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A novel-designed milliliter-scale MFC was fabricated using three different polymeric hollow fiber membranes of
Polyethersulfone (PES), Polyacrilonitryl (PAN), and Polyvinyldenfluoride (PVDF). PES, with a maximum power
density of 629 mW/m?, a current density of 1333 mA/m?, and a coulombic efficiency (CE) of 4.22 %, achieved
the best performance among the others. After that, the PAN membrane gained power and current densities of
450 mW/m? and 847 mA/m?, and the PVDF membrane obtained the lowest power and current density of 63
mW/m? and 187 mA/m? For all the MFCs, the ohmic resistance incorporates only 2.5 to 5 % of internal
resistance due to the small thickness of hollow fibers and the short distance between the electrodes. In the case of
the PES membrane, the presence of the sulfonic group resulted in superior proton conductivity (128.10 + 0.37
mS/cm) and reduced ohmic resistance (24.86 + 0.07 Q) compared to the others. Moreover, the charge transfer
impedances of both electrodes for PES were nearly half of the values for PAN and about one-fifth of the values for
PVDF. The increased electrical double layer capacitance nearby the electrodes of PES reveals more convenient
growth of anodic exo-electrogenic bacteria and better accomplishment of cathodic reaction for this membrane.
The COD removal efficiencies of 11.48 %, 10.55 %, and 6.48 % have been attained for PES, PAN, and PVDF,

respectively.

1. Introduction

The growing concerns over fossil fuel depletion and environmental
pollution issues make an urgent demand for expanding renewable en-
ergy resources [1-4]. The utilization of novel bioelectrochemical sys-
tems, including Microbial Fuel Cells (MFCs), Microbial Electrolysis Cells
(MECs), and Microbial Desalination Cells (MDCs), offers the possibility
of renewable energy production and addressing environmental concerns
simultaneously [5-7]. Recently the MFC technology, in which the
embedded chemical energy of organic and some recalcitrant inorganic
compounds of waste materials convert to clean electricity, has signifi-
cantly gained interest among academic researchers [3,8]. The electricity
generation contemporary with pollutant remediation, and the avail-
ability of industrial and human wastes as infinite gratis row material, are
some of the MFC primacies over the other bioelectrochemical or treat-
ment methodologies [9].

MFCs generally have two chambers for the anode and cathode re-
actions, separated by a proton exchange membrane (PEM). In the anode
chamber, protons and electrons are generated during the oxidation of

substrates using electrochemically active microorganisms [10]. Then,
the electrons are transferred via the external circuit, and simultaneously
protons are conveyed through PEM toward the cathode electrode to
accomplish the oxygen reduction reaction [11]. The MFC studies are
focused not only on treatment efficiency but also on gaining high elec-
trical power production. However, the obtained power is less than the
theoretical banded chemical energy of substrates due to the irreversible
overpotentials [12]. Improving the performance of MFCs is possible by
optimizing process parameters such as reactor configuration [13],
temperature, and medium pH, which could involve the metabolic ac-
tivity of anodic biofilm [14], or by choosing proper cost-effective ma-
terials or efficient structure and design for the MFC constituents
including the electrodes and PEMs [15,16]. Optimization of the MFC
electrodes could be performed by focusing on the anodic current col-
lector [17], the number of anodes [18,19], presenting state-of-the-art
structure and material for anode electrode [20-23], modification of
typical anode materials [19,24,25], or enhancing the performance of a
cathodic section of MFCs [26], particularly by introducing innovative
and economic cathodic catalysts [27,28].
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However, finding the proficient PEM is the most serious bottleneck of
MFC commercialization which cause underperformance and accounts
for approximately 40 % of the capital cost of MFCs [15,29,30]. Although
the MFC systems could operate without membranes, membrane-less
MEFCs suffer from several obstacles, including substrate and oxygen
crossover and cathode contamination, which has limited their practi-
cability [31]. On the other hand, insufficient proton conductivity of
available PEMs resulted in pH splitting, the internal resistance elevation,
and hindering the overall performance of MFCs [32].

A wide variety of membranes have been explored for MFC applica-
tion which could be categorized as two general groups of non-porous
and porous separators. Non-porous membranes include ion exchange
membranes (IEMs) and forward and reverse osmosis (FO/RO) mem-
branes. The IEMs are ion-selective membranes that transmit the species
based on their embedded ionic functional groups, including cation ex-
change membranes (CEMs), anion exchange membranes (AEMs), and
bipolar membranes (BPMs) [16,33]. Several CEMs have been imple-
mented in MFC systems, such as Nafion [34,35], Hylfon [36], Zirfon
[37], and CMI 7000 [29,38]. Nafion is the most well-known CEM, which
has proper ion conductivity and acceptable proficiency in polymer
electrolyte membrane fuel cells (PMFCs). However, the limited proton
conductivity, high cost, pH imbalance, excessive oxygen and substrate
permeability, and bio-fouling hinder its applicability for MFCs. Zirfon
and Hylfon are more conductive and chemically stable but have a higher
internal resistance than Nafion [32,37]. CEMs mostly suffer from poor
proton conductivity and pH splitting [31]. Although AEMs have better
pH balance and proton conductivity using phosphate or bicarbonate as a
pH buffer, they are more susceptible to deformation [33,39].

On the other hand, porous membranes could transmit species based
on their size and shape. Porous separators include nanofiltration (NF),
micro-filtration (MF), ultrafiltration (UF), and coarse-pore membranes
[40,41]. As a substitute for expensive and inefficient IEMs, several cost-
effective porous separators such as composite membrane [38,42-44], J-
cloth [45,46], glass fiber [45,47], nylon mesh [45], stainless steel mesh,
and ceramic membranes [48-56] have been inspected to improve the
MFC performance [41,57].

Even though MFC technology faces significant improvement in
wastewater treatment and power production, this technique has not
been capable of going beyond the lab scale owing to its complicated
nature, low power output, expensive materials, and long-term instability
[58,59]. Recently, ml-scale MFCs have witnessed significant upward
progress due to the potential applications in powering small portable
electronic devices in remote locations and biosensors [60-62]. Small-
scale MFCs provide a large surface-to-volume ratio, lower ohmic resis-
tance, convenient fabrication, and versatile designs [38,63,64].
Furthermore, they introduce a viable method for scaling up the tech-
nology by stacking multiple small MFC units [65,66].

In this respect, the highest power and current densities have ever
been reported by Fan et al. (2021) using a miniature single-chamber
MFC which was fabricated by an innovative composite anode made of
multi-wall carbon nanotubes (CNTs) and chitosan (CHI) hydrogel. They
obtained an extreme power density of 5615.7 mW/m? and nearly
60,000 mA/m? current density. The diminutive internal resistance (Rin
= 82 Q) as a result of highly conductive, hydrophile, and biocompatible
anode structure, and a short distance between the electrodes, was re-
ported as the probable reason for the excellent MFC performance [67].
After that, Ringeisen et al. (2006) used a 1.2 ml miniature cylindrical
MEFC equipped with Nafion 117 membrane. They obtained the maximum
power and current densities of 400 mW/m? and 800 mA/m? using
reticulated vitreous carbon (RVC) electrode and 4000 mW/m? and
11,000 mA/m? using a graphite felt electrode, respectively [68]. Simi-
larly, Richter et al. (2008) reported relatively high current densities of
688 and 3147 mA/m? using flat gold and carbon cloth electrodes,
respectively, in an ml-scale MFC working by Nafion 117 as PEM [69].
The other intensified power and current production of 1800 mW,/m? and
6000 mA,/m? were observed by Fan et al. (2007) in a 2.5 ml MFC using a
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J-cloth separator instead of common polymeric PEMs [46].

However, all the ml-scale MFC studies did not have such extreme
power and current proficiency. For instance, Ieropoulos et al. (2010),
who investigated a 25 ml MFC equipped with a Hylfon membrane,
achieved the maximum power density of 80 mW,/m? using the stack of
four MFC units [36]. Papaharalabos et al. (2015) fabricated single
chamber MFCs (5.22 ml) using three different rapid prototyping mate-
rials with CMI-7000 membrane, which were fed by human urine (1 ml/
h). The overall stack output power and current density for PG-ISO
(medical-grade biocompatible Polycarbonate) fabricated MFC was 3.6
mW/m? and 9.1 mA/mz, respectively [38]. Furthermore, Lim et al.
(2012) investigated the behavior of two chamber MFC with distinct
polymeric membranes such as Nafion 117, Nafion 112, PES, and PES/
SPEEK. They showed that adding SPEEK to PES increases the hydro-
philicity of the PES membrane, and according to their findings, the PES
membrane with 5 % SPEEK has the highest performance compared to
the others with the maximum power and current densities of 6.665 mW/
m? and 17.527 mA/m? [42]. Shahgladi et al. (2014) evaluated the
performance of the MFC by synthesized PVDF/Nafion membrane fed by
an artificial substrate. The results show that a blend of 0.4 g Nafion with
PVDF had higher power density (4.9 rnW/mz) and CE (12.1 %) due to
the higher conductivity. They also compared the results with neat
Nafion 117 and concluded that blending PVDF with Nafion not only
enhances the power output but also decreases the operational costs [44].
An overview of the electricity generation performance of ml-scale MFCs
is summarized in Table 1. The miniature MFC systems, from milliliter to
microliter scale, were also reviewed by Qian and Morse [63]. Moreover,
the potential applicability of small MFCs, mostly microliter scale and
microfluidic systems, as biosensors have attracted much attention
recently [60,61,70].

In the present research, the feasibility of bioelectricity generation
using three commercial hollow fiber membrane types, including Poly-
ether sulfone (PES), Polyacrylonitrile (PAN), and Poly Vinylidene
Fluoride (PVDF), have been assessed in a novel-designed milliliter scale
MEC. The hollow fiber membranes have been investigated according to
their cost-effectiveness, mechanical properties, and hydrophilicity.
Moreover, the performance of MFCs has been evaluated in terms of
maximum power output, coulombic efficiency, and COD removal effi-
ciency. The internal resistance components have been identified by the
equivalent electrical circuit (EEC) modeling over the results of the
electrochemical impedance spectroscopy (EIS) analysis. To the best of
the author’s knowledge, there is no study to evaluate the performance of
such a small-scale tubular microbial fuel cell with a polymeric hollow
fiber membrane.

2. Materials and methods
2.1. MFC construction and operation

Three identical tubular MFCs were designed and constructed by
drilling down two half-cylinder holes, which create a cylindrical bed (3
mm depth and 110 mm length) inside the cubic Plexiglasses. This cyl-
inder was used as the anodic chamber with a total working volume of
3.1 ml. A single hollow fiber was inserted into the anode chamber as the
proton exchange membrane, and its internal volume was used as the
cathode chamber of the milliliter-scale MFCs. Three types of hollow fi-
bers, including Polyether Sulfone (PES, 1 mm outer diameter, 0.1 mm
thick, pore size of 200 nm, SPECTRUM® Laboratory), Polyacrylonitrile
(PAN, the internal diameter of 0.825 mm and outer diameter of 1 mm,
pore size of 30 nm, Parsian Pishro Sanat Polymer Co., Iran), and poly-
vinylidene fluoride (PVDF, inner diameter of 1.02 mm and outer
diameter of 1.3 mm, pore size of 30 nm, Parsian Pishro Sanat Polymer
Co., Iran) was implemented as PEM which were stored separately in
deionized water before use.

The Anode electrode was the carbon cloth (7.2 pm fiber diameter, %
95 carbon content, Pantex®35, Zoltek Co. Ltd., USA) that was wrapped
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Table 1
The overview of demonstrated ml-scale MFCs in the literature.

Anode Anode PEM Prmax(MW/  Ina(mA/m?)  Ref.
volume (surface (surface m?)
(ml) area) area)
1.2 RVC" (37 Nafion 117 400 800 [68]
cm?) (2 em?)
GF® (610 4000 11,000
cm?)
7 Gold (7.8 Nafion 117 NA® 688 [69]
sz) 2 cmz)
Carbon cloth NA® 3147
(6.45 cm?)
5.22 Carbon fiber CMI-7000 3.6 9.1 [38]
(155 cm? (12 cm?)
folded 5
times)
25 Carbon fiber Hylfon 80 50 [36]
(270 cm?) (NA9)
6.3 Carbon fiber PEM (2.25 0.41 3 [71]
veil (67.5 cm?)
sz)
2.5 Carbon cloth  J-cloth (14 1800 6000 [46]
(14 cmz) sz)
7.5 Carbon rod GORE- 22 850 [62]
(0.5 mm SELECT*
diameter) (N/A)
~28.26 Carbon fiber nonwoven 3921 24,519 [72]
brush (2.5 fabric (7
cm cm?)
diameter,
2.5cm
length)
42.5 Carbon PES/ 0.065 0.181 [42]
paper (15 SPEEK® 3 %
cm?) (2.54 em?)
PES/ 6.665 17.527
SPEEK® 5 %
(2.54 em?)
PES' (2.54 0.030 0.011
cm?)
Nafion 112 0.003 0.124
(2.54 em?)
Nafion 117 3.630 9.842
(2.54 ecm?)
100 NA® (12 PVDF¢/ 4.9 57.6 [44]
cm?) Nafion(N/
A)
1.5 CHI/CNT No PEM 5615.7 ~60,000 [67]
hydrogel” (single
(0.196 cm?) chamber)
2.75 Carbon cloth PES' (3.42 629 1333 This
(~9.5 cm?) cm?) study
PAN' (3.45 450 847
cmZ)
PVDF* 63 187
(4.49 cm?)

# RVC: Reticulated vitreous carbon.

b GF: Graphite felt.

¢ N/A: not available.

4 GORE-SELECT: a commercial ePTFE-reinforced composite membrane.

¢ SPEEK: Sulfonated Poly Ether Ether Ketone.

f PES: Polyether sulfone.

8 PVDF: Polyvinylidene Fluoride.

" CHI/CNT hydrogel: a screen-printed carbon electrode coated with multi-
wall carbon nanotube and chitosan hydrogel composite.

! PAN: Polyacrylonitrile.

J the type of PEM did not mention in the study.

around the hollow fiber. The anodic carbon cloth was tightened by a
copper wire as the anodic current collector to transmit the produced
electrons to the external circuit. Carbon cloth facilitates electron transfer
and creates the appropriate condition for the growth of bacteria. The
cathode electrode was the single copper wire inside the hollow fiber that
was connected to the external circuit. The schematic representation of
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the hollow fiber-MFC design and the image of three identical MFC set-
ups have been illustrated in Fig. 1 (A) and (B), respectively.

Anaerobic wastewater from the sewage treatment plant of Sistan and
Baluchestan University (Zahedan, Iran) was continuously pumped (3.5
ml/ min, ca. 35 + 2 °C) as the anodic electrolyte solution without any
inoculation period or addition of any supplementary nutrients or salts.
Chemical analysis results of the influent wastewater is available in
Table S1, in the supplementary data (Appendix A). Tap water was
aerated using an air pump and constantly fed to the cathode chamber as
the cathode electrolyte to provide sufficient oxygen for the cathodic
reaction. The carbon cloth electrodes were cleaned after each experi-
ment by firstly dipped in HCL solution (1 M, for 1 h), then after twice
rinsing with DI water, they were soaked in NaOH solution (1 M, for 1 h)
and placed in DI water before reusing in the later experiment. The
copper wires of the anode and cathode electrodes have been replaced
after each experiment. Experiments were conducted at ambient tem-
perature (30-35 °C) and performed three times to ensure reproducibility
and minimize the contribution of errors and possible changing the
environmental conditions to the results.

2.2. Analysis and calculations

The open circuit voltage (OCV) and the close circuit voltage (CCV)
were measured by a digital multi-meter at 15-minute intervals and using
an external resistor load of 1000 Q (Rex).

After reaching the stable conditions, the polarization curve was ob-
tained by varying the external resistances from 46,000 to 10 Q. The
resulting voltage at each resistor was recorded when it stabilized. Cur-
rent (I=CCV/Rex, mA) and power (P=I x CCV, mW) generation of the
MFCs were calculated according to Ohm’s law and normalized by the
external surface area of the hollow fiber membrane. The efficiency of
wastewater treatment was determined by comparing the chemical ox-
ygen demand (COD) and Biological oxygen demand (BOD) of the inlet
and outlet wastewaters using the COD measurement instrument (AL250
Photometer and AL38 CSB/COD-Reactor, AQUALYTIC, Germany), and
Manometric BOD Measuring Device (OxiTop® IS, USA), respectively.
The coulomb efficiency (CE) was defined as the ratio of electron re-
covery from the influent organic matter, which was calculated as
described previously [45,51,52,54,56]. Scanning electron microscopy
(LEO 1455VP) analysis was performed to observe the surface and cross-
section morphology of the implemented hollow fiber membranes.

2.3. Oxygen diffusion coefficient

The oxygen mass transfer coefficient (ko) was determined by
measuring the dissolved oxygen concentration (YSI 5100 Incorporated,
Ohio, USA) of abiotic MFCs over time. Before the measurement, the
entering DI water in the anode chamber should be deoxygenated via
sparging nitrogen gas, whereas the cathode chamber is continuously fed
by aerated DI water. Considering the small volume of the anode
compartment of the MFCs, the outlet of the anodic chamber entered a
sealed container that was equipped with a DO probe to measure the
average dissolved oxygen (mixing cup). The oxygen concentration in the
cathode chamber was normally stable at the saturated concentration
owing to the aeration. The oxygen mass transfer coefficient (Kop, cm.
s’l) was determined using the monitored DO values by Eq. (1):

K V. [Cozacathode — Coraanode 1
0= —_— (€9)]

—In
At Cozacathode

where V (cm®) represents the anodic volume, A (cm?) is the cross-
sectional area of the hollow fiber membrane, Coacathode a0d Cozaanode
(mg.l’l) are the saturated dissolved oxygen in the cathode chamber, and
oxygen concentration in the anode chamber at time t, respectively
[51,54,56,73]. The oxygen diffusion coefficient (Dgo, em?s™Y) was
calculated by Eq. (2) as follows:
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Anode copper wire
Anode carbon cloth
Hollow fiber membrane
Cathode copper wire

'3} g 8

uthutdunlnshudi

Fig. 1. (A) The 3D representation of the milliliter scale MFCs, (B) the set-up picture of the utilized MFCs (three identical MFCs in each experiment placed in the
adjusted temperature box) accompanied by the constituent parts of the MFCs including the drilled plexiglass, nuts and bolts, and hollow fiber membranes.

D2 = ko, XL 2

where L (cm) is the thickness of hollow fiber membranes.

2.4. Electrochemical investigation of MFCs

Cyclic voltammetry (CV) analysis was implemented from —1.1 to 1.0
V with a scan rate of 0.1 V s™! using the Autolab PGSTAT302N High-
Performance potentiostat instrument (Metrohm, Netherland) between
the anode and cathode electrodes. The Internal resistance components,
such as the ohmic and charge transfer resistances of the MFCs with
different PEM at the stable voltage generation, were determined using
the electrochemical impedance spectroscopy (EIS) technique. The fre-
quency range of 0.1 Hz to 100 kHz with a voltage amplitude of 0.1 V was
applied in the two-electrode AC method of EIS analysis. The EIS was
performed twice for each experiment to ensure the reproducibility of
data. Firstly, the anode electrode was implemented as the working
electrode, and the cathode served as both the counter electrode and
reference electrode [74,75]. Then the working and counter electrodes

were reversed. The obtained results were investigated by fitting an
Equivalent circuit model on the spectra using NOVA 1.11 software, and
the average and standard deviations of internal resistance components
have been reported. The proton conductivity of the membranes can be
calculated according to EIS results. The conductivity of the membranes
(0, S/cm) was determined by Eq. (3):

o= L 3)

R,*A
where L, A, and R, represent the membrane thickness (cm), the surface

area of the membrane (cmz), and the ohmic resistance according to EIS
data (Q), respectively [51,52,54,56,76].

3. Results and discussions

In the present study, three different polymeric hollow fiber types
were examined as the proton exchange membrane of milliliter-scale
MEFECs. The performance of these MFCs was investigated regarding the
electricity generation and wastewater treatment capabilities.
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3.1. The characterization of the hollow fiber membranes

Scanning electron microscopy (SEM) was employed to observe the
surface and cross-section morphology of the utilized commercial hollow
fiber membranes. The cross-section SEM images of the PES membrane
(Fig. 2 A and B) reveal a highly porous and void internal structure be-
tween the two more dense surface layers. Moreover, the surface SEM of
PES (Fig. 2 C) indicates an evenly uniform distributed porosity with an
average pore size of 200 nm, which can provide vast proton conductivity
and high oxygen permeability for this polymeric membrane. Fig. 2 D and
E represent the cross-sectional images, and Fig. 2F indicates the surface
image of the PAN hollow fiber membrane. The cross-sectional and sur-
face SEM images of PVDF are exhibited in Fig. 2 G, H, and Fig. 2 [,
respectively. The PAN (Fig. 2 D, E, F) and the PVDF membranes (Fig. 2
G, H, I) exhibit denser cross-sectional and surface structures compared
to PES. Seemingly, the highly porous structure of PES hollow fiber could
improve the membrane performance in terms of water sorption and
proton conduction and thereby provides more efficient proton trans-
portation through the membrane from the anode to the cathode cham-
ber. On the other hand, the performance of the MFCs could be impressed
by the excess oxygen permeation through the greatly porous PES
membrane. High oxygen diffusion from the cathode to the anode
chamber could decrease the coulombic efficiency and electricity gen-
eration of the MFCs owing to the occurrence of aerobic respiration of
nutrients in the anode and the extinction of the anoxic anodic

10 um

¥

18KV 60.0X 1mm 1.00 KX 10 um

KYKY-EM3$00M SN:4951 18 KV
= s

18KV 700X 1mm KYKY-EM3900M SN:4960 18KV 200KX 10um
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environment, which is critical for the growth of exo-electrogenic
bacteria.

Furthermore, the wettability of the hollow fiber proton exchange
membranes was investigated by contact angle measurement. As shown
in Fig. 3, the PES membrane exhibited the lowest contact angle of about
43.5° due to the presence of hydrophilic sulfone polar groups on its
structure. After that, the PAN membrane is a more hydrophilic mem-
brane with a contact angle of 66° compared to PVDF, with a contact
angle of 87°. Better absorption of water droplets on the membrane
surface can improve the proton conductivity of membranes by the
vehicular mechanism.

The oxygen permeability of each separator was measured in terms of
their mass transfer coefficients (koz, cm/s) and diffusion coefficients
(Doa2, cmz/s), as summarized in Table 2. The oxygen mass transfer co-
efficient values for all three implemented separators in this study are in
the acceptable range for MFC application and comparable with the
values reported for the Nafion 117 (1.72 x 104 cm/s [771, 2.77 x 1074
em/s [78], 1.3 x 107 em/s [33], 2.05 x 10~* em/s [79], 3.6 x 107*
cm/s [80]). As expected, PES has the highest oxygen diffusion rate
owing to its more porous structure and the further hydrophilicity due to
the p + resence of the polar sulfone group on its chemical structure. The
PAN membrane has second place, and the PVDF membrane exhibits the
lowest oxygen transfer coefficient due to the dense structure and higher
thickness of the membrane. Table 2 compares the physical specifications
of the membranes briefly.

Fig. 2. SEM images of hollow fiber membranes; the first and the second columns from left represent the cross section with different resolutions, and the third column
is attributed to the surface SEM images; PES (the first row (A, B, C)), PVDF (the second row (D, E, F)), and PAN (the third row (G, H, I)).
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Fig. 3. The water contact angle of different hollow fiber membranes accompanied by their chemical structures; (A) PES, (B) PAN, (C) PVDF.

3.2. The electricity generation performance
Table 2

The comparison of the physical properties of different hollow fiber membranes

utilized in this study. The increasing trends of open circuit voltage (OCV) and the current

generation of the hollow fiber-based MFCs during the start-up period are

Membrane  Thickness Pore guter C‘mltacf D 10-5 Ifooj* depicted in Fig. 4 A and B, respectively. Moreover, the current genera-
type (mm) 212;) (If;n; e angle(?) (()2 2 tion of each membrane are separately represented in Fig. S1 in the
cm®/s) (cm/ .
s) supplementary data (Appendix A). Furthermore, the performance of the
PES 01 200 1 435 40 4o MFCs based on tl.le electr1c1.ty generation capabilities is summarized in
PAN 0.175 30 1 66 3.99 2.98 Table 2. The maximum obtained OCV values for PES, PAN, and PVDF are
PVDF 0.28 30 1.3 87 3.33 1.19 in the same ranges, and no significant differences are observed between
the voltage generation of these three hollow fiber membranes (P-val-
ue>0.05). It can be concluded that since all conditions are the same, the
mechanism of electron production remains unchanged, so there is no
considerable difference in the OCVs, and they have similar patterns.
1000 900
900 71 (A) 800 (©)
800 , :7 % 700
700 o
o > 600
Z 600 £ 200 ——PES
500 2 —=PAN
S 00 | g 400 ~—PVDF
© ——PVDF 300
300
100 100 &
0 1 L 1 } 1 I : L 1 1 L () L 1l I N N T |
0 10 20 30 0 1000 2000 3000 4000
Time(hr) Current density (mA/m?)
0.6 700
B ; D
s B o] (D)
E s00 |
Z 04 = i ——PES
£ o3 E 400 -=—PAN
:5 % 300 | ——PVDF
= -
= 02 3 s
o ——PES = 200 1
0.1 -=PAN g 100 _
——PVDF =
N e N N == S
0 10 20 30 0 1000 2000 3000 4000
Time(hr) Current density(mA/m?)

Fig. 4. The electricity generation and polarization results of the hollow fiber-based MFCs: (A) open circuit voltage (OCV) versus time and (B) current generation
curve, (C) and (D) polarization test results.
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Also, the time to reach stability for all three membranes is almost the
same, and the system reaches stable condition after about 2.5 h.

However, the maximum current generations of 0.46, 0.35, and 0.22
mA are obtained for PES, PAN, and PVDF, respectively, which are sta-
tistically different (P-value<0.05). Seemingly, the highly porous struc-
ture accompanied by the great hydrophilicity of the PES membrane
resulted in the appropriate proton conductivity, which is of great
importance for the efficient electricity generation performance of MFCs.
Also, the current generation proficiency of the other two hollow fiber
membranes is directly related to their porosity, wettability, and proton
conduction properties.

Fig. 4C and D exhibit the polarization curves for all three mem-
branes. Although an in-depth investigation of the internal resistance
components is performed in section 3-5 by interpretation of the EIS
results, a quick observation of the slope of the polarization curve
(Fig. 4C) could provide a rough estimate of the internal resistance value
for the MFCs. The highest slope is observed for the PVDF membrane (ca.
Rin = 2763 Q), then the PAN and PES membranes with the internal
resistance of about 1818 and 759 Q are in the second and third places, in
turn. The internal resistance of the MFC systems depends on various
factors, including the design-related parameters such as the electrode’s
types and spacing and the types of separating membrane, as well as the
other reaction-influencing parameters like the microorganism’s spectra,
substrate, and so on. Because the only distinction between the present
MEC systems was in the type of separators, different internal resistances
most likely occurred due to the disparate proton transfer rates of
membranes. Membrane thickness and porosity affect the permeability of
a membrane to the protons, substrate, and oxygen molecules. The
thicker and denser the membrane, the higher the internal resistance
observed. According to the reported thickness, porosity, and hydrophi-
licity of the membranes (Table 2), the internal resistance is conversely
related to the proton conduction capability of the membranes.

Fig. 4 D shows the power density curve versus the current density
during the polarization test. The PES generated the highest power and
current densities compared to the PAN and PVDF membranes. This su-
perior power generation performance was likely acquired due to its
greater proton conductivity of PES. However, a sharp reduction of cur-
rent density was observed at the high current values of the polarization
curve for the PES membrane owing to mass transport overpotential. This
phenomenon occurs because of restricted mass transfer of chemical
species, i.e., the lack of reactants supply or accumulation of products
nearby the electrode’s surface due to the high rate of reactions or limited
geometry of reactors. Hence, the diffusion of species to or from the re-
action zone impedes the current generation and results in mass transport
overpotential at the high current density part of the polarization curve
[81]. The maximum output power and current densities under contin-
uous flow conditions are also summarized in Table 3. Moreover, the
coulombic efficiency of each MFC system, which is calculated by the
produced current versus time integral, is reported in Table 3. As can be
seen, the coulombic efficiency of the MFCs with different hollow fiber
membranes is in the same order of magnitude.

3.3. Wastewater treatment efficiency
The wastewater treatment quality of the hollow fiber-based MFCs

was evaluated based on the COD removal efficiencies (Table 3). The
influent wastewater has a natural pH range (7 + 0.5), an average COD

Table 3
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value of 540 mg/1, and an electrical conductivity of 1.98 + 0.42 mS/cm,
which are considered constant for all the experiments. As mentioned in
Table 3, the COD removal efficiency is relatively low for all the
employed separators in the present hollow fiber-based MFC design.
Various MFC designs are available for different applicability, and
milliliter scale MFCs do not implement for wastewater treatment ap-
plications. Nevertheless, they could be a suitable choice for bio-sensing
utilizations.

Considering the COD concentration of the influent wastewater in the
present research, a sufficient nutrient is available for microorganism
metabolism. Nonetheless, because of the small anodic volume and short
hydraulic retention time (about 1 min), there is not enough time and
space for the anodic microorganism to degrade the influent substrates
sufficiently. The highest COD removal efficiency was obtained by the
PES membrane (11.48 %), and the PVDF resulted in the lowest perfor-
mance (6.48 %). The lower COD removal of PVDF may be because of a
probable pH splitting in the anode chamber, owing to limited proton
conductivity, which can seriously hinder the normal metabolism of
anodic microorganisms.

3.4. Cyclic voltammetry (CV)

The cyclic voltammetry (CV) analysis was applied to evaluate the
electron transfer mechanism and microbial electrogenic activity. The
results of CV analyses for the MFCs operated with the different mem-
branes are shown in Fig. 5. As can be seen, the CV voltammograms for all
the MFCs have a relatively similar sigmoidal shape without observable
current peaks, except for two feeble oxidative humps at —800 mV and
400 mV for the PES membrane. The PES membrane resulted in a higher
oxidative anodic current peak of 3.39 mA compared to the PAN and
PVDF membranes, with 2.27 mA and 1.02 mA, respectively. Likewise,
the cathodic half cycles of the PES, PAN, and PVDF membranes gener-
ated the redox current peaks of —2.45 mA, —2.00 mA, and —6.42%107%
mA, respectively. The higher oxidative and redox peaks for PES could be
attributed to its superior charge transfer, which is in good agreement
with the electricity generation results. Moreover, the higher difference
between the oxidation and reduction half cycles of CV voltammograms
for the PES compared to the PAN and PVDF membranes reveals its
higher capacitive nature, probably due to the presence of thicker elec-
trogenic biofilm in the anodic half-cell.

3.5. Electrochemical impedance spectroscopy (EIS)

Two-electrode configuration of EIS analysis was performed at least
twice for each experiment to assess the internal resistance components
of the MFC systems. The equivalent electrical circuit (EEC) modeling
was used to analyze the experimental EIS data. The implementation of a
well-chosen EEC could provide a suitable model for estimating the in-
ternal resistance constituents and investigating the vital influencing
factors on the MFC performance. The EEC model includes distinctive
electrical elements selected based on the types and design of electrodes
and the geometrical specification of the MFC system [74,75]. In the
present study, the polarization impedance of the electrodes has been
defined by a modified Randle circuit which involves the parallel com-
bination of charge transfer resistance (R.) and a constant phase element
(CPE) for the non-ideal capacitance of the electrical double-layer adja-
cent to the electrodes. In the case of the anode electrode, a Gerischer

The electricity generation and wastewater treatment proficiency of the hollow fiber-based MFCs.

Hollow fiber ocv Current Max power density (mW/ Max current density (mA/ Coulombic efficiency COD out (mg/  COD removal
Membrane (mV) (mA) m?) m?) (%) D (%)

PES 813 0.46 629 1333 4.22 478 11.48

PAN 836 0.35 450 847 3.49 483 10.55

PVDF 845 0.22 63 187 3.12 500 6.48
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element was added in series by the R to assimilate the combined
occurrence of diffusion and reaction phenomena in the porous carbon
cloth electrode. The resistor of Ry indicates the ohmic losses of the
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Fig. 5. Cyclic voltammograms for different polymer-based MFCs.

hollow fiber membranes and electrolyte solutions [51,52,54]. Fig. 6 A
illustrates the EEC model which is proposed in the present research. The
experimental EIS data were fitted using NOVA software by minimizing
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Fig. 6. (A) the proposed equivalent electrical circuit for the simulation of the MFC systems; (B) the results of EIS analysis for the hollow fiber-based MFCs, the lines
indicate the fitted values on the experimental data (markers); the inset exhibits the high-frequency section of Nyquist plots with higher resolution.



F. Rezaei et al.

the chi-square (y?) parameter and implementing the Kramers-Kronig test
to investigate the sufficient compliance of the EIS data. The diminutive
values of chi-square (Xz) that were obtained for the simulation (lower
than 10’3) and the Kramers-Kronig test (lower than 10’6) authenticate
the accuracy of modeling. Fig. 6 B represents the experimental (markers)
and the fitted (lines) Nyquist plots of the MFCs.

Table 4 tabulates the results of EEC modeling for each MFC. As ex-
pected, the values of ohmic resistance (R, ) for all the hollow fiber-
based MFCs are lower than the values of anodic and cathodic charge
transfer impedances. Seemingly, the slight thickness of hollow fiber
membranes (Table 2) adequately closed the gap between the anode and
cathode electrodes and diminished the ohmic resistance. The PES
membrane has the lowest ohmic resistance and the highest proton
conductivity among the others. It could be attributed to its larger pore
size and the presence of a sulfonate functional group in its chemical
structure, which resulted in the higher hydrophilicity and proton con-
ductivity of PES hollow fiber. The PAN and PVDF membranes have the
second and the third proton conductivity values afterward (Table 4).

The PES membrane has the minimum anodic charge transfer resis-
tance (R¢ta) owing to its superior proton conductivity. Thereafter, PAN
and PVDF membranes caused 1.59 and 3.2 times higher anodic charge
transfer impedances than the PES, respectively. The greater proton
conductivity of a membrane boosts the growth and propagation of exo-
electrogenic bacteria and thereby facilitates the anodic electron transfer
using their conductive pillis. In this context, Palanisamy et al. (2023)
explained that the incorporation of sulfonated inorganic additives into
the polymeric membrane of MFCs could vastly promote the proton
conductivity via the vehicular (diffusion) and Grotthuss (hopping)
mechanisms owing to the presence of sulfonate functional group [82].

Furthermore, the cathodic charge transfer impedances (R¢tc) of the
hollow fiber membranes have a similar trend to the anodic charge
transfer resistance. Therefore, the proton conductivity of the membranes
not only affected the anodic reaction proficiency but also notably
influenced the cathodic oxygen reduction reaction (ORR) performance.

The electrical double layer in the proximity of the electrodes has
been simulated by the constant phase element (CPE). CPE denotes a
heterogeneous capacitor that occurred due to the biofilm formation with
pseudo-capacitive features or unevenness of the electrode surface. The
CPE impedance is described using two frequency-independent constants
of @ and Q (F.s* or S.s%) and calculated by the following equation (Eq.
(4):

1

ZCPE((U) = W

G

where j and o are the imaginary unit (j = v/—1) and the angular fre-
quency, respectively. In the case of EDL simulation, it was shown that Q
has a direct relationship with the capacitance of EDL, which is raised as a
result of biofilm thickening. Moreover, « is related to the maturation of
biofilm nearby the electrode [54]. However, regarding the complexity of
the physical interpretation of the CPE element, several models and
equations have been proposed to estimate the effective capacitance of
EDL using the CPE parameters. Here, the equation proposed by Brug
et al. [83] is applied (Eq. (5)).
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o = o 1]/ o

where Cpy, Rs, and R are the effective capacitance, ohmic, and charge
transfer impedances of the electrode. As can be seen in Table 4, the Cp,
value for the anodic EDL of the PES membrane (349.73 + 21.53 pF) is
25.5 times higher than the value of the PAN membrane and 1520.5 times
greater than the PVDF hollow fiber. This extremely larger value of
anodic EDL effective capacitance compared to the other membranes
could be attributed to its greater proton conductivity, which boosted the
growth of electrogenic bacteria over the electrode. The pseudo-
capacitive characteristic of c-type cytochromes on the bacterial cell
membrane raised the capacitance and reduced the anodic charge
transfer impedance, consequently. Several researches verified that
increasing the anode capacitance has substantial effect on the stabili-
zation and enhancement of current and power output of the MFCs [75].
For instance, Fang et al. (2022) reported that increasing the thickness of
the assembled Shewanella biofilm resulted in the enhanced anodic
capacitance, and thereby improved power output, despite of augmented
internal resistance. They concluded that the effect of capacitance on
current generation could be more conspicuous than the resistance of
thick biofilm [84].

The cathodic EDL capacitance of all the membranes is notably lower
than the anodic EDL by about three orders of magnitude. The large
differences between the quantity of anodic and cathodic Cpy, occurred
because of the distinctive type and design of the electrodes. Porous
carbon cloth as the anode electrode provides an appropriate environ-
ment for the growth of bacteria and causes a high capacitive nature for
the anode electrode. In comparison, implementing a single copper wire
as the cathode electrode could not form a thick EDL near the electrode,
even if the microorganisms existed in the cathodic chamber.

The accompanied incidence of diffusion and reaction in the porous
structure of carbon cloth anode is simulated by Gerischer element,
which is described by the following equation (Eq. (6)):

1 R,

Yokt VEktjo

where Yy (S) and Ry (Q) represent the diffusional admittance and
impedance of the Gerischer element, respectively, and k indicates the
overall rate constant of the anodic electrode reactions. The diffusional
resistance of the anodic half-cell has been determined by reversing the
obtained admittance. The diffusional impedance (Rq) has a maximum
value of 163.8 + 17.9 Q for the PES membrane, a mediocre value of
142.63 + 10.64 Q for the PES, and a minimum quantity of 63.74 + 3.48
Q for PVDF hollow fiber. Seemingly, the diffusional resistance is
conversely related to the density and thickness of anodic biofilm.

Furthermore, the overall anodic reaction rate (k-Gerischer) has the
maximum value for the PES membrane, which is caused by the higher
activity of exo-electrogenic bacteria in the anode chamber of this MFC
system. The PAN membrane has the second reaction rate, and the PVDF
separator has the minimum reaction rate value due to its lowest proton
conductivity.

Zs(w) (6)

Table 4
The fitted values of equivalent electrical circuit elements.
Membrane  Rs (Q) o (mS/ Reta (Q) Rete (Q) CPE-anode CPE-cathode Gerischer-anode
cm) 0x10° « Co. WF)  Qx a CoL @F) K x YO x Rq (Q)
10°° 1073 1074 (S)
PES 24.86 128.10 175.33 £ 131.58 + 180.24 + 0.66 + 349.73 + 2.70 £ 0.57 + 107.07 41.06 65.1 + 163.8 +
+ 0.07 + 0.37 18.97 8.65 16.32 0.01 21.53 0.30 0.005 + 8.05 + 0.76 2.37 17.9
PAN 31.73 100.39 279.08 + 247.04 + 14.17 + 0.70 £ 13.71 + 1.34 + 0.64 + 139.07 37.26 70.3 £ 142.63 +
+ 0.47 + 1.49 13.12 35.82 2.35 0.027 0.99 0.50 0.02 + 7.48 + 3.56 5.25 10.64
PVDF 33.29 73.59 £ 561.23 + 657.31 + 57.11 £ 0.34 + 0.23 £ 0.29 + 0.51 + 0.40 + 23.81 157.1 63.74 £
+ 0.36 0.8 16.52 7.43 1.59 0.009 0.05 0.008 0.002 0.001 + 5.32 + 8.58 3.48
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Fig. 7. The components of internal resistance for three hollow fiber-based
MFCs. Rs: ohmic resistance, Rda: diffusional resistance of anode, Rctc: charge
transfer resistance of cathode, Rcta: charge transfer resistance of
anode electrode.

Finally, the internal resistance components of the hollow fiber-based
MFCs have been compared graphically in Fig. 7. The PES-based MFC has
shown the lowest internal resistance of 495.57 Q, the PAN membrane
with an internal resistance of 700.47 Q was the second one, and the
PVDF has gained the highest internal resistance of 1315.57 Q. Evidently,
the ohmic resistance was the smallest part (2.5 to 5 %) of internal
resistance for all the hollow fiber-based MFCs due to their small thick-
ness. The major differences between the internal resistance were
attributed to the charge transfer impedances of electrodes.

4. Cost analysis

The economic investigation is one of the main topics of concern for
the commercialization of each technology. The cost and the power
output of the utilized hollow fiber membranes are compared with the
other separator types in Table 5. All the introduced hollow fiber mem-
branes, particularly the PES and PAN membranes, have generated a
greater power output than the expensive Nafion membrane. Of course, a
thorough comparison with other MFC studies in the literature is unat-
tainable due to the vast difference in size, configuration, membrane
type, substrate, and experiment conditions. However, the obtained re-
sults have shown an apparent potential of polymeric hollow fiber
membranes for power production in MFC systems.

5. Conclusion

The performance of a novel milliliter-scale MFC using three different
low-cost hollow fibers of PES, PAN, and PVDF has been examined in the
present study. The PES-based MFC exhibited the highest power and
current generation performance compared to PAN and PVDF mem-
branes. Having sulfonic groups in the polymeric backbone, better
wettability and a highly porous structure resulted in the superior proton
conductivity of the PES hollow fiber membrane. Moreover, the EIS data
have been analyzed using the equivalent electrical circuit modeling
method to individualize the components of internal resistance. The MFC
system was modeled using a resistor for the ohmic losses and two re-
sistors for the charge transfer impedances of the electrodes, which were
connected in parallel with a constant phase element (CPE) for simulating
the non-ideal capacitance of electrical double layers (EDL) near the
electrodes. Moreover, a Gerischer element (G) assimilate the coupled
diffusion and reaction occurrence in the porous anode electrode. Ac-
cording to the results, the ohmic resistance constitutes only 2.5 to 5 % of
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Table 5
A comparison of power output and cost of the present hollow fiber membranes
with the other separator types.

Membrane CDmax Prax Cost (US Power Reference
(mA/m?) (mW/ $/m?) output
m?) (mW/ US
$
PES 1333 629 40 15.73 This
study
PAN 847 450 33 13.64 This
study
PVDF 187 63 33 1.91 This
study
Nafion 117 310 118 2300 0.05 [57]
Nafion 117 1750 602 2300 0.26 [85]
Low-cost 1.24 + 61 + 14 14 4.36 [86]
organic 0.15(mA)
membrane
(LCM)
Nafion 117 3.19 + 403 + 1733 0.23
0.23(mA) 58
SPEEK (DS = 287 68.64 375 0.18 [871
63.6 %)
Nylon cloth+ j- 1414.43 281.30 7.32 38.43 [45]
cloth+ glass
fiber
SBC with PVA 224.86 41.8 77 0.54 [73]
PVA-Nafion 800 (mA/ 6800 151 [88]
borosilicate m>) (mW/
m®)
PPS ~ 410 102 8.33 12.24 [89]
SPPS ~ 1100 190 9.2 20.65
PP100 ~ 1350 117 0.57 205.26
CMI-7000 ~700 78 166 0.47
Nafion 117 ~160 24 2300 0.01
AEM ~1500 449 + 80 5.6 [39]
35

SBC: Sulphonated biochar, PPS: Polyphenylene sulfide, SPPS: Sulfonated Poly-
phenylene sulfide, PP: Polypropylene, SPEEK: Sulfonated Poly Ether-Ether
Ketone.

the internal resistance of hollow fiber-based MFCs because of the very
short distance between the electrodes. The PES exhibited the lowest
ohmic impedance owing to its higher proton conduction capability.
However, the major differences between the internal resistance of the
MEFCs have been attributed to the charge transfer impedances of the
electrodes. A better propagation of anodic electrogene bacteria as a
result of appropriate proton conduction of the PES membrane raised the
capacitance of EDL and reduced the charge transfer impedance of the
anode electrode. However, the diffusional impedance of the anode
electrode has been slightly elevated in a thick anodic biofilm.

Based on the COD removal efficiencies, these small hollow fiber-
based MFCs have not been very prosperous in wastewater treatment
because of their small anodic chamber volume (2.75 ml). However, the
distinctive specifications, including the short electrode distance,
acceptable power output, and fast response time, make the proposed
milliliter-scale MFC a promising option for bio-sensing applications. In
future studies, the MFC stack’s feasibility could be assessed for providing
the required power for small utilities.
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