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Proton-conducting porous ceramic membranes were synthesized via a polymer-derived ceramic route and
probed in a microbial fuel cell (MFC). Their chemical compositions were altered by adding carbon allotropes in-
cluding graphene oxide (GO) andmultiwall carbon nanotubes into a polysiloxanematrix asfillermaterials. Phys-
ical characteristics of the synthesized membranes such as porosity, hydrophilicity, mechanical stability, ion
exchange capacity, and oxygenmass transfer coefficientwere determined to investigate the best membranema-
terial for further testing in MFCs. The ion exchange capacity of the membrane increased drastically after adding
0.5 wt% of GO at an increment of 9 fold with respect to that of the non-modified ceramic membrane, while the
oxygen mass transfer coefficient of the membrane decreased by 52.6%. The MFC operated with this membrane
exhibited amaximumpower density of 7.23Wm−3with a coulombic efficiency of 28.8%,whichwas significantly
higher than the value obtained using polymeric Nafion membrane. Hence, out of all membranes tested in this
study the GO-modified polysiloxane based ceramic membranes are found to have a potential to replace Nafion
membranes in pilot scale MFCs.
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1. Introduction

Microbial fuel cells (MFCs) are a promising alternative bio-
electrochemical technology, that converts the chemical energy presents
in the organic matter of wastewater directly into electrical energy
through the metabolic oxidation of exoelectrogenic bacterial species.
The organic materials present in the anodic chamber of theMFC are ox-
idized to produce electrons, which are further transported from the
anode to the cathode through an external circuit. Meanwhile, protons
released out of the above oxidation process, travel from the anode to
the cathode via a separable membrane, which separates anodic and ca-
thodic chamber [1,2]. Since MFCs are capable of simultaneously
performing wastewater treatment and electricity generation, it has
attracted much attention from researchers in recent years [3]. One of
the most expensive component of the MFC is its membrane. Polymeric
Nafion membranes have been traditionally used as proton exchange
membranes (PEM) not only for MFCs, but also for hydrogen fuel cells
[4], owing to their high ionic conductivity and reasonable chemical
lm).
stability in oxidative-reductive environments [5]. However, the practi-
cal applicability of MFCs on the industrial scale is limited due to high
costs of Nafionmembranes, biofouling that occurs during long-term op-
eration and lowmechanical strength that does not allow them to with-
stand higher hydrostatic pressures [6,7], that is likely to occur in full
scale MFCs. In order to overcome the drawbacks of this technology
and optimize the performance of MFC, a proper membrane material
must be selected. Zhu et al. investigated membrane-less MFC and
cameupwith their advantages such asno issues likemembrane biofoul-
ing and additional internal resistance because of membrane [8]. How-
ever, membrane-less technology is not ideal for long term operation of
MFC, because of its high oxygen and substrate crossover rate, which
can severely deteriorate the performance of the MFC [9].

Multiple membrane-related research studies have been conducted
to develop an inexpensive polymeric membrane material for MFCs
such as polytetrafluoroethylene, sulfonated polystyrene− ethylene
−butylene−polystyrene, polyethersulfone/sulfonated polyether ether
ketone and sulfonated polyethersulfone [10–13]. However, the
resulting polymeric membranes were not suitable for scaling up of the
MFC due to their lowmechanical stability. In the last few years, consid-
erable progress has been made in the development of mechanically
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stable ceramic membranes for application inMFCs, which exhibit many
advantages over polymeric membranes. Pasternak et al. evaluated per-
formance of MFCs utilizing four different ceramic materials and found
that the MFCs containing pyrophyllite and clayware ceramic mem-
branes produced the highest power densities of 6.93 and 6.86 W m−3,
respectively [14]. To further increase the power density of MFC, com-
posite clay based ceramic membranes with cation exchange fillers
such as montmorillonite and kaolinite were proposed [15]. Ghadge
et al. reported that the addition of 20% montmorillonite to a clay
based ceramic membrane increased the power density of MFC
to 7.55 W m−3, which was higher than that of the polymeric Nafion
membrane [15].

Among other membrane materials, polymer derived ceramics
(PDC), mainly composed of silicon oxycarbide (SiOC)-based materials,
are of significant interest because of their unique properties including
high mechanical stability, large oxidation resistance and micro/meso/
macro porous hierarchical structure [16–18]. These PDC characteristics
can be tailored by selecting a proper synthesis method, varying the py-
rolysis temperature and changing the material composition [19,20]. In
particular for application in MFCs, porous PDC membranes have been
synthesized with good physical properties, including high ion exchange
capacity (IEC), high cation transport number and low oxygen perme-
ability. Furthermore, the addition of cation exchange fillers such as
montmorillonite and H3PMo12O40/SiO2 to the PDC matrix can signifi-
cantly enhance its functional properties at low pyrolysis temperatures.
However, both these fillers ultimately decomposed at a higher pyrolysis
temperature (1000 °C), which negatively affected the membrane
performance [21].

Currently, substantial attention is being paid to carbon allotropes
such as graphene oxide (GO) and multiwall carbon nanotubes
(MWCNTs) due to their high thermal and mechanical stabilities, large
ionic conductivity and good oxygen barrier properties [22–25]. Incorpo-
ration of GO or MWCNTs into a polymer matrix improves various phys-
ical and chemical characteristics of the membrane, including its ion
conductivity, mechanical strength and degree of oxygen permeation
[24,26]. For instance, Khilari et al. reported that the addition of GO to a
polyvinyl alcohol−silicotungstic acid composite polymer membrane
significantly increased its ionic conductivity and decreased the oxygen
diffusion rate, which enhanced the overall power generation and chem-
ical oxygen demand (COD) removal efficiency of theMFC [26]. Similarly,
Li et al. reported that the CNT-modified polymeric Nafion membrane
exhibited a 1.5 fold increase in the mechanical strength and a five-fold
increase in the proton conductivity [27].

In the present study, porous PDC composite membrane modified
with GO and functionalized MWCNTs were prepared and evaluated
for their potential as the separator material for application in MFC.
First, a series of composite PDC membranes with different contents of
GO andMWCNTswere synthesized through a facile pressing technique.
The fabricated membranes were characterized in terms of their pore
size distributions, surface characteristics, IECs, oxygen permeability
and mechanical stability, which were compared with the parameters
of the standard commercial polymeric Nafion membrane. Furthermore,
the performance of MFCs using PDC and its composite membranes was
evaluated in terms of the power density, internal resistance, COD re-
moval efficiency and coulombic efficiency (CE).

2. Experimental methods

2.1. Chemicals required

A commercial hydrophobic oligomeric methyl-phenyl polysiloxane
powder (H44 Silres® Wacker Chemie), Bis(trimethoxypropyl)silyl
amine (BISA, ABCR Dr. Braunagel GmbH & Co. KG), ethanol (99%,
Alpha Aesar) as the solvent, ammonia (25%, Alpha Aesar) and water
for catalyzing the polymerization reaction were used to prepare the ce-
ramicmembraneswithGO andMWCNT (Nanochem) asfillermaterials.
The GO prepared using synthetic graphite powder (Timical Timrex®
SFG75), sulfuric acid (conc. H2SO4, Sigma Aldrich), potassium
permangenite (KMnO4, Sigma Aldrich), hydrogen peroxide (30 wt%
H2O2, Sigma Aldrich), hydrochloric acid (37% HCl, Sigma Aldrich).
Functionalization of MWCNT was carried out using nitric acid (65%
HNO3, Sigma Aldrich) and sulfuric acid (conc. H2SO4, Sigma Aldrich).

2.2. Graphene oxide synthesis

The GOwas produced from graphite powder using amodified Hum-
mers method. Briefly, 3 g of graphite powder was added to 70 mL of
concentrated H2SO4 and well agitated for several minutes followed by
the addition of 9 g KMnO4 using an ice bath. The solution was trans-
ferred to a flask containing 150 mL of deionized (DI) water and then
placed in an oil bath at 40 °C under stirring. After vigorously stirring
for 15 min, the oil temperature was increased to 95 °C, after which the
reactants were stirred for another 15 min. Subsequently, 500 mL of DI
water was added to the reaction mixture followed by the slow addition
of 15 mL H2O2 (30%) and overnight stirring at room temperature. After
that, the liquidwaswashedwith concentratedHCl andDIwater until its
pH reached to 7.0 and then ultrasonically agitated for 30 min. At this
point, the aqueous dispersion contained two different materials: GO
and non-exfoliated graphite oxidized to graphite oxide, which were
easily separated by centrifugation.

2.3. Pretreatment of multiwall carbon nanotube

Functionalization of MWCNTwas performed using mixture of HNO3

and H2SO4 acids in a molar ratio of 1:3 to create a solution with a final
volume of 20 mL. Pristine MWCNTs (100 mg) were added to this solu-
tion and the mixture was treated by magnetic stirring vigorously for
3 h at room temperature. The functionalized MWCNTs were then puri-
fied by extraction from the residual acids by dilution with distilled
water and centrifuged repeatedly until the pH of the solutions reached
to approximately 6.0. After the purification process, the oxidized sam-
ples were dried at 80 °C for over-night.

2.4. Polymer derived ceramics membrane synthesis

In a typical synthesis, an equimolar ratio of H44 and BISA (1:1) was
dissolved in the ethanol dispersion of a filler material inside the round
bottom flask placed in an oil bath at 70 °C under stirring. Subsequently,
3.27 mL of ammonia and 3 mL of distilled water were slowly added to
the reaction mixture. The reaction was performed under reflux until a
stable polymeric solid material was obtained. After that, the solvent
was removed by drying and cross-linking in air - first at 140 °C for 1 h
and then at 200 °C for 2 h. The cross-linked PDC sample was ground
to fine powder via high-energy ball milling and pressed to a monolithic
structure. The produced membranes were pyrolyzed at 1100 °C for 4 h
under nitrogen atmosphere. The schematic representation of the syn-
thesis procedure is shown in Fig. 1.

2.5. Sample notation

Sample nomenclature was based on the notation PDC:xGO–zzz and
PDC:yCNT-zzz,where PDC represents SiOC, GOwithweight fraction x in
the startingmaterial, CNTwithweight fraction y, and zzz is the pyrolysis
temperature (Table 1).

3. Physicochemical membrane characterization

3.1. Material characterization

The X-ray diffraction (XRD) pattern of the samples was measured
using SEIFERT XRD 3003 research edition, United States, with Cu-Kα ra-
diation, 2θ from 10° to 90° in steps of 0.02° and a counting time per step



Fig. 1. (a) Synthesis flowchart of PDC composite membrane (b) Sample prepared at 1100 °C.
of 2° min−1. Raman spectra were recorded at ambient condition on a
LabRam ARAMIS (Horiba Jobin Yvon) Micro-Raman spectrometer
equipped with a laser working at 785 nm and less than 20 mW. The
usage of a 50× objective (Olympus) with a numerical aperture of 0.75
provides a focus spot of about 2 μmdiameter when closing the confocal
hole to 200 μm. The spectra were collected in the range from 800 cm−1

to 2000 cm−1 with a spectral resolution of approximately 1.2 cm−1

using a grating of 1800 grooves mm−1 and a thermoelectrically-
cooled charge coupled device (CCD) detector (Synapse, 1024 × 256
pixels). Each spectrum was baseline corrected with the ‘LabSpec’ soft-
ware (Horiba Jobin Yvon). The specific surface areawasmeasured by re-
cording nitrogen adsorption and desorption isotherms at 77 K (Belsorp-
Mini, Bel Japan). The sampleswere heated at 120 °C for 3 h as a pretreat-
ment in order to remove adsorbed water molecules from the material
surface. Porosity and mean pore sizes of the samples were measured
via mercury intrusion porosimetry (Pascal 140/440, Porotec). The
vapor adsorption was measured by placing 0.5 g of dry powdered PDC
composite materials in an open glass container in closed Erlenmeyer
flasks filled with the solvent of water or heptane in equilibrium with
its vapor phase at room temperature. The samples wereweighed before
and after a 24-h measurement period in order to determine the vapor
adsorption of thematerials. Later, the adsorption capacity of the solvent
was recalculated using the Brunauer–Emmett–Teller (BET, Bell Japan
Inc) to determine the specific surface area of the materials.

3.2. Mechanical stability

According to German Standard Code DIN 52292, ring-on-ring bend-
ing test was carried out to measure the bending strength of the ceramic
membrane. The test samples, with a radius r3 and a thickness S, were
Table 1
Preparedmembrane compositionswith equalmole ratio of H44 and BisA and pyrolysed at
1100 °C.

Membranes Graphene oxide (wt%) MWCNT (wt%)

PDC – –
PDC:0.5GO 0.5 –
PDC:2GO 2 –
PDC:0.5CNT – 0.5
PDC:2CNT – 2.0
placed on a supporting ring while the force was applied with a load
ring perpendicular to the sample surface. A Zwick/Roell material-
testing machine type Z005 (Zwick/Roell GmbH, Ulm, Germany)
equipped with a 5 kN load cell was used to measure the maximum
force F at the moment of failure. The ratio r1: r2 between the radius of
the load ring r1 and the supporting ring r2 was set to 1:5. The initial
loadwas set to 0.5 N, the test velocity to 0.5mmmin−1 and the number
of trial samples were three. For all samples, the Poisson's ratio of μ =
0.12 was assumed. The bending strength σ in mega pascal (MPa) was
estimated using Eq. (1).

σ ¼ 3 1þ μð Þ
2π

�
ln
r2
r1

þ 1−μð Þ
1þ μð Þ :

r22−r12

2r32

�
:
F

S2
ð1Þ

3.3. Ion exchange capacity

The IEC of each membrane was determined using titration method
[28]. Themembranewas first equilibratedwith 100mL of 1MHCl solu-
tion for 72 h. After that, it was removed from the acid solution and
rinsed with DI water to remove the surface-adsorbed ions on themem-
branes. It was then transferred to 50mL of 1MNaCl to exchange the H+

to Na+ over equilibration for 24 h. Afterward, the membrane was re-
moved and the NaCl solution was titrated with 0.005M NaOH to deter-
mine the amount of H+ present in the solution. The IEC was expressed
in milliequivalents of H+ per gram of dry membrane using Eq. (2).

IEC ¼ VNaOH � MNaOHð Þ=Wdry ð2Þ

Where, VNaOH is the volume of NaOH solution consumed, MNaOH is
the molarity of NaOH (0.005 M), and Wdry is the weight of dry sample.

3.4. Oxygen diffusion coefficient

The oxygen permeability of the membrane was measured as de-
scribed in other studies [29]. The DI water-filled in one chamber was
continuously purged with N2 gas for 30 min and maintained in an an-
aerobic state with an oxygen concentration of less than 0.02 mg L−1;
whereas, the DI water-filled in another chamber was aerated continu-
ously to maintain a near-saturation dissolved oxygen (DO) condition.



The oxygen concentration in the first chamber was monitored using a
DO probe at regular time interval of 15min and the oxygenmass trans-
fer and diffusion coefficient were determined by using Eqs. (3) and (4),
respectively.

ko ¼ −
v
At

ln
Coc−Coa

Coc
ð3Þ

Do ¼ Ko � Lth ð4Þ

Where, v is the volume of chamber in cm3, A is the area ofmembrane
in cm2, t is time in s, Coc is the oxygen concentration in the second cham-
ber inmg L−1, Coa is the oxygen concentration in thefirst chamber inmg
L−1, Lth is the thickness of the membrane in cm.
3.5. Microbial fuel cell setup and operations

Four MFCs, with two chambered aqueous cathode configuration,
were fabricated using 30 mm thick poly-(methyl-methacrylate) fibre
sheet with a working volume of 70 mL each for anodic and cathodic
chamber. The carbon felt (Panex_35 Zolex Corporation) was used as
cathode and anode (with a surface area of 16 cm2 each) separated by
the synthesized membrane separators. These carbon felts were
pretreated by consecutive washingwith 1 NHNO3, 30% ethanol and de-
ionized water until the neutral pH was obtained. The felts were then
dried in a hot air oven at 100 °C followed by thermal treatment inmuffle
furnace at 400 °C for 30 min and cooling in vacuum desiccators for fur-
ther use. Electrodes were connected with concealed copper wires and
the connections were coated with polymer glue to protect from corro-
sion. Operating voltage (OV) was measured over 100 Ω of external re-
sistance. Resin and glue in fixed proportion were used to make the
MFCs water resistant. Nafion 117 membrane was used as PEM for the
control MFC in order to compare the performance of the synthesized
membranes with it, after pre-treating with 3% H2O2 solution for one
hour followed by dipping in DI water for two hours.

The inoculation in anodic chamber of MFCs was done using anaero-
bic mixed consortia with a volatile suspended solids (VSS) concentra-
tion of 19.90 g L−1 and total suspended solids (TSS) of 30.20 g L−1,
collected froma septic tank, IIT Kharagpur, after pre-treating it by apply-
ing heat (100°C for 15 min). The synthetic wastewater with sucrose as
carbon source was fed to the MFCs with initial organic matter concen-
tration of around 3 g of COD L−1 supplemented with trace elements
[30]. All the MFCs were kept in an open environment under ambient
temperature varying from 28 ± 2 °C. Each MFC was operated for 15
feed cycles to gain representative performance results. The MFCs were
run in replica as well to check the precision of the results in batch
mode with fresh feeding frequency of 3 days. The schematic of MFC
used is shown in Fig. S2.
3.6. Analytical measurements

The OV and open circuit voltage (OCV) of the MFCs were measured
on daily basis using a digital multi-meter with a data acquisition unit
(Agilent Technologies, Malaysia). The polarization curve was graphed
by altering the external resistance from 10,000 to 10 Ω using a resis-
tance box (GEC05R Decade Resistance Box, Bangaluru, India). The
power (P, in W) generated from the MFCs was determined as Ecell2 /Rext,
which upon dividing with anodic chamber volume gave maximum vol-
umetric power density (mW m−3). The internal resistance of MFC was
measured from the slope of the polarization plot of voltage vs. current.
The net amount of coulombs getting recovered from the theoretical cou-
lombs present in the synthetic wastewater were expressed as CE
according to Eq. (5).

CE ¼ Ms
R
I:dt

F:bes:Van:ΔCOD
ð5Þ

Where, Ms is the molecular weight of the substrate in g mol−1, F is
the Faraday's constant = 96,485C mole−1, I is the current in mA, t is
the retention time in h, bes is the generated electrons per mol of
substrate oxidized, Van is the anodic chamber liquid volume in
L and ΔCOD is the change in substrate concentration over a batch
cycle in g L−1.

Normalized energy recovery (NER) was also calculated for all the
MFCs on the basis of the volume of wastewater treated over the time
(kWh m−3) using Eq. (6).

NER ¼ Energy output=Treated wastewater volume ð6Þ

The COD of untreated and treated wastewater samples and VSS of
the anaerobic sludge were analyzed according to Standard Methods
[31].

4. Results and discussion

4.1. Phase analysis

The XRD was used to investigate the phase evolution of PDC mem-
brane pyrolyzed at 1100 °C (Fig. 2a). The observation of broad peaks
from the XRD pattern in between 20 o and 30 o significantly show that
SiOC is amorphous in nature. Such amorphous SiOC network can be
generated by the substitution of two divalent oxygen ions by one tetra-
valent carbon atomwithin the SiO2 network. The composition of a stoi-
chiometric SiOC, consisting solely of Si\\O, Si\\C bonds and some
excess free carbon, this clearly explained by Kleebe et al. [32]. Raman
spectroscopywas analyzed to understand the graphitic nature of carbon
present in the SiOC and in the filler materials (Fig. 2b). The Raman spec-
trum of graphitic carbon shows the usual three bands at around 1340,
1582 and 2717 cm−1, which are designated as the D, G, and 2D bands,
respectively. However, the Raman spectrum of these samples displayed
only two major peaks at 1343 and 1585 cm−1 in the range from 800 to
2000 cm−1, corresponding to the D band due to structural defects and
the G band representing the degree of order of graphene structure, re-
spectively [33]. In detail, the G-band is attributed to the first order scat-
tering of the E2g phonon of the sp2 carbon‑carbon bond; while the D-
band represents the defect sites associated with vacancies and grain
boundaries [34]. The carbon with sp2 hybridization such as graphene
or graphite has lower ID/IG ratio, which indicates lower defect concen-
tration. However, GO is not a purely sp2 system however a highly disor-
dered one with a significant sp3 content. Hence, contrary to the
standard sp2 materials, the increase of defects in GO would produce a
decrease of the ID/IG ratio. This is because there would bemore sp2 car-
bon atoms surrounding the defects [35].

The observed D and G band of PDC-1100 sample showed a ratio of
1.06, which significantly demonstrated the presence of free carbon in
the SiOC matrix. The ID/IG intensity ratio increased from 0.96 for
PDC:0.5GO-1100 to 1.02 for PDC:2GO-1100. It showed that a significant
decrease in the defect domains upon reduction of the GO phase in the
PDC:2GO-1100 sample [36]. This illustrated that GO presence in
PDC:0.5GO-1100 is comparatively stable probably due to grafting of
GO functional groupwith the SiOCmatrix. A similar effect was observed
by Lou et al. in an investigation on ceramic supported GO composite
membrane [37]. Further addition of 2 wt% of GO resulted in segregation
of GO along with the graphitic free carbon in the PDCMatrix, which re-
sulted in partially reduced GO during pyrolysis at 1100 °C. On the other
hand, ID/IG ratio of PDC:0.5CNT-1100 and PDC:2CNT-1100material was
1.02 for both. This demonstrated graphitic carbon naturewith increased
band ratio of above 1, due to the segregation of MWCNT alongwith free



Fig. 2. (a) X-Ray diffraction pattern of PDC-1100 membrane; (b) Raman spectroscopy of PDC-1100 (black); PDC:0.5GO-1100 (red); PDC:2GO-1100 (blue); PDC:0.5CNT-1100 (pink) and
PDC:2CNT-1100 (green).
carbon presence in the PDC matrix [33]. The Raman spectra of GO
and MWCNT materials is shown in supporting information Fig. S1.
The ID/IG of GO pyrolysed at 1100 °C increased, which clearly showed
the transformation of GO to reduced GO.

4.2. Specific surface area and pore size distribution

Unlike the polymeric membranes, whose ion transfer properties de-
pend on the presence of functional groups, porous ceramic membranes
are not ion-selective and transport ions through their porous structures
when themembrane surface is hydrophilic [38]. Therefore, studying the
micro-,meso andmacroporous structural properties of PDCmembranes
are very important for determining their suitability for application in
MFCs. In this work, the micro-meso-porosity of the prepared samples
were characterized by recording nitrogen adsorption-desorption iso-
therms (Fig. 3a). According to the IUPAC classification, the shapes of
the isotherm curves obtained for the sample pyrolyzed at 1100 °C corre-
spond to type III isotherms, indicating that the material has only a
macroporous structure. The incorporation of GO and MWCNTs (with
contents of 0.5 and 2 wt%, respectively) into the PDC matrix increased
Fig. 3. (a) Nitrogen adsorption desorption isotherms of PDC-1100 (black); PDC:0.5GO-1100
calculated (BET) from nitrogen adsorption isotherm.
its specific surface area due to the presence of high surface area fillers
[39]. The BET specific surface area (Fig. 3b) increased in the order of
PDC-1100 b PDC:0.5CNT-1100 b PDC:0.5GO-1100 b PDC:2CNT-1100 b

PDC:2GO-1100 from 4 up to 25 m2 g −1.
Macroporous size distributions and open porosities of the mem-

branes were determined by mercury intrusion porosimetry (the histo-
grams are shown in Fig. 4a). The pore size distribution in the PDC
membranes did not change significantlywith addition of GOfillermate-
rial. The average pore size of PDC-1100, PDC:0.5GO-1100 and PDC:2GO-
1100 were 325 nm, 407 nm and 344 nm, respectively. On the other
hand, the opposite trend was observed for PDC composite with
MWCNT, since the average pore size of PDC:0.5CNT-1100 and
PDC:2CNT-1100 membrane was 735 nm and 619 nm, respectively.
This phenomenon might be caused by the partial decomposition of
MWCNTs at 1100 °C leading to the evolution of carbon-containing
gases and formation of large voids and defects in the membrane struc-
ture due to the dispersion of MWCNTs across the polysiloxane matrix
during synthesis. MWCNTs can easily agglomerate, bundle, and entan-
gle in a polymer matrix, which can produce defects such as large
pores [40,41]. In addition, all PDC and composite membranes prepared
(blue) and PDC:0.5CNT-1100 (red), (b) Specific surface areas of pyrolyzed membranes



Fig. 4. (a) Pore size distribution versus relative pore volume and open porosity curves obtained from Hg-porosimetry histrogram of PDC-1100 (red); PDC:0.5GO-1100 (blue) and
PDC:0.5CNT-1100 (black) (b) Average pore size of prepared PDC membranes.
in this study exhibited open porosities between 31 and 43%, whichwere
suitable for application in MFCs and facilitated the diffusion of protons
from one chamber to another by the osmotic and electro-osmotic
drags [42].

4.3. Hydrophilic characteristics

The hydrophilic properties of the membrane promote the adsorp-
tion ofwatermolecules in its porous structure that act as proton transfer
carriers [43]. Since an accurate water contact angle is difficult to mea-
sure for a porous structure, the adsorption of polar and non-polar sol-
vent vapors at the pore walls (such as water and n-heptane) was
performed to examine the hydrophobic/hydrophilic behavior of the
samples tested (Fig. 5). The amount of adsorbed vapors (in mmol
m−2) were related to the specific surface area measured by recording
N2 adsorption-desorption isotherms. In the samples pyrolyzed at 1100
°C, most of the hydrophobic methyl and phenyl groups of the
preceramic polymers (H44 and BISA) were decomposed, which in-
creased their degrees of hydrophilicity [44]. Although all themembrane
samples were hydrophilic in terms of the water-to-heptane ratio
Fig. 5. Water (blue) and n-heptane (gray) vapor adsorption at 25 °C for as prepared
membrane materials at 1100 °C; Red dot represents its adsorption ratio.
(greater than 1), the specimens without fillers were clearly less hydro-
philic than other samples due to the presence of hydrophilic functional
property of the filler materials. The phenomenon was observed for the
PDC-1100 and PDC:0.5GO-1100 specimens, which demonstrated an in-
crement of 91.1% after the addition of 0.5 wt% GO. Likewise, Ganesh
et al. reported that the GO-modified polysulfone membrane exhibited
hydrophilic properties because of the negatively charged surface of
the GO filler [44]. This is mainly because of oxidized graphene sheets
(or ‘GO sheets’) having their basal planes decorated mostly with epox-
ide and hydroxyl functional groups, in addition to carbonyl and carboxyl
functional groups located presumably at the edges (Lerf–Klinowski
model). These oxygen functionalities rendered the GO layers to be hy-
drophilic andwater molecules can readily intercalate into the interlayer
galleries. The GO can therefore be also thought of as a graphite-type in-
tercalation compound with both covalently bound oxygen and non-
covalently bound water between the carbon layers.

The strong bonding of GO functional group across the free carbon
presence in the PDC matrix led to prevent the reduction of GO for
0.5 wt% GO loading [45]. However, further addition of 2 wt% GO into
the PDC membrane resulted in a slight decrease in the water-to-
heptane ratio, which is related to the existence of reduced GO in the
SiOC matrix and this inhibited the adsorption of water molecules in its
structure. Hence, due to the high loading of GO in the PDC matrix, it
leads to segregation of GO filler material without bounding with free
carbon presence in the PDC matrix. This segregated GO, thermally re-
duced to reduced GO during pyrolysis. The presence of reduced GO in
the PDC:2GO-1100 membrane led to a less hydrophilic nature com-
pared to PDC:0.5GO-1100 membrane. Stankovich et al. also reported
that the transformation of GO to reduce GO tends to be hydrophobic
in nature due to the absence of hydrophilic sites [45]. On the other
hand, samples prepared with MWCNT (PDC:0.5CNT-1100 and
PDC:2CNT-1100) exhibited water-to-heptane ratios of 4.36 and 4.18,
which were 34% and 28% higher than the values obtained for bare
PDC-1100, respectively. The surface characteristics of PDC:0.5CNT-
1100 and PDC:2CNT-1100 is almost similar. This is because of the ten-
dency ofMWCNT didn't change graduallywith increase infiller content,
that evidently shown in Raman spectrum.

4.4. Ion exchange capacity

The IEC values of the PDC compositemembranes were obtained by a
back titration method (Fig. 6a). Their magnitudes determined for the
PDC:0.5GO-1100 and PDC:2GO-1100 membranes were 9 and 6 fold



Fig. 6. (a) Ion exchange capacity measured for as prepared membranes compared with Nafion, (b) Oxygen mass transfer coefficient of PDC membranes, and (c) Flexural strength of the
PDC membranes.
higher than the IECs of PDC-1100, owing to the proton-conducting na-
ture of the well dispersed GO network in the PDC matrix [25]. The de-
crease in IEC value of PDC:2GO-1100 membrane due to the existence
of reduced GO in the matrix, which led to less hydrophilic property.
Similarly, for the PDC:0.5CNT-1100 and PDC:2CNT-1100 specimens,
the corresponding IEC magnitudes increased drastically to 0.33 and
0.28 meq g−1, respectively. Lee et al. found that the addition of GO in
Nafionmembrane results in increased ion conductingproperty and sim-
ilarly Zhu et al. found that the presence of tubular channels in the
MWCNT enhanced their ionic conduction properties [46,47]. Moreover,
high loading of graphitic filler material to PDC material leads to high
electrical conductivity, which resulted in decrease in ionic conductivity
[39]. The observed IEC value of PDC:0.5GO-1100 and PDC:0.5CNT-1100
was almost half and one third of IEC value of polymeric Nafion,
respectively.

4.5. Oxygen permeability

The oxygen permeability of the membrane is an important factor
that directly affects the efficiency of MFC. The diffusion of oxygen
through themembrane from the cathodic chamber to the anodic cham-
ber leads to the creation of amixed potential in the anodic chamber and
disturbs its anaerobic condition because oxygen molecules act as an
electron acceptor and inhibit the reaction at the anode for thermody-
namic reasons [48]. The measured oxygen mass transfer coefficients of
the membranes are shown in Fig. 6b. Since the oxygen mass transfer
and diffusion coefficients of thematerials for application inMFCs should
be as small as possible, the PDC:0.5GO-1100 composite membrane
demonstrated the best performance with the corresponding values
equal to 6.37 × 10−4 cm s−1 and 1.91 × 10−4 cm2 s−1, respectively.
This phenomenon is mainly because of high hydrophilic nature and
small pore size results in low oxygen diffusion. Even though,
PDC:0.5GO-1100 and PDC:2GO-1100 membranes have almost similar
pore size but the hydrophilic property of PDC:0.5GO-1100 membrane
is much higher than PDC:2GO-1100 membrane. For instance, Atwater
et al. reported that the hydrophilic properties of the membrane
inhibited the permeation of DO molecules through the membrane due
to their non-polar characteristics [49]. On the other hand, the samples
containing 0.5 and 2 wt% of CNTs pyrolyzed at 1100 °C exhibited higher
oxygen mass transfer and diffusion coefficients as compared to those of
the PDC-1100 samples. Usually, the incorporation of MWCNTs de-
creases these parameters, since the introduction of nanocomposites
tends to block the diffusion paths for oxygen permeation. However,
the PDC:0.5CNT-1100 and PDC:2CNT-1100 membranes possessed the
large pore sizes of 735 nm and 619 nm, respectively, which resulted in
high oxygenmass transfer anddiffusion coefficients. This factor tremen-
dously affects the final power production of MFCs.

4.6. Mechanical properties

The flexural strength of a membrane is one of the most important
properties of the separator used in MFC. In this study, ring-on-ring
ball bending test was performed to evaluate the effects of the pyrolysis
temperature and addition of GO andMWCNTs on the flexural strengths
of the PDC composite membranes (Fig. 6c). The flexural load-
displacement curves indicate nearly elastic deformation followed by a
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stage, during which the flexural strength increases until rupture. It is
also evident that theflexural strength increaseswith the addition of gra-
phiticfillermaterial to ceramicmatrix,which can be attributed to strong
interfacial bonding between the graphitic filler and the ceramic matrix
[50].

The membrane containing 0.5 wt% GO in the SiOC matrix demon-
strated a significant increase in the flexural strength from 0.782 to
3.862MPa at a pyrolysis temperature of 1100 °C. This effect is very likely
to be resulted from the cross-linking of the polysiloxane matrix with
functional groups of GO above 200 °C, which reduced the curing tem-
perature [51]. Further increase in the GO loading to 2 wt% produced
very small flexural strength increments of only 17% compared to
0.5 wt% loaded PDC membrane. This phenomenon might be due to the
saturation limit of filler in the PDC matrix. Similar to the GO filler,
MWCNTs were composite with the polysiloxane matrix, which in-
creased its mechanical strength as compared to that of the bare SiOC
membrane. Thus, the flexural strengths of SiOC loaded with 0.5 wt%
MWCNTs and pyrolyzed at 1100 °C was 2.926 MPa. After increasing
the MWCNT content to 2 wt%, the flexural strength of the membrane
was increased, which was similar to the effect observed after GO
addition.

4.7. Power generation and polarization curves

The bare PDC membranes and membranes containing 0.5 wt% gra-
phitic fillers prepared at 1100 °C were selected as the separator mate-
rials for MFC and performance difference was evaluated because of
differences in physical properties of the separators, such as IEC,mechan-
ical stability, oxygen permeability, and water-to-heptane adsorption
ratio. The PDC:0.5GO-1100 membrane exhibited higher water-to-
heptane adsorption ratios, IEC values, mechanical stability and low oxy-
gen permeability as compared to that of the PDC-1100 samples. On the
other hand, the oxygen permeability of the PDC:0.5CNT-1100 mem-
brane was higher than the magnitudes obtained by the other mem-
branes, which can significantly deteriorate the performance of MFC.
However, the other physical properties of these two membranes were
noticeably better than that of PDC-1100membrane. Evaluating the per-
formance of MFCs utilizing PDC-1100, PDC:0.5GO-1100, and
PDC:0.5CNT-1100 membranes could thus provide the information on
themost influential physical property for selecting a suitablemembrane
separator for application in MFC.

During the first 20 days of operation of MFC, an electroactive biofilm
grew on the surface of anode, which ultimately caused voltage fluctua-
tions due to the immature biofilm. After five feed cycles, theMFCs were
able to generate stable OV and OCV values. The MFC containing
PDC:0.5GO-1100 produced an OV of 245 ± 3 mV, which exceeded the
values obtained for PDC-1100 and the polymeric Nafion membrane by
15% and 35%, respectively. On the other hand, the MFC with the
PDC:0.5CNT-1100 membrane exhibited an average OV of 170 ± 5 mV,
which was significantly lesser than that of the bare PDC-1100 mem-
brane. This decrement was mainly influenced by the high oxygen per-
meability between the cathode and the anode caused by the larger
pore sized membrane. Furthermore, the internal resistance of the
MFCs was strongly affected by the overpotential losses at anode and
cathode as well as by the ohmic resistance of the membrane–
electrolyte interfaces. In this work, the MFC containing the
PDC:0.5CNT-1100 membrane had an internal resistance of 141 Ω,
which was clearly higher than those of the MFCs with the PDC-1100
(137 Ω) and PDC:0.5GO-1100 (123 Ω) membranes. The performance
of MFC in terms of the power density resembled the trends observed
for OV and OCV (Fig. 7). The power density of the MFC with the
PDC:0.5GO-1100 membrane was found to be 7.23 W m−3, which was
nearly 1.15 times higher than theMFC containing PDC-1100membrane.
Moreover, the power density obtained in MFC using PDC:0.5GO-1100
membrane was slightly higher than the power density produced by
the MFC using Nafion membrane. The anode and cathode polarization
curves suggested that there is hardly any variation in anode and cathode
potential trends for all theMFCs, which further emphasize the change in
the performance of MFC was mainly due to membrane properties not
because of other influences (Fig. 8).

Although the polymeric Nafion membrane exhibited higher ion ex-
change capacity and lower oxygen permeability, the performance of
MFC using this membrane was slightly inferior than the performance
of MFC with PDC:0.5GO-1100 membrane giving best performance
among all. The Nafion membrane transports protons due to the pres-
ence of a negatively charged sulfonic acid in the polymeric backbone.
However, during the long-term operation of the MFC, containing the
Nafion membrane, it can cause deactivation of proton-exchange sul-
fonic acid groups present in Nafion, which might have affected the per-
formance of MFC. Another plausible explanation is that the transport of
other cations through Nafion membrane (K+, Na+, Mg+, Ca+) through
electrodialysis process, rather than proton driven by the concentration
gradient, may reduce down its efficacy [52]. In an investigation, it was



found that the number of cations flowing through Nafion membrane
from anodic to cathodic chamber was almost the same as the number
of electrons transferred through the external circuit, which may drasti-
cally affect the performance of MFC [53]. Recently, Flimban et al. dem-
onstrated that the biofouling of the polymeric Nafion membrane
observed during the long-term operation of the MFC is another major
factor affecting the performance of MFC [6].

On the other hand, possible proton-conduction mechanisms have
not been extensively studied for porous ceramic membranes. However,
it is likely that these mechanisms involve the osmotic and electro-
osmotic drag forces. Many researchers claimed that the vehicle mecha-
nism of the proton conductivity in porous ceramic membranes was the
most probable one [54]. In this mechanism, the membrane adsorbs
water molecules that are further protonated to form ionic clusters
such as hydronium ions (H3O+), which penetrate through the medium
via molecular diffusion causing proton transfer. These water molecules
adsorb in the porous channels of the ceramic membrane further pro-
moting the molecular diffusion of H3O+ ions from the anodic chamber
to the cathodi chamber.

Water movement through the ceramic membrane of the MFC can
proceed via two different routes. The first route corresponds to the ac-
tive transport due to the electro-osmotic drag force in the closed circuit
mode (under load), which is linearly related to the current generated by
MFC. The second route is the passive transport induced by the osmotic
pressure gradient between the dissimilar solutions in the anodic and ca-
thodic chambers, which is dominant under open circuit conditions. The
MFC utilizing macroporous PDC:0.5GO-1100 membrane generated rel-
atively high power and current density at a low internal resistance be-
cause of its high water-to heptane ratio (hydrophilicity) as compared
to those of all other PDC membranes prepared in this work. These hy-
drophilic characteristics, as well as the porous structure of the mem-
brane, promote the adsorption of water molecules in its pores.
Furthermore, enhanced ion conduction in the membrane is demon-
strated by its high IEC value. These physical properties of themembrane
(such as its hydrophilic characteristics, porous structure, and IEC) facil-
itate the proton transfer from the anodic to the cathodic chamber.

Although PDC-1100 membrane exhibited similar porous structure,
its hydrophilic characteristics are lesser than the PDC:0.5GO-1100
membrane, which inhibit the adsorption of water molecules and limit
the diffusion of hydronium ions. On the other hand, the PDC:0.5CNT-
1100 membrane has higher water-to-heptane ratio and IEC as com-
pared to those of the PDC-1100 membrane. However, the performance
of MFC using PDC:0.5CNT-1100 membrane was considerably weaker
than that of the PDC-1100 membrane due to the high permeability of
oxygen from the cathodic to the anaerobic anodic chamber. This phe-
nomenon reduced the performance of MFC, because of the voltage
Fig. 9. (a) Average COD removal efficiency of MFC; (b) Average columbic efficiency and Norma
loss caused by the increase in redox potential due to either substrate
consumption or the loss by aerobic oxidation rather than anaerobic fer-
mentation.Moreover, since oxygen is a strong electron acceptor, it com-
petes with the anode during the electron accepting process, negatively
affecting the performance of MFC. Overall, the high power output ob-
served from MFC using PDC:0.5GO-1100 shows that, the properties
like hydrophilic characteristics and oxygen permeability could be the
influential parameter for membrane performance in MFC.

4.8. Wastewater treatment and coulombic efficiency

The wastewater treatment efficiency in terms of COD removal was
monitored for 10 batch cycles with the retention time of 3 days. After
the stable phase of operation, all MFCs demonstrated COD removal effi-
ciencies in the range of 87–91% (Fig. 9a). The average COD removal effi-
ciencies of the MFCs containing the PDC-1100, PDC:0.5GO-1100, and
PDC:0.5CNT-1100membranes were 89± 1%, 87± 1%, and 83± 1%, re-
spectively. The high COD removal efficiency suggests slight improve-
ment in the kinetics of anodic oxidation caused by the rapid
scavenging of protons through the porous ceramic membrane [55].
Moreover, the stacking of protons in the anodic chamber increases the
acidity value, which decreases the microbial catalysis kinetic activity
in the anodic chamber. The COD removal efficiency of the MFC with
the Nafion membrane was equal to 91 ± 2%, which was comparable
with the MFC containing the PDC ceramic membranes prepared at
1100 °C.

The MFC operated with the PDC:0.5GO-1100 membrane demon-
strated CE of 28.8 ± 0.7%, which was 1.2 time higher than that of
MFCs containing the PDC-1100 membrane (Fig. 9b). The CE value of
the MFC with the Nafion membrane was 20.5 ± 0.6%, which was 29%
lower than that of the MFC containing the PDC:0.5GO-1100membrane.
The NER studies also followed almost the same trend with PDC:0.5GO-
1100 being the highest followed by Nafion N PDC-1100 N PDC:0.5CNT-
1100 (Table 2). Thus, the performance evaluation demonstrated that
PDC:0.5GO-1100 membrane exhibits superior proton conducting prop-
erties and can be a potential candidate to beused as an alternative to the
extensively used Nafion 117 membrane for large scale applications of
MFC.

5. Conclusions

Graphitic carbonmodified PDC composite membranes were synthe-
sized using a polysiloxane precursor and graphitic carbon fillers such as
GO andMWCNTs. The PDC-based samples prepared in this study exhib-
ited a porous structure with an open porosity ranging from 31% to 43%.
The mechanical stability and IEC of the PDC matrix were considerably
lized energy recovery of MFC using ceramic membranes and polymeric Nafionmembrane.



Table 2
Electrochemical analysis data for all the MFCs.

Parameters PDC-1100 PDC:0.5GO-1100 PDC:0.5CNT-1100 Nafion Mullite [14] Alumina [14] Earthenware [14]

OV (mV) 213.60 ± 2.67 245.00 ± 3.46 170.20 ± 4.56 181.80 ± 3.51 – – –
OCV(mV) 621.70 ± 4.32 636.80 ± 3.19 546.90 ± 4.20 586.70 ± 2.66 519.8 ± 13.1 474.6 ± 7.7 529.0 ± 2.4
MPD (mW m−3) 6300 7232 4128 6733 4980 2600 6850
Internal resistance (Ω) 137 123 141 160 500 2000 304
COD removal efficiency (%) 87.00 ± 1.15 89.30 ± 1.15 83.00 ± 1.41 90.80 ± 1.86 41.5 ± 5.9 49.4 ± 7.3 50.2 ± 3.7
CE (%) 24.47 ± 0.31 28.81 ± 0.73 20.98 ± 0.77 20.48 ± 0.64 – – –
NER (kWh m−3) 0.45 0.52 0.29 0.48 – – –
improved by the incorporation of GO andMWCNT species. The samples
containing 0.5 wt% of GO andMWCNTs featured a high mechanical sta-
bility, corresponding to 5-fold and 4-fold increase in the flexural
strength of the bare PDC membrane pyrolyzed at 1100 °C. The
PDC:0.5GO-1100 membrane possessed the highest water-to-heptane
ratio and an IEC value of 0.46 meq g−1, which was equal to 50% of the
magnitude obtained for the Nafion membrane. Moreover, the oxygen
diffusion coefficient was decreased from 4.03 × 10−4 cm2 s−1 for the
PDC-1100 membrane to 1.91 × 10−4 cm2 s−1 for the PDC:0.5GO-1100
membrane. Owing to the superior hydrophilic characteristics and min-
imal oxygen permeability of the PDC:0.5GO-1100membrane, the corre-
sponding MFC exhibited coulombic efficiency values that was much
higher than those of the MFC with the polymeric Nafion membrane.
Therefore, the as-prepared PDC composite ceramic membranes can be
potentially utilized as the membrane materials for large scale MFC
applications.
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