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In the present study, composite polymer electrolyte membranes were synthesized by the incorporation of gra-
phene oxide (GO) in sulfonated polyetheretherketone (SPEEK) for simultaneous wastewater treatment and
electricity generation. A variety of techniques were applied to characterize the chemical, crystal and morpho-
logical structure of the as-synthesized membranes. In addition, the water uptake, mass transfer, and oxygen
diffusion coefficients, proton conductivity, ion exchange capacity, internal resistance, power density, coulombic
efficiency and COD removal of the MFC system applied with SPEEK, SPEEK/GO composite membranes were
studied and compared with the commercial Nafion117. The incorporation of various GO contents caused a
decrease in oxygen diffusion and mass transfer coefficients of 7.45 x 10° cm?s™ and 0.00048 cms™, respec-
tively. This was also shown that the SPEEK/GO3 membrane with proton conductivity 2.88 mScm™, power
density 53.12mW m™2, voltage 883 mV, and CE 3.74% showed higher performance compared to Nafion 117
membrane as a separator in MFC. Furthermore, the MFC with SPEEK/GO3 membrane gave slightly higher COD
removal (88.7%) than that of MFC incorporating the Nafion 117 membrane (81.9%). The ion exchange capacity
(IEC) and WU of as-prepared membranes were found to vary from 1 to 2.21 meq g and from 44.31 to 67.85%,
respectively. The results obtained were revealed that the MFC assembled SPEEK/GO3 composite membrane is
demonstrated significant improvement in cell performance compared with commercial Nafion 117 membrane
that qualifies it to be a promising candidate as a proton exchange membrane in the lab-scale microbial fuel cells.

1. Introduction water bodies cause increasing attention to novel biologically treatment

of wastewater to meet the standards of discharge. Among different

There is strong concern over the discharge of water used in the
manufacturing process to wastewater streams and entering the rivers
and estuaries (Kumar et al., 2019). To avoid the adverse impacts of
wastewater on the environment and the aquatic ecosystem, it needs to
be treated to meet certain discharge standards (Kumar and Bishnoi,
2017). Organic substrate present in various wastewater is a great po-
tential to be applied for bioenergy harvesting, which brings the chance
of wastewater treatment simultaneously. Many Aerobic and anaerobic
treating methods have been used to treat wastewater (Hernandez-Flores
et al., 2016). Since aerobic treatment methods such as activated sludge
need constant energy supply and also additional steps of sludge man-
agement. Concerns over the discharge of industrial polluted water into
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anaerobically treatment methods, microbial fuel cells (MFCs) are a
promising technology to treat the wastewater simultaneously with
saving energy. MFC, as a bioelectrochemical hybrid system, is a topic of
focus because of their anaerobic process of treatment and at the same
time for energy saving, reduced sludge, nutrients recovery and their
positive energy production as called bioelectricity harvesting (Rahim-
nejad et al., 2020; Sun et al., 2009). An MFC relies on electrochemically
active bacteria as a biocatalyst that directly consumes the organic load
of wastewater and produces electricity (Zhang et al., 2019). In an MFC
system, the electrons produced by degrading organic wastes transfer to
the electrode by means of active biofilms and pass to the cathode
through an external circuit, which connects two chambers, for oxygen
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reduction reaction to produce H,O. Therefore, the suitable passage of
ions should be provided in order to achieve charge balance and for this
means, ion exchange membranes separate the two chambers. In many
cases, convention commercial separators such as Nafion have been
applied in both conventional fuel cells (FC) and MFCs, which apart from
their many similarities, their big difference is the use of microorganisms
in the anode (Koodk et al., 2019a). Nafion has been the only choice in
MECs for long. In recent years, there has been a serious effort to develop
a low-cost polymer electrolyte membrane to replace Nafion due to some
of its limitations including substrate loss, oxygen leakage from cathode
to anode, cation transport rather than protons, and biofouling (Angioni
et al., 2016; Chae et al., 2008). In most studies, applied membranes in
the systems are chemically-synthetized from polymers (Bakonyi et al.,
2018; Kook et al.,, 2019b). Regardless of the initial materials, the
membranes applied in MFCs should meet some important properties
such as mass transfer to the electrode, low resistance, high proton con-
ductivity, sustainability for a long period, selectivity, cost, and oxygen
permeability (Mauritz and Moore, 2004). Therefore, the applied sepa-
rators play a key role among the parameters affecting the efficiency of
two-chamber MFCs.

In general, various types of cation exchange membranes (CEMs) and
modified polymers have been wused such as sulfonated poly-
etheretherketone (SPEEK) (Chae et al., 2014; Seetharaman et al., 2013),
polyethersulfone (PES) (Daud et al., 2011; Lim et al., 2012; Rahimnejad
etal., 2012; Zinadini et al., 2017), polysulfone (PS) and sulfonated (SPS)
polysulfone (Bunlengsuwan et al., 2017; Ghasemi et al., 2016) and
polybenzimidazole (PBI) (Hwang et al., 2014; Mamlouk and Scott,
2011). They all are categorized as non-fluorinated membranes which are
low-cost and cause little pollution to environmental (Zhao, 2018). These
types of polymers contain aromatic structures and the benzene ring in
the backbone or in the pendant groups attached to the membrane
polymeric backbone (Genovese and Villante, 2014). However, CEMs,
which refer to as proton exchange membranes (PEMs), are penetrable to
the protons, because of their low internal resistance and high conduc-
tivity, and instantaneously avoid channeling oxygen substrate from the
cathode to anode chambers. The efforts have been made on modifying
the polymeric membranes either by blending two polymers, sulfonation
of aromatic polymers or additional of nanoparticles to improve their
efficiency. The sulfonation of the aromatic polymer is one of the efficient
and easiest methods that improve proton conductivity, hydrophilicity
and solubility of the membranes (Zinadini et al., 2017). Recent inves-
tigation was shown that the addition of silicon dioxide (SiOs) to sulfo-
nated graphene oxide (GO) blended with poly(vinylidene fluoride)
grafted sodium styrene sulfonate (PVDF-g-PSSA) caused improvements
in the proton conductivity and anti-fouling of PEM in MFCs compared
with Nafion membrane (Xu et al., 2019). Furthermore, some studies
focused on blending polymers with various contents of polymers for the
aim of examining the possible as PEMs (Daud et al., 2011; Lim et al.,
2012; Tiwari et al., 2016; Yin et al., 2016). For example, a study was
investigated polymer blend membrane of poly(amideimide) (PAI) and
SPEEK, which resulted in proton conductivity and power density in MFC
(Sowmya and Prabhu, 2018). The sulfonated PEEK polymer provides the
advantages of great features and excellent resistance performance,
excellent thermal and chemical stability, hydrophilicity, easy prepara-
tion, high mechanical strength, lower cost and modest proton conduc-
tivity over the existing proton conducting polymers (Zaidi, 2005).
However, a higher efficient sulfonated polymer provides a higher ion
exchange capacity (IEC) and increases the proton conductivity due to
the formation of water nanochannels between the hydrophobic aromatic
and the hydrophilic sulfonic acid groups (Kamaroddin et al., 2019). On
the other hand, considering the MFC technology scaling up, many of
these novel membranes are not suitable compared to Nafion (Lim et al.,
2012), so studies should be continued to recommend a suitable mem-
brane to replace the Nafion. Graphene is a hydrophilic compound with a
pseudo-neodymium structure and exhibits high electrical conductivity
due to a large number of free electrons (Cao et al., 2018;
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Changkhamchom and Sirivat, 2010). The incorporation of
oxygen-containing functional groups on both sides of the plate and the
edges of graphene oxide gives a water-rich property, which results in
excellent dissolution in organic solvents and helps to uniformly
distribute the material in the membrane solution. In addition, the sp?
carbon layer in the hydrophobic region of this compound can help in-
crease the mechanical strength of the membrane due to strong covalent
bonding (Eck and Krueger, 2013).

The aim of the present study was to improve the efficiency, proton
conductivity, and hydrophilicity of polyetheretherketone (PEEK).
Thereon, sulfonated polyetheretherketone (SPEEK) is incorporated into
nanosize graphene oxide (GO) by dry phase inversion method. The ef-
fects of different ratios of nanosheets and also the ratio of polymer
concentration were investigated for the first time in the MFC system.
Finally, the comparison of as-synthesized membranes was conducted
with commercial Nafion117 in terms of water uptake, proton conduc-
tivity, oxygen diffusion, voltage, power density, coulombic efficiency,
and COD removal efficiency.

2. Materials and method
2.1. Preparation of sulfonated polyetheretherketone

Sulfonated polyetheretherketone (SPEEK) was prepared using 98%
concentrated sulfuric acid (H2SO4). Briefly, 5 g of polyetheretherketone
(PEEK) (Goodfellow Cambridge Limited, UK) powder was dried for
12 hat 100°C and was slowly added into 100 ml of the concentrated
HySO4 (Merck, Germany) with continuous stirring for 4h at room
temperature. After aging at 50 °C for 2h, the polymer solution was
gradually precipitated in ice water under strong mechanical stirring.
Finally, the precipitated polymer was filtered and washed several times
with deionized water (DI) till achieving neutral pH and then vacuum
dried at 60 °C for 12 h followed by 90 °C for another 12h (Chae et al.,
2014). At this step, the color of the dried sulfonated polymers turned to
light brown. The existence of sulfonic acid groups in the SPEEK polymer
was identified using the traditional titration method (Zhao et al., 2018).

2.2. Preparation of graphene oxide

Graphene oxide (GO) was prepared based on the modified Hammer
method (Hummers and Offeman, 1958; Lv et al., 2013). Typically, 3 g of
graphite powder (Gr) and 2 g of sodium nitrate (NaNO3) were added into
a 500-ml beaker containing 60 ml HoSO4 and the beaker was placed in
an ice bath. After 30min stirring, 10g potassium permanganate
(KMnOy4) was gradually added to the above mixture. At this step, the
color of the mixture was turned to dark green. After the complete
dissolution, the beaker was then left to stir at room temperature for 3 h
and increased the temperature at 35 °C and stirring for 5h followed by
diluting slowly with 120 ml of DI water in an ice bath and stirred for
another 12 hat 70 °C. The temperature of the dark brownish mixture
was reduced to 45 °C. Subsequently, 35 ml hydrogen peroxide (H202)
was slowly added into the mixture followed by diluting with 50 ml of DI
water and stirring for 2h. At this step, the color of the mixture was
turned to dark yellow. The mixture was then centrifuged (universal
320R) at 5000 rpm for 30 min and the supernatant was discarded to
leave only the precipitate. The precipitation was then washed with 5%
hydrochloric acid (HCI) followed by DI water to obtain the neutral pH.
The product was then dried using a freeze-drier (Operon Co., Ltd.). The
GO mixture was obtained by dispersing a specific amount of graphite
oxide (GrO) in DI water and ultrasonicated (Elma, 120H) for 60 min at
60kHz and 750 W until a homogeneous mixture was obtained and
centrifuged at 5000 rpm for 30 min and dried in air at 70 °C for 24 h to
obtain the final product. All chemicals were purchased from Merck
(Merck KGaA, Darmstadt, Germany) and used without further
purification.
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2.3. Synthesis of SPEEK and SPEEK/GO composite membranes

SPEEK and SPEEK/GO membranes were fabricated by the dry-phase
inversion method. Briefly, two different ratios of SPEEK membrane
casting solution (15 and 20%) were prepared by dissolving the defined
amount of sulfonated polymer in dimethylacetamide (DMAc) (Merck,
Germany) and stirring for 24 h at 600 rpm to obtain the homogeneous
solution. For the preparation of SPEEK/GO membrane solution, certain
amounts of GO were slowly added into the same amount solvent and
then sonicated for 30 min followed by stirring for 3 h. Then, SPEEK was
added to the solution followed by continual stirring for another 24 h to
obtain 1, 3 and 5 wt% SPEEK/GO solution. The solution was then left to
stand for at least a 24-h period until trapped dissolved air bubbles were
removed. SPEEK and SPEEK/GO clear homogeneous solution was cast
onto flat glass using casting knife with 180 pm thickness, dried at room
temperature for 3h followed by oven heating at 70°C for 24h and
annealing at 100 °C for 8 h. After the flat sheet membrane cooled at
ambient temperature, it was immersed in DI water and peeled from the
glass plate. Finally, the membrane was cut into ring shape around 5 cm
diameter, activated by 1 M HySO4 for 12 h, and stored in DI water for
further use (Leong et al., 2015). Table 1 shows the chemical composition
of as-prepared membranes using various GO and SPEEK ratios.

2.4. Degree of sulfonation and ion exchange capacity (IEC)

IEC is a very important factor in MFCs defined as the amount of ion
exchange of the membrane. The IEC of the SPEEK, which is referring to
its hydrogen ion of sulfonic acid groups, was determined using the
titration method. About 0.5g of SPEEK-H was immersed into 0.01 M
sodium hydroxide (NaOH) solution (200 ml) for three days, which was
found to be sufficient to convert SPEEK-H into SPEEK-Na (SPEEK-Na is a
copolymer, consisting of PEEK-SO3Na unit and PEEK unit). Dilute so-
lution of H3SO4 (0.03 M) was employed to back-titrate the NaOH solu-
tion, which has been partially neutralized by the SPEEK-H sample.
Phenolphthalein was adopted as the universal indicator to help deter-
mine the neutral point. By measuring the number of HpSO4 consumed in
the titration, the molar quantity of the sulfonic acid groups (-SOsH)
contained in the SPEEK-H sample can be determined according to the
following equation (Othman et al., 2007):

Nspggk-—Na = (M X V)y,0q — 2(M % V).m/fm’il‘ acid @

where, M and V are the molar concentration and the volume of the so-
lutions, respectively. The IEC can then be estimated by using the
following equation:

1EC = NSPEEK-H 1000 (?) 2

Sample

where Weyample is the weight of the SPEEK-Na sample and Nspggk-n =
Nspeek-Na- The degree of sulfonation (DS) can be calculated from IEC by
using the following equation:

288 (IEC)

DS=—————— 3
1000 — 102 (IEC) ®

Table 1
Chemical compositions of prepared separators used in MFCs.

Composition SPEEK15 SPEEK20 SPEEK/ SPEEK/ SPEEK/

GO1 GO3 GO5

SPEEK 15% 20% 15% 15% 15%

GO 0 0 1% 3% 5%

DMAc 85% 80% 84% 82% 80%
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2.5. Water uptake (WU), oxygen diffusion and proton conductivity

Water uptake (WU) for a membrane is defined by the amount of
water sorbed superficially or hydrogen-bonding bonded to the intersti-
tial sites and surface (Seo et al., 2013). In order to maintain ion con-
ductivity and mechanical strength, there is a threshold amount of water
presented in the membrane matrix. An excessive percent of water makes
the membrane losing the mechanical properties, while its storage causes
brittle in the membrane (Pupkevich et al., 2007). Membrane samples
with a surface area of 5 cm? were dried in a vacuum oven at 80 °C for
24 h until they remain a constant weight (Wgry). Then, the dried mem-
branes were soaked in DI water for 1 day at room temperature. The
water on the surface was carefully eliminated with tissue paper and then
the samples were weighed again (Wyet). The water absorption of the
membrane is calculated by the following equation (Duan et al., 2013;
Zawodzinski et al., 1993):

Wwel - Wdry

Water uptake = x 100 (C))

dry

where Wyry and Wyt are the weight of the membrane samples in the dry
situation and the weight of the membrane in a wet state after the soaking
into DI water, respectively.

The presence of dissolved oxygen (DO) in the anode chamber causes
the reduction in coulombic efficiency as it plays the role of electron
acceptor and results in loss of electron donors, and also inhibit the
growth of obligate anaerobes. Therefore, the as-synthesized membranes
must be observed and analyzed in terms of oxygen transfer. To do this, a
dual-chamber MFC was set up. The two assembled chambers were filled
up with DI water. The anode chamber was purged with N, gas to reach
the DO level lower than 0.5 mg 1. While the cathode was continuously
aerated, the DO changes of the anode were taken at 1-h intervals for the
duration of 9 h. The DO concentration was measured using a DO probe
(WTW Multi 3630 IDS, UK). The oxygen mass transfer coefficient (kg)
(cm s and oxygen diffusion coefficient (Dy) (cm? s1) were determined
using the following equations:

V. Gg—-C
ko= —I
0 At " Cy )
Dy = koL (6)

where, V is the anode volume (cm3), A the surface area of membranes
(cmz), C, is DO concentration (mg 1Y in the cathode chamber which is
saturated, C the DO concentration (mg 1Y) in the anode at time ¢ (s) and L
the membrane thickness (cm).

In the present study, the resistance of the membranes was measured
using a membrane conductivity test system (MCTS-Al, Iran) over the
resistance ranging from 30 mQ to 30 kQ at a relative humidity of 100%
and at room temperature. The composite membranes were first pre-
treated with 1 M HySO4 for 12 h followed by maintaining at DI water for
24 h before analysis. The proton conductivity of the membrane was
computed from the resistance data as follows:

L

== )

c
where, ¢ is the proton conductivity of membrane (S crn'l), L the mem-
brane thickness (cm), R the ohmic resistance of membrane (Q), and A is
the membrane surface area (cm?).

2.6. Characterization techniques

The chemical structure of pristine Gr and as-synthesized GrO and
nanosheet GO and the as-synthesized membrane was analyzed with the
Fourier transform infrared spectroscopy (Thermo Nicolet Avatar FTIR
380, USA) in the range between 400 and 4000 cm™. A Raman spectrum
was were recorded with a micro spectrometer (Takram P50COR10)
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between 400 and 4000 cm . The crystalline structure was recorded by
an X-ray diffractometer (XRD, Philips, PW1730) operated at a voltage of
40kV and at room temperature employing a scanning rate of 0.02 de-
grees per second with CuKa radiation (A = 1.54056 A) in a 20 range of 5°
to 80°. The interlayer distance for the as-synthesized sample is
computed on the basis of the Bragg’s law:

4
" 2sinf

(8

Transmission electron microscopy (TEM) images were obtained by
using a Philips CM120, 120kV to study the morphological features of
GO. The cross-sectional images of the as-prepared SPEEK and SPEEK/GO
composite membrane with different GO content were characterized by
the field emission scanning electron microscopy (FESEM- TESCAN,
MIRA III). The membrane samples were fractured in the liquid nitrogen
followed by gold sputter coating prior visualization under the FESEM.

2.7. COD removal and coulombic efficiency (CE)

Many parameters, including microbial growth, aerobic and anaer-
obic growth by electron acceptors in the bed and electrode surface in the
batch mode operation, may affect the rate of COD removal in MFCs
(Tommasi and Lombardelli, 2017). Whereas, the condition of microbial
communities depends on different operating conditions that may affect
the COD removal. The COD removal efficiency in the anode chamber
was calculated as follows:

coD, — CoD;

coD =
remova oD,

©)]

In general, many factors such as aerobic respiration of the cathode
biofilm, the electron consumption by methanogenesis and oxygen
crossover limit the coulombic efficiency (Heilmann and Logan, 2006). In
order to measure the amount of COD removal achieved by the end of a
cycle, it is satisfactory to report the coulombic efficiency (CE) (Kim
et al., 2010).

This parameter is presented as the ratio of total coulombs that
actually transferred from the substrate to the anode (Rabaey et al.,
2005). The obtained total coulombs was determined by integrating the
current over time so that the coulombic efficiency for an MFC run in the
batch mode, evaluated over a period of time t, was calculated as follows
(Logan and Verstraete, 2017):

M [jIdt

CE= — 0 °
Fbv1,ACOD

(10)

where M is the oxygen molecular weight is (32 g/mol), F the Faraday’s
constant (96485 C/mol), b the number of electrons exchanged per mole
of oxygen (4mol e /mol O3), va, the volume of liquid in the anode
chamber (1), and ACOD the change in COD concentration over time t (g/
D.

2.8. Power density

It is a measurement of the voltage and the power as a function of
current density (polarization curve) in order to characterize the per-
formance of an MFC under constant operating conditions. The maximum
power density is achievable by experimental manipulation of circuit
resistance which results in the polarization curve (Lee et al., 2008).
While obtaining the polarization curve, a range of 0.5-8 kohm resistance
has been applied to the cell. The power density was measured by the
following equation:

Power density (mW /mz):Cell voltage (v) x Electrical current (A)

Anode surface area (m?)

1)
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2.9. MFC set-up

Generally, an MFC consists of an anaerobic chamber called anode,
and the aerobic cathode (sometimes biocathode) that may or may not be
separated by a proton selective membrane (Kumar et al., 2019). In the
present study, a dual-chamber MFC system with a working volume of
800 ml in each chamber was fabricated from Plexiglass material. The
dimension of each chamber was 130 (length), 110 (width) and 60
(depth) mm, with an approximate volume of 860 ml. The performance of
lab-scale MFC under different batch-mode conditions was conducted in
terms of COD removal percentage, power production, and coulombic
efficiency. The performance of membranes (Nafion 117, Sigma-Aldrich
and the as-synthesized membrane) that fixed between two chambers
were tested as electrolytes separator. Prior to use in the MFC system, the
membranes were treated by boiling in a 30% hydrogen peroxide (H205)
solution, 0.5 M sulfuric acid (H2SO4) solution and rinsed in DI water for
about 1h. The inoculums in the anode chamber were made up of in-
dustrial wastewater and anaerobic mixed bacteria sludge; taken from a
sewage treatment plant (Chamestan Industrial Park). The cathode
compartment has been applied without any catholyte chemical control.
The average value from the four replicate analyses with a relative
standard deviation (SD) and range values of the wastewater character-
istics are provided in Table 2. The initial COD of all systems was around
2000 mg I, The nitrogen gas was purged to the anolyte for 10 min to
keep the anode chamber in an anaerobic condition at the start of each
cycle. The anaerobic condition of the anode chamber was daily checked
during the 5 days run. Air was continuously purged into the cathode
chamber using an air pump to supply oxygen for the oxygen reduction
reaction at the cathode. The carbon clothes with the size of (3x4 cm)
were used as electrode materials after the activation process. The
voltage values were determined without any mediator compounds. A
data logger was connected to the MFC to record the voltage output of the
MEC system at intervals of 15 min. The MFC system was left to operate
for 5 days to achieve the stable voltage and power.

3. Results and discussion
3.1. GO characterization

Fig. 1 shows the FTIR spectra of pristine Gr and as-synthesized GrO
and GO. As it is expected, the pristine Gr spectrum exhibits very weak
peaks, while the spectra of both oxidized products of GrO and GO show
several strong characteristic peaks of oxygen-containing functional
groups. In the pristine Gr spectrum, the weak peaks agreed to = CHy
asymmetric and symmetric stretching at 2935 and 2853 cm™ and peaks
detected at 3750 and 660 cm™ are expected to be for the stretching and
bending vibrations of the C-H bond, respectively (Hayyan et al., 2015).
In the spectra of GrO and GO, the peaks located at 1020 and 1041 cm™
are ascribed to a stretching vibration from the C-O-C bonds of alkoxy
group and peaks appeared at 995 and 982 em are corresponded to C-H
bending vibration in methylene and methyl groups, respectively. In the
spectrum of GrO, the band at a wavenumber of 1101 cm™! may corre-
spond to asymmetric C-O-C stretching vibrations of epoxide groups. In

Table 2

Measured characteristics of wastewater used in the anodic chamber.
Parameters Average value + SD* Range value
pH 6.60 £+ 0.42 6-6.9
Chemical oxygen demand (COD) (mgl'l) 1963.57 +135.60 1785-2190
Biological oxygen demand (BODs) (mgl™?) 896.14 + 42.00 830-952
Nitrate-N (mgl ™) 70.88 +£2.24 68.02-74.30
Phosphate-P (mgl'l) 9.02+0.31 8.54-9.30
Total kejeldal nitrogen (TKN) (mgl'l) 19.324+0.55 18.45-20.10
Total dissolved solids (TDS) (mgl™) 992.86 +112.70 890-1226
Total suspended solids (TSS) (mgl™) 2632.14 +426.00 2045-3112

2 SD denotes the standard deviation of the measurements.
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Fig. 1. FTIR spectra of graphite, graphite oxide and graphene oxide.

Wavenumber (cm”

the spectrum of GO, the characteristic absorption band observed at
1216 em™ is attributed to C-OH stretching vibration of alcoholic groups
(Kumar et al., 2014). A peak located at 1346 cm is ascribed to C-O
band of stretching vibration of the carboxyl functional group (Bykkam
et al.,, 2013). In GrO and GO spectra, the peaks located at 1617,
1615 cm™ are ascribed to the C=C stretching mode of sp? hybridized
carbon structure (Alazmi et al., 2016). The stretching and bending vi-
bration mode of ~OH formed peaks at 3400 and 650 cm™, showing the
evidence of hydroxyl functional groups decorated to the Gr and GO. The
same results were achieved in a study done by (Amiri et al., 2016),
confirming that the as-synthesized GO has a peak located at 1081 cm™,
which was identified for the C-O bond. The peaks in the range of
1630 cm™ to 1650 cm! show the C=C bond and The absorbed water in
GO is shown by a broad peak at 2885 cm™ to 3715 cm™ (Dimiev and
Tour, 2014). Finally, the presence of ample oxygen-containing func-
tional groups in GO possesses an excellent hydrophobic nature, which
plays a significant role in the hydrophilicity, dispersibility and
compatibility behaviors in aqueous and organic solvent solutions (Feng
and Guo, 2019). These results are in good agreement with those from
earlier reports (Marcano et al., 2010; Rattana et al., 2012).

The XRD used to measure the average spacing between interlayers of
atoms and determine the orientation of a single crystal or grain. Fig. 2
shows the XRD patterns of pristine Gr, GrO, and GO. XRD analysis shows
an intense peak corresponding to the plane (002) of the highly organized
interlayer structure of pristine Gr at 20 = 26.5° with an interlayer dis-
tance of 3.36 A. A broad peak appeared at about 10.5° after oxidation of

(001)
[}

|
’/ KMWMWMMWWM}WMWMMWWWMAMMWMWMWW»W

. L i GrO
\WM ‘r‘n | MJ'W}«»M W“"“W\WWM \"w«»'»m;xw\w.,»«N«Mw«wwﬂ"‘“wwrﬂ‘«"«*w
A

Intensity (a.u.)

(002)

Gr

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)

Fig. 2. XRD spectrum of Gr, GrO and GO.
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Gr flakes, corresponding to the interlayer distance of 3.34 A, while a
broad peak assigned to the crystal plane (001) of GO at 20 = 11.04 with
the interlayer spacing of 8.01 A is observed after exfoliation of GrO
flakes. The XRD pattern shows that the disappearance of the peak at 26°
and the appearance of the peak at 10° confirmed the complete formation
of GO after chemical oxidation and exfoliation (Wu et al., 2012). In
addition, the interlayer distance for GO is significantly larger than
pristine Gr and GrO due to the amorphization and incorporation of
various oxygen-containing groups (Bhawal et al., 2016).

Since Raman spectroscopy is useful for studying disorder and defects
in the crystal structure, it is often employed to characterize Gr and its
derivatives. The disorder is determined by the intensity ratio between
the disorder-induced D band and the Raman allowed G band (Ip/Ig).
Fig. 3 shows Raman spectra of the pristine Gr, as-prepared GrO and GO.
According to the Raman results shown in Fig. 3, the high-intensity peaks
are believed to be related to the conjugated = bonds and carbon-carbon
double bonds. In the Raman spectrum of pristine Gr, a 2D band appeared
at about 2900cm™ is corresponded to the overton of the D band.
However, the typical Raman spectra of pristine Gr, GrO and GO are
characterized by a G band located at about 1566 cm™ and a D band
observed at 1344 cm’. The increase of Ip/Ig from 0.45 of Gr to 1.36 of
GO confirms the grafting of oxygen-containing functional groups to the
graphitic planes. In functionalized graphene sheets, the higher intensity
ratio of Ip/Ig indicates the higher disorder of © conjugated aromatic
carbon-structure, demonstrating that the exfoliation and edge func-
tionalization is initiated interlayer spacing by disruption of the graphitic
carbon (Amiri et al., 2016). It was reported that an increase of the Ip/Ig
ratio from 0.7 of Gr to 1.03 of GrO is a result of suitable edge oxidation
and functionalization of graphitic carbon (Perumbilavil et al., 2015).
The observation is inconsistent with FTIR and XRD results, which
confirmed the presence of a high level of defects.

The morphological confirmation of truly synthesized GO is shown in
Fig. 4. The TEM images result that a single layer of GO nanosheets and
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Fig. 3. Raman spectrum of pristine Gr, GrO and GO.
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Fig. 4. The TEM images of GO.

folded edges are properly exfoliated from pristine Gr and it is consistent
with literature reported morphology (Kumar et al., 2014; Leong et al.,
2015; Lin et al., 2018). These figures show graphene flakes with high
transparency, curved surface and without graphite crystal structure,
confirmed that the wrinkle morphology created from the crumpling of
graphite rather than stacking as evident by the sharp 2D bands in the
Raman spectra.

3.2. Characterization of the composite membranes

In order to improve the proton conductivity of polymer electrolyte
membranes, the hydrophilic region should be introduced to PEEK
polymer, which can be achieved by introducing acid groups to both long
and short side chains of polymer electrolytes simultaneously (Kumar
et al.,, 2014). Herein, the sulfonated PEEK with sulfonic acid group
loading was prepared and combined with GO nanosheets to synthesis
nanocomposite membranes. Fig. 5 shows the FTIR spectra of fabricated
SPEEK and SPEEK/GO membranes. The FTIR analyses revealed the
presence of sulfonic acid groups (-SOsH) in the polymers. A peak
appeared at about 3424 cm™ is corresponded to the stretching vibration
of the O-H group and peaks located at 1265 cm™ and 1089 cm™ are
ascribed with asymmetric and symmetric stretching vibrations of
O=S=0 in the sulfonic acid groups. In addition, a band at about
1037 cm™ and 723 cm™ due to the presence of S—0 and S-O stretching
vibration, respectively, were observed. For the SPEEK/GO membrane,
the corresponding bands located at 1265 cm™ and 1089 cm™ are shifted
t0 1199 cm™ and 1070 em™ because of the interactions between GO and
SPEEK as a result of formation of hydrogen bonds between the -SOsH
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Fig. 5. FTIR spectra of fabricated membranes.

groups and the polar oxygen-containing groups (hydroxyl and carboxyl
groups) present in the GO sheets. The indicated trend of peak shifts is
consistent with the reported values in other studies (Changkhamchom
and Sirivat, 2010; Dai et al., 2014).

Fig. 6(a—e) presents FESEM imaging of cross-section of SPEEK and
SPEEK/GO membranes. A major advantage of sulfonated polymer is that
the suitable separators in MFCs are those which are nonporous to pre-
vent oxygen and substrate crossover. From the FESEM images, we can
see that our results confirm the nonporosity of all sample membranes. As
shown in Fig. 6(c), (d), and (e), the GO nanosheets presented in the
cross-section of composite membranes showed a homogenous distribu-
tion and affective interconnection between nanosheets and polymer
matrix which increase membrane performance efficiency of a PEM in
terms of power density. This was probably due to an interaction between
the sulfonic acid groups of SPEEK and the oxygenated group of GO
through hydrogen bonding. Our findings also confirm from previous
results reported in the literature (Leong et al., 2015). In addition, the
uniform distribution of incorporation of sulfonated GO into the SPEEK
polymer matrix was confirmed. (Heo et al., 2013).

3.3. Physicochemical properties

The main goal of SPEEK-based electrolyte composite membranes is
based on the compounds involving oxides, phosphates, sulfates, and
water-containing systems present in the polymer structure through the
Grotthuss mechanism, which postulates that protons undergo structural
diffusion via the hydrogen bond network of water (Fischer et al., 2018).
The results of water uptake (WU), ion exchange capacity (IEC), oxygen
diffusion, and proton conductivity are presented in Table 3. The IEC
estimated from the titration method was measured to be at 1.5 and 1.3
meq g for bare SPEEK15 and SPEEK20, respectively, whereas IEC
values of the SPEEK/GO1, SPEEK/GO3 and SPEEK/GO5 composite
membranes were obtained to be 1.57, 2.21 and 1.93 meq g, respec-
tively. An increase in WU and IEC has been observed in SPEEK mem-
branes after incorporation of GO due to its hydrophilic feature and a
variety of oxygenated functional groups in its structure (Reyes-Ro-
driguez et al., 2017). As expected, membranes with the higher IEC
showed an increase in water absorption, possibly due to their hydro-
philicity and free volume property. This means that the repulsion of
hydrophilic -SOsH groups from the hydrophobic backbone of PEEK
causes the formation of free volumes in the membrane for water mole-
cules to be absorbed (Bykkam et al., 2013). As shown in Table 3, all the
as-synthesized membranes obtain higher WU within a range from 55.00
to 67.85, than the commercial Nafion 117 membrane (44.31%). The
highest WU value of 62.72% was achieved for SPEEK/GO3, while for
bare SPEEK15 and SPEEK20 was obtained to be 58.2% and 55%,
respectively. The reason for high WU in SPEEK membranes is related to
the presence of sulfonic acid group (-SOsH), which more water
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Fig. 6. FESEM images of cross-section for (a) SPEEK15, (b) SPEEK20, (c) SPEEK/GO1, (d) SPEEK/GO3 and (e) SPEEK/GO5.

electrolytes hold in the free volume of the membrane matrix (Wu et al.,
2019). In addition, the high IEC of membrane increased with the degree
of sulfonation (DS). In the present study, the degree of sulfonation
SPEEK polymer was obtained to be around 60% based on the titration
method. These results were in good agreement with the previous study
(Leong et al., 2015).

As an attempt to synthesis a high-performance electrolyte membrane
for the MFC system, WU directly affects the ability of membrane in
proton conductivity. Consecutively, it should be noticed that large
quantities of WU associated with the membrane swelling cause loss of its
normal shape and typically form a membrane which tends to wrinkle
upon drying at room temperature (Parnian et al., 2017). As an increase
in the GO ratio, the reduction in WU of the SPEEK/GO membrane was
induced due to the presence of strong covalent bonds among the carbon
atoms in the GO layer that prevents more water to enter, which

indirectly increased the membrane stability. The proton conductivity of
a polymer electrolyte membrane (PEM) is one of the most important
characteristics affecting the power output and produced voltage. The
results reveal that the proton conductivity of the as-synthesized com-
posite membranes shows higher compared to Nafion117, as shown
Table 3. The highest proton conductivity observed for SPEEK/GO3 was
2.88 mS cm™’. This may be attributed to a strong interaction between the
functional groups of GO and the sulfonic acid groups in polymer that
facilitates the proton transfer path in the membrane. The high amount of
WU is also an effective factor in improving performance of SPEEK/GO
membranes compared with that of bare SPEEK. Due to the incorporation
of GO nanosheets into membranes, the higher proton conductivity was
obtained for SPEEK/GO composite membranes compared to Nafion117,
SPEEK15, and SPEEK20. It is important to state that the excess number
of available ion exchange sites on the surface of GO and SPEEK
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Table 3
IEC, WU, and DS amount of prepared membranes.
Membranes  IEC WU Rint 6 (m$S ko(cms  Dg(cm?s
(meqg (%) @ em™) P D
P
Nafion117 1.00 44.31 3.63 2.20 9.5 x 10 1.71 x 10°
4 5
SPEEK15 1.50 58.21 4.22 1.90 7.3x10° 1.27 x 107
4 5
SPEEK20 1.30 55.00 8.01 1.00 6.4 x 10 1.14 x 10°
4 5
SPEEK/ 1.57 67.85 3.59 2.23 5.0 x 10 9.06 x 10
GO1 4 6
SPEEK/ 2.21 62.72 278 2.88 48x10° 867 x 107
GO3 4 6
SPEEK/ 1.93 61.23 3.14 2.55 4.1 x10 7.45 x 10
GO5 4 °

accordingly increases the per cluster volume of ionic sites in SPEEK/GO
matrix, which increases the proton conductivity of composite mem-
branes. This is in agreement with the previous study (Vinothkannan
et al., 2016). The proton conductivity value of the composite membrane
tends to decrease with increasing GO content to 5% because the excess
loading of GO nanosheets limits the polymer chain movement in the
ionic cluster area and ionic transfer channels can be blocked, which
cause the reduction of proton conductivity. The results of the study are
in good consistent with the study on SGO incorporation into the bare
SPEEK membranes where the loading contents over 7% cause a signif-
icant decrease in proton conductivity (Heo et al., 2013). Considering the
results, at 3wt% of GO loading, a SPEEK composite membrane is
desirable for MFCs application.

As can be seen from Table 3, a significantly higher oxygen diffusion
coefficient (D,) and oxygen mass transfer coefficient (k,) for the com-
mercial Nafion 117 was obtained as Dy =1.71 x 10° cm?s! and
ko=9.5 x 10%cm s'l, respectively, as one of its limitations. As listed in
Table 3, GO incorporation resulted in a decrease in the oxygen diffusion
coefficient and oxygen mass transfer coefficient through the mem-
branes. The as-synthesized nanocomposite membranes demonstrated
comparatively better results with oxygen diffusion coefficient and oxy-
gen mass transfer coefficient over the bare SPEEK and the commercial
Nafion 117. In addition, SPEEK/GO5 nanocomposite membrane showed
the minimum oxygen diffusion coefficient and the oxygen mass transfer
coefficient among the various GO fillers employed. The D, values of
SPEEK20 and SPEEK15wt% were obtained to be 1.14 x 10° and
1.27 x 10° em?s7!, respectively, when DI water was used as the cath-
olyte. The results indicated that an increase in the GO content from 1 wt
% to 5 wt% led to less oxygen diffusion. The oxygen diffusion coefficient
and the oxygen mass transfer coefficient for the as-synthesized SPEEK/
GO3 were estimated as D, = 8.67 x 10°cm?s™ and ko =4.8 x 10%cms
! respectively, indicating that high content of GO nanosheets acted as a
hindrance between hydrophilic channels and barrier pathway for both
the physical and structural of oxygen diffusion. A higher oxygen diffu-
sion coefficient is considered a disadvantage, shifting microbial meta-
bolism to less efficient anaerobic respiration. On the other hand,
limitation of anaerobic growth of microorganisms moves from anaerobic
to aerobic conditions. The study confirms that GO can be incorporated
within the PVA nanocomposite polymer matrix, which was reduced the
limited free volume of the membrane matrix and was achieved the lower
amount of oxygen diffusivity across the membrane (Rudra et al., 2017).

3.4. Performance of the MFC system

In the present study, the role of various types of PEMs on the per-
formance of MFCs was evaluated according to produced power density.
The industrial wastewater and anaerobic mixed bacteria sludge were
used as anolyte in MFC systems. In batch mode operation, the polari-
zation curves were obtained at steady-state conditions by setting an
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adjustable resistance in the data logger. The initial COD of all MFC
systems was in the range of 1785-2190 mg 1.

Fig. 7 displays the polarization curve and voltage output of the MFCs
assembled Nafion 117, SPEEK20, SPEEK15, SPEEK/GO1, SPEEK/GO3,
and SPEEK/GO5 and. Table 4 summarizes the data for maximum power
density, maximum current density, coulombic efficiency (CE), and COD
removal of the aforementioned MFC assembled membranes. As shown in
Fig. 7, the power density starts increasing and reaching a maximum
value before it starts to fall down based on the proton conductivities of
the membranes employed. Based on the results, a power density of
25.13mWm™? was generated with the MFC assembled commercial
Nafion117. The corresponding CE of 2.17 4+ 0.12% and COD removal
efficiency of 81.91 +£0.32% were obtained for the MFC assembled
commercial Nafion117. In order to optimize the concentration of poly-
mer in casting solution, SPEEK solution of 15wt% (consisted of 15g
SPEEK and 85 g DMAc) and 20 wt% (consisted of 20 g SPEEK and 80 g
DMAc) as bare membranes, after cast on the glass plates, were solidified
by dry method. The results show that SPEEK15 showed power density
and current density of 28.58 mW m2 and 186 mA/m?, respectively. The
corresponding CE and COD removal efficiency were observed as
2.52+0.13% and 84.69 + 0.48%, respectively, for SPEEK15. In com-
parison, an increase in the power density was about 13.7% for SPEEK15
compared with commercial Nafion 117 (Fig. 7). Nevertheless, the power
density and current density for the MFC assembled SPEEK20 were
achieved as 22.27 mWm™ and 173 rnA/rnZ, respectively (Table 4). The
decrease in power density for SPEEK20 was 13% compared with com-
mercial Nafion 117. The corresponding CE and COD removal efficiency
were achieved as 2.20 £0.13% and 82.91 + 0.44%, respectively, for
SPEEK20. Our results show that the maximum power density of
53.12mWm? was generated with the MFC assembled SPEEK/GO3
(Fig. 7). In comparison, about two-fold increase in power density was
observed for SPEEK/GO3 over the commercial Nafion 117. Corre-
spondingly, the highest CE for the MFC assembled SPEEK/GO3 was
obtained. As presented in Table 4, the CE of 3.74 +£0.18% and COD
removal efficiency of 88.71 +£0.51 were obtained with the MFC
assembled SPEEK/GO3. However, the CE values for SPEEK/GO1 and
SPEEK/GO5 were obtained as 2.15+0.16 and 2.71 + 0.13%, respec-
tively. In addition, we achieved COD removal efficiencies of
84.55 +0.50 and 88.73 + 0.51% with MFC assembled SPEEK/GO1 and
SPEEK/GO5, respectively. Compared with commercial Nafion 117, the
increase in power density for SPEEK/GO1 and SPEEK/GO3 was higher
as shown in Fig. 7. These results indicate that SPEEK solution of 15 wt%
and GO nanosheets of 3 wt% (consisted of 15 g SPEEK, 3g GO and 82¢g
DMAc) can be the best for the fabrication of nanocomposite membranes.
Generally, membranes with higher proton conductivity would have a
lower internal resistance which would yield higher power density
(Ghasemi et al., 2013). Except for the SPEEK20, the power density of
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Fig. 7. Polarization curves of membranes applied in MFCs.
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Table 4
Coulombic efficiency and COD removal of composite membranes.

Membranes  Max. current Max. power Coulombic COD removal
density (mA/ density (mW efficiency (%) (%)
m?) m?)
Nafion117 172.67 25.13 2.17+£0.12 81.91+£0.32
SPEEK15 186 28.70 2.52+0.13 84.69 +0.48
SPEEK20 173 22.27 2.20+0.11 82.91 +£0.44
SPEEK/ 180 31.37 2.15+0.16 84.55 +£0.50
GO1
SPEEK/ 240.00 53.12 3.74+0.18 88.71 £0.29
GO3
SPEEK/ 200 41.70 2.71+0.13 88.73+0.51
GO5

MFC assembled Nafion117 was less compared with all the other
as-synthesized membranes which significant differences were observed.
In a related study, the SPEEK electrolyte membrane was compared with
the commercial Nafion 117 in a single chamber MFC system using
Escherichia coli, which obtained comparatively a better performance in
power density over the Nafion 117 (Ayyaru and Dharmalingam, 2011).
In addition, the open-circuit voltage (OCV) values for SPEEK/GO3,
SPEEK/GO5, SPEEK/GO1, SPEEK15, Nafion117, and SPEEK20 were
obtained as 883, 771, 690, 610, 579, 490 mV, respectively. As a com-
parison, various membranes were tested as electrolyte in the MFC sys-
tem, the COD removal efficiency levels of all systems were the same, but
resulting in different levels of produced power density and CE. This
could be due to the dependence of the power generation on the proton
conductivity and oxygen diffusivity of the as-synthesized membranes,
which might enhance the internal resistance, leading to a lower current
density and power density (Fan et al., 2007). In a previous study, a CE of
4.09% was reported for the bio-electro-Fenton MFC assembled com-
mercial Nafion117 (Birjandi et al., 2016). The higher CE may be due to
the higher flow of current across the external circuit.

Summing up, a decrease in cell voltage was observed with an in-
crease of SPEEK concentration in casting solution from 15 to 20 wt%,
which is due to an increase of internal resistance of the membranes. In
terms of power density, there was no significant difference between
commercial Nafion117 membrane and the bare SPEEK20 membranes,
but SPEEK15 showed higher cell voltage than Nafion117. Furthermore,
the incorporation of GO nanosheets has improved the efficiency of MFC
in terms of power produced due to its occupation into the free volume of
the SPEEK matrix. The hydrophilic sites of the GO in the oxygenated
functional groups (hydroxyl, carboxylic acid and epoxide groups)
attached to the sp> carbon surface attracted the protons, which move

Table 5
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through the hydrogen-bonding networks along the film of water mole-
cules and transferred them by the Grotthuss mechanism through the
formation or cleavage of covalent bonds (Karim et al., 2013). In addi-
tion, an increase of GO content in the casting solution from 1 to 3 wt%
caused a significant increase in power density and coulombic efficiency
values while further increase in GO nanosheets up to 5% resulted in a
decrease in MFC efficiency. Our finding in agreement with the earlier
research, which highlighted the novelty of incorporation of GO filled
sulfonated polystyrene (SS)/polyvinyl alcohol (PVA) membrane in MFC
application (Rudra et al., 2017).

3.5. Comparison of the studies

The choice of suitable membranes separating anode and cathode
chamber is vital since it plays an important role in preventing the sludge
and substrate entering the cathode and blocking the oxygen diffusion
from the cathode to anode. However, poor separators could eventually
lower the power output of the MFC and reduce COD removal efficiency
in MFC.

Table 5 exhibits different parameters of several studies with MFCs,
which used commercial Nafion, SPEEK, and composite membranes as
PEMs. In the present study, COD removal was also monitored to control
the treatment efficiency and energy generation from the wastewater. As
shown in Table 5, no studies have focused on investigating the effects of
different ratios of GO nanosheets on the efficiency of the membranes
applied in MFCs. Leong et al. (2015) have published interesting research
on sulfonated polymer based on the SPEEK/GO electrolyte nano-
composite membrane for their application in the MFC system. Unfor-
tunately, their work has only focused on the fabrication of electrolyte
composite membrane consisted of 15 wt% SPEEK and 0.25 wt% GO as
casting solution (Leong et al., 2015). They have reported that the MFC
with SPEEK/GO electrolyte membrane gave a peak power density of
900 mW m'2 and coulombic efficiency of 16.88% at a current density of
2.11 A m'2, whereas the WU and COD removal efficiency were obtained
as 83.01% and 85.4%, respectively. Meanwhile, inorganic nanoparticles
were incorporated with the synthesized composite membranes, which
resulted in the improved proton conductivity and hydrophobicity of the
surfaces. Venkatesan and Dharmalingam (2015) developed a
SPEEK-rutile TiO, electrolyte membrane with better performance of
power density and IEC compared with bare SPEEK membrane.
Furthermore, another study reported that the loading content of sulfo-
nated SiOy improved effectively the proton conductivity of the SPEEK
membrane and showed the highest maximum power density compared
with SPEEK and SPEEK-SiO; in a single-chambered MFC (Sivasankaran

Performance comparison of MFCs with various CEM membranes in power generation, COD removal, coulombic efficiency, ion exchange capacity, and water uptakehtt

ps://www.sciencedirect.com/topics/social-sciences/energy-conversion.

CEM Thickness (jum) WU (%) IEC (meq g') COD removal (%) Power density (mW m~2) Refs.

SPEEK 180.0 15.85 1.47 n.d. 77.00 Venkatesan and Dharmalingam (2015)
SPEEK/TiO, 7.5 wt% 180.0 21.83 1.98 n.d 98.10

Nafion 117 190.0 22.00 1.23 47.50

SPEEK/SiO, 7.5 wt% 120.0 39.00 1.80 n.d 1008.0 Sivasankaran and Sangeetha (2015)
SPEEK 200.0 15.87 1.87 80.00 670.00 Ayyaru and Dharmalingam (2011)
SPEEK 170.0 27.00 1.23 - - Ayyaru and Dharmalingam (2014)
GO/SPEEK - 85.40 - 83.01 902.00 Leong et al. (2015)

PES/SPEEK 5 wt% 150.0 - - 68.00 170.00 Lim et al. (2012)

PS/SPEEK (29 wt%) - 22.00 - 86.00 97.47 Ghasemi et al. (2016)

PS/SPEEK (76 wt%) - 37.00 - 99.00 41.42

Nafion 112 50.8 28.00 1.10 98.00 19.70 Ilbeygi et al. (2015)

Nafion 112 50.8 33.00 0.80 90.00 13.99 Ghasemi et al. (2012)

Nafion 117 175.0 — 0.98 63.50 68.90 Samsudeen et al. (2015)

Nafion 117 180.0 44.31 1.00 81.91 25.13 Present study

SPEEK15 180.0 58.21 1.50 84.69 28.58

SPEEK20 180.0 55.00 1.30 82.91 22.27

SPEEK/GO1 180.0 67.85 1.57 84.55 31.37

SPEEK/GO3 180.0 62.72 2.21 88.71 53.12

SPEEK/GO5 180.0 61.23 1.93 88.73 41.17
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and Sangeetha, 2015). In this regard, the power density and IEC of the
combination materials were obtained up to 1008 mW m?and 1.8 meq
g’! for the composite membrane containing 7.5 wt% SiO— SOsH. The
researches have tended to focus on blending different types of polymers
in order to achieve higher electrochemical performance. Lim et al.
(2012) studied a combination of SPEEK/polyethersulfone (PES) mem-
branes in the MFC system. Their results showed that the power density
of 170 mW m? and COD removal efficiency of 68% were achieved for
the composite membrane containing 5 wt% of SPEEK added into PES
membrane. Ghasemi et al. (2016) studied electrochemical properties
and MFC performance of PS/SPEEK composite membranes with two
different sulfonation degree (DS). The results showed an increase in COD
removal efficiency with increasing DS, while power density decreased
with increasing the level of DS, but has lower power density compared to
PES/SPEEK reported earlier. Additionally, some authors have reported
studies in application of Nafion membranes in MFCs. The MFC with the
Nafion 117 membrane showed reasonably higher peak power density if
compared to that of cells with Nafion 112 membranes. In the present
study, the peak power density of 25.13 mWm ™2 for Nafion 117 was
achieved. It should be taken into account that the bioelectrochemical
systems owed different characteristics such as working volume, mem-
brane surface, electrode area, membrane thickness, initial COD, and
mixed liquor suspended solids. Thus, based on the information provided
in Table 5, it is not possible to judge the performance of MFCs, but
enough to follow the positive effects of incorporation of nanosheets and
their ability as a good alternative to Nafion.

Based on the results reported in the literature, there are significant
differences between systems in terms of power density, but overall COD
removal of all the MFC systems assembled SPEEK/GO membranes was
slightly better than that of commercial Nafion membrane. This indicated
the equal ability of various MFCs in terms of anaerobic wastewater
treatment. As shown in Table 5, the high COD removal efficiencies were
obtained for SPEEK/GO5 and SPEEK/GO3. To sum up, the developed
GO composite membranes reported here exhibit high power density and
high coulombic efficiency compared to commercial Nafion. In addition
to this, it seems that GO is potentially interesting to be used as an
electrolyte membrane in the MFC system.

4. Conclusion

In the present study, the incorporation of nanosize GO to SPEEK
membrane composite was conducted to investigate the effect of bending
ratio on MFC efficiency in terms of power produced and COD removal.
The results revealed that the membrane with 3% GO in SPEEK (SPEEK/
GO3) showed the best results followed by SPEEK/GO5 and SPEEK/GO1,
which indicates the positive effect of nanosheets blending on membrane
properties and efficiency. Compared with the commercial membrane
(Nafion117), the SPEEK/GO membrane showed to have greater advan-
tages in the water uptake (WU), power density, voltage, coulombic ef-
ficiency (CE) and chemical oxygen demand (COD) removal. All the
synthesized membranes were higher in efficiency comparing to
Nafion117 except SPEEK20 which lower efficiency could be resulted by
membrane internal resistance. In terms of COD removal, all membranes
showed relatively equal but slightly higher for SPEEK/GO3 as for CE the
best of 3.74% was obtained for the same membrane because of its role in
power produced, maximum current and COD changes. The evidence
from this study suggests that the blended SPEEK/GO composite mem-
brane could be an encouraging candidate to replace the expensive per-
fluorosulfonic acid membrane Nafion as a separator in the MFC system.
Furthermore, the incorporation of various nanoparticles into the sulfo-
nated polymer electrolyte may improve the electrochemical character-
istics and the combination of electricity generation and organic carbon,
nitrogen and phosphorus removal from waste streams.
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