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ABSTRACT

Membranes damaged by irreversible fouling and microbial and chemical attacks need to be
replaced, significantly increasing the operational and maintenance costs of microbial fuel cells
(MFCs) in field applications. Here, two different ceramic filtration membranes (Anodisc 13
and Sterlitech 15), which have long lifespans due to their strong mechanical strength, chemical
stability, and relatively low fouling propensities, were employed in a two-chamber MFC, and
compared to Nafion 117. Anodisc 13 showed a similar electrical membrane resistance (3.0 Ω)
to Nafion 117 (1.7 Ω), whereas Sterlitech 15 had a significantly higher electrical membrane
resistance (226 Ω). Higher oxygen and substrate transport coefficients (6.30 × 10−4 and
23.2 × 10−7) were obtained with Anodisc 13, but lower (0.08 × 10−4 and 1.30 × 10−7) were
observed with Sterlitech 15, compared to Nafion 117 (3.60 × 10−4 and 9.50 × 10−7). However,
during MFC operation, the highest voltage (67.7 ± 1.9 mV) was generated when using Anodisc
13, followed by Nafion 117 (57.3 ± 3.6 mV) and Sterlitech 15 (32.9 ± 1.8 mV), due to the facili-
tated ion transport arising from the large pore size (0.1 μm), smaller thickness (67 μm), and
highly porous and non-tortuous pore structure of Anodisc 13.

Keywords: Bioelectrochemical system; Ceramic filtration membrane; Microbial fuel cell;
Separator

1. Introduction

The use of microbial fuel cells (MFCs) has benefits
in treating wastewater as they can simultaneously
recover electricity from organic matter [1]. A typical
MFC configuration consists of an anaerobic anode
chamber containing electrochemically active bacteria
(EAB) for substrate oxidation and an aerobic cathode
chamber for oxygen reduction. The environments in

these two chambers are remarkably different; as such,
they need to be physically partitioned. In contrast,
protons, released by EAB, freely transport from the
anode to cathode chambers as electrons transfer in
order to maintain the charge balance.

The most common separators in MFCs are proton
exchange membranes (PEMs; e.g. Nafion) because of
their high proton conductivity [2–4]. However, chal-
lenges related to the installation of PEMs (e.g. poor
proton transfer, unfavorable oxygen diffusion,
biofouling, and expense) have impeded the forward
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movement of MFC technologies for practical applica-
tions [2–6]. First, the proton diffusion capability of
PEMs severely degenerates by the preoccupation of
negatively charged functional groups in PEMs by
other abundant cations (e.g. Na+, K+, Ca2+, Mg2+, and
NHþ

4 ) that exist in the MFC anolyte, and consequently
inducing a pH gradient between the anode and cath-
ode chambers in MFCs [6,7]. Second, the relatively
high oxygen permeability of PEMs inhibits EAB meta-
bolism in the anode, which results in a loss of elec-
trons. Finally, PEMs can deteriorate due to fouling
and chemical attacks [6,8–10].

According to Xu et al. [9], the fouling layer on
PEMs increases the internal resistance of MFCs by
20% and significantly decreases their power output
(by 32.3%). However, the formation of a fouling layer
on PEMs is unavoidable during the long-term opera-
tion of MFCs [2,8]; physical or chemical membrane
processes to clean or remove fouling is typically
required when MFCs are operated at actual sites. This
membrane cleaning could, however, damage the
PEMs [11]; fouled PEMs ultimately need to be
replaced with new PEMs, thereby increasing the capi-
tal cost of MFCs—PEMs account for approximately
40% of the capital cost of MFCs (i.e. the cost of Nafion,
the most common commercial PEM, is about 1,400 US
$/m2 [4]) [12]. Therefore, there is a strong need to
investigate more effective PEM alternatives prior to
commercializing MFC technologies.

Recently, diverse materials such as ion exchange
membranes (IEMs), salt bridges, and porous materials
have been evaluated as PEM alternatives in MFCs,
based on their power density (PD) output [3,5,13–18].
Among these alternative separators, polymeric porous
separators (e.g. J-cloth, ultrafiltration membranes,
microfiltration membranes, and forward osmosis
membranes) have generally exhibited better perfor-
mance than ion exchange separators in MFCs due to
their excellent proton transfer, despite their high oxy-
gen and substrate crossover rates [4]. Moreover, poly-
meric porous membranes are considered relatively
more cost-effective [3,4,6]. However, these water treat-
ment membranes inevitably deteriorate due to
biodegradation and fouling [13,19], such that periodic
cleaning and membrane replacements remain as
requirements for long-term operation.

To overcome these drawbacks, porous ceramic
materials have been applied as separators in MFCs
due to their high chemical and mechanical stability
[3,17,20,21]. For example, Winfield et al. [17] reported
that ceramic MFCs equipped with earthenware clay as
a separator achieved comparable PD to PEM-based
conventional MFCs during long-term operation. In
another study, Winfield et al. [21] also evaluated

terracotta and earthenware for use as separators in
MFCs, and found that a less ion-rich and more porous
ceramic material is preferable. More recently, Paster-
nak et al. [20] compared the performance and cost of
four different ceramic materials in MFCs (i.e. mullite,
earthenware, pyrophyllite, and alumina). In both
short- and long-term operations, pyrophyllite, having
a wall thickness of 3 mm and a porosity of 2%,
generated the highest power densities of 6.93 and
4.3 W/m3.

Through these previous studies, the applicability
of porous ceramic materials for MFCs has been pro-
ven. However, the application of ceramic filtration
membranes, which generally have a high porosity
and uniformly sized pores, in MFCs has yet to be
systematically investigated as a separator; herein, we
explore ceramic micro- and ultrafiltration membranes
as separators in MFCs. If ceramic filtration mem-
branes can be successfully applied to MFCs, both
electricity generation and high-quality effluent pro-
duction can be achieved by taking advantage of
membrane filtration in MFCs. Note that the cost of
ceramic filtration membranes is generally 10 times
higher than polymeric filtration membranes [22];
despite their high initial introduction costs, ceramic
filtration membranes have great potential for use as
separators in the practical implementation of MFC
technologies. Importantly, the long operational life-
time of ceramic filtration membrane can reduce the
capital cost of MFCs by lengthening the replacement
cycle of membranes.

This study initially focuses on a methodical investi-
gation of ceramic filtration membrane characteristics
for use as a MFC separator by analyzing their mor-
phology, mass transport, and electrical resistance.
Actual performances (cell voltage output and maxi-
mum PD) and internal resistances of MFCs having a
ceramic filtration membrane and a PEM are then
compared.

2. Materials and methods

2.1. Ceramic filtration membrane characterization

Ultrafiltration membrane 15 KD (Sterlitech 15A)
and microfiltration ceramic filtration membranes (Ano-
disc 13) were, respectively, purchased from Sterlitech
Corporation (USA) and Whatman (USA) for this
study. A Nafion 117 (Dupont, USA) membrane, the
most popular PEM for MFC separators, was prepared
as the control. The membrane structures were
observed using scanning electron microscopy (SEM;
S-4700, Hitachi, Japan).
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In Fig. 1, an electrochemical cell was used to ana-
lyze the electrical resistances of the membranes. The
cell consisted of two compartments, a pair of plat-
inum-coated titanium electrodes located at both ends
of the cell, and a pair of Ag/AgCl Luggin reference
electrodes that were placed near both sides of the
membrane being tested. A test membrane (effective
area: 0.76 cm2) was set up between the two compart-
ments, and both compartments were filled with
130 mL of 0.5 M NaCl solution. The impedance spec-
tra analyses of the four-electrode electrochemical cell
were subsequently analyzed using a potentiostat
(Autolab PGSTAT 30, EcoChemie, The Netherlands)
over a frequency range from 10−1 to 105 Hz.

The tests of dissolved oxygen (DO) transport
through the membranes were performed using abiotic
MFC reactors. The anode of the abiotic MFC reactor
contained an oxygen-free nutrient mineral buffer solu-
tion (NMB; 50 mM, pH 7), which was sparged with
nitrogen gas for 20 min, and the cathode contained
phosphate buffer solution (PBS; 50 mM, pH 7). The
anode chamber was kept airtight to maintain anaero-
bic conditions, whereas the cathode chamber was con-
tinuously aerated to ensure DO saturation conditions
during the tests. The DO concentration of the anode
chamber was monitored using a DO meter (Orion Star
A323, Thermo Scientific, USA), measured at 1 h inter-
vals. The mass transfer coefficient of DO (Ko) was
determined according to [2]:

Ko ¼ �v=At ln Co � Cð Þ=Co½ � (1)

where v is the anode chamber liquid volume, A is the
membrane projected area, Co is the DO concentration
of the cathode chamber, and C is the DO concentra-
tion of the anode chamber at time t.

Substrate diffusion through the membranes was
investigated using abiotic MFC reactors. The anode
and cathode chambers were filled with sterilized NMB
solution (50 mM, pH 7) containing 450 mg/L sodium
acetate and PBS (50 mM, pH 7), respectively. To
observe the substrate concentration changes in each
chamber over time, the solutions in each chamber
were collected every 4 h, and the substrate concentra-
tion in the samples was then analyzed using a total
organic carbon analyzer (TOC-L, Shimazu, Japan). The
mass transfer coefficient for the substrate was calcu-
lated using the following formula [23]:

Ks ¼ �v=2At ln Co � 2C2ð Þ=Co½ � (2)

2.2. MFC reactor design and experimental setup

A two-chambered H-type MFC reactor was con-
structed (Fig. 2). The working volume of each chamber
was 130 mL, and the two chambers were separated
using a membrane (CEM or ceramic filtration mem-
brane; projected area: 0.76 cm2). A pretreated carbon
felt (2.5 × 5 cm, 6 mm thickness; Morgan, UK)
connected to a platinum wire was installed as the
anode electrode [2], and a carbon felt (2.5 × 5 cm,
6 mm thickness) having platinum catalysts (about
0.5 mg/cm2) connected to a platinum wire was used

Fig. 1. Two-chambered electrochemical cell used for
membrane resistance measurements.

Fig. 2. Schematic of an H-type two-chambered MFC.
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as the cathode electrode. To measure the potential at
the electrodes, each chamber was fitted with an Ag/
AgCl reference electrode (195 mV vs. SHE; Microelec-
trode, USA).

To inoculate the anode electrode, the anode cham-
ber was filled with a mixture of 50 mM NMB,
0.5 mM sodium acetate, and anaerobic digestion
sludge (20% v/v), which was acquired from the
Gwangju Municipal Wastewater Treatment Plant in
South Korea. The MFC reactor was then operated
under acetate feeding and an external resistance of
100 Ω at a controlled room temperature of 25˚C for
two months prior to these experiments. For the ano-
lyte, the NMB solution (50 mM, pH 7) in which the
oxygen was purged by nitrogen gas sparging, with
PBS (50 mM, pH 7) selected for the catholyte. Air
was constantly supplied to the cathode chamber dur-
ing MFC operation in order to provide a sufficient
supply of electron acceptors (oxygen). Both chambers
were stirred using a magnetic bar, at a speed of
300 rpm.

2.3. Analyses and calculations

The data for the voltage generated in the MFC and
each electrode potential was collected in real time using
a multimeter (Keithley Instruments, USA). The current
(I) was derived from the measured voltage (U) [24]. A
pH meter (Orion 3 star, Thermo Scientific, USA) was
utilized to obtain the pH values of the anode and cath-
ode chambers at the start and end of batch operation.
The current (I) and Coulombic efficiency (CE) were
determined using the equations I = U/Re and CE (%)
=
R
I dt/FbMv × 100, respectively, where Re is the

applied external resistance, F is Faraday’s constant, b is
the mole of electron theoretically harvested from the
substrate, and v is the solution volume.

The power generation capacity and internal resis-
tance evaluations of the MFC were recorded using a
potentiostat having a two-electrode set up. Before these
two evaluation tests, the MFC reactor fed with a suffi-
cient substrate was operated under open circuit condi-
tions for 6 h in order to achieve a steady state. To assess
the MFC power generation capacity, polarization
curves were plotted in liner sweep voltammetry mode
at a scan rate of 0.1 mV/s. The PD was then determined
from the obtained polarization curves [15]. To examine
the internal resistance of the MFC, impedance spectra
were measured over a frequency range of 10−1 to
105 Hz. The obtained impedance spectra were simu-
lated using frequency response analyzer software
(Autolab, EcoChemie, The Netherlands) in order to fur-
ther examine the tendencies of the internal resistance.

3. Results and discussion

3.1. Morphologies of membranes

Fig. 3 presents the SEM images of a PEM
(Nafion 117) and two ceramic filtration membranes
(Anodisc 13 and Sterlitech 15), in which the three
membranes clearly exhibit different cross-sectional
morphologies. According to the cross-sectional obser-
vation of each membrane, Nafion 117, which consists
of a hydrophobic fluorocarbon backbone and hydro-
philic sulfonate groups, had a single nonporous
dense layer, and a measured thickness of about
178 μm. However, the Anodisc 13 ceramic filtration
membrane (average pore size: 0.1 μm), which is com-
prised of aluminum oxide, had a single-layered
highly porous structure having a near unity tortuos-
ity and an observed thickness of 63.5 μm. The sec-
ond ceramic filtration membrane (Sterlitech 15),
which had a molecular weight cut-off of 15 kDa, dis-
played an asymmetric structure; this membrane con-
sists of a zirconium oxide surface and alumina-
titanium oxide-zirconium oxide support layer [25,26].
The pore network of Sterlitech 15 was highly tortu-
ous compared to Anodisc 13, and had a thickness of
approximately 2.66 mm.

3.2. Membrane resistance

Impedance spectra analyses of electrochemical cells
having different types of separators were carried out
to determine the membrane electrical resistances, with
impedance spectra of an electrochemical cell contain-
ing a 0.5 M NaCl solution with no membrane used as
a control. Fig. 4 presents the impedance magnitude
over frequency for Nafion 117, Anodisc 13, and Ster-
litech 15. Constant impedance values from a high fre-
quency regime to a low frequency regime were
observed in all impedance spectroscopy measure-
ments, implying that each electrochemical cell is a
homogeneous system [27]. When the electrochemical
cell had only a 0.5 M NaCl solution with no mem-
brane, the impedance magnitude was 19.2 Ω. Electro-
chemical cells having Nafion 117 and Anodisc 13
membranes had slightly higher impedance magni-
tudes of 20.9 and 22.2 Ω, respectively, whereas the
electrochemical cell having a Sterlitech 15 membrane
displayed a much higher impedance magnitude of
245.2 Ω.

In general, the impedance responses for the high
frequency ranges were derived from the electrolyte
and membrane [28]. Thus, the electrical resistance
value of each membrane can be obtained. Nafion
117 (1.7 Ω) and Anodisc 13 (3.0 Ω) exhibited
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comparably lower membrane resistances. Nafion 117
has a high cation mobility due to its sulfonated
group, whereas Anodisc 13 has a very small thick-
ness (63.5 μm) with great porosity and low tortuosity
due to the well-ordered cylindrical pores. However,
the membrane resistance of Sterlitech 15 was
226.0 Ω, which was attributed to its greater thickness
(2.66 mm), highly tortuous pore structure, and small
pore size.

3.3. Oxygen and substrate diffusion through membranes

Oxygen diffusion from the cathode chamber to the
anode chamber and substrate diffusion from the
anode chamber to the cathode chamber across a sepa-
rator in MFCs are the main contributors to perfor-
mance degradation in MFCs. Oxygen diffusion into
the anode chamber through a separator reduces the
electricity generation performance for MFCs; the via-
bility of EAB can be inhibited by diffused oxygen, as
the diffused oxygen can be preferentially utilized as
the electron acceptor [2,29]. In addition, unfavorable
substrate losses through membranes during MFC
operation reduce the CE [30]. Finally, the substrate
from the anode chamber can be utilized by aerobic
bacteria and subsequently contribute to biofilm forma-
tion on the cathode electrode. These conditions all
lead to a deterioration in the performance of cathodic
catalysts [5]. Therefore, oxygen and substrate (acetate)
diffusion through ceramic filtration membranes were
evaluated in the abiotic MFC reactor.

Table 1 presents the oxygen and substrate transfer
coefficients for the three membranes used in this
study, and other separators reported in previous stud-
ies. The oxygen mass transfer coefficients (Ko) for
Nafion 117, Anodisc 13, and Sterlitech 15 were
3.60 × 10−4, 6.30 × 10−4, and 0.08 × 10−4 cm/s, respec-
tively. The Ko for Nafion 117 in this study is higher
than previously reported Ko values; Ko values for
Nafion 117 reported by Kim et al. [23] and Hou et al.

Fig. 3. SEM images of three membranes: cross-sections of (A) Nafion 117, (B) Anodisc 13, and (C) Sterlitech 15; top
surfaces of (D) Nafion 117, (E) Anodisc 13, and (F) Sterlitech 15.

Fig. 4. Impedance of the two-chambered electrochemical
cell having no membrane, Nafion 117, Anodisc 13, or Ster-
litech 15 as a function of frequency.
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[31] are 1.30 × 10−4 and 2.05 × 10−4 cm/s. Anodisc 13
has a higher Ko value compared to the other separa-
tors, except for J-Cloth; Sterlitech 15 displays the low-
est Ko value.

Similar to the oxygen transfer, the Ks value for
Nafion 117 in this study is much higher than that
reported by Kim et al. [23]. In addition, Anodisc 13
was found to have the highest mass transfer coeffi-
cient value for the substrate (Ks) (23.2 × 10−7 cm/s).
However, Sterlitech 15 has a much lower Ks value
than Anodisc 13. The Ks for Sterlitech 15 is compara-
ble to the Ks for a UF membrane (1 KD) reported by
Kim et al. [23].

The higher Ko and Ks for Anodisc 13 can be
explained as being due to its cylindrical microsized
pores and small thickness. In contrast to Anodisc 13,
the small pore size and large thickness of Sterlitech 15
leads to its low oxygen and substrate transport.

3.4. Voltage generation

MFCs equipped with Nafion 117, Anodisc 13, and
Sterlitech 15 were operated at an external resistance of
100 Ω in a batch mode, in order to compare their cell
voltage generation (Fig. 5). The respective voltages
generated (or current generated) were 57.3 ± 3.6 mV
(0.57 ± 0.04 mA), 67.7 ± 1.9 mV (0.68 ± 0.02 mA), and
32.9 ± 1.8 mV (0.33 ± 0.02 mA). The Coulombic effi-
ciencies for Nafion 117, Anodisc 13, and Sterlitech 15
were 17.8 ± 4.3, 26.5 ± 1.9, and 16.3 ± 1.5%. Notably,
the highest voltage and CE were produced in the

MFC having Anodisc 13, although Anodisc 13 showed
the highest oxygen and substrate diffusion rate in the
oxygen and substrate diffusion tests. The most likely
explanation is that the microsized cylindrical pores in
Anodisc 13 facilitated a high proton transport. Less
pH variation for Anodisc 13, compared to Nafion 117
and Sterlitech 15, supports this explanation (Fig. 6).
On the other hand, Sterlitech 15 exhibited the lowest
voltage generation, likely due to the following reasons:
(1) the approximately 100 times higher electrical mem-
brane resistance than for the other membranes, and (2)
the retardation of proton transport due to its compact
pore size, larger thickness, and highly tortuous pore
structure.

Table 1
Mass transport through membranes: oxygen transport and substrate transport coefficients for each membrane

Membrane type
Oxygen transfer coefficient,
Ko (×10−4 cm/s)

Substrate (acetate) transfer coefficient,
Ks (×10

−7 cm/s) Refs.

Nafion 117 3.60 9.50 In this study
Nafion 117 2.05 – [31]
Nafion 117 1.30 0.43 [23]
Anodisc 13 (0.1 μm) 6.30 23.2 In this study
Sterlitech 15 (15 KD) 0.08 1.30 In this study
CMI-7000 0.94 0.14 [23]
AMI-7001 0.94 0.55 [23]
UF (0.5 KD) 0.19 0.09 [23]
UF (1 KD) 0.41 1.60 [23]
UF (3 KD) 0.42 0.27 [23]
UF (5 KD) 2.14 – [31]
UF (10 KD) 2.24 – [31]
MF 4.98 – [31]
J-Cloth 29.0 – [32]
Glass fiber 0.50 – [32]

Fig. 5. Voltage generation in MFCs using three
membranes: Nafion 117, Anodisc 13, and Sterlitech 15.
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3.5. Comparison of PD and internal resistance

To further understand factors affecting electricity
generation in MFCs having ceramic filtration mem-
branes, the internal resistances of these MFCs were
explored using impedance spectroscopy. The data
obtained from the impedance spectra analyses are dis-
played in a Nyquist plot in Fig. 7(b). The total internal
resistance values and each component of the internal

resistance of the MFC were obtained by fitting the
impedance data to a typical equivalent circuit that
describes the electrochemical reaction components in
an MFC (Fig. 7(a)) [33,34]. The equivalent circuit is
comprised of one ohmic resistance component (R1),
which originates from the anolyte, the catholyte, a
membrane, and two sets of parallel charge transfer
resistance/constant phase elements (R2/Q1 and
R3/Q1), which are related to the anodic and cathodic
activation energy and the electrical double layer
formed between the electrode and electrolyte
[33–35].

Similar ohmic resistance values were obtained in
MFCs having Nafion 117 (728.0 Ω) and Anodisc 13
(733.0 Ω), with a higher ohmic resistance of 894.0 Ω
observed for Sterlitech 15. In all MFC tests, identical
anolytes and catholytes were utilized; the different
MFC ohmic resistances were thus attributed to the
installed membrane, which is in agreement with the
results of the electrical membrane resistance measure-
ments. Unlike the ohmic resistance, however, Anodisc
13 exhibited a lower charge transfer resistance (252.7 Ω)
than Nafion 117 (323.8 Ω), with Sterlitech 15 having an
extremely higher charge transfer resistance (19,790.0 Ω).

Previous studies also found that MFCs having
microfiltration polymer membranes had lower internal
resistances [31,36], as the charge transfer resistance is
closely related to electron transfer steps in MFCs [13].
For electrical neutrality, as electrons move from the
anode chamber to the cathode chamber, the same elec-
trochemically equivalent positive ions should transfer
(theoretically, protons for the reduction of oxygen);
thus, electron and ion transfers can mutually affect
each other. From this relationship, we can infer that
the reason for the lower charge transfer resistance
with Anodisc 13 was the greater transport of ionic
species—including protons—through Anodisc 13 due
to its small thickness, large pore size, and highly por-
ous and non-tortuous pore structure. On the other
hand, the excessively large charge transfer resistance
for Sterlitech 15 is likely due to inferior ion transport
arising from its larger thickness, relatively small pore
size (UF: 5 KD), and highly tortuous pore structure.

Finally, polarization tests were performed to examine
the power generation capacity during the operation of
MFCs having different membranes (Fig. 8). The highest
maximum PD of 0.12 W/m2 was obtained in the MFC
having an Anodisc 13 membrane, with a slightly lower
maximum PD of 0.10 W/m2 achieved with Nafion 117;
Nafion 117 has a higher charge transfer resistance than
Anodisc 13. Sterlitech 15 exhibited a substantially lower
maximum PD of 0.01 W/m2 due to its enormously large
ohmic and charge transfer resistances.

Fig. 6. pH variations in MFCs having Nafion 117, Anodisc
13, and Sterlitech 15 at the end of a single-batch cycle.

Fig. 7. (A) Equivalent circuit and (B) Nyquist plot obtained
from the impedance spectra measurements of the MFC.
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4. Conclusions

We demonstrated the feasibility of using ceramic
filtration membranes (Anodisc 13 and Sterlitech 15) as
separators in MFCs. Although higher oxygen and sub-
strate transfer coefficients were observed across Ano-
disc 13 in the mass transport tests, during MFC
operation, MFCs having an Anodisc 13 membrane
generated more electricity compared to Nafion 117;
because its smaller membrane thickness and cylindri-
cal microsized pores led to a higher proton transport
and lower charge and diffusion resistances. In con-
trast, Sterlitech 15 exhibited poor electrical energy per-
formance due to its greater thickness, high tortuosity,
and tighter pores. In conclusion, for ceramic filtration
membranes to be applied in MFCs, they should have
a small thickness and low resistance. To identify the
optimum thickness and pore size of ceramic filtration
membranes, however, further investigations are
needed.
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