref102
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref103
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref103
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref103
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref103
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref104
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref104
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref104
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref105
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref105
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref106
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref106
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref106
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref107
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref107
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref107
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref108
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref108
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref108
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref108
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref109
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref109
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref109
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref109
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref110
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref110
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref110

P. Bakonyi et al.

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

M. Ghasemi, E. Halakoo, M. Sedighi, J. Alam, M. Sadeqzadeh, Performance
comparison of three common proton exchange membranes for sustainable bioe-
nergy production in microbial fuel cell, Proc. CIRP 26 (2015) 162-166.

A. Mayahi, H. Ildeygi, A.F. Ismail, J. Jafaar, W.R.W. Daud, D. Emadzadeh, et al.,
SPEEK/cSMM membrane for simultaneous electricity generation and wastewater
treatment in microbial fuel cell, J. Chem. Technol. Biotechnol. 90 (2015) 641-647.
E. Troni, A. Donnadio, M. Pica, A. Carbone, I. Gatto, M. Casciola, Crystallite for-
mation effect on the physicochemical properties of SPEEK membranes for fuel cell
application, Int. J. Hydrog. Energy 43 (2018) 5175-5183.

F. Harnisch, U. Schroder, F. Scholz, The suitability of monopolar and bipolar ion
exchange membranes as separators for biological fuel cells, Environ. Sci. Technol.
42 (2008) 1740-1746.

F.J. Hernandez-Fernandez, A.P. de los Rios, F. Mateo-Ramirez, C. Godinez,

L.J. Lozano-Blanco, J.I. Moreno, et al., New application of supported ionic liquids
membranes as proton exchange membranes in microbial fuel cell for waste water
treatment, Chem. Eng. J. 279 (2015) 115-119.

H.O. Mohamed, M. Obaid, K.A. Khalil, N.A.M. Barakat, Power generation from
unconditioned industrial wastewaters using commercial membranes-based mi-
crobial fuel cells, Int. J. Hydrog. Energy 41 (2016) 4251-4263.

H.O. Mohamed, M.A. Abdelkareem, M. Park, J. Lee, T. Kim, G.P. Ojha, et al.,
Investigating the effect of membrane layers on the cathode potential of air-cathode
microbial fuel cells, Int. J. Hydrog. Energy 42 (2017) 24308-24318.

A. Sotres, J. Diaz-Marcos, M. Guivernau, J. Illa, A. Magri, F.X. Prenafeta-Boldd,
et al., Microbial community dynamics in two-chambered microbial fuel cells: ef-
fect of different ion exchange membranes, J. Chem. Technol. Biotechnol. 90
(2015) 1497-1506.

Y. Qian, L. Huang, Y. Pan, X. Quan, H. Lian, J. Yang, Dependency of migration and
reduction of mixed Cr,0,2~, Cu®>* and Cd*" on electric field, ion exchange
membrane and metal concentration in microbial fuel cells, Sep. Purif. Technol.
192 (2018) 78-87.

J. Yu, Y. Park, T. Lee, Effect of separator and inoculum type on electricity gen-
eration and microbial community in single-chamber microbial fuel cells,
Bioprocess Biosyst. Eng. 37 (2014) 667-675.

S. Kondaveeti, R. Kakarla, H.S. Kim, B.G. Kim, B. Min, The performance and long-
term stability of low-cost separators in single-chamber bottle-type microbial fuel
cells, Environ. Technol. 39 (2018) 288-297.

V. Kumar, R. Rudra, A. Nandy, S. Hait, P.P. Kundu, Analysis of partially sulfonated
low density polyethylene (LDPE) membranes as separators in microbial fuel cells,
RSC Adv. 7 (2017) 21890-21900.

Y. Kim, S.H. Shin, 1.S. Chang, S.H. Moon, Characterization of uncharged and
sulfonated porous poly(vinylidene fluoride) membranes and their performance in
microbial fuel cells, J. Membr. Sci. 463 (2014) 205-214.

Y. Hou, K. Li, H. Luo, G. Liu, R. Zhang, B. Qin, et al., Using crosslinked polyvinyl
alcohol polymer membrane as a separator in the microbial fuel cell, Front.
Environ. Sci. Eng. 8 (2014) 137-143.

R.S. Daries Bella, G. Hirankumar, R. Navanietha Krishnaraj, D. Prem Anand, Novel
proton conducting polymer electrolyte and its application in microbial fuel cell,
Mater. Lett. 164 (2016) 551-553.

S.S. Lim, W.R.W. Daud, J.M. Jahim, M. Ghasemi, P.S. Chong, M. Ismail, Sulfonated
poly(ether ether ketone)/poly(ether sulfone) composite membranes as an alter-
native proton exchange membrane in microbial fuel cells, Int. J. Hydrog. Energy
37 (2012) 11409-11424.

S. Zinadini, A.A. Zinatizadeh, M. Rahimi, V. Vatanpour, Z. Rahimi, High power
generation and COD removal in a microbial fuel cell operated by a novel sulfo-
nated PES/PES blend proton exchange membrane, Energy 125 (2017) 427-438.
J.X. Leong, W.R.W. Daud, M. Ghasemi, A. Ahmad, M. Ismail, K.B. Liew, Composite
membrane containing graphene oxide in sulfonated polyether ether ketone in
microbial fuel cell applications, Int. J. Hydrog. Energy 40 (2015) 11604-11614.
N.V. Prabhu, D. Sangeetha, Characterization and performance study of sulfonated
poly ether ether ketone/Fe304 nano composite membrane as electrolyte for mi-
crobial fuel cell, Chem. Eng. J. 243 (2014) 564-571.

M. Rahimnejad, M. Ghasemi, G.D. Najafpour, M. Ismail, A.W. Mohammad,

A.A. Ghoreyshi, et al., Synthesis, characterization and application studies of self-
made Fe;0,/PES nanocomposite membranes in microbial fuel cell, Electrochim.
Acta 85 (2012) 700-706.

E. Antolini, Composite materials for polymer electrolyte membrane microbial fuel
cells, Biosens. Bioelectron. 69 (2015) 54-70.

C. Zhao, D. He, Y. Li, J. Xiang, P. Li, H.J. Sue, High-performance proton exchange
membranes for direct methanol fuel cells based on a SPEEK/polybenzoxazine
crosslinked structure, RSC Adv. 5 (2015) 47284-47293.

G. Wei, L. Xu, C. Huang, Y. Wang, SPE water electrolysis with SPEEK/PES blend
membrane, Int. J. Hydrog. Energy 35 (2010) 7778-7783.

L.M. Aeshala, R.G. Uppaluri, A. Verma, Effect of cationic and anionic solid
polymer electrolyte on direct electrochemical reduction of gaseous CO, to fuel, J.
CO, Util. 3-4 (2013) 49-55.

N. Harsha, S. Kalyani, V.V. Basava Rao, S. Sridhar, Synthesis and characterization
of polyion complex membranes made of aminated polyetherimide and sulfonated
polyethersulfone for fuel cell applications, J. Fuel Cell Sci. Technol. 12 (2015)
061004, https://doi.org/10.1115/1.4031959.

J. Schauer, L. Brozové, Heterogeneous ion-exchange membranes based on sulfo-
nated poly(1,4-phenylene sulfide) and linear polyethylene: preparation, oxidation
stability, methanol permeability and electrochemical properties, J. Membr. Sci.
250 (2005) 151-157.

M. Ghasemi, W.R.W. Daud, J. Alam, Y. Jafari, M. Sedighi, S.A. Aljlil, et al.,
Sulfonated poly ether ether ketone with different degree of sulphonation in mi-
crobial fuel cell: application study and economical analysis, Int. J. Hydrog. Energy

521

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

Journal of Membrane Science 564 (2018) 508-522

41 (2016) 4862-4871.

Y. Ye, B.E. Logan, The importance of OH" transport through anion exchange
membrane in microbial electrolysis cells, Int. J. Hydrog. Energy 43 (2018)
2645-2653.

R.A. Rozendal, H.V.M. Hamelers, R.J. Molenkamp, C.J.N. Buisman, Performance
of single chamber biocatalyzed electrolysis with different types of ion exchange
membranes, Water Res. 41 (2007) 1984-1994.

M. Elangovan, S. Dharmalingam, Application of polysulphone based anion ex-
change membrane electrolyte for improved electricity generation in microbial fuel
cell, Mater. Chem. Phys. 199 (2017) 528-536.

G. Hernandez-Flores, H.M. Poggi-Varaldo, T. Romero-Castanon, O. Solorza-Feria,
N. Rinderknecht-Seijas, Harvesting energy from leachates in microbial fuel cells
using an anion exchange membrane, Int. J. Hydrog. Energy 42 (2017)
30374-30382.

P. Bakonyi, G. Buitrén, 1. Valdez-Vazquez, N. Nemestothy, K. Bélafi-Bako, A novel
gas separation integrated membrane bioreactor to evaluate the impact of self-
generated biogas recycling on continuous hydrogen fermentation, Appl. Energy
190 (2017) 813-823.

X.M. Guo, E. Trably, E. Latrille, H. Carrre, J.P. Steyer, Hydrogen production from
agricultural waste by dark fermentation: a review, Int. J. Hydrog. Energy 35
(2010) 10660-10673.

G. Kumar, P. Bakonyi, T. Kobayashi, K.Q. Xu, P. Sivagurunathan, S.H. Kim, et al.,
Enhancement of biofuel production via microbial augmentation: the case of dark
fermentative hydrogen, Renew. Sustain. Energy Rev. 57 (2016) 879-891.

A. Marone, O.R. Ayala-Campos, E. Trably, A.A. Carmona-Matinez, R. Moscoviz,
E. Latrille, et al., Coupling dark fermentation and microbial electrolysis to enhance
bio-hydrogen production from agro-industrial wastewaters and by-products in a
bio-refinery framework, Int. J. Hydrog. Energy 42 (2017) 1609-1621.

1. Rivera, P. Bakonyi, M.A. Cuautle-Marin, G. Buitrén, Evaluation of various cheese
whey treatment scenarios in single chamber microbial electrolysis cells for im-
proved biohydrogen production, Chemosphere 174 (2017) 253-259.

T. Rézsenberszki, L. Kook, P. Bakonyi, N. Nemest6thy, W. Logrono, M. Pérez,

et al., Municipal waste liquor treatment via bioelectrochemical and fermentation
(H, + CH,) processes: assessment of various technological sequences,
Chemosphere 171 (2017) 692-701.

P. Sivagurunathan, G. Kumar, P. Bakonyi, S.H. Kim, T. Kobayashi, K.Q. Xu, et al.,
A critical review on issues and overcoming strategies for the enhancement of dark
fermentative hydrogen production in continuous systems, Int. J. Hydrog. Energy
41 (2016) 3820-3836.

X. Tang, K. Guo, H. Li, Z. Du, J. Tian, Microfiltration membrane performance in
two-chamber microbial fuel cells, Biochem. Eng. J. 52 (2010) 194-198.

V.M. Ortiz-Martinez, 1. Gajda, M.J. Salar-Garcia, J. Greenman, F.J. Herndndez-
Fernandez, I. Ieropoulos, Study of the effects of ionic liquid-modified cathodes and
ceramic separators on MFC performance, Chem. Eng. J. 291 (2016) 317-324.

H. Wei, X.S. Wu, L. Zou, G.Y. Wen, D.Y. Liu, Y. Qiao, Amine-terminated ionic
liquid functionalized carbon nanotubes for enhanced interfacial electron transfer
of Shewanella putrefaciens anode in microbial fuel cells, J. Power Sources 315
(2016) 192-198.

L. Kodk, N. Nemestéthy, P. Bakonyi, G. Zhen, G. Kumer, X. Lu, et al., Performance
evaluation of microbial electrochemical systems operated with Nafion and sup-
ported ionic liquid membranes, Chemosphere 175 (2017) 35-355.

J. Wang, J. Luo, S. Feng, H. Li, Y. Wan, X. Zhang, Recent development of ionic
liquid membranes, Green Energy Environ. 1 (2016) 43-61.

R. Fortunato, C.A.M. Afonso, J. Benavente, E. Rodriguez-Castellén, J.G. Crespo,
Stability of supported ionic liquid membranes as studied by X-ray photoelectron
spectroscopy, J. Membr. Sci. 256 (2005) 216-223.

R. Fortunato, C.A.M. Afonso, M.A.M. Reis, J.G. Crespo, Supported liquid mem-
branes using ionic liquids: study of stability and transport mechanisms, J. Membr.
Sci. 242 (2004) 197-209.

F.J. Hernandez-Fernandez, A.P. de los Rios, F. Mateo-Ramirez, M.D. Juarez,

L.J. Lozano-Blanco, C. Godinez, New application of polymer inclusion membrane
based on ionic liquids as proton exchange membrane in microbial fuel cell, Sep.
Purif. Technol. 160 (2016) 51-58.

M.J. Salar-Garcia, V.M. Ortiz-Martinez, Z. Baicha, A.P. de los Rios, F.J. Hernandez-
Ferndndez, Scaled-up continuous up-flow microbial fuel cell based on novel em-
bedded ionic liquid-type membrane-cathode assembly, Energy 101 (2016)
113-120.

M.J. Salar-Garcia, V.M. Ortiz-Martinez, A.P. de los Rios, F.J. Herndndez-
Ferndndez, A method based on impedance spectroscopy for predicting the beha-
vior of novel ionic liquid-polymer inclusion membranes in microbial fuel cells,
Energy 89 (2015) 648-654.

R. Sood, C. Iojoiu, E. Espuche, F. Gouanvé, H. Mendil-Jakani, S. Lyonnard,
Influence of different perfluorinated anion based Ionic liquids on the intrinsic
properties of Nafion®, J. Membr. Sci. 495 (2015) 445-456.

J.M. Gohil, D.G. Karamanev, Novel approach for the preparation of ionic liquid/
imidazoledicarboxylic acid modified poly(vinylalcohol) polyelectrolyte mem-
branes, J. Membr. Sci. 513 (2016) 33-39.

S. Khilari, S. Pandit, M.M. Ghangrekar, D. Pradhan, D. Das, Graphene oxide-im-
pregnated PVA —STA composite polymer electrolyte membrane separator for
power generation in a single-chambered microbial fuel cell, Ind. Eng. Chem. Res.
52 (2013) 11597-11606.

P.N. Venkatesan, S. Dharmalingam, Effect of cation transport of SPEEK - rutile
TiO, electrolyte on microbial fuel cell performance, J. Membr. Sci. 492 (2015)
518-527.

H.C. Tao, X.N. Sun, Y. Xiong, A novel hybrid anion exchange membrane for high
performance microbial fuel cells, RSC Adv. 5 (2015) 4659-4663.


http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref111
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref111
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref111
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref112
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref112
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref112
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref113
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref113
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref113
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref114
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref114
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref114
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref115
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref115
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref115
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref115
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref116
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref116
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref116
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref117
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref117
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref117
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref118
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref118
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref118
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref118
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref119
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref119
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref119
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref119
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref120
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref120
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref120
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref121
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref121
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref121
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref122
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref122
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref122
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref123
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref123
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref123
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref124
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref124
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref124
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref125
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref125
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref125
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref126
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref126
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref126
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref126
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref127
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref127
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref127
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref128
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref128
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref128
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref129
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref129
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref129
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref130
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref130
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref130
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref130
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref131
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref131
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref132
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref132
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref132
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref133
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref133
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref134
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref134
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref134
https://doi.org/10.1115/1.4031959
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref136
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref136
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref136
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref136
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref137
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref137
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref137
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref137
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref138
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref138
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref138
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref139
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref139
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref139
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref140
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref140
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref140
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref141
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref141
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref141
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref141
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref142
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref142
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref142
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref142
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref143
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref143
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref143
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref144
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref144
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref144
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref145
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref145
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref145
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref145
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref146
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref146
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref146
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref147
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref147
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref147
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref147
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref148
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref148
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref148
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref148
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref149
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref149
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref150
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref150
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref150
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref151
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref151
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref151
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref151
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref152
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref152
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref152
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref153
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref153
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref154
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref154
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref154
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref155
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref155
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref155
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref156
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref156
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref156
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref156
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref157
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref157
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref157
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref157
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref158
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref158
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref158
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref158
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref159
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref159
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref159
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref160
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref160
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref160
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref161
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref161
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref161
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref161
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref162
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref162
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref162
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref163
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref163

P. Bakonyi et al.

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]
[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

J.M. Moon, S. Kondaveeti, B. Min, Evaluation of low-cost separators for increased
power generation in single chamber microbial fuel cells with membrane electrode
assembly, Fuel Cells 15 (2015) 230-238.

E. Mahendiravarman, D. Sangeetha, Increased microbial fuel cell performance
using quaternized poly ether ketone anionic membrane electrolyte for electricity
generation, Int. J. Hydrog. Energy 38 (2013) 2471-2479.

M. Elangovan, S. Dharmalingam, Preparation and performance evaluation of poly
(ether-imide) based anion exchange polymer membrane electrolyte for microbial
fuel cell, Int. J. Hydrog. Energy 41 (2016) 8595-8606.

S. Ayyaru, S. Dharmalingam, Development of MFC using sulphonated polyether
ether ketone (SPEEK) membrane for electricity generation from waste water,
Bioresour. Technol. 102 (2011) 11167-11171.

A.E. Ghadge, M.M. Ghangrekar, Development of low cost ceramic separator using
mineral cation exchanger to enhance performance of microbial fuel cells,
Electrochim. Acta 166 (2015) 320-328.

E. Yang, K.J. Chae, 1.S. Kim, Assessment of different ceramic filtration membranes
as a separator in microbial fuel cells, Desalin. Water Treat. 57 (2016)
28077-28085.

B. Hou, J. Sun, Y.Y. Hu, Simultaneous Congo red decolorization and electricity
generation in air-cathode single-chamber microbial fuel cell with different mi-
crofiltration, ultrafiltration and proton exchange membranes, Bioresour. Technol.
102 (2011) 4433-4438.

S. Ayyaru, P. Letchoumanane, S. Dharmalingam, A.R. Stanislaus, Performance of
sulfonated polystyrene-ethylene-butylene-polystyrene membrane in microbial fuel
cell for bioelectricity production, J. Power Sources 217 (2012) 204-208.

K.J. Chae, M. Choi, F.F. Ajayi, W. Park, L.S. Chang, I.S. Kim, Mass transport
through a proton exchange membrane (Nafion) in microbial fuel cells, Energy
Fuels 22 (2008) 169-176.

H. Wang, Z.J. Ren, A comprehensive review of microbial electrochemical systems
as a platform technology, Biotechnol. Adv. 31 (2013) 1796-1807.

Y. Kim, B.E. Logan, Microbial desalination cells for energy production and desa-
lination, Desalination 308 (2013) 122-130.

Y. Kim, B.E. Logan, Hydrogen production from inexhaustible supplies of fresh and
salt water using microbial reverse-electrodialysis electrolysis cells, PNAS 108
(2011) 16176-16181.

F. Zhang, K.S. Brastad, Z. He, Integrating forward osmosis into microbial fuel cells
for wastewater treatment, water extraction and bioelectricity generation, Environ.
Sci. Technol. 45 (2011) 6690-6696.

K. Zuo, M. Chen, F. Liu, K. Xiao, J. Zuo, X. Cao, et al., Coupling microfiltration
membrane with biocathode microbial desalination cell enhances advanced pur-
ification and long-term stability for treatment of domestic wastewater, J. Membr.
Sci. 547 (2018) 34-42.

H. Yuan, .M. Abu-Reesh, Z. He, Mathematical modeling assisted investigation of
forward osmosis as pretreatment for microbial desalination cells to achieve con-
tinuous water desalination and wastewater treatment, J. Membr. Sci. 502 (2016)
116-123.

B. Zhang, Z. He, Improving water desalination by hydraulically coupling an os-
motic microbial fuel cell with a microbial desalination cell, J. Membr. Sci. 441
(2013) 18-24.

S. Sevda, H. Yuan, Z. He, I.M. Abu-Reesh, Microbial desalination cells as a versatile
technology: functions, optimization and prospective, Desalination 371 (2015)
9-17.

R.A. Tufa, E. Rugiero, D. Chanda, J. Hnat, W. van Baak, J. Veerman, et al., Salinity
gradient power-reverse electrodialysis and alkaline polymer electrolyte water
electrolysis for hydrogen production, J. Membr. Sci. 514 (2016) 155-164.

X.Z. Zhu, F. Zhang, W.W. Li, H.Q. Liu, Y.K. Wang, M.S. Huang, Forward osmosis
membrane favors an improved proton flux and electricity generation in microbial
fuel cells, Desalination 372 (2015) 26-31.

X.Z. Zhu, F. Zhang, W.W. Li, J. Li, L.L. Li, H.Q. Yu, et al., Insights into enhanced
current generation of an osmotic microbial fuel cell under membrane fouling
condition, J. Membr. Sci. 504 (2016) 40-46.

E. Yang, K.J. Chae, A.B. Alayande, K.Y. Kim, L.S. Kim, Concurrent performance

522

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

Journal of Membrane Science 564 (2018) 508-522

improvement and biofouling mitigation in osmotic microbial fuel cells using a
silver nanoparticle-polydopamine coated forward osmosis membrane, J. Membr.
Sci. 513 (2016) 217-225.

L. Xu, Y. Zhao, L. Doherty, Y. Hu, X. Hao, The integrated processes for wastewater
treatment based on the principle of microbial fuel cells (MFCs): a review, Crit. Rev.
Environ. Sci. Technol. 46 (2016) 60-91.

J. Liu, X. Wang, Z. Wang, Y. Lu, X. Li, Y. Ren, Integrating microbial fuel cells with
anaerobic acidification and forward osmosis membrane for enhancing bio-elec-
tricity and water recovery from low-strength wastewater, Water Res. 110 (2017)
74-82.

D. Hou, L. Lu, Z.J. Ren, Microbial fuel cells and osmotic membrane bioreactors
have mutual benefits for wastewater treatment and energy production, Water Res.
98 (2016) 183-189.

L. Chekli, S. Phuntsho, J.E. Kim, J. Kim, J.Y. Choi, J.S. Choi, et al., A compre-
hensive review of hybrid forward osmosis systems: performance, applications and
future prospects, J. Membr. Sci. 497 (2016) 430-449.

B. Zhang, Y. Jiang, J. Han, A flexible nanocomposite membrane based on tradi-
tional cotton fabric to enhance performance of microbial fuel cell, Fiber Polym. 18
(2017) 1296-1303.

1. Ieropoulos, P. Theodosiou, B. Taylor, J. Greenman, C. Melhuish, Gelatin as a
promising printable feedstock for microbial fuel cells (MFC), Int. J. Hydrog.
Energy 42 (2017) 1783-1790.

G. Hernandez-Flores, H.M. Poggi-Varaldo, O. Solorza-Feria, Comparison of alter-
native membranes to replace high cost Nafion ones in microbial fuel cells, Int. J.
Hydrog. Energy 41 (2016) 23354-23362.

J. Winfield, L.D. Chambers, J. Rossiter, J. Greenman, 1. Ieropoulos, Int. J. Hydrog.
Energy 39 (2014) 21803-21810.

J. Winfield, L.D. Chambers, J. Rossiter, 1. Ieropoulos, Comparing the short and
long term stability of biodegradable, ceramic and cation exchange membranes in
microbial fuel cells, Bioresour. Technol. 148 (2013) 480-486.

J.W.Y. Liew, K.S. Loh, A. Ahmad, K.L. Lim, W.R.W. Daud, Synthesis and char-
acterization of modified k-carrageenan for enhanced proton conductivity as
polymer electrolyte membrane, PloS One 12 (2017) e0185313, https://doi.org/
10.1371/journal.pone.0185313.

S.M. Daud, W.R.W. Daud, B.H. Kim, M.R. Somalu, M.H.A. Bakar, A. Muchtar,

et al., Comparison of performance and ionic concentration gradient of two-
chamber microbial fuel cell using ceramic membrane (CM) and cation exchange
membrane (CEM) as separators, Electrochim. Acta 259 (2018) 365-376.

A.N. Ghade, M.M. Ghangrekar, Development of low cost ceramic separator using
mineral cation exchanger to enhance performance of microbial fuel cells,
Electrochim. Acta 166 (2015) 320-328.

H.B. Khalili, D. Mohebbi-Kalhori, M.S. Afarani, Microbial fuel cell (MFC) using
commercially available unglazed ceramic wares: low-cost ceramic separators
suitable for scale-up, Int. J. Hydrog. Energy 42 (2017) 8233-8241.

E. Yang, K.J. Chae, 1.S. Kim, Assessment of different ceramic filtration membranes
as a separator in microbial fuel cells, Desalin. Water Treat. 57 (2016)
28077-28085.

G. Pasternak, J. Greenman, 1. Ieropoulos, Comprehensive study on ceramic
membranes for low-cost microbial fuel cells, ChemSusChem 9 (2016) 88-96.

Y. Fan, H. Hu, H. Liu, Enhanced Coulombic efficiency and power density of air-
cathode microbial fuel cells with an improved cell configuration, J. Power Sources
171 (2007) 348-354.

J. Ma, Z. Wang, D. Suor, S. Liu, J. Li, Z. Wu, Temporal variations of cathode
performance in air-cathode single-chamber microbial fuel cells with different se-
parators, J. Power Sources 272 (2014) 24-33.

X. Zhang, S. Cheng, X. Huang, B.E. Logan, The use of nylon and glass fiber filter
separators with different pore sizes in air-cathode single-chamber microbial fuel
cells, Energy Environ. Sci. 3 (2010) 659-664.

K. Suzuki, R. Owen, J. Mok, H. Mochihara, T. Hosokawa, H. Kubota, et al.,
Comparison of electrochemical and microbiological characterization of microbial
fuel cells equipped with SPEEK and Nafion membrane electrode assemblies, J.
Biosci. Bioeng. 122 (2016) 322-328.


http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref164
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref164
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref164
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref165
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref165
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref165
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref166
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref166
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref166
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref167
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref167
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref167
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref168
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref168
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref168
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref169
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref169
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref169
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref170
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref170
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref170
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref170
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref171
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref171
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref171
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref172
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref172
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref172
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref173
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref173
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref174
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref174
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref175
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref175
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref175
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref176
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref176
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref176
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref177
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref177
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref177
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref177
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref178
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref178
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref178
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref178
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref179
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref179
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref179
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref180
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref180
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref180
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref181
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref181
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref181
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref182
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref182
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref182
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref183
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref183
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref183
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref184
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref184
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref184
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref184
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref185
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref185
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref185
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref186
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref186
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref186
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref186
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref187
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref187
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref187
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref188
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref188
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref188
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref189
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref189
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref189
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref190
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref190
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref190
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref191
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref191
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref191
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref192
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref192
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref193
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref193
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref193
https://doi.org/10.1371/journal.pone.0185313
https://doi.org/10.1371/journal.pone.0185313
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref195
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref195
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref195
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref195
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref196
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref196
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref196
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref197
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref197
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref197
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref198
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref198
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref198
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref199
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref199
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref200
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref200
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref200
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref201
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref201
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref201
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref202
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref202
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref202
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref203
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref203
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref203
http://refhub.elsevier.com/S0376-7388(18)31056-1/sbref203

	Architectural engineering of bioelectrochemical systems from the perspective of polymeric membrane separators: A comprehensive update on recent progress and future prospects
	Introduction
	Issues to tackle for a way forward – assessment of most critical membrane separator properties in BES
	High reactant (substrate, O2, CO2) mass transfer resistance – upstream point of view
	High product (both for gaseous and liquid phase components) mass transfer resistance – downstream point of view
	High ionic conductivity (Low ion transfer resistance)
	Sufficient geometrical traits (area, thickness, surface morphology) and stability over time
	Potential to counteract pH-splitting

	Effective techniques for the characterization of membrane separators and related transport processes
	Determination of essential physico-chemical membrane properties
	Quantification of membrane-related mass transport and transfer rates
	Electrochemical impedance spectroscopy for studying membrane resistance and ionic/proton conductivity

	Polymers used for the preparation of negatively charged separators – cation exchange membranes (CEM)
	Polymers used for the preparation of positively charged separators – anion exchange membranes (AEM)
	Size-selective, porous membranes based on polymers
	Future outlook for possible membrane separator development in BES – specific analysis and implications for microbial fuel cells
	A brief outlook on emerging bioelectrochemical processes utilizing membrane separators
	Final conclusions and take home messages related to membrane separators in BES
	Economic viability and low cost materials
	Material engineering
	Process indicators for the evaluation of membrane materials
	Need for experimental standardization to produce more comparable results

	Acknowledgement
	References




