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Zusammenfassung

Zusammenfassung

Die Verschmutzung durch die Nutzung konventioneller Energiequellen stellt eine ernsthafte
Bedrohung fiir das bestehende globale Okosystem dar, was die kontinuierliche Suche nach
alternativen, umweltfreundlichen, biochemischen Energiequellen stimuliert, die in der Lage
sind, den zukiinftigen Energiebedarf zu decken. Die mikrobielle Brennstoffzellentechnologie
(MFC) ist eine dieser alternativen Energiequellen, die das Waste-to-Energy-Prinzip nutzt, das
zur Abwasserbehandlung bei gleichzeitiger Riickgewinnung von Bioenergie unter Verwendung
von Mikroorganismen als Biokatalysatoren eingesetzt werden kann. Der Membranbioreaktor
(MBR) ist eine weitere vielversprechende Technologie zur Abwasserbehandlung, die eine
Kombination aus Belebtschlammprozess und Membranfiltration ist. Die Kombination dieser
beiden Technologien wird sich als effizient fiir die Abwasserbehandlung sowie die
Biostromerzeugung erweisen. Die Auswahl der protonenleitenden und wasserdurchlissigen
Membran sind derzeit die Schliisselfaktoren, welche die Leistung der mikrobiellen
Brennstoftzelle (MFC) bzw. des Membranbioreaktors (MBR) bestimmen. Pordse Membranen
aus polymerbasierter Keramik (PDC) wurden durch eine einfache uniaxiale hydraulische
Presstechnik unter Verwendung von Polysiloxan als Vorstufe und protonenleitenden
Materialien als Fiillstoffe hergestellt. Die hergestellten Keramikmembranen weisen anpassbare
Oberflacheneigenschaften und eine unimodale Porengrof3enverteilung im Bereich zwischen 0,1
und 1pm auf. Die Membranen sind fiir MFC- und MBR-Anwendungen konzipiert, bei denen
Protonenionendiffusion und Wasserdurchlédssigkeit eine wichtige Rolle spielen. Die
keramischen Membraneigenschaften wurden durch Zugabe von Fillstoffen wie
Kationenaustauschermaterial, Graphitkohle und hygroskopischem Material angepasst. Die
Kationenaustauschmaterialien sind Montmorillonit und H3PMo12040/Si0O2-Fiillstoff, die im
ersten Teilprojekt mit variabler Pyrolysetemperatur (400 bis 1000 °C) verwendet werden. Dies
fiihrt zu einer hohen MFC-Leistung unter Verwendung einer funktionalisierten Ceramer-
Membran mit Kationenaustauscherfiillstoff (pyrolysiert bei 400 °C). Im zweiten Teilprojekt
werden verschiedene Gewichtsprozente von Graphenoxid und mehrwandige Kohlenstoff-
Nanorohrchen bei 1100 °C durch Pyrolyse in eine funktionalisierte keramische Membran
iiberfiihr. Besonders hohe MFC-Leistungen wurden fiir die funktionalisierte Keramikmembran
mit 0,5 Gew.-% Graphenoxiderhalten. Die hygroskopischen Fiillstoffe wie SiO; (als Partikel),
Si0; (abgeleitet von TEOS) und TiO> wurden zur Funktionalisierung keramischer Membranen
benutzt, die bei 1100 °C pyrolysiert wurde, was zu einer hohen MFC-Leistung und einer guten
Wasserdurchlissigkeit fiir die MBR-Anwendung, insbesondere unter Verwendung einer mit 15

Vi
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Gew.-% TiO; funktionalisierten Keramikmembran, fiihrt. In allen Ansidtzen wurden die
physikalischen Eigenschaften wie Porositit, Hydrophilie, mechanische Stabilitit,
Sauerstoffmassentransferkoeffizient der Membranen und lonenaustauschkapazitit gemessen,
um die Eignung des Membranmaterials fiir weitere Tests in MFC- und MBR-Systemen zu
ermitteln. SchlieBlich wurde das integrierte MFC- und MBR-System im 20-Liter-PilotmaBstab
unter Verwendung einer bei 1000 °C pyrolysierten Keramikmembran untersucht und iiber die

Effizienz der Biostromerzeugung und Abwasserbehandlung berichtet.
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Abstract

Abstract

The pollution caused by the use of conventional energy sources represents a serious threat to
the existing global ecological system, which stimulates the ongoing search for alternative
environmentally safe biochemical energy sources that are able to fulfill the future energy
demand. The microbial fuel cell (MFC) technology is one of such alternative energy resources
conceptualizing the waste-to-energy principle, which can be used for wastewater treatment with
simultaneous recovery of bio-energy using microorganisms as biocatalysts. The Membrane
bioreactor (MBR) is another promising technology for wastewater treatment, it is combination
of activated sludge process and membrane filtration. The integration of these two technologies
will be an efficient one for wastewater treatment and bioelectricity generation. The selection of
proton conducting and water permeable membrane are currently the key factors that decide the
performance of microbial fuel cell (MFC) and Membrane bioreactor (MBR), respectively.
Porous Polymer derived ceramics (PDC) membranes were prepared by a simple uni-axial
hydraulic pressing technique, using polysiloxane as a precursor and proton conducting
materials as fillers. The ceramic membranes produced have tailorable surface characteristics
and uni-modal pore size distribution in a range between 0.1 and1 um. These porous ceramic
membranes are designed for MFC and MBR applications that involve proton ion diffusion and
water permeability. The ceramic membrane properties were tailored by addition of filler
materials such as cation exchange material, graphitic carbon and hygroscopic material. The
cation exchange materials are montmorillonite and H3PMo012040/S10; filler used in the first
approach with variable pyrolysis temperature (400 -1000 °C). This results in high MFC
performance using cation exchange filler functionalized ceramer membrane (pyrolysed at 400
°C). In the second approach, functionalized ceramic membranes with different weight
percentage of graphene oxide and multiwall carbon nanotube pyrolyzed at 1100 °C, were
prepared and showed a high MFC performance specially for functionalized ceramic membranes
with 0.5 wt.% graphene oxide. Functionalized with ceramic membrane with hygroscopic fillers
such as Si0; (as particle), Si0; (derved from TEOS) and TiO; were pyrolysed at 1100 °C, which
results in high MFC performance and water permeability for MBR application by using ceramic
membrane functionalized with 15 wt% TiOx. In all the approaches, the physical characteristics,
such as porosity, hydrophilicity, mechanical stability, ion exchange capacity, and oxygen mass
transfer coefficient, of the membranes were measured to identify the suitability of the

membrane material for further testing in MFC and MBR systems. Finally, the 20 liter capacity



Abstract

pilot scale integrated MFC and MBR system were studied using a ceramic membrane pyrolysed

at 1000 °C and reported the bioelectricity generation and wastewater treatment efficiency.
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1. Introduction

1. Introduction

Renewable energy resources have attracted much attention around the globe since it was found
that the use of fossil fuels contributed to the global warming [1] . Another serious issue is the
shortage of wastewater treatment facilities, which is often observed in rural areas [2]. Microbial
fuel cells (MFCs) represent a possible solution to these problems due to their ability to
simultaneously generate green electricity from natural resources and perform wastewater
treatment using an eco-friendly approach. Generally, MFCs mimic biological electrochemical
systems, in which bacteria catalyze the oxidation of wastewater inside an anaerobic anodic
chamber and reduction of oxygen in an aerated cathodic chamber, which results in electricity
generation and wastewater treatment [3, 4]. The recent advances in this field include the
increase in the power output due to the advancement in the reactor configuration, utilization of
inexpensive electrode and catalyst materials, and modification of the operational regime [5-7].
Nevertheless, achieving high energy outputs and large-scale applicability of this technique
remain a significant challenge, which can be potentially overcome by replacing the
mechanically unstable and expensive polymer-based proton-exchange membrane (PEM) like
Nafion with low-cost-efficient membranes [8]. The characteristics criteria of an ideal membrane
for MFC consists of high ion exchange capacity, mechanical and chemical stability, and low

oxygen permeability and biofouling [9].

Membrane bioreactors (MBRs) are another wastewater treatment equipment that treat
wastewater first using a biological treatment, typically an anaerobic digestion tank, followed
by membrane filtration, typically with an ultrafiltration (UF) membrane [10]. MBRs provide
several advantages such as high mixed/suspended solid concentrations and low sludge output,
thus enabling high efficiencies for the removal of chemical oxygen demand (COD) and
biological oxygen demand (BOD) [11]. However, membrane fouling and low mechanical
stability hinder the widespread application of membrane materials in MBRs [12]. Moreover,
large-scale usage of MBRs will require a substantial decrease in membrane prices [13]. An
ideal membrane for MBRs should have properties that include a high water permeability,

mechanical and chemical stability, and minimal biofouling [14, 15].

Moving these wastewater treatment technologies forward toward realization requires enormous
research investigations into membrane materials. In recent years, many research groups have
focused on finding new membrane materials for MFC and MBR systems [15-18]. However, no
material that can act as an ideal membrane for both approaches has been discovered yet.

1



1. Introduction

Moreover, the integration of both MFC and MBR using a single membrane material would

allow efficient wastewater treatment and simultaneous power generation.

The objective of this work was to synthesize and characterize inexpensive porous polymer-
derived ceramic (PDC) membranes for MFC and MBR systems with the required properties, as
explained in detail in chapter 3. For this purpose, pure polysiloxane-based and composite
membranes mixed with different proton-conducting fillers were fabricated by simple pressing
and pyrolysis techniques, as discussed in chapter 4. The surface areas, surface characteristics,
pore size distributions, ion exchange capacities (IECs), cation transport numbers, and oxygen
diffusion coefficients of the fabricated membranes were measured to determine their suitability
for use in an MFC, and their MFC performance was studied as described in chapters 5 to 7
(the studies are published as research articles), where each chapter reports a different filler type.
The applicability of the PDC composites as proton-conducting membranes in an MFC and as a
UF membrane in an MBR was studied as described in chapter 8. In chapter 9, the setup
conditions and initial output of a pilot-scale integrated MFC and MBR system using a

synthesized PDC membrane are discussed.
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2. State of the art

2.1 Microbial fuel cell for energy and wastewater treatment

The electrochemical reaction of bacterial species and a platinum electrode was first observed
by Potter in 1911 [19] and later proved by Cohen et al. in 1931, who assembled a stacked
laboratory-scale MFC and reported a voltage of 35 V at an applied current of 0.2 mA [20].
Later, the National Aeronautics and Space Administration (NASA) space program attempted
to recycle human waste for bioelectricity during space journeys using MFC technology [21]. In
1991, Habermann et al. operated an MFC for a long-term duration of 5 years using municipal
domestic wastewater [22], which represents the first observation of an indirect electron transfer
reaction mechanism between a specific bacteria and soluble mediators. Over the subsequent
decades, MFCs have been demonstrated as effective for harvesting power on levels from
nanowatts to watts per cubic meter of treated wastewater. The innovation and progress of MFC
technology continue day-by-day in terms of power production. Logan reported that laboratory-
scale MFC systems have achieved a maximum power density greater than 1 kW m™ using
anaerobic sludge wastewater [23]. However, the main challenge that remains is to bring this

technology from the laboratory scale to industrial bio-power production.

MFC technology is eco-friendly mainly because it can not only generate electricity but also
treat wastewater under normal operating conditions [24]. An MFC can operate using only 0.024
kW or 0.076 kW h per kilogram of wastewater, which is 10% less energy consumption than
that of the traditional activated sludge process [25]. The treated wastewater is monitored based
on chemical oxygen demand (COD), a parameter that clearly indicates the amount of present
organic matter [26]. For instance, Mohan et al. treated dairy wastewater using an MFC system
and achieved a 95% COD removal efficiency [27]. The COD removal efficiency of an MFC
depends on the reactor configuration, operation conditions, and materials used in the system

[28, 29].

2.1.1 Microbial Fuel Cell and its component

An MFC system consists of an anaerobic anode chamber and aerobic cathode chamber, which
are physically separated by a membrane material. In the anode chamber, the active bacterial
species present in the wastewater adhere to the anode surface. These species then oxidize the
organic matter present in the wastewater and transfer resulting electrons through an external

circuit and protons through the membrane to the cathode chamber. The protons and electrons
3
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react in the cathode with the parallel reduction of oxygen to water molecules [30, 31]. A

schematic of a typical MFC setup is shown in Figure 1. The active material components of an

MFC are as follows:

1. Anode

2. Cathode and its electrocatalyst
3. Membrane

An electrochemical reaction occurs in the anode chamber as shown in equation 1. The microbial
species grown on the anode surface degrade organic matter and liberate carbon dioxide, protons,
and electrons. The oxygen reduction reaction (ORR) occurs in the cathode chamber as shown
in equations 2 (two-electron pathway) and 3 (four-electron pathway). The byproduct formed in
the cathode chamber is either H2O; or H2O from the two- or four-electron pathway, respectively
[32, 33]. The reaction mechanism in the cathode chamber completely depends on the cathode

material [34].
Anodic reaction:
CsH1206 + 6H,0 — 6CO, + 24H" + 24¢” (1)
Cathodic reaction:
60>+ 12¢ + 12H" — 6H20> (2)
60, + 24¢e” + 24H" — 12H0 3)
Overall cell reaction:

Ce¢H1206 + 602 +6H20 — 6CO2 + 12H20 4)
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PDC membrane

ff.'c Organic mater ‘ O, ®H* # 0, @ HO

Figure 1. Schematic view of MFC system [35].

Anode electrode

The ideal anode material for an MFC should have an appropriate electrical conductivity, high
biocompatibility, large surface area engineered with micro and mesopores, rough surface,
suitable mechanical and chemical stabilities, and corrosion resistivity [36, 37]. The mechanism
of electron transfer from the bacterial species to the anode material is not a natural phenomenon.
The two potential mechanisms are direct and indirect electron transfer between the electrode
and bacterial species [38]. In the former, the electrons are directly transferred from the outer
cell structure of the bacterial species to the electrode to degrade organic matter. The bacterial
species adhere to the electrode surface and transfer electrons using naturally produced
electrically conducting nanowires [39]. Up to now, direct electron transfer has been considered
the preferable mechanism for efficient power generation in MFC systems. Shewanella and
Geobacter are the two active bacterial species that form electrically conductive nanowires and
follow the direct electron transfer mechanism in anode materials [40, 41]. In contrast, in the
indirect mechanism, electrons are transferred from the bacteria to the electrode surface with the

aid of soluble mediators [42, 43]. These mediators are externally added to or in some cases

5
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naturally produced by bacterial species in the anode chamber. Examples of externally added
mediators include thionine neutral red, humic acid, methylene blue, and riboflavin, and many
more chemical mediators are under investigation [44-48]. However, externally added chemical
mediators followed by indirect electron transfer are unfavorable because of the resulting low

power generation and hazards to the environment.

The most common anodes consist of carbon materials including graphite, carbon felt, carbon
cloth, carbon paper, and many more as shown in Figure 2 [49-51]. Ahn ef al. developed a single-
chamber MFC with a graphite brush as an anode material and achieved a maximum power
density of 422 mW m™2, which was mainly attributable to the high surface area and low
electrode resistance of the brush [52]. Wang et al. designed a single-chamber MFC with carbon
cloth as the anode material and acquired a maximum power density of 483 mW m™?2 [53].
Nevertheless, the physical and electrical conductivity of these anodes could be improved by the
addition of metal nanoparticles such as cobalt, nickel, and iron or by coating with conducting

polymers such as poly-3-hydroxyalkanoates and polyaniline [54-58].

(9) (h)

Figure 2. Traditional carbon materials used as MFC anodes. (a) Carbon paper, (b) carbon cloth,

(c) carbon mesh, (d) carbon felt, () graphite plate, (f) granular graphite, (g) reticulated vitrified
carbon, and (h) carbon brush [59].
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Cathode and its electrocatalyst

The ideal cathode and corresponding catalyst are necessary for cost efficiency and a high
electrocatalytic activity toward the ORR. The essential properties for cathode materials are a
high surface area, electrical conductivity, and mechanical and chemically stability [33, 60].
Improving the performance of a cathode material requires an electrocatalyst on its surface,
which enhances the overall performance of the MFC. The ORR mechanism in the cathode
material follows either two- or four-electron transfer [61, 62]. The two-electron pathway in the
cathode produces peroxide, which acts as a disinfecting agent in MFCs to treat wastewater [63].
However, the diffusion of peroxide into the membrane leads to degradation of the material [64,
65]. The four-electron reaction produces H2O as a byproduct and has a high overpotential,
resulting in a high power density in MFC systems [66]. Hence, the four-electron pathway
mechanism is preferable. Like in the anode, the reaction mechanism in the cathode mainly

depends on the cathode material.

The commonly used cathode materials for MFCs are carbon paper, graphite, and carbon felt
[32, 67]. Moon et al. developed an MFC with a cathode consisting of platinum incorporated
into graphite felt that exhibited a power density of 150 mW m2, which is three-fold higher than
that of an MFC with pure graphite felt [68]. However, utilization of platinum as a cathode
electrocatalyst is not an economically viable option [32]. Increasing the cathode surface area is
an effective approach to increasing the performance of MFCs because it enhances the
electrochemical active surface area of the material and thus the ORR performance. For instance,
an MFC with a stainless-steel brush as a cathode material showed a higher performance than
an MFC with graphite felt because of the high surface area [69]. Considering the literature,
transition-metal oxide—based cathode electrocatalysts, such as MnO», C0304, NiC0,0s4, etc., are
potential candidates for the ORR because of their variable oxidation states, high oxygen
vacancies, and low costs [70] [71, 72]. Various cathode materials and their performances are

summarized in Table 1.

Table 1. Some of used electrodes in MFCs with maximum generated power, current and voltage

[30].
Cathode Max. Power density | Max. Current density | Max. Voltage | Reference
Activated 315 mW m™ 1.63x 10° mA m? | 679 mV [73]

carbon fiber
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Pt-coated 0.3 Wm? 4.69 mA m? 644 mV [73]
carbon paper

Carbon felt 77 mW m™ 6 x 10° mA m™ 573 mV [73]
Graphite felt 539 mW m™ 3145 mA m™ 742.3 mV [74]
Plain carbon 67 mWm™ 1.5 mA m? 598 mV [73]

Membrane material

The membrane material is one of the most important components in an MFC because it
separates the anaerobic anode and aerobic cathode chambers. The function of the MFC
membrane is to diffuse the protons produced in the anode chamber to the cathode chamber and
prevent the crossover of oxygen from the substrate of one chamber to another [9]. Oxygen
crossover inhibits the growth of bacterial species on the surface of the anode, resulting in a
decrease in performance [75]. Many research groups have focused on the development of novel
membrane materials for MFCs [76, 77]. The ideal membrane should have a high ionic
conductivity; low oxygen permeability; high chemical, mechanical, and thermal stabilities; low
biofouling; and low cost [9]. Many studies have reported increased current densities for single-
chamber MFCs without a membrane [78, 79]. However, the coulombic efficiency (CE) of such
MFC:s is considerably reduced because of the high oxygen permeability and substrate crossover
[80]. Nafion is the current state-of-the-art proton exchange membrane (PEM) material, not only
for MFCs but also for PEM fuel cells because of its extraordinary ionic conductivity [80, 81].
The chemical structure of Nafion is a sulfonated tetrafluoroethylene polymer consisting of a
hydrophobic fluorocarbon backbone chain (-CF2-CF;) to which the hydrophilic sulfonate
groups SO* are attached (Figure 3). The high proton conductivity of Nafion is mainly
attributable to these negatively charged sulfonate group [82]. However, the cost, mechanical
stability, and biofouling of this material outweigh the performance and durability of the
resulting MFC system [83]. The wastewater used in the anode chamber of an MFC contains not
only protons but also other cations such as Mg?", Na*, Ca**, NH4", and K, where the cation
concentration is 10° higher than that of protons [80]. Huang et al. reported the possibility of
cation diffusion, particularly of Na“ and Ca", from the anode chamber to the cathode chamber
through polymeric Nafion membranes, which subsequently reduces the ORR rate and
overpotential developed in the cathode. This is mainly because of the selectivity of the Nafion
membrane toward all other heavy metal ions, which results in a decrease in the overall MFC

performance [84]. Many other alternative membranes are under investigation for this

8
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application. For instance, Yusuf et al. developed poly-3-hydroxyalkanoate composites with —
COOH-functionalized multiwall carbon nanotubes as a membrane material for MFCs and
reported a power output of 361 mW m™[17]. However, this performance is not higher than that
of a commercial Nafion membrane tested under similar conditions. An overview of membrane

materials and their classifications is provided in section 2.3.

(a) 6Fz Sulfonic Acid Group

(!F, Side chain 0 |
I Il
TEFLON Backbone CF—=0=CF;=CF—=0—CFs=CF— S=0Q -—H*
| I Il
CF CFs 0
|

CF2

Nafion Molecule

Figure 3. (a) Polymeric chemical structure of Nafion membrane and (b) polymeric nafion

membrane sheet [85].

2.1.2. Membrane Bioreactor (MBR)

MBRs combine biological degradation via activated sludge with solid—liquid separation via an
ultrafiltration membrane. The activated sludge process is widely used in sewage and industrial
wastewater treatment technologies. During this process, the bacterial species present in the
wastewater degrade organic matter. The treated wastewater from the activated sludge tank is
sent to a filtration tank, where biological solids and other sediments are filtered using a porous
membrane [86]. The first application of MBR technology reported by Aileen ef al. in 1969
employed UF membranes in the filtration tank. The two basic configurations of MBRs are a
recirculated configuration with an external filtration tank and a submerged configuration with
the membrane immersed in the activated sludge tank. In the second configuration, a suction

9
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pump is used to draw water from the tank through the membrane [87]. Figure 4 shows the two

MBR reactor configurations.

'|—|" Effluent
Influent —— 2 Influent e 6—’ Effluent
Membrane
module
Bioreactor =" | “\—""“'Mmlbrane
module
e — d Air =———tp—————] [ Bioreactor
@ ()

Figure 4. (a) MBR with external membrane moduleand (b) MBR with immersed membrane

module [87].

Furthermore, an MBR is classified into two types based on the environment of the activated

sludge process as follows:

1. Aerobic membrane bioreactor

2. Anaerobic membrane bioreactor

Aerobic membrane bioreactor

In an aerobic MBR, the activated sludge tank is aerated with oxygen during operation, and
organic matter is metabolized and degraded by bacterial species in the presence of dissolved
oxygen for their growth and respiration [88]. Chang ef al. developed a submerged aerobic MBR
with a non-woven fabric membrane material and reported that the COD concentration decreased
from 1045 mg L' to an average of 90 mg L' after 160 days (Figure 5) [89]. Nitrification is
another aeration technique in which nitrogen gas is aerated to remove ammonia or nitrogen
content from the wastewater. This process is mainly used for wastewater that contains high
ammonia and dissolved oxygen concentrations and low organic matter concentrations [90].
Rosenber et al. studied the use of an aecrobic MBR to treat municipal wastewater for 535 days
using a submerged hollow-fiber membrane with a pore size of 0.2 um and reported COD and
nitrogen removal efficiencies of 95% and 82%, respectively (Figure 6) [91]. However, aerobic
MBRs are more expensive than anaerobic MBRs because of the costs of aeration and

nitrification in the activated sludge process tank [92].
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Figure 5. Schematic diagram of aerobic membrane bioreactor using non-woven fabric

membrane [89].
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Figure 6. Schematic configuration of membrane bioreactor with nitrification [91].
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Anaerobic membrane bioreactor

An anaerobic MBR degrades organic matter into methane and carbon dioxide as byproducts.

This process involves the interaction of four different bacterial species—hydrolytic, acidogenic,

acetogenic, and methanogenic—with organic matter in the wastewater. The resulting sewage

from the anaerobic tank is further treated using an ultrafiltration membrane compartment [93,

94]. Anaerobic MBRs can be configured in multiple manners based on the reactor design and

membrane module placement. Some examples of reactor configurations are shown in Figure 7.
Biogas
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Figure 7. (a) side-stream (external,cross-flow) configuration with pressure-driven

membrane,(b) submerged configuration with membrane immersed directly in the reactor -
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vacuum-driven membrane, and (c) submerged configuration with membrane in separate

chamber - vacuum-driven membrane [92].

The significant advantages of anaerobic MBRs are lower sludge production, ability to treat
high organic loads, low costs, and end biogas (CH4) production [95]. He ef al. designed an
anaerobic MBR with a polyethersulfone ultrafiltration membrane for treating high-
concentration food wastewater and reported a COD removal efficiency of 94% with a gas yield
of 0.136 m* kg'! COD [96]. The main drawback of an anaerobic MBR is the low performance
at temperatures below 20 °C. Nevertheless, Smith ef al. used a submerged anaerobic MBR to
treat domestic wastewater at 15 °C and reported a COD removal efficiency of 92%, which was
mainly achieved by using a mesophilic bacterial species inoculum in the MBR flocculation tank

[97].

Membrane material for MBR

The selection of a membrane material is highly important for improving the wastewater quality
in both aerobic and anaerobic MBRs. Membrane material fouling in MBR systems is the major
obstacle that slows their commercialization [12]. The membrane material properties such as
pore size, porosity, surface charge, roughness, hydrophilicity/hydrophobicity, and other factors
have been proven to impact MBR performance, particularly in terms of membrane biofouling
[98]. The determination of membrane pore sizes has been extensively investigated by many
research groups, and their efforts have shown that pore size distribution is likely an important
parameter influencing membrane performance [99]. A membrane with unimodally structured
pores showed enhanced water permeability and the highest removal efficiency as reported by
Pierre et al. [100]. Membranes with hydrophilic properties have an increased water permeability
and allow for organic pollutants to adhere to the membrane surface [101]. Membrane
mechanical and chemical stability is also a crucial factor for long-term MBR system operation
[102]. A narrow pore size distribution would be better to minimize membrane fouling during

the MBR and conventional membrane separation processes.

The water permeability, or flux, of the membrane should be high and remain so over time to
minimize membrane fouling in MBR systems. According to the literature, available membranes
for MBR systems are polyethylene, polyethersulfone, polyvinylidene fluoride, and many more
ceramics, metal sheet membranes, etc. [14, 103-105]. Most of these reactors used micro- or
ultrafiltration-type membranes with a pore size less than 1 um [106, 107]. The application of

membrane materials with larger pores results in permeation of the bacterial substrate in the
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treated wastewater [108]. Zhao et al. developed a graphene-oxide-grafted polyvinylidene
fluoride composite membrane for MBR applications [14] and observed an average water flux
of 48-50 L m? h''. This high performance mainly depended on the membrane pore size
distribution and hydrophilic nature. Another study reported the development of a polysulfone
membrane functionalized with titanium oxide nanoparticles for MBR applications. The authors
showed that after the addition of titanium oxide nanoparticles, the hydrophilicity and pore size
distribution of the polysulfone membrane increased, which in turn resulted in a higher water

flux 0f98.25 L mh™! compared with that of a non-functionalized polysulfone membrane [109].

2.1.3 Integrated Microbial fuel cell - Membrane Bioreactor (MFC-MBR)

MFCs are considered promising devices for wastewater treatment and bioelectricity generation.
However, the final treated wastewater effluent from an MFC system is of poor quality for
practical usage in terms of recycled industrial and domestic wastewater. Some studies have
shown that integrating MFCs with the activated sludge technique by submerging the device in
an aeration tank may be a considerable option for wastewater treatment [110, 111]. However,
the effluent quality remains poor without a subsequent filtration compartment to remove
substrates, and the necessary aeration further reduces the integrated system energy efficiency.
Wastewater treatment technologies such as anaerobic MBRs would be the best choice to
integrate into an MFC unit, mainly because of the high wastewater treatment efficiency and
lack of required aeration in the activated sludge tank [112]. Ren et al. demonstrated an MFC
with an anaerobic fluidized MBR with a COD removal efficiency of 92% [113]. However, the
system was not completely integrated because the two processes were separated within the same
system (Figure 8). The idea of integrating an MBR into an MFC system was also reported by
Malaeb et al., who submerged an MBR in an MFC system with the cathode in the MFC acting
as a filtration unit [114]. The reported energy and COD removal efficiencies of this system were

6.8 W m™ and 97%, respectively (Figure 9).
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Figure 9. Scheme of submerged MBR in MFC system [114].
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2.2. Requirement and challenges in designing membrane

2.2.1 Membrane resistance

The final power output of an MFC system depends on the internal resistance of the individual
anode, cathode, electrolyte, and membrane materials. Electrochemical impedance spectroscopy
and polarization studies can determine these individual resistances and thus the overall internal
resistance of the MFC system [115]. Use of a membrane with a high internal resistance in MFCs
results in a decreased overall performance, mainly because the low ion exchange capacity of
the membrane material considerably reduces proton diffusion from the anode to the cathode
chamber [116]. The membrane resistance depends on numerous factors such as the nature, pH,
and concentration of the electrolyte used in the system. A membrane with a low internal
electrical resistance would be ideal for MFC systems to afford a high power and current density.
One efficient approach to improving MFC performance is to increase the membrane ionic
conductivity by tailoring the membrane material via the addition of an external proton-
conducting filler materials [117]. Fan et al. quantified the internal resistance of an MFC with
different anode, cathode, and membrane materials and reported that the membrane resistance

has a greater impact on decreasing the MFC performance [118].

2.2.2 Oxygen diffusion

Oxygen diffusion from the aerobic cathode chamber to the anaerobic anode chamber is a
significant problem, mainly because of biofilm degradation in the anode resulting from
disturbances under anaerobic conditions, which in turn decreases the MFC system performance.
Moreover, because oxygen is a more favorable electron acceptor, it competes with the anode
material to accept electrons, which further reduces the Columbic efficiency (CE) of the system
[119, 120]. Yousefi et al. developed a layer-by-layer assembled chitosan/montmorillonite
nanocomposite membrane as an oxygen barrier in an MFC system that significantly improved
the power generation compared with that of an MFC with a bare membrane [121]. Du et al
reported that the CE of a membrane-less MFC was 20% lower than that of an MFC with a
membrane because of the lack of physical barriers preventing oxygen permeation into the anode
chamber [122]. In fact, the state-of-the-art polymeric Nafion membrane used in MFC systems
also has a certain degree of oxygen diffusion [123]. Currently, there are no known membranes
that can completely prevent oxygen diffusion. The only means to eliminate the related negative
impacts is to use a chemical oxygen scavenger such as cysteine in the anodic chamber, which
reacts with oxygen to form disulfides (cystine and cysteine dimers) [119]. Although oxygen
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diffusion does not have a permanent impact on MFC performance, it does reduce the voltage

output and CE of the system.

2.2.3 Substrate crossover

The ideal membrane material for an MFC should not allow reactants to pass from one chamber
to the other. However, substrate crossover occurs because of molecular diffusion and electro-
osmosis. Substrates such as bacterial species and organic matter in wastewater may pass
through the membrane from the anaerobic anode chamber to the aerobic cathode chamber [ 124],
which occurs more readily in porous membranes than in non-porous polymer membranes [9].
However, negatively charged species such as acetates, butyrates, etc. are assisted by the anion
transfer properties of anion exchange membranes (AEMs), and similarly, positively charged
species are assisted by cation exchange membranes (CEMs) [125]. During the early stage of
MFC research, it was reported that substrate crossover results in the formation of aerobic
bacteria on the cathode surface, thereby increasing the ORR activity. However, when the MFC
is operated for a long period, this results in a significant decrease in MFC performance because
of thickening of the biofilm, which hinders the diffusion of oxygen to the cathode surface [126,
127]. Harnisch et al. studied the effect on MFC performance of organic substrate crossover
through the membrane and reported that the creation of a mixed potential in the cathode
compartment results in a decreased MFC performance. Moreover, the substrates diffuse into
the cathode chamber and are oxidized on the cathode electrode surface by aerobic bacteria,
which results in an internal short circuit and decreases the CE of the MFC system [127]. Prabhu
et al. monitored the concentrations of sodium, potassium, magnesium, calcium, and ammonium
from diffusion in the cathode chamber and membrane and showed that a lower diffusion of
metal species resulted in a higher power density [128]. A membrane with a pore size between
0.1 and 1 pm should minimize the diffusion of bacterial substrates from one chamber to another.
The thickness of the membrane may also influence the substrate crossover, where a thinner
membrane results in more crossover [121]. Hence, substrate crossover through the membrane

results in a decreased MFC system performance.

2.2.4 Biofouling

Biofouling mainly occurs because of the bacterial substrates adhered to the surface of the
membrane that faces the MFC anode chamber. The biofilm formed on the membrane surface is
inhomogeneous compared with that on the anode surface [129]. Aerobic bacteria form an

additional biofilm on the surface of the membrane because of oxygen diffusion from the cathode
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to the anode chamber [130]. Moreover, the acrobic bacteria on the membrane surface in the
anode compartment consume oxygen from the cathode and encourage oxygen to diffuse
through the membrane because of the negative oxygen gradient formed in the anode chamber
[131]. The biofilm formed on the membrane hinders proton diffusion from the anode to the
cathode, which in turn increases the acidity in the anode chamber and deteriorates biofilm
growth on the anode; this results in a significant decrease in MFC performance [129]. Figure
10 shows a scanning electron microscopy (SEM) image of a fouled membrane. Measuring the
difference in ion exchange capacity, proton conductivity, and electrical coductivity of the fouled
membrane can indicate the effect of membrane deterioration after biofouling. Moreover,
membrane biofouling can be determined by measuring the open circuit voltage, power density,
and COD removal efficiency after long-term MFC system operation [132]. Ghasemi et al.
studied the effect of biofouling on a polymeric Nafion membrane and found that the maximum
power densities for Nafion and biofouled Nafion were 52.8 and 20.9 mW m™, respectively.
These studies showed that membrane biofouling is a major obstacle for bioelectricity generation
in dual-chamber MFC systems [133]. The internal resistance of an MFC using a biofouled
Nafion membrane increased because the bacterial species attack the sulfonic groups of the

Nafion backbone, thereby hindering proton conduction [118].

The effective approaches to reducing biofouling effects are to use either an anti-microbial or
anti-adhesion approach. In anti-microbial approaches, the membrane is chemically modified to
kill the bacterial species adhered to the surface, whereas anti-adhesion approaches chemically
modify the membrane to prevent surface adhesion of the biofilm [134]. Anti-microbial
approaches include addition or coating of biocide substances such as titanium oxide, silver,
copper, etc. onto the membrane composition, which results in decreased biofouling [135, 136].
However, leaching of the anti-microbial substance to the anode chamber results in bacterial
growth deterioration in the anode, which significantly reduces the MFC performance [137]. A
representative anti-adhesion approach is to alter the surface characteristics of the membrane to
a hydrophilic nature, which prevents the growth of a bacterial species substrate [138]. Sun et
al. modified a polymeric membrane by adding polyethylene glycol, which increased the
membrane hydrophilicity to prevent membrane biofouling [139]. Roosjen et al. studied the
effect of biofouling by modifying membranes with a positively charged or low surface free
energy coating to prevent a negatively charged bacterial substrate from adhering to the surface
[140]. At present, there are no membrane materials that can completely eliminate biofouling.

However, researchers are attempting to reduce the biofouling effect by slight modifications to
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membrane materials using either anti-microbial or anti-bacterial approaches. Hence, controlling

membrane biofouling is a significant factor in improving the performance of MFC systems.

Figure 10. SEM image of polymeric membrane surface that was fouled [132].

2.3. Membrane for MFC application

2.3.1 Polymeric membranes for MFC

The polymeric membrane used in electrochemical applications such as PEM fuel cells, alkaline
membrane fuel, batteries, and MFCs should have a high mechanical and chemical stability in
harsh oxidative and reductive environments, as well as a suitable ionic conductivity [141-143].
Moreover, the cost of the membrane material should be considered as an important criterion for
MFC system commercialization. Polymeric membrane materials are classified based on their

ionic selectivity as follows:
1. Cation exchange membrane (CEM)

2. Anion exchange membrane (AEM)

Cation exchange membrane

The most commonly used CEMs for MFCs are perfluorinated or partially fluorinated
membranes, namely Nafion. This type of CEM has a high stability in oxidative and reductive

environments because of the perfluorinated backbone structure. The high proton conductivity
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of Nafion is mainly attributable to the negatively charged end sulfonate groups attached to the
polymeric backbone [82]. The negatively charged sulfonate group are hydrophilic and form a
continuous network of proton-conducting aqueous channels, through which cations are
transported by mobile, electronegatively charged surfaces [144]. Ghasemi et al. studied the
MFC performance using a polymeric Nafion membrane and observed a maximum power
density of 106.7 mW m™ and COD removal efficiency of 76% [145]. However, polymeric
membranes have a tendency to transfer other cations such as heavy metals, which subsequently
reduce the overall MFC performance. The performance of Nafion membranes can be further
enhanced by adding external fillers such as SiO;, TiO», graphene oxide, etc. to the polymeric
matrix to achieve a massive increase in power generation [146-148]. The hydrophilic filler
material enhances the water holding capacity of the membrane, resulting in an increase in water
channels and thus an enhanced membrane ionic conductivity. Other types of CEMs used in
MFC systems are polyethylsulfone, sulfonated poly ether ketone, and disulfonated poly
(arylene ether sulfone) membranes [149-151]. The sulfonated groups on these polymeric
membranes conduct protons in the polymeric chain. However, these sulfonated group are
deactivated by bacterial species after long-term MFC operation, which results in a decrease in
performance over time. Non-fluorinated membranes, which are less expensive than fluorinated
membranes such as Nafion, consist of aliphatic or aromatic polymers with benzene
ring structures in the backbone. Some examples of non-fluorinated membranes are polystyrene,
polyvinyl alcohol, and polyvinylbenzene [152-154]. Khilari et al. reported the applicability of
a polyvinyl alcohol material as a PEM for an MFC system because of its suitable mechanical
stability, chemical stability, and hydrophilicity. The ionic conductivity of the polyvinyl alcohol
membrane was improved by the addition of silicotungstic acid and graphene oxide as external
filler materials [155]. Similarly, as reported by Sivasankaran, the addition of sulfonated SiO> to
the polymer matrix is an effective means to improve MFC performance using a non-fluorinated

membrane such as sulfonated polystyrene ethylene butylene polystyrene [156].

Anion exchange membrane

There has been increasing research interest in the use of AEMs in electrochemical energy
storage and conversion systems such as alkaline membrane fuel cells, alkaline membrane
electrolyzers, redox flow batteries, electrodialysis, enzymatic fuel cells, and MFCs [157-159].
The ion exchange capacity, water uptake, and mechanical, chemical, and thermal stabilities are

significant properties for the application of AEMs in electrochemical devices [160].
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AEMs are polymeric membranes that conduct anions, mostly OH™, since they contain positively
charged species bound to an alkyl or aromatic polymeric backbone via extended side chains
[161]. The most widely used AEM backbones are polyether ketones, polyether sulfone, poly
phenylene oxides, polybenzimidazole, polyvinylbenzyl chloride, and polyvinyl alcohol, among
others [162-165]. The bound cationic functional groups for transferring anion species are
benzyl-trialkylammoniums, imidazolium, benzimidazoliums, phosphoniums, etc. [166-168].
The characteristics and performance of AEMs are determined by the concentration of cationic
species bound to the polymeric backbone. This factor directly depends on the property of ion
exchange capacity [169]. One commercially available AEM, Tokuyama A201, is less expensive
than Nafion membranes [170]. Non-precious and carbon materials can be used as ORR cathode
electrocatalysts in MFCs because of their high corrosion resistance in alkaline environments
[171]. Moreover, the most influential factor that affects the MFC performance is the formation
of solid metal carbonate precipitates, most commonly Na;CO3, K2CO3, MgCO3, and CaCOs, in
the wastewater. Such precipitates may deposit and thus obstruct the electrolyte-filled electrode
pores. This occurs mainly because of carbonate or bicarbonate via the reaction of OH ions with
CO:2 in the cathode oxidant gas [172]. Pandit ef al. demonstrated the use of a Ralex AEM in an
MFC and reported a maximum power density of 57.8 mW m™ [173]. Similarly, a low-cost
surface-modified quaternized poly(ether imide) membrane was used as an AEM in an MFC to
study its anti-biofouling properties and internal resistance [174]. The main drawbacks of using
AEMs in MFCs are that they are chemically unstable under the low pH conditions of

wastewater and their ion conductivity is lower than that of Nafion.

2.3.2 Ceramic membranes for MFC

Ceramic materials are attractive for energy applications because of the various available
synthetic approaches; good thermal, chemical, and mechanical stabilities; and most
importantly, low costs [175]. Since the invention of the solid oxide fuel cell, ceramic materials
have been used as electrodes and membrane materials for such applications [176, 177]. Most
recently, MFC technology has used ceramic materials as PEMs because of their excellent

properties (Figure 11).
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Figure 11. Some important advantages of ceramic membranes [178].

Natural earthenware and it's family of ceramic membranes

Natural ceramic materials such as clay, earthenware, terracotta, etc. played a significant role in
shaping the culture of ancient civilizations. These natural ceramic materials can be excavated
and developed using different methods including clay material digging, mixing with suitable
composites, material shaping, drying in sunlight, and finally baking in an oven. The final
product is hard and brittle [179]. The use of terracotta natural clay material are among the
examples representing the astonishing army of the Chinese emperor 5000 years ago [180]. The
application of a ceramic material in the Baghdad battery, invented 2000 years ago, was a
stunning discovery for archeologist and electrochemists [181]. The clay composite material
accommodated separated copper and iron electrodes, and the container was filled with vinegar
as the electrolyte. Moreover, ceramic materials are among the major components of solid oxide
fuel cells, particularly as an electrolyte medium for conducting protons. The benefits of using
ceramic materials in solid oxide fuel cells are their ability to withstand high operational

temperatures and their adjustable porosity and thickness for ion diffusion [182].

Recently, a clayware-type ceramic material was used as a PEM in an MFC application because
of its high mechanical and chemical stability, hydrophilic nature, and suitable ion exchange
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capacity [183]. Some examples of MFCs with clay-based ceramic membranes studied under
different conditions are shown in Table 2. Here, the MFC performance is not directly compared
between membranes because of the different operational conditions used in the systems. A clay
pot ceramic membrane was developed by Martinez et al. to achieve bioelectricity generation,
as shown in Figure 12 [184]. Behera et al. developed a ceramic pot composed of clay minerals
including 58-68% kaolinite, 15-26% illite, and 5-9% smectite. The resulting MFC setup
generated a maximum power density of 16.8 W m™ with a CE of 31.3% and was the first work
to demonstrate this inexpensive and unique material as a membrane for an MFC system. After
this successful result, the same research group used a similar earthenware pot membrane in an
MFC system to treat rice mill wastewater and compared the performance to that of a Nafion
membrane. The MFC with the earthenware pot membrane showed a power density of 2.3 W m"
3, which was nearly four-fold higher than that with a polymeric Nafion membrane [186]. In
2012, a locally purchased terracotta flower pot was used as single-chamber MFC system, and

the reported power density was 33.13 mW m™ with a CE of 21% [187].
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Figure 12. Single chamber ceramic MFC set-up [184].

The thickness of clayware ceramic membranes plays a significant role in proton diffusion from
one chamber to another. Behera ef al. studied the effect of membrane wall thickness on MFC
system performance and concluded that a thin membrane was considerably better than a thick
membrane [188]. Natural red soil containing alumina and silica and black soil containing
calcium, iron, and magnesium were also used as CEMs in an MFC system. The MFC with the
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red soil membrane showed a higher power density than the MFC with black soil because of the
high cation exchange capacity, low pH, and high ionic conductivity of red soil [189]. Gajda et
al. studied the scaling up of 560 serial- and parallel-connected miniature MFCs with terracotta
membranes (Figure 13) using human urine as a feed anolyte and reported a maximum power
density of 25.7 W m?. The application of low-cost clay ceramic-based MFC systems is
particularly suitable for rural applications in developing countries for power generation in
sanitation purposes [190]. The aforementioned studies demonstrated that earthenware and
clayware membrane materials are a viable choice to replace polymeric ion exchange
membranes because they provide a favorable environment for the metabolic reactions of

bacterial species present in the chamber.

[ Y5
Microbial Fuel Cell
T ————

Modular stack

Figure 13. Miniaturized Microbial Fuel Cell in a module and 560-unit modular stack [190].

Table 2. Comparison of ceramic type, MFC configuration and performance [183].

Ceramic | structu | Thickness | Anode Cathod | Temp. | operati | Feed Max.
type re (mm) chamber | e type on stock power
volume density
(ml)
Earthern | pot 4 400 Aerated | 26-34 | 38 days | Synthetic | 26.8 m
[185] (acetate) | W m?
Earthern | pot 4 400 Air 70 days | Ricemill | 0.53 W
[186] wastewat | m™
er
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Earthern | cylinder | 5 600 Perman | 24-26 Synthetic | 480.18
[191] ganate (sucrose) | mW m™
Teracotta | pot 800 Air 28 14 days | Hay 33.13
[187] extract mW m
Teracotta | single 8 6 Air 22+2 |6 Synthetic | 2.83 W
[192] chambe weeks | (TYE) m?

r
Earthenw | single 8 6 Air 22+£2 |6 Synthetic | 3.66 W
are [192] | chambe weeks | (TYE) m

r
Clayware | single 1300 NaClO 20 days | Synthetic | 6.57 W
[193] chambe (acetate) | m

r
Red soil | pot 5 550 Aerated | 33-37 | 22 days | Synthetic | 51.65
[189] (acetate) | mW m?
Black pot 5 700 Aerated | 33-37 | 22 days | Synthetic | 31.2 m
soil [189] (acetate) | W m™
Clayware | pot 4 450 Air 30 75 days | Synthetic | 4.21 W
[194] (acetate) | m
Clayware | pot 8 26 Air None | 14mon | Synthetic 0.2 niet
[195] ths (sucrose) | m?
Geothite | cylinder | 5 350 Air 27+2 | 75days | Synthetic | 17.1 W
[196] (acetate) | m
Montmor | two 4 50 Aerated | 30£2 | 2mont | Synthetic | 7.55 W
illonite chambe hs (acetate) | m
[195] r
Terracott | cylinder | 3 200 Air 22 14 days | Wastewa | 286 m
a[195] ter +acet | W m?

ate

Pyrophyll | cylinder | 2 6.4 Air 22 100 da | Urine 6.93 W/
ite [197] ys m’
Earthenw | cylinder | 3.5 11.4 Air 22 100 da | Urine 6.85 W
are [197] ys m
Terracott | plates 2.5 variable | Air 22 16 days | Urine 15 W
a [198] m>
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Oxide ceramic membrane material

Oxide-based ceramics such as AlbO3, ZrO», TiO2, SiO», etc. are widely used as membranes in
electrochemical applications [199]. These membranes are easily fabricated using various
methods such as intrusion, tape-casting, pressing, etc. followed by high-temperature sintering
[175]. In recent years, oxide ceramic membranes have been extensively employed in
wastewater treatment, electrical applications, biotechnology, food and beverage processing,
semiconductors, dental applications, etc. [200-202]. Solid electrolyte ceramic materials doped
with alumina has been used as an ion-conducting electrolyte for high-temperature fuel cells
[203]. Moreover, inorganic materials such as TiOz and Si02 have been used as additive agents
in polymeric membranes to enhance the membrane hydrophilicity, resulting in high fuel cell

power generation [156, 204].

Recently, oxide ceramics have been used as membranes in MFC applications (Table 3). For
instance, Pasternak et al. studied an alumina ceramic membrane for MFCs and achieved a
power density of 2.6 W m~. However, this value is less than that obtained with earthenware-
and mullite-based natural ceramic membranes, mainly because of the low open porosity (< 1%)
of the alumina membrane [197]. Yang et al. compared MFCs with zirconia and alumina
membranes purchased from Sterlitech and Anodisc, respectively. Although the zirconia
membrane had less oxygen and substrate diffusion, during operation, the power density of the
MFC with the alumina membrane was higher than that obtained with the zirconia membrane.
This was largely attributable to the smaller thickness and cylindrical microstructural pores of
the alumina membrane, which led to high proton diffusion and low charge and diffusion
resistances [205]. Daud ef al. studied the long-term performance of MFCs containing zirconia
ceramic membranes with different pore sizes (0.14, 0.015, and 0.0005 um). Among them, the
membrane with a pore size of 0.0005 um resulted in the highest power density, which was
attributed to its high proton conductivity and hydrophilic nature [206]. Hence, the
aforementioned studies clearly demonstrated the application of oxide ceramics as membrane

materials in MFC applications.

Table 3. Comparison of ceramic type, MFC configuration and performance.

Ceramic | stru | Thick | Anode Cathod | Temp. | operatio | Feed Max.
type ctur | ness chamber | e type (°C) |n stock power
e volume densit
(ml) y
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Alumina | Flat |3mm | 11.4 Aerated | 26-34 | 32 days | Anaerob | 2.06

[197] sheet ic W m
sludge

Alumina | Flat | 63.5 130 Phospha | 25 60 days | Anaerob | 0.12

[205] sheet | um te buffer ic W m™
sludge

Zirconia Flat | 2.6 130 Phospha | 25 60 days | Anaerob | 0.01

[205] sheet | mm te buffer ic W m?
sludge

Zircona Flat | 2.5 16 Phospha | 28 8 Anaerob | 1.6 W

(pore size | sheet te buffer months | ic m

-0.14 pm) sludge

[206]

Zirconia Flat 16 Phospho | 28 8 Anaerob | 2.0 W

(pore size | sheet | 2.5 ate months | ic m™

-0.015 buffer sludge

pum) [206]

Zirconia Flat | 2.5 16 Phospho | 28 8 Anaerob | 2.8 W

(pore size | sheet te buffer months | ic m™

-0.015 sludge

um) [206]

2.3.3 Ion transport mechanism of membrane

Ion transport mechanism in polymeric membrane

Polymeric membranes transport ions by means of functional groups bound to the polymer

backbone. Proton diffusion proceeds favorably via either the Grotthuss or the vehicular

mechanism [207].

As proposed by Theodor von Grotthuss in 1804, protons are transported in a polymeric

membrane via a hopping mechanism through chains of hydrogen-bonded water molecules. This

hopping or tunneling of protons from one molecule to another results in a high proton mobility

of 3.6x107% cm? s V!, In the Grotthuss mechanism (Figure 14), a proton ion hops from one
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hydronium molecule to another by the exchange of hydrogen bonds with covalent bonds via
the reorientation of water molecules and hydronium ions [208]. The vehicular mechanism, on
the other hand, involves protons diffusing together with HsO>" (Zundel cation), HoO4" (Eigen
cation), and several water molecules [209]. These two mechanisms are examples of structural
diffusion, and most polymeric membranes for proton exchange use them for proton conduction
[210]. Petersen et al. theoretically and experimentally modeled the Grotthuss shuttling
mechanism of proton transport using a perfluorinated sulfonic acid membrane (Nafion).
Furthermore, some polymeric membranes use both the Grotthuss and vehicular mechanisms to
transport protons [211]. For instance, a previously reported metal-organic framework
composite with a polyvinylpyrrolidone membrane used both proton conduction mechanisms,
and the framework aids in holding water molecules in the polymeric structure (Figure 15). This
was also proved by theoretical modeling experiments [212].

Proton Neutral Proton

Excess Hopping Water Molecules Excess  Hopping
Proton Proton

\
!
A . ¢

Bond

Hydrogen
Bond

Grotthuss mechanism of proton transport

Excess
Proton

\
| | | ?
N "IN 4N 4N

Vehicle for
proton transport

Vehicular mechanism of proton transport

Figure 14. Proton transport mechanism (a) Grotthus mechanism (b) vehiclular mechanism

[213].
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composite with polymeric matrix [212].

Ion transport mechanism of porous ceramic membrane

Ceramic membranes transport protons from the anode to the cathode chamber by their porous
structure. There are three mechanisms involved in ceramic ion transport: (1) convection, i.e.,
ion transport via electrolyte mechanical motion; (2) electric migration, i.e., ion transport via an
electric potential developed in the anode and cathode; and (3) diffusion, i.e., ion transport via a
concentration gradient developed in the anode and cathode chambers (Figure 16) [9]. The ion
transport mechanism occurring in porous ceramic membranes is determined by the membrane
surface characteristics, pore size, and thickness [206]. Porous membranes have no ion
selectivity, and thus they freely transport protons through the pores. The membranes adsorb
water molecules in the porous structure, and protons are transferred via migration and diffusion.
However, the exact mechanism of proton transfer through ceramic membranes has not been

studied in detail [121].
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Figure 16. Ion transfer in porous membrane.

2.4 Polymer derived ceramic material

To meet the aforementioned requirements, polymer-derived ceramics (PDCs) have been found
as suitable membrane materials for MFC and MBR applications. The term PDC indicates that
the ceramic material was synthesized via the controlled pyrolysis of a polyorganosilicon
compound [214]. Verbek et al. developed the first practical experimental procedure for ceramic
materials derived from polyorganosilicon precursors in the early 1970s. The research group
primarily fabricated non-oxide ceramics like silica carbide and silica nitride monoliths starting
from polymeric precursors such as polysiloxanes, polycarbosilanes, and polysilazanes, which

led to a polymer-to-ceramic transformation [215].

Polyorganosilicon precursors are potential candidates for various applications such as
membranes for electrochemical devices, anticorrosion protective coatings, biomedical
applications, etc. [216-218]. An increasing interest over the last few decades in developing new

polymeric precursors for ceramics has led to a broad range of developed precursors [214].
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Preceramic polymers are classified based on their chemical composition, with an organosilicon

as the backbone with side functional groups (Figure 17).
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Figure 17. Overview over the main classes of silicon-based preceramic polymers [219].

Therefore, the different constituent atoms determine the final polymer classification of
precursors, namely polysilanes (Si-Si), polysiloxanes (Si-O-Si), polycarbosilanes (Si-CH»-Si),
polysilazanes (Si-NH-Si), polysilylcarbodiimides (Si-N=C=N-Si), and polyborosilanes (Si-O-
Si-B-Si). Each polymeric precursor has its own functionalities [220]. For instance, ceramics
derived from polyborosilane precursors have a high mechanical and thermal stability due to the
extraordinary creep and stress resistance of the boron-doped ceramic material [221]. Similarly,
polysilazane-derived ceramics have been studied as porous ceramic supports at elevated
temperatures. These materials have a high thermal stability in oxidizing and inert atmospheres
over long periods of operation, with no significant changes observed in their microstructure.

This is mainly because of the strong bonding nature of the final ceramic material [222].
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2.4.1 Processing route
Cross-linking

Cross-linking is a mandatory step to produce a stable green body during the polymer-to-ceramic
conversion process [219]. The condensation or polymerization reaction below 200 °C occurs
by incorporating suitable functional groups such as vinyl or hydroxyl groups [223]. Catalyst
materials have been used in the polymerization reaction to reduce the cross-linking temperature
[224]. The cross-linking of the polymeric precursor after polymerization results in a
mechanically stable ceramic structure due to the strong bonding [225]. Moreover, this process
can yield a highly branched structure with a high molecular weight and thus increase the yield
of the final ceramic material [226]. The release of gaseous molecules such as water or ethanol
may occur depending on the curing mechanism during the cross-linking phase, which results in
the formation of inhomogeneous structures such as bubbles and closed pores inside the
polymeric material [227]. Ceramics can be formed as either dense or porous, crack-free
macrostructural materials by controlling this cross-linking process [228]. Other lithographic
cross-linking treatments aside from thermal such as ultraviolet radiation, X-ray irradiation,
plasma irradiation, electron beams, etc. have also been used to cross-link polymeric precursors

[229].

Shaping

The geometrical structure of green body were fabricated in the shapping step. The sample
viscosity can be changed by melting in organic solvents, a polymer as a starting precursor
material is an advantage of PDCs. This material allows for the use of various shaping techniques
to obtain controlled geometric structures [230]. In addition to basic shaping methods such as
pressing, tape-casting, coating, and injection molding, more advanced formation methods such
as extrusion, spin-coating, and chemical vapor deposition can be used. Complicated
geometrical structures can also be fabricated by fiber drawing, infiltration, electrospinning, and

lithographic techniques [231]. Some examples of shaping techniques are shown in Figure 18.

Of the various shaping methods, powder pressing is one of the major techniques for fabricating
ceramic materials, although tape-, slip-, and freeze-casting are also notable examples [232].
There has been growing interest in pressing for two reasons. First, many large-volume
applications for structural ceramics such as wastewater filtration membranes will only be

realized with low-cost products, which will likely necessitate pressing techniques [233].
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Second, there is a demand for an increased quantity of products such as flat sheet membranes

and tiles that are manufactured by pressing and have been in production for many years [233].

The porous structure of a pyrolyzed packed powder depends on the yield obtained from the
green body, which in turn majorly depends by the behavior of the particles during packing. For
the pressing technique, the powder should freely flow into and uniformly pack in the die mold
[234]. In addition, homogeneous microstructures can be formed by the uniform packing of
powder particles. The powder used for pressing is first uniformly ball-milled for a certain
period. The packing density, particle size, and compressibility of this ball-milled powder decide
the micro/meso/macrostructure and porosity of the resulting ceramic material [235]. The
pressing method has been successfully used to produce silica oxycarbides, silica carbides, oxide
ceramics, and silica nitrides [236-238]. In many cases, the green body fabricated via pressing
has a higher density than those produced with other methods. This is mainly due to plastic
deformation of the polymer material, which partially eliminates the porosity of the green body
by mutual sliding of polymer particles and viscous flow [230]. In PDC materials, the formation
of cracks during pyrolysis is less extensive, and thus there is no need for a binder. Such benefits
arise from the formation of chemical bonds between individual polymer particles and the

polymer itself acting as a binder during pressing [230].
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Pyrolysis

The most significant step in the polymer-to-ceramic conversion process is thermal pyrolysis
under inert conditions to produce a totally inorganic and non-volatile ceramic component. This
step is rather complicated and can be divided into several temperature phases. Water and other
solvents evaporate in the pyrolysis temperature range below 250 °C, followed by the
decomposition of additional volatile oligomer molecules up to 400 °C [214]. Decomposition of
the polymeric material begins at pyrolysis temperatures above 400 °C, and further increases in
temperature result in structural deformation of the organosilicon polymeric precursor and the
breaking of chemical bonds such as Si-H, Si-C, and C-H. Subsequently, gaseous products such
as hydrogen and volatile hydrocarbons are released, and organic functional groups such as
phenyl and methyl groups decompose. Finally, the decomposition of functional groups results
in the formation of an open micro and mesoporous structure. Materials pyrolyzed between 400
and 800 °C, called hybrid ceramics or ceramers, have the properties of both the polymer and

the ceramic materials [223].

The collapse of the micro and mesoporous structure begins in the pyrolysis temperature range
between 800 and 1000 °C. The resulting ceramic material has an amorphous structure after
complete transformation of the polymer to a ceramic, the covalent bonding structure of which
depends on the polymeric precursor [239]. Pyrolysis temperatures above 1000 °C result in slight
conversion of the amorphous phase to crystalline with a dense morphological structure [219].
These ceramics have high chemical, mechanical, and thermal stabilities due to the strong
covalently bonded matrix between Si-C, Si-N, Si-B-C, etc., the nature of which again depends
on the precursor [214]. The polymer-to-ceramic transformation over the range of pyrolysis

temperatures is shown in Figure 19.
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2.4.2 Polysiloxane

Silicon-based polymeric precursors, which are classified as polysilanes, polysilazanes,
polycarbosilanes, polysiloxanes, etc. [219], can be used to prepare a range of ceramic
components for various applications. The ceramic materials are prepared by the controlled
pyrolysis of the polymeric precursor to eliminate organic molecules, break C—H bonds, and
release H, CH4, or other volatile compounds [241]. The obtained ceramic materials are either
crystalline or uniquely amorphous with a free-carbon phase from the preceramic polymers,
which completely depends on the pyrolysis conditions [242, 243]. Among polymeric
precursors, polysiloxanes are superior in terms of chemical and thermal resistance. Therefore,
silicone-based materials are used as sealants, electric insulator coatings, surface treatments for
glass materials, heat-resistant material, and chemically stable elastomers [244]. Jeske et al.
developed a polysiloxane material functionalized with sulfonic acid as a proton-conducting
membrane for a high-temperature fuel cell and reported that the membrane proton conductivity
did not decrease even at high operating temperature, clearly illustrating the thermal stability of
polysiloxane membranes for proton-conducting applications [245]. A polysiloxane precursor

was synthesized via a traditional reaction of chloro (organo) silanes with water [214]. The
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intrinsic property of the silicone material such as the viscoelastic liquid nature is within a wide
range of temperature. Polmanteer et al. reported that the glass transition temperatures of
polymethylphenylsiloxane and polydimethylsiloxane are —86 and —127 °C, respectively [246].
Cross-linked polysiloxane materials can better withstand high temperatures without forming
cracks compared with other PDC materials such as polycarbosilanes, polysilanes, and
polysilazanes. This specific property is helpful for shaping the precursor material into desired
forms via casting, molding, and extrusion [244]. Other advantages of using a polysiloxane
precursor for ceramics are storage and handling (no protective atmosphere required); low
ceramization temperature (1000-1200 °C); and excellent chemical, mechanical, and thermal
stabilities [247-249]. Polysiloxane materials can be processed using various synthetic methods

to obtain porous ceramic materials with properties tailored for specific applications

2.4.3 Tailorable surface characteristics

The surface characteristics of PDCs mainly refer to the hydrophilicity/hydrophobicity, where
surfaces that attract water are hydrophilic and surfaces that repel water are hydrophobic. Highly
hydrophilic PDC materials have a great number of applications in various sectors which
includes filtration, gas transportation, catalyst supports, biomedical applications, etc. [250-252].
Preceramic polysiloxanes are organic—inorganic polymers whose backbones usually contain Si
atoms with phenyl and methyl groups, which provide highly hydrophobic characteristics during
the cross-linking stage [253]. The polymer to ceramic conversion is achieved by thermal
pyrolysis technique by conventional oven annealing, microwave, or laser heating, normally by
processing in an inert atmosphere. The PDC surface characteristics can also be modified by the
choice of precursor or by surface modification. There are a few techniques for surface
modification, such as plasma, which is often used to modify the surface characteristics of
preceramic polymers [254]. However, the surface characteristics of the resulting ceramics are
particularly affected by the plasma technique. Prenzel et al. reported that pyrolyzing a methyl
polysiloxane precursor at temperatures below 630 °C resulted in a hydrophobic surface,
whereas pyrolyzing at 700 °C resulted in further decomposition of the hydrophobic organic
moieties, leading to a more hydrophilic surface [255]. Zhang et al. reported that PDC surface
characteristics can be modified to a greater extent by using more hydrophilic materials such as

silica, titanium oxide, zeolites, etc. and adjusting the pyrolyzing temperature [256].
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2.4.4 Tailorable porous structure

Controlled pore formation in ceramics can be achieved using several synthetic approaches.
Material pores can be classified based on their size as micropores (< 2 nm), mesopores (2—50
nm), or macropores (> 50 nm) [257]. For MFC applications, a ceramic membrane with a porous
structure facilitates the transfer of protons from the anode to the cathode chamber. However, a
pore size larger than 1 pm must be avoided to prevent diffusion of the bacterial substrate

through the membrane, which would limit the performance of the MFC [119].

PDCs can be fabricated with high specific surface areas and microporous structures via
pyrolysis. Different precursors decompose and are pyrolytically converted at different
temperatures, resulting in microporosity from the pyrolytic cleavage of organic groups and the
pathways of the released gaseous pyrolysis products [117, 118]. Optimally high specific surface
areas are typically observed at intermediate temperatures (500—700 °C) [258, 259]. Pore
collapse will occur during pyrolysis above the glass transition temperature because of viscous
flow [260]. Pyrolysis byproducts can block pore entrances, which also results in a loss of
specific surface area. Loss of micro and mesoporosity during pyrolysis at higher temperatures
can be diminished using low heating rates. Surfactants are also often used to afford mesoporous
structures by directed assembly at the molecular level and subsequent surfactant removal via
thermal decomposition or solvent extraction [261]. Strengthening of the gel network and
directed assembly via surfactants are the major approaches for mesopore formation reported in
the literature [262]. However, these approaches are expensive and result in cracks because of
surfactant bubbling. Using the powder pressing technique, macroporous ceramics with a

controlled pore size and porosities up to 60% can be prepared [175].
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3. Aim of the work

Along with a general trend towards technological advancement, an integrated system of MFC
and MBR has become increasingly popular as an alternative energy conversion system for
generating bioenergy from wastewater. As a bioelectrochemical hybrid system, MFCs involved
in generating electricity and wastewater treatment provide a wide range of benefits, including
nutrient recovery, energy conservation, reduced sludge generation, and energy conversion.
However, achieving high-energy efficiency and large-scale applicability using this technique
remains a significant challenge, which could potentially be overcome by replacing the
mechanically unstable and expensive polymer proton-exchange Nafion membranes of MFCs

with low-cost, efficient, ceramic membranes.

Aim of this work is to produce porous ceramic membrane with proton conducting property for
MFC application and additionally explore the possibility to use them as ultrafiltration
membrane material for MBR application. To satisfy the demands of this application, the
membrane needs a specific array of characteristics, such as hydrophilicity, chemical stability in
wastewater, controlled porosity (from 20 to 40% open porosity), and pore size distribution
(from 0.1 to 1 um) that enables proton diffusivity and water permeability, while simultaneously
requiring minimal oxygen diffusion. PDCs are remarkable materials with desirable properties
like tailorable porous structure and surface characteristics, and improved mechanical and
chemical stability as compared to those of polymeric material. Therfore, PDCs should be a

suitable membrane material for MFC and MBR.

To prepare a uni-modal pore structured ceramic membrane with a pore size smaller than 1 pm,
the uni-axial hydraulic pressing approach was adopted to synthesize flat sheet PDC material.
Moreover, the following approach will help to produce crack free ceramic membranes with

proton conducting property.

The different weight percentage of montmorillonite and H3PMo012040/Si0: fillers should act as
cation exchange filler material to enhance the proton conducting property of polymer derived
ceramics. Furthermore, the functional property of PDC composite membrane should be tailored
by varying pyrolysis temperature from 400 to 1000 °C. The best PDC composite membrane
will be studied for MFC application

Secondly, the influence of graphitic filler material like graphene oxide and multiwall carbon

nanotubes in PDC membranes pyrolysed at 1100 °C should be studied. The incorporation of

38



3. Aim of the work

graphene oxide and multiwall carbon nanotube to PDC should tailor the physical properties of
the composite membrane such as ion exchange capacity and mechanical stability of the
membrane. The composite material will be physically characterized and the membrane
performance in MFC system will be studied.

Thirdly, the PDC membrane should be functionalized with hygroscopic fillers such as TiO»,
Si0,, and Tetraethylorthosilicate (TEOS) material and pyrolysed at 1100 °C. The hygroscopic
filler material should increases the hydrophilic property of the PDC composite membrane. The
physical characteristics, MFC performance, and water permeability in MBR applications of the

composite membrane will be studied.

Finally, the PDC membrane prepared at 1000 °C will be used as proton conducting and
ultrafiltration membranes for an integrated MFC-MBR system and the generation of electricity

and efficiency of wastewater treatment will be studied.
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4. Materials and methods

4.1. Materials

4.1.1 Required Precursors

Commercial hydrophobic oligomeric methyl-phenyl polysiloxane powder (silres®H44, wacker
chemie AG), monomeric aminopropyltriethoxysilane (APTES, ABCR Dr. Braunagel GmbH &
Co. KG), Bis(trimethoxypropyl)silyl amine (BISA, ABCR Dr. Braunagel GmbH & Co. KG),
ethanol solvent, ammonia solution, and deionized (DI) water. The chemical formula of some

precursors are shown in Figure 20.
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Figure 20. Structural chemical formula of precursors (a) methyl-phenyl polysiloxane (b)

aminopropyltriethoxysilane (c) Bis(trimethoxypropyl)silyl amine.

4.1.2 Filler materials

Montmorillonite K10 (sigma aldrich), phosphomolybdenic acid hydrate (H;PMo012040 xH20,
alfa aesar), tetraethylorthosilicate (TEOS, sigma aldrich), Graphene oxide, and Multiwall
carbon nanotubes (MWCNT, nanochem), Titanium oxide (Ti0,, alfa aesar), Silica oxide (SiO»,
sigma aldrich), quaternary dodecyltrimethylammonium chloride (alfa aesar), Potassium

permanganate (KMnOs, sigma aldrich), Hydrogen peroxide (30 wt% H20., sigma aldrich),
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Hydrochloric acid (37 % HCI, sigma aldrich), Sulfuric acid (conc. H>SOy4, sigma aldrich). Some

of the structural chemical formula of filler material shown in Figure 21.
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Figure 21. Structural chemical formula of precursors (a) Montmorillonite (b)

Phophomolybdenic acid (¢) Graphene oxide (d) multiwall carbon nanotube.

Synthesis of H3PMo012040/Si02 (PMA) filler

The filler material was prepared using a method previously developed by Li et al. [263] with
minor modifications. First, 1.99 g of quaternary dodecyltrimethylammonium chloride was
dissolved in 200 mL of 2.5 M HCl aqueous solution in a 250-mL conical flask followed by the
addition of 17.83 mL of TEOS and 4.69 g of H3PMo012040-H>O under stirring at a speed of 800
rpm for 1 h. After that, the mixture was aged at room temperature for 4 h, separated by filtration,

thoroughly washed with ethanol, and dried inside an oven at a temperature of 80 °C for 24 h.

Synthesis of Graphene oxide filler

GO was produced from graphite powder using a modified Hummers method. Briefly, 3 g of
graphite powder was added to 70 mL of concentrated H>SO4 and well agitated for several
minutes followed by the addition of 9 g KMnOs using an ice bath. The solution was transferred
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 increased to 95 °C, after
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which the reactants were stirred for 15 more minutes. Subsequently, 500 mL of DI water were
added to the reaction mixture followed by the slow addition of 15 mL H>O> (30 %) and
overnight stirring at room temperature. After that, the liquid was washed with concentrated HCI
and DI water until its pH reached 7 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.

Pretreatment of multiwall carbon nanotube filler

Functionalization of MWCNT is performed using mixture of HNO3 and H>SOj4 acids in a molar
ratio of 1:3 to create a solution with a final volume of 20 ml. 100 mg of pristine MWCNTs are
added to this solution and the mixture is treated by magnetic stirring vigorously for 3 h at room
temperature. The functionalized MWCNTs are then purified by extraction from the residual
acids by dilution with distilled water and centrifuge filtration the solutions until the pH is
approximately 6. After the purification process, the oxidized samples are dried at 80°C for over-

night [264].
4.2. Synthesis procedure of PDC membranes

4.2.1. Polymer derived ceramer and ceramic composite with montmorillonite and
H3PMo012040/SiO2

A scheme of the synthesis procedure is shown in Figure 22a. The as-prepared PMA composite
or montmorillonite filler was dispersed in ethanol for 30 min via ultrasonication followed by
the addition of a mixture of H44 and APTES with the subsequent polymerization for 3 d under
reflux at a temperature of 70 °C (a solution containing 3.27 mL of NH3 in 3 mL of water was
used as a catalyst). After removing the solvent, drying, cross-linking in air at 200 °C for 2 h,
and grinding using a high-energy ball mill, the resulting fine powder was pressed to a
monolithic membrane. The fabricated membranes were pyrolyzed at temperatures of 400, 500,

600, and 1000 °C under nitrogen atmosphere (see Figure. 22b).

Sample notation

Sample nomenclature was based on the notation PDC:PMAxx:Myy—zzz, where PDC represents
SiOC, PMA stands for H3PMo012040/S10> with weight fraction xx, M denotes montmorillonite
with weight fraction yy, and zzz is the pyrolysis temperature (in °C). The sample compositions

and their nomenclatures are listed in Table A1 in appendix.
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Figure 22. (a) Process scheme of PDC membranes, (b) synthesized PDC membranes at

different pyrolysis temperature.

4.2.2 Graphitic carbon functionalized polymer derived ceramics

In this synthesis, an equimolar ratio of methyl-phenyl polysiloxane (H44) and
bistrimethoxysilylpropylamine (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 synthesis procedure is shown in Figure 23.
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Sample notation

Sample nomenclature was based on the notation PDC:xGO-zzz and PDC:yCNT-zzz, where
PDC represents SiOC, GO stands for Graphene oxide with weight fraction x in the starting
material, CNT denotes multiwall carbon nanotube with weight fraction y, and zzz is the
pyrolysis temperature. The sample compositions and their nomenclatures are listed in Table A2

in appendix.
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Figure 23. (a) Synthesis flowchart of PDC composite membrane (b) Sample prepared at 1100
°C.

4.2.3. Polymer derived ceramics composite with hygroscopic filler

The hygroscopic filler dispersed in ethanol solvent and the mixture was ultrasonicated for 30
minutes, and agitated using a vortex device. Once the flask reached 70 °C, 10.87 g of Methyl-
phenyl polysiloxane (H44), 23.49 ml of Aminopropyltriethoxysilane (APTES), 3.27 ml of
ammonia, 3 ml of demineralized water, and the correspondent wt% of the additional precursor
(15 wt% of TEOS) or filler (15 wt% of SiO2 or TiO2) were added to the flask, for the bare
sample only H44 and APTES were used as precursors. Following, the reaction was left stirring

at 70 °C, under refluxing conditions, for 72 hours [19]. After removal of the solvent, drying,
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cross-linking in air at 200 °C for 2h, followed by grinding to fine powder using high energy ball
milling, and pressing the sample into a monolith, the membranes were pyrolysed at 1100 °C

under nitrogen atmosphere.

Sample notation

Sample nomenclature was based on the notation PDC:TiO2-zzz, PDC:Si02-zzz and
PDC:TEOS-zzz, where PDC represents SiOC, TiO stands for Titanium oxide, SiO> stands for
silica oxide and TEOS stands for SiO2 derived from Tetraethyl orthosilacate and zzz is the
pyrolysis temperature. The sample compositions and their nomenclatures are listed in Table A3

in appendix.

4.4. Characterization

4.4.1 X-ray diffraction

X-ray diffraction (XRD), is a technique that measures the three dimensional structure of
crystalline samples. XRD is used in various fields, from biochemistry to materials science.
Briefly, X-rays - electromagnetic radiation with wavelengths between 0.01 to 10 nm is pass
onto the material, and the waves interact with the atoms in the sample and are reflected in a
characteristic manner [265]. The result is a diffraction pattern that depends on the size and
position of the atoms in the sample; subsequently, the molecular structure of the substance can
be deducted. The minimal distance between two signals or reflections that can still be resolved
approximately resembles half the wavelength of the radiation, small distances between atoms
can be distinguished. For analysis, the material is mounted on a platform within the X-ray
diffraction machine and illuminated using a monochromatic beam of X-ray radiation of one
specific frequency [266]. This yields a two dimensional diffraction pattern; illuminating the
crystal from various different angles yields a collection of these patterns, which can then be
translated into a three dimensional crystal structure using Fourier transformation, a

mathematical analysis method [267].

For XRD measurements, the samples were finely grounded into powder. The powder is
compacted in the sample holder of the diffractometer (SEIFERT XRD 3003). The device uses
Cu-Ka radiation with a wavelength of 0.154 nm at 40 kV and 40 mA. The Data is recorded
starting from 10 to 80 °C in 0.025 °C steps. The software package X pert HighScore and the
database PDF-2 (JCPDS) were used for analysing the observed data.
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4.4.2 Scanning electron microscopy (SEM)

To obtain images of the material macrostructure, the scanning electron microscope is use to
detect surface morphology, pore structure, defects, phases, and nanoparticles. Through the
composition of the precursors, differences in the macro and microstructure are expected to be
found, these variances are projected to help explain changes in the functional properties of
distinctive samples [268]. The SEM is a resourceful device that allows a sample to acquire
surface morphology. It produces an interaction between the electron beam and the sample atoms
by using a high-energy electron beam centered on the sample surface under high vacuum
circumstances. The detector therefore identifies the reflection of components of the beam
electrons (back-scattered electrons) and sample electrons emission (secondary electrons) [269].
To samples were analysed by using the instrument model Camscan Series 2, Obducat CamScan
Ltd was used. Before starting the study, the samples were sputtered with gold. Images with
magnifications ranging from 25000x to 100000x have been obtained with distinct compositions

for both the monolith surface and powder.

4.4.3. Transmission electron microscopy (TEM)

The transmission electron microscopy is used to identify the surface morphology of the material
and dispersion of nanoparticles. This technique uses a thin film of the sample irradiated by a
beam of electron in a uniform current density. The energy of electron use in the instrument is
60 — 150 keV. The irradiated electron distributed behind the sample and observed the image
with four-stage lens system on a fluorescent screen. This technique mainly used for detecting
the materials in nono dimensional range. A TEM model Titan 80-300 ST, FEI Instrument was
used for analysis. The sample was prepared by dispersed the sample in ethanol, placing a drop
of solution in copper grid coated, and then drying under open air condition. The copper grid

were mounted in the high vacuum chamber TEM instrument for analysis.

4.4.4 Raman spectroscopy

Raman spectroscopy can be used to analyze the structure of a compound, especially vibrations
and rotations on the molecular level. A highly focused laser beam, the frequency of which can
cover the ultraviolet to infrared spectrum is shone onto the sample and interacts with various
molecular vibrational states; as a result, the reflected laser beam has a different energy from the
incident beam, which can then be analyzed using a detector. Raman spectroscopy is built on the
principle of inelastic scattering. Instead of simply bouncing off a molecule, if an incoming

photon from the laser beam provides the energy that correlates to the difference between the
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ground state and an excited stage of a molecule, the photon will be absorbed by the molecule,
which acquires a temporary activated stage [270, 271]. When relaxing back into the ground
state, a photon will be emitted with a different energy. Hence, the original laser photon interacts
with the molecule and changes its wavelength, i.e. energy, in the process. The change of energy
and wavelength is also called Stokes shift. The more polarizable a molecule is along its
vibrational axis, the stronger the signals that can be detected with Raman spectroscopy. Thus,
Raman spectroscopy allows us to gain insight into the vibrational states of the molecules and

therefore lets us analyze its molecular structure [272].

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 50x objective (Olympus) with a numerical aperture of 0.75 provides a
focus spot of about 2 um diameter when closing the confocal hole to 200 um. The spectra were
collected in the range from 800 cm™ to 2000 cm™! with a spectral resolution of approximately
1.2 cm™! using a grating of 1800 grooves/mm and a thermoelectrically-cooled CCD detector
(Synapse, 1024 x 256 pixels). Each spectrum was baseline corrected with the ‘LabSpec’

software (Horiba Jobin Yvon).

4.4.5 Fourier Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is a method to analyze the structure of
compounds in various disciplines. The basic operating principle of a spectrometer is that the
sample is illuminated by radiation of a certain wavelength; the sample will interact with the
electromagnetic radiation in a specific way, depending on its properties, and reflect it in a
characteristic way; the reflected light is then detected, and the difference between the original
electromagnetic beam and the beam that arrives at the detector can then be used to get
information about the sample [273]. In an FTIR, the original infrared beam is split between a
moving mirror and a stationary mirror in a so-called Michelson Interferometer. This produces
a characteristic interference pattern, which will be modulated after interacting with a sample
based on the wavelength of light that the sample absorbs. The important feature of an FTIR is
that it used polychromatic radiation to interact with the sample; the combined information will
then be analyzed and split in its basic elements, which can then be analyzed, using Fourier
Transformation [274]. FTIR can be used to analyze the structure of a compound, detect

impurities, elucidate whether material has deteriorated, and many other properties.
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For our measurement, we use Bruker equinox 55 with ATR unit. The samples were ground into
find powder, and it compacted in the sample holder and irradiate the radiation through diamond

crystal and observed the spectrum.

4.4.6 Nitrogen adsorption/desorption

The nitrogen adsorption porosimetry was used to study the micro and mesoporosity of the
samples in different compositions. It was possible to determine the specific surface area, and to
generate the adsorption-desorption graph, which states the micro (Pore size < 2nm), meso (Pore

size < 2 — 50 nm) and macroporus (Pore size > 50 nm) structure of the material [275].

The equipment used was the Belsorp II Mini - Bel Japan, Inc. The temperature of liquid nitrogen
is approximately -196 °C, and the amount of adsorbed nitrogen was calculated by measuring
the change of the gas pressure. The Brunauer-Emmett-Teller (BET) theory was used to analyse
the specific surface area of the material. Before analysis the samples remained in vacuum
conditions for three hours at a temperature of 120 °C, this pre-treatment aimed to remove all

water content in the samples.

4.4.7 Mercury Intrusion method

The mercury intrusion was carried out to quantify the open porosity of samples in all the various
compositions. At the same time, the distribution of pore size, the average pore size and the total
open porosity percentage could be determined. This was the only characterization that also
tested the pressing pressure of 191 MPa in order to evaluate the pressure influence in these
characteristics. The size of the pore is determined by the pressure needed to penetrate liquid
mercury into the material pores. Because larger pores require less pressure to be filled with
mercury, they are first filled, therefore the pressure applied during the experiment rises to fill
the lower pores. Because of its unwetting nature, mercury is the preferred liquid [276]. The
device used was POROTEC GmbH, Mercury Porosimeter Pascal 140 and 440, which allows
the measurement of pores below 200 micrometers, up to 4 nanometers. For the narrower pores,
this device utilizes a maximum pressure of 4000 bar. Total porosity, average pore size, and

distribution of pore size were evaluated in each composition's tiny cylindrical samples.

4.4.8 Water and heptane adsorption

The surface characteristics of the material tells the hydrophilic and hydrophobic nature of the
material by using water and n-heptane as polar and non-polar adsorption solvent, respectively

[256]. The surface characteristics of the materials were analyzed by placing the 0.5 g of dried
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PDC powder composite material inside a closed Erlenmeyer flask filled with the solvent (water
or heptane, respectively) in equilibrium with its vapor phase at room temperature. Samples were
weighed at the start and end of a 24 h measurement period in order to determine the vapor
adsorption of the material. Later, the adsorption of solvent was recalculated into mmol/m? using
the BET specific surface of the materials. The results were optimized based on water and
heptanes ratio factor. When the water/heptane ratio is higher than one, the studied material is

assumed to possess hydrophilic properties or else material tends to hydrophobic nature.

4.4.9 Acid and base titration method

This method determines the Ion exchange capacity (IEC) of the memebrane. The IEC states the
amount of protons exchanged per gram of material [277]. First, the membrane was equilibrated
by soaking in 100 mL of 1 M HCI solution for 72 h, after which it was rinsed with D.I. water
to remove the adsorbed ions from the membrane surface and transferred to 50 mL of 1 M NaCl
solution for 24 h to exchange H" and Na" ions during equilibration. Finally, the membrane was
removed from the reaction system, and the remaining medium was titrated with 0.005 M NaOH
solution to determine the amount of H' ions present. The IEC obtained was expressed in

milliequivalents of H" per gram of dry membrane as per Equation (5).
IEC = (Vnaon X Mnaon)/Wary ....(5)
Where, Vnaon — Volume of the NaOH solution consumed,;

Mnaon — Molarity of NaOH (0.005 M);

Wary — Weight of the dry sample.

4.4.10 Concentration cell test

The concentration cell method were used to determine the cation transport number of the
membrane. The cation transfer number determines the fraction of the cations transferred
through membrane from one chamber to other by a specified ion. The cation transport number
(t") was estimated using a dual-chamber tank, whose anode and cathode chambers were filled
with 0.5 and 0.005 M NacCl solutions, respectively, to create an osmotic drag concentration
gradient. Two identical Ag/AgCl reference electrodes were used to monitor the potential
difference between the closest points of the membrane sides over time. The commercial
Ag/AgCl reference electrode (saturated with 3M KCI) purchased from Sigma Aldrich were

used for this study. The value of " was estimated using Equation (6).
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RT C1
E, = = (2t— Din(g) (6)
Where,

E, — Potential difference at the nearest point of the membrane (mV);
R — Gas constant; F — Faraday constant (C mol™")

T — Temperature (K); t* — Cation transport number

C1 — Anode chamber concentration (0.5 M)

C2 — Cathode chamber concentration (0.005 M).

4.4.11 Oxygen permeation cell test

The concentration of oxygen diffusion from one chamber to another through membrane were
measured using oxygen permeability method. The high diffusion of oxygen from cathode to
anode decreases the MFC performance, so the ideal membrane should have low oxygen
permeability. The oxygen diffusion coefficients of the produced membranes were measured by
filling the chamber 1 with D.I. water and purged with N2 gas for 30 min to reach the anaerobic
state with an oxygen concentration of < 0.02 mg L™, whereas chamber 2 (also filled with D.I.
water) was aerated continuously to maintain a near-saturation level of dissolved oxygen (DO).
The oxygen concentration in the chamber 1 chamber was monitored at regular intervals of 15
min using a DO probe, and the oxygen mass transfer and diffusion coefficients were estimated

using Equation (7) and (8), respectively.

v Coc—Coa
ko = — Eln C—oc (7)
Dy = Ko * Ly 3
Where,

v — Volume of the chamber (cm?)
A — Area of the membrane (cm?)
t — Time (s)

Coc — Oxygen concentration at chamber 2
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Coa — Oxygen concentration at chamber 1
Ko — Oxygen mass transfer coefficient
D, — Oxygen diffusion coefficient

L — Thickness of the membrane

4.4.12 Ring-on-Ring bending test

The mechanical stability of the membrane determines how strong the membrane is for MFC
and MBR application to withstand the hydraulic pressure of water in the chamber. According
to German Standard Code DIN 52 292, ring-on-ring bending test is carried out to measure the
bending strength of the ceramic membrane. The test samples, with a radius r3 and a thickness
S, were 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 11 : 12 between the radius of the load ring ri and the supporting
ring r2 was set to 1:5. The initial load was set to 0.5 N, the test velocity to 0.5 mm/min and the
number of trial samples was three. For all samples, the Poisson’s ratio of p = 0.12 was assumed.

The bending strength ¢ in mega pascal (MPa) was calculated followed the equation 9.

_ 3(a+p r, , (- n?-n*] F
9= " [lnr1+ (1+p) ~ 2132 ]'52 ©)

4.5. Microbial fuel cell and Membrane bioreactor

4.5.1 Microbial fuel cell setup and operation

MFCs were fabricated by 30 mm thick poly-(methyl-methacrylate) fiber sheet with certain
working volume for the anodic and cathodic chambers. The Nafion membrane (Fuel cell store,
USA) was used as a PEM for the control MFC after pre-treating with 3% H20O> solution for one
hour followed by dipping in D.I. water for 2 h. The pieces of carbon felts used as the anode and
cathode were pre-treated by a sequence of washing with 1 N HNO3, 30% ethanol, and D.I. water
until reaching the neutral pH, followed by drying in a hot air oven at 100 °C. The dried carbon
felt pieces were subjected to thermal treatment in a muffle furnace at 400 °C for 30 min and

then stored in vacuum desiccators for further use after cooling. The anode and cathode were
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connected with concealed copper wires, and the membranes were glued to a Teflon gasket sheet

using specified proportions of water-resistant resin and glue.

The operating voltage (OV) was measured over a 100 Q external resistance. The MFCs were
inoculated with anaerobic mixed consortia collected from a septic tank at the Indian Institute of
Technology, Kharagpur after heat pre-treatment (100 °C for 15 min) with volatile and total
suspended solids concentrations of 19.9 and 30.2 g L™!, respectively. Synthetic wastewater with
sucrose as a carbon source was supplied as the feed for all MFCs. The feed composition was
adopted from the work of Jadhav et al. with an organic matter concentration of around 3 g of
COD L! supplemented with trace nutrients and having pH of 7.4. [278]. The feed composition
of synthetic wastewater was prepared by adding 900 mg/Il sucrose, 1500 mg/l NaHCOs, 318
mg/l NH4Cl, 27 mg/l KoHPO4, 9 mg/l KH2PO4, 250 mg/l CaCl,.2H,0, and 64 mg/l
MgS04.7H20. Trace metals like Fe, Ni, Mn, Zn, Co, Cu, and Mo were added and its
compositions are 10 mg/l FeSO4.6H>0; 0.5 mg/l NiSO4.6H20; 0.5 mg/l MnCl2.4H-0; 0.106
mg/l ZnS0O4.7H20; 0.106 mg/1 H3BO3; 50 ng/l CoCl12.6H20; 50 pg/l (NH4)6M07024.4H20 and
4.5 pg/l CuS04.5H20. The DI water were used as catholyte in the cathode chamber of the
MFCs. All MFCs were operated in an open environment with ambient temperature of 28 + 2
°C. MFCs were operated under batch mode at a fresh feeding frequency of 3 days and to verify
the precision of the results each MFC was operated for 15 feed cycles to achieve representative

performance results.

4.5.2 Analytical measurements

The potential values and generated currents were measured using a digital multi-meter with a
data acquisition unit (Agilent Technologies, Malaysia). Polarization was performed by varying
the external resistances from 10,000 to 10 Q using a variable resistance box (GEC 05 R Decade,
Renown Systems, Kolkata, India), and the corresponding stable voltages at all external
resistances were recorded at 30-min time intervals using a data acquisition unit connected to a
personal computer. Normalized volumetric power density was expressed with respect to the

volume of anodic chamber according to Equation (10).

VZ

(10)

P =
V,max RVan

Where, Py max is the volumetric power density (W m™); V is the acquired voltage (V); R is the

external resistance (Q); and vqy is the volume of anodic chamber (m?).
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The total internal resistance of the MFC was estimated from the slope of the linear portion of
the polarization plot (voltage vs. current density). Columbic efficiency (CE) was calculated by
integrating the measured current over time with respect to the maximum available coulombs
associated with the organic matter via Equation (11) [279].

CE = % (11)
Where, M; is the molecular weight of the substrate (g mol™!), ACOD is the change in the
substrate concentration over a batch cycle (g L), Vi, is the liquid volume of the anodic
chamber (L), F is Faraday’s constant (96485 C mol~'), and b, is the molar amount of electrons
generated during the oxidation of one mole of substrate (mol of e -mol of substrate™). For the
samples collected from the anodic chamber of MFCs at regular time intervals Chemical oxygen
demand (COD) values were estimated by a closed reflux method according to the procedure

described in Standard Methods [280]. Normalized energy recovery (NER) was also assessed

and expressed based on the volume of wastewater treated over time (kWh m™) as per Equation

(12) [281]

Energy output

NER [kWh/m?®] =

Treated wastewater volume (12)
The power recovery from MFCs using different membranes was analysed in terms of the
corresponding power/cost ratio as per Equation (13) [282]

mw
Ps (3,2)

Cost (%)

Power recovery =

(13)

Where,
Py is the power density (based on membrane surface area) of the MFC,

Cost is the cost per unit area of the membrane.

4.5.3 Ultrafiltration setup for MBR

The water permeability experiments were measured using the setup shown in Figure 24. The
membrane was inserted in the setup with effective filtration area of 3.5 cm?. All experiments
were measured at ambient temperature and the water permeability tests experiments were
conducted for consecutive three times. All the values in this study are calculated mean.
Furthermore, standard deviation was calculated for experimental filtration data. The

transmembrane pressure were varied from 2 to 5 bar to measure the water permeability. The
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permeate flux and the permeability were calculated by using the following equations (14) and

(15).

Water ,-‘ (\ Pressure

Water chamber

membrane chamber

Figure 24. Schematic setup of ultrafiltration

-
F= w (14)
_F
Lp= 17 (1s)
Where,

V (L) is the permeate volume and

t (h) is filtration time.
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5. Porous polymer derived ceramic (PDC)-montmorillonite-
H3PMo012040/Si02 composite membranes for Microbial Fuel Cell (MFC)

application

Objective

The objective of this part of the work was to synthesis and characterize inexpensive porous
PDC membranes for MFCs with good proton exchange properties. For this purpose, pure
polysiloxane-based and composite membranes blended with different proton conducting fillers
(including montmorillonite and H3;PMo012040/Si02 (PMA)) were fabricated by simple pressing
and pyrolysis techniques and it showed in section 4.2.1. In this study, the physical
characterization of the as-prepared membranes were evaluated namely phase analysis, micro-
/meso-/macro porous structure, surface area, and surface characterization and functional
properties of the membrane were evaluated inside a dual chamber tank, and their oxygen
diffusion coefficients, mass transfer coefficients, and cation transport numbers were determined
and compared with those of the commercial polymeric Nafion 117 membrane examined under
the same conditions. This study was published as an article in Ceramics international jouranl

[283].

@ H*ions
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Scheme 1. Schematic view of a membrane for proton conducting, but oxygen rejecting MFC

and synthesized PDC membrane.

Results and Discussion
Phase analysis

XRD patterns of the prepared membranes were recorded to analyse their crystalline phases
obtained at different pyrolysis temperatures as shown in Figure 25a. The XRD pattern of the
montmorillonite K10 mineral indicates that it belongs to the smectite group of aluminosilicates
containing some impurities such as quartz, cristobalite, and feldspar, as previously reported in
detail by Varadwaj et al. [284]. Figure 25a demonstrates that the membranes formed at 400 and
500 °C have the stable structure of a smectite mineral. When the temperature was further
increased to 600 °C and 1000 °C, partial and complete decompositions of this structure were
observed, respectively, followed by the formation of a stable silicate phase. The layered
smectite structure contains aluminate and silicate species with interlayer spacing [285], as
shown in Figure 25b. The obtained XRD patterns reveal that PDC-based materials are
amorphous in nature due to the presence of amorphous carbon and silica in the Si—O—C matrix
(even at the pyrolysis at a high temperature of 1000 °C). The amorphous structure of Si—O—C
is composed of tetrahedrally coordinated SiO4.xCx (x = 1-4) structural units containing SiO»-
and C-enriched regions, as previously observed by other research groups [286, 287]. In a similar
way, the XRD patterns of the PDC:PMA10:M10 based materials show that the SIOC matrix
and PMA filler are amorphous compounds, whereas the montmorillonite phase still retains its
crystalline structure (Figure Ala in appendix). Zhao et al. found that the addition of SiO> filler
increased the thermal stability of the H3PMo12040 structure in the temperature region up to 550
°C [263]. The FTIR spectrum of PMA is displayed in Figure Alb. It shows the four
characteristic bands between 1100 and 700 cm™! (indicating the presence of a Keggin-type
structure) that are centered at 1079 cm™ (P—O stretching in the central POs tetrahedron), 957
cm™! (terminal Mo=0 groups of the exterior MoOs octahedron), 881 ¢m™!, and 796 cm™!
(Mo—Ov—Mo and Mo—O.—Mo bridges, respectively). In Figure A2 visualizes the surface
morphology of PDC-1000 membrane and indicates that this ceramic membrane is porous in
nature. This porous nature of the ceramics improves the efficiency of proton transfer through

the membrane in the MFC system.
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Figure 25. (a) XRD image of PDC:M20 based membranes with respect to pyrolysis
temperature (b) Structure of montmorillonite clay mineral.

Porosity and pore size distribution

The pore sizes of the prepared membranes determined by an Hg intrusion technique varied from
0.1 to 1 um, while their degrees of porosity ranged from 25 to 40% depending on the pyrolysis
temperature and filler composition (see Figures 26a—d). The average pore sizes of the pure PDC
membranes decrease with decreasing particle size of the pre-pyrolyzed material, as shown in
Appendix Table A4. Moreover, the pore size of the membrane first increases with increasing
pyrolysis temperature to 600 °C, but then decreases at a higher pyrolysis temperature of 1000
°C. This phenomenon is often attributed to the shrinkage of particles and decomposition of
organic molecules present in the polysiloxane matrix [288, 289]. The PDC:M20-400 membrane
exhibits an average pore size of 410 nm, which is smaller than that of the PDC-400 membrane
(620 nm) due to the smaller particle size distribution of PDC:M20 pre-pyrolyzed powder. On
the other hand, the PDC:PMA10:M10-400 based material has an average pore size of 260 nm,
which is much lower than those of the other PDC membranes, owing to the further addition of
PMA filler, which decreases the average particle size of the pre-pyrolyzed membrane. In
addition, the formation of mesopores (x =2 to 50 nm) was observed for the PDC:PMA10:M10

based membranes, but not for the bare PDC and PDC:M20 ones due to the presence of micro-
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and mesopores in the PMA structure. The membranes containing macropores with sizes as high
as 250 nm are most suitable for MFC applications because of their limited oxygen permeability
and good ionic transport properties. Similarly, Li et al. concluded that the performance of
porous membranes for MFCs was strongly dependent on their oxygen transfer, cation transfer,
and proton diffusion characteristics, which drastically affected the columbic efficiency and
power density of the resulting MFC systems [111]. A porous ceramic membrane promotes
proton transfer due to its high porosity rather than

observed by Winfield ef al. [290].

good ionic conductivity, as previously
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Figure 26. (a-c) Pore size distribution versus relative pore volume and open porosity curves
obtained from Hg-porosimetry histrogram of pyrolyzed samples (d) Average pore size and open
porosity versus as prepared PDC membrane plots. From these diagrams no significant

difference in mesopore content can be seen.

Specific surface area

N> adsorption/desorption isotherms were obtained to identify the type of the membrane pore

structure and determine its specific surface area. Figure 27a—b show the Brunauer—-Emmett—
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Teller (BET) isotherms recorded for all the as-prepared PDC materials. The PDC and PDC:M20
based membranes pyrolyzed at 400, 500, and 600 °C exhibit type I isotherms typical for
microporous structures (according to the classification of the International Union of Pure and
Applied Chemistry). The sample pyrolyzed at 1000 °C has no micropores, and its specific
surface area is low because of the collapse of pores caused by the viscous flow at pyrolysis
temperatures greater than 500 °C [258]. The surface area of the PDC-400 material is about 2.5
m?/g, whereas that of PDC:M20-400 equals 112 m? g'!, which can be explained by the presence
of the layered montmorillonite structure in the PDC matrix (the surface area of pure
montmorillonite is 250 m? g'). After pyrolyzing the montmorillonite-functionalized PDC
material at 500 °C, its surface area increased to 428.83 m? g'!. The further increase in the
pyrolysis temperature to 600 °C slightly lowered the surface area due to the partial
decomposition of the montmorillonite structure, as confirmed by the XRD spectra. On the other
hand, the surface area of the PDC material functionalized with both montmorillonite and PMA
ranged between 88 and 300 m? g! at pyrolysis temperatures from 400 to 600 °C due to the
presence of microporous and mesoporous structures identified by the type IV isotherms
depicted in Figure 27c. Between 500 and 600 °C, the PMA filler starts to decompose

simultaneously with the PDC matrix, leading to a slight decrease in the surface area.

PDC and its composites typically contain micro-, meso-, and macropores, which strongly
influence the proton transfer properties of the produced membranes. Xu ef al. reported that the
presence of mesopores in a material enhanced its proton conduction characteristics as compared
to those of non-porous membranes [291]. However, the formation of highly ordered narrow
pores also increases the flux of water molecules and promotes the diffusion of oxygen species,
which negatively affects the long-term performance of MFC systems. Since the ceramic
membranes produced in this work contain a mixture of micro/meso- and macropores in the
SiOC structure, they represent a potential solution to these problems. The smooth surface
characterized by irregular or non-linear pores that decrease the permeability of oxygen gas and

water from one chamber of the MFC system to another exhibits good diffusion properties [292].
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Figure 27. (a-c) Nitrogen adsorption/desorption isotherms of PDC and composite membranes,
pyrolyzed at 400, 500, 600 and 1000 °C (d) Specific surface areas of pyrolyzed
(400/500/600/1000 °C) membranes as determined by nitrogen adsorption isotherm.

Surface characteristics (hydrophilicity/hydrophobicity)

The surface characteristics of the prepared membrane materials for MFC applications
(including their degrees of hydrophilicity) were analyzed by n-heptane and water vapor
adsorption methods, and the obtained results are shown in Figure 28a. The amounts of adsorbed
vapors (in mmol m~2) were determined from the changes in the specific surface area measured
by recording N> adsorption-desorption isotherms. When the water/heptane ratio is higher than
one, the studied material is assumed to possess hydrophilic properties (see Figure 28b). The
PDC-based materials exhibit a higher degree of hydrophilicity with increasing pyrolysis
temperature due to the decomposition of the hydrophobic methyl and phenyl groups of the
polysiloxane (H44) matrix [256]. Prenzel ef al. found that increasing the APTES content in the
polysiloxane precursor made the final pyrolised PDC material more hydrophilic due to the

lower temperature stability of the propylamino chains of the APTES groups [293].
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Figure 28. (a) Water and n-heptane vapor adsorption at 25 °C for as prepared membrane

materials. (b) Ratio of hydrophilic and hydrophobic nature for all membranes as prepared.

The water/heptane ratio slightly decreased after the functionalization of the synthesized PDC
materials with montmorillonite, due to its hydrophobic nature [294, 295]. However, its ratio
greater than one were obtained for PDC:M20-600 and PDC:M20-1000, while their degrees of
hydrophilicity were smaller than those of the PDC-based materials. The PDC:PMA10:M10
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material exhibited a similar hydrophilic nature, while the samples pyrolyzed at 500 °C and 600
°C were characterized by the highest water/heptane ratios as compared to those of the other
specimens due to the alignment of the Keggin H3PMo12040 structure. The utilized filler
possessed the ability to retain water molecules inside its micro- and mesopores, which was

consistent with the types of the N2 adsorption isotherms recorded.

Ion exchange capacity

The IEC values (Figure 29) of the PDC:M20 based materials obtained using a back titration
method were higher than those measured for the PDC-based materials. In contrast, the IEC of
the sample pyrolyzed at 1000 °C was relatively low because of the decomposition of its layered
montmorillonite structure containing aluminates and silicates. Moreover, for the PDC:M20-600
sample, a dramatic increase in IEC value was observed as compared to that of the PDC-600
sample due to the existence of the montmorillonite structure with negative charges. On the other
hand, the specimens containing montmorillonite and PMA fillers exhibited a tremendous
increase in IEC after the pyrolysis at 400 °C and 500 °C, whereas the PDC:PMA10:M10-600
membrane showed a drop in IEC as compared to the values obtained for the PDC-600 and

PDC:M-20-600 samples, owing to the thermal instability of the PMA filler.
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Figure 29. Ion exchange capacity measured for as prepared ceramic membrane compared with

nafion
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The IEC magnitudes of the PDC:PMA10:M10-400 and PDC:PMA10:M10-500 membranes
were five and six times higher than those of the PDC-500 and PDC-400 samples, respectively,
and were equal to almost 68% of the IEC of the polymeric Nafion membrane. The ion transfer
in ceramic membranes is realized via the hopping of protons between the hydroxyl groups and
water molecules adsorbed on the porous PDC surface, whereas the addition of montmorillonite
and PMA fillers facilitates the transfer of protons by the presence of charged ions in their

structures [296].

Cation transport number

The functionalization of PDC with montmorillonite slightly increases its cation transport
number (Figure 30) as compared to those of the bare PDC and PDC: M20 materials pyrolyzed
at 400, 500, and 600 °C. At a pyrolysis temperature of 1000 °C, its magnitude decreases due to
the complete decomposition of the aluminate layer in the montmorillonite structure. In addition,
the presence of micro- and mesopores in the membrane provides better pathways for the
diffusion of ions from one chamber to another. Many researchers concluded that the diffusion
of ions through porous membranes represented a classical problem of diffusion chemistry [290,
291]. The presence of SiOC species in the montmorillonite structure along with aluminate and
silicate species leads to optimal surface characteristic for MFC applications, which are also
assumed to promote the diffusion of ions through the membrane body. The adsorption of water
molecules on the ceramic surface is enhanced by the negatively charged sites of the layered
montmorillonite structure, which promotes the ion transfer from one MFC chamber to another.
The PDC: PMAI10:M10 based membrane exhibits a higher cation transport number as
compared to those of the other membranes, due to the incorporation of PMA filler into the
Keggin structure. According to Wang et al., this material possesses the ability to retain water
molecules in its mesoporous structure and acts as a proton-conducting filler even for polymeric
Nafion-based membranes [297]. The higher cation transport number obtained for the sample
pyrolyzed at 400 °C resulted from the alignment of the Keggin shape and mesoporous structure
of the PMA filler. However, PMA decomposes at temperatures above 550 °C (even under inert
atmosphere), leading to a sharp decrease in the cation transfer number of the PDC:
PMA10:M10-600 sample. The destruction of the PMA Keggin structure observed at 600 °C
and the beginning of the transformation of the alpha-MoO3 phase decreased the number of
mesopores and thus negatively affected its water-retaining ability [263]. The cation transport

number of the composite membrane with montmorillonite and PMA fillers pyrolyzed at 400 °C
63



5. Porous polymer derived ceramic (PDC)-montmorillonite-H3PMo012040/SiO2 composite

membranes for Microbial Fuel Cell (MFC) application

is equal to 72 % of that of the polymeric Nafion membrane, which represents a relatively high
value for MFC ceramic membranes. This phenomenon can be attributed to the smallest average
pore size (260 nm) and highly hydrophilic surface of this membrane, which presumably
promote the transfer of protons via a proton hopping mechanism, as previously reported by
Nogami et al [298].

7 roC -
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Figure 30. Cation transport number of ceramic membrane compared with nafion.

Diffusion of dissolved oxygen

One of the major purposes of using membranes in MFCs is to prevent the leakage of oxygen
molecules from the aerobic cathode chamber to the anode chamber and maintain its anaerobic
conditions. In this work, the diffusion of dissolved oxygen species through the PDC membranes
was compared with their diffusion through the commercial polymeric Nafion membrane. This
process can be suppressed by tailoring the average membrane pore size since its degree of
porosity strongly affects the oxygen diffusion coefficient [111]. The PDC-600 membrane
exhibits a degree of porosity and an average pore size of 920 nm. These values are higher than
the values obtained for the other membranes synthesized in this study. As a result, its oxygen
diffusion coefficient of 7.06x10~* cm? s™! is noticeably higher than that of the PDC:M20-600
membrane (6.86x10~* cm? s™!), owing to the presence of montmorillonite in the SiOC matrix,
which decreases its porosity degree to 28% and to an average pore size of 510 nm. The pyrolysis
temperature also produces a significant effect on the degree of porosity and average pore size
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of the membrane that decreases the amount of diffused oxygen. For instance, the diffusion
coefficient of dissolved oxygen obtained for the PDC-400 membrane is 2.41x10~* cm? s”!, and
that of the material pyrolyzed at 1000 °C (PDC-1000) is equal to 1.93x10~* cm? s due to the
increase in porosity and average pore size of the ceramic membrane with increasing pyrolysis
temperature. On the other hand, the PDC: PMA10:M10 based membrane pyrolyzed at 500 °C
is characterized by the smallest oxygen diffusion coefficient of 1.68x10~* cm? s™! (as compared
to those of the PDC and PDC:M20 based membranes), owing to the changes in the average
pore size and degree of porosity as well as the presence of the PMA Keggin structure. The mass
transfer coefficient of dissolved oxygen through the polymeric Nafion membrane is equal to
3.06x10™* c¢cm s, which is very close to the value of 5.45x10~* cm/s obtained for the
PDC:PMA10:M10-500 membrane in this work. The oxygen diffusion coefficient mainly
depends on the membrane thickness; therefore, its value determined for the thin polymeric
Nafion 117 membrane (with a thickness of 170 um) was 2 orders of magnitude smaller than
those of the ceramic membranes with thicknesses of 3—4 mm. The oxygen mass transfer and

diffusion coefficients of the membranes prepared in this work are listed in Table 4.

Table 4. Physical characterization of as prepared PDC and composite ceramic membranes.

Membranes Ko (cm s) Do (cm?s) | t+ IEC Pore

(mequiv g | size

D)

(nm)

PDC-400 7.56x 10 2.41x10* 0.5104 0.1402 630
PDC-500 7.21 x 10 2.23x10* 0.5185 0.1131 590
PDC-600 7.06 x 10 2.11x10* 0.5447 0.2068 920
PDC-1000 7.15x 10 1.93x10* 0.5985 0.1483 760
PDC:M20-400 5.54x 10* 1.77 x10* 0.5233 0.1844 410
PDC:M20-500 5.23x 10 1.50 x10* 0.6378 0.1989 420
PDC:M20-600 6.86x 10 2.18 x10* 0.5999 0.3723 510
PDC:M20-1000 8.20x 10 1.97 x10* 0.5371 0.1006 420
PDC:M10:PMA10-400 | 5.62x 10* 1.79 x10* 0.6988 0.6072 260
PDC:M10:PMA10-500 |5.45x 10* 1.68 x10™ 0.6405 0.5686 340
PDC:M10:PMA10-600 | 6.88x 10 2.06 x10* 0.5234 0.1516 330
Nafion 3.06x 10* 5.45x10° 0.9680 0.9026 -
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Summary

In this study, PDC composite membranes were synthesized from polysiloxane precursor mixed
with the montmorillonite and PMA proton-conducting filler materials, and their IEC values,
cation transport numbers, oxygen mass transfer coefficients, and diffusion coefficients were
determined. The obtained results revealed that the PDC:M20-600 and PDC:PMA10:M10-400
based membranes exhibited better performances as compared to those of the other PDC
membranes, while the IEC value and cation transport number of PDC:PMA10:M10-400 were
equal to 67% and 68% of the magnitudes obtained for the commercial polymeric Nafion
membrane, respectively. Similarly, a small oxygen diffusion coefficient of 1.79x10~* cm? s!
was observed at an average membrane pore size of 260 nm, which was very close to that of the
Nafion 117 membrane. Therefore, the as-prepared PDC composite ceramic membranes can be
potentially utilized as the separators in MFC systems. Testing the real-scale performance and
wastewater treatment efficiency of the MFCs fabricated from PDC composite membranes will

be conducted in the following chapter.
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6. Tailoring hydrophilic and porous nature of polysiloxane derived ceramer
and ceramic membranes for enhanced bioelectricity generation in microbial

fuel cell

Objective

In this study, PDC membranes were modified with proton-conducting montmorillonite and
H3PMo012040/Si02 (phosphomolybdic acid with silica — PMA) fillers at various concentrations
and pyrolyzed at 400 and 1000 °C to produce ceramer (PDC:M10-400 and
PDC:PMA10:M20-400) and ceramic (PDC:M10-1000) composites, respectively. The surface
area, surface characteristics, pore size distributions, IEC, cation transport number, and oxygen
diffusion coefficient of the fabricated membranes were measured and compared with those of
the materials studied in the previous chapter to determine their suitability for applications in
MFC. The influential properties of ceramic membrane were investigated for enhanced
performance of MFC and evaluated in terms of the generated power density, internal resistance
of the MFC, coulombic efficiency (CE), chemical oxygen demand (COD) removal efficiency,
and cost comparison analysis. Finally, the performance of MFC with the porous PDC ceramer
and ceramic membranes were compared with that of the conventional Nafion membrane under
the same operating conditions. This study was published as research article in Ionics journal

[35].
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Scheme 2. MFC with porous membrane and its performance.
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Results and Discussion
Micro-/meso- and macro pore structure

The physical characteristics of PDC:M10-400 and PDC: PMA10:M20—-400 ceramers and the
PDC:M10-1000 ceramic membranes synthesized in this study were examined and compared
with those of the materials discussed in our previous study. The macropore sizes of the
membranes and their distributions determined by the mercury intrusion method are shown in
Figure 31a and b. The fabrication of membranes with pore sizes smaller than 1000 nm is
beneficial for preventing the migration of bacterial substrate from the anodic to the cathodic
chamber. The resulting membrane pore sizes ranged between 100 and 1000 nm depending on
the material composition, for instance, the ceramer-based samples exhibited average pore sizes
ranging from 200 to 650 nm, whose magnitudes decreased with increasing contents of
montmorillonite and PMA fillers. Similarly, the average pore size of the PDC ceramic
membrane decreased from 760 to 420 nm after the addition of 20 wt.% montmorillonite
(PDC:M20-1000), owing to the decrease in the particle sizes of the pre-pyrolyzed powders
(Table 1). Meanwhile, the average pore size of PDC: PMA10:M20-400 ceramer was equal to
316 nm, and its open porosity was 39%. Higher value of the open porosity of a hydrophilic
membrane helps to retain a large amount of water molecules, which enhance the proton transfer

characteristics of the MFC.

The BET specific surface areas of the resulting ceramers were strongly affected by the micro-
and mesoporous structures of montmorillonite and PMA fillers. The nitrogen adsorption-
desorption isotherm curves shown in Figure 31c. In particular, PDC:PMA10:M20-400 ceramer
was characterized by the highest specific surface area of 124 m? g'! as compared to the values
obtained for the other tested materials and bare PDC ceramer membrane (Figure 31d). These
results suggest that the ceramer containing both montmorillonite and PMA fillers exhibits a
hierarchical (micro-/meso-/macro) pore structure. Xu et al. found that the formation of
mesopores in metal organic framework and covalent organic framework materials enhanced
their proton conductivity properties as compared to those of non-porous membranes [299].
Moreover, the presence of a hierarchical (micro/meso/macro) pore structure in the membrane
material inhibits the migration of dissolved oxygen (DO) from the cathodic to the anodic
chamber, which improves its overall efficiency. However, all ceramic membranes (pyrolyzed

at 1000 °C) investigated in this study do not have any micro- or mesopores (including the PDC:
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M20-1000 ceramic membrane with a specific surface area of 4.2 m? g'), which could be
explained by the collapsing of the layered aluminate—silicate montmorillonite structure and
complete transformation of organic molecules to SiOC species at high pyrolysis temperatures.
Hence, the ceramic SiOC membranes possess only macroporous structures, which can also

promote proton diffusion from one chamber to the other.
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Figure 31. (a) Pore size distribution versus relative pore volume and open porosity curves
obtained from Hg-porosimetry histogram of pyrolyzed samples, (b) Average pore size and open
porosity versus as prepared PDC membranes plot, (c) Nitrogen adsorption-desorption isotherms
of montmorillonite and H3PMo012040/SiO> functionalized PDC membranes, pyrolyzed at 400
and 1000 °C (d) Specific surface areas of pyrolyzed (400 and 1000 °C) membranes as

determined by nitrogen adsorption/desorption isotherm.

Hydrophilic/hydrophobic characteristics

The water and heptane adsorption characteristics of the prepared membranes were examined to
elucidate their hydrophilic/hydrophobic properties (Figure 32a and b). The obtained adsorption

capacities were found to be dependent on the specific surface areas of the studied materials and
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determined by recording nitrogen adsorption—desorption isotherms. The degree of
hydrophilicity of a material is correlated with the water/heptane adsorption ratio; when its

magnitude is greater than one, it is considered hydrophilic despite its intrinsic hydrophobicity.
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Figure 32. Water and n-heptane vapor adsorption at 25 °C and ratio of hydrophilic and

hydrophobic nature: (a) ceramer membranes, (b) ceramic membranes.

The observed hydrophobic behavior of the produced ceramer membranes can be attributed to
the partial decomposition of methyl and phenyl functional groups in the H44 polysiloxane
matrix. In this study, the addition of montmorillonite to the PDC matrix did not apparently

affected the water/heptane adsorption ratios of the ceramer membranes. However, the addition
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of PMA filler led to the formation of the highly hydrophilic PDC: PMA10:M10—-400 and
PDC:PMA10:M20—-400 ceramer structures, owing to the hygroscopic nature of PMA that was
capable of retaining water molecules inside its micro- and mesopores. The PDC-1000,
PDC:M10-1000, and PDC:M20-1000 ceramic materials exhibited hydrophilic properties
because of the complete decomposition of their methyl and phenyl functional groups into SiOC
species during pyrolysis at 1000 °C. Such hydrophilic behavior helps to retain water molecule
in the membrane structure, which promotes the transfer of protons from the anode to the cathode

chamber.

Ion exchange capacity

The IEC values of the ceramer membranes demonstrated stepwise increases with the addition
of montmorillonite to the PDC matrix (Figure 33) due to the presence of a charged interlayer
between the aluminate and silicate layers in the montmorillonite structure. Moreover, the
addition of both PMA and montmorillonite fillers to PDC dramatically increased the IECs of
the ceramer membranes by a factor of six. The ion transfer process in the membrane structure
was caused by the proton hopping between various hydroxyl groups or water molecules

adsorbed on the porous membrane surface.
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Figure 33. Ion exchange capacity measured for as prepared ceramer and ceramic membranes
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Meanwhile, the addition of montmorillonite and PMA fillers facilitated the proton transfer by
charged ions in the membrane structure. However, the ceramic membranes exhibited
completely different behavior: their IEC values decreased with increasing montmorillonite
content, which resulted not only from their lower degrees of hydrophilicity, but also from the
collapse of the charged interlayer structure of montmorillonite filler after the pyrolysis at 1000

°C [283] .

Cation transport number

The cationic transport number (Figure 34) of PDC and montmorillonite-modified PDC
ceramers is comparable to each other because both materials exhibit hydrophobic properties.
The addition of PMA and montmorillonite fillers to the PDC matrix dramatically increased the
cation transport number of the membrane due to the mesoporous structure of PMA. Higher
cation transport numbers were obtained for the PDC:PMA10:M20-400 (0.7028) and
PDC:PMA10:M10—-400 (0.6928) ceramer membranes because of their good hydrophilic
properties and smaller pore sizes. Daiko et al. elucidated the ion transport mechanism in
hydrophilic porous structures by adsorbing water molecules, which formed passages for ion

hopping at low activation energies and high ionic conductivity [298].
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Figure 34. Cation transport number of ceramic membrane.

72



6. Tailoring hydrophilic and porous nature of polysiloxane derived ceramer and ceramic

membranes for enhanced bioelectricity generation in microbial fuel cell

The cation transport number of the fabricated ceramic membranes was observed to be in the
decreasing order as PDC-1000, PDC:M10-1000, and PDC:M20-1000, owing to the gradual
changes of their hydrophilic properties.

Oxygen Permeability

Presence of separator in MFC prevents the diffusion of DO from the aerobic cathodic chamber
to the anaerobic anodic chamber. The oxygen diffusion coefficients of the membranes
fabricated in this study are shown in Figure 35. According to Li ef al., pore structure and open
porosity of the membrane significantly influence the diffusion of DO in the MFC systems [300].
The PDC ceramer membrane investigated in this work was characterized by the average pore

2 57!, which decreased to

size of 630 nm and oxygen diffusion coefficient of 2.41x10™* cm
1.77x107* cm? s7! after the addition of 20 wt. % montmorillonite due to the reduction of the
average pore size of the SiOC matrix to 410 nm. Furthermore, after the addition of both PMA
and montmorillonite fillers, the PDC:PMA10:M20—400 ceramer membrane exhibited the
minimal oxygen diffusion coefficient of 1.72 x 10™* cm? s™! and average pore size of 316 nm

while retaining the open porosity of 39%, which could be mainly attributed to the mesoporous

Keggin structure of PMA.

=
o

| mmpDC Ceramers Ceramics
354 EEEPDC:M10 :

] HEEmPDC:M20

3.0 [ PDC:PMA10:M10

{4 EEmEPDC:PMA10:M20

O, Diffusion Coeff. D, ( x 10™ cm®s™)

400 1000

Pyrolysis Temperature ( °C)

Figure 35. Oxygen diffusion coefficient of PDC membranes.
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The observed low degree of oxygen permeation through the PDC: PMA10:M20-400 ceramer
membrane might be due to the presence of a randomly oriented micro/mesoporous structure in
the macropore architecture. Meanwhile, the minimal DO diffusion coefficient was obtained for
the PDC ceramic membrane (as compared to that of PDC:M20-1000 ceramic), because of the
surface characteristic of the PDC:M20-1000 membrane was less hydrophilic and possessed
higher oxygen permeability, owing to the nonpolar nature of oxygen molecules. Similarly,
Atwater ef al. reported that the hydrophilic properties of the membrane inhibited the permeation

of DO through the membrane due to their non-polar characteristics [301].

Power generation

Three ceramer and two ceramic membranes were selected based on their physical properties
such as surface area, water/heptanes ratio, IEC, cation transport number, and oxygen
permeability. In particular, the hierarchical (micro/meso/macro) pore structured
PDC:M10:PMA10-400 and PDC:M10:PMA20-400 ceramer membranes exhibited high
degrees of hydrophilicity, IECs, and cation transport numbers as well as low oxygen
permeabilities as compared with those of the other ceramer membranes pyrolyzed at 400 °C.
Meanwhile, the macropore structured PDC-400 ceramer, PDC—-1000 and PDC:M20-1000
ceramic membranes were also studied as membrane materials for MFCs to understand the

significance of membrane hydrophilic and porous structural properties.

The electrical performance of the fabricated MFCs was evaluated in terms of generated voltages
and power density. Their magnitudes were determined by measuring the OV and open-circuit
voltage (OCV) from the day of activation of MFC confirming the presence of active
electrogenic bacteria in the septic tank mix consortia. The operating voltage was measured over
a 100 Q external resistance. Six MFCs with PDC-400, PDC:PMA10:M10-400,
PDC:PMA10:M20-400, PDC-1000, PDC:M20-1000, and Nafion PEM were labeled as
MFC-1, MFC-2, MFC-3, MFC—4, MFC-5, and MFC-6 respectively using the reactor shown
in Figure A3 (appendix). The average OV of224.5 + 6.5 mV was achieved for the MFC-3 with
PDC:PMA10:M20-400 membrane under steady-state operating conditions corresponding to an
external resistance of 100 Q, which exceeded the values obtained for the MFC—1 with the
PDC—400 membrane (86.3 = 3.4 mV) and MFC-6 with a polymeric Nafion membrane (186.0
+ 6.5 mV). The internal resistances of the MFCs resulting from the overpotential losses of their

electrodes as well as because of the ohmic resistances of the membrane—electrolyte interfaces
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was measured from the slopes of the linear portions of the voltage versus current curves. The
MFC-3 was characterized by the lowest internal resistance of 138 Q followed by the MFC-2
(142 Q) and MFC—4 (151 Q) (Figure 36a), which mainly dependent on the ion transport
capability of the membrane. In addition, polarization was conducted for MFCs containing
different membranes to compare their overall volumetric power densities. Among various
MFCs with the as-synthesized and commercial membranes, MFC-3 demonstrated the best
performance corresponding to the maximum volumetric power density (Pv.max) of 5.66 W m™,
which was 4 fold higher than MFC-1 with PDC-400 ceramer membrane. On the other hand, the
OV and Pymax of 157.7 + 5.61 mV and 5.10 W m™ were achieved for the MFC—4 with
PDC-1000 membrane material; these values were 24.4 and 21.6 % higher than that obtained
for MFC-5 with the PDC:M20-1000 membrane, respectively. Moreover, the current density of
the MFC-4 (1013 mA m™) was 1.6 times greater than that of the MFC—5 with PDC:M20~1000
membrane. The maximum volumetric power and current densities obtained for the fabricated
MFCs can be ranked as follows: MFC-3 > MFC-6 > MFC-2 > MFC-4 > MFC-5 > MFC-1
(Figure 36b).

From these results, it can be concluded that the MFC-3 with the PDC:PMA10:M20-400
ceramer membrane exhibit the highest power generation proficiency as compared to those of
the other membranes due to its highly hydrophilic properties that facilitates capturing water
molecules in the membrane structure. These water molecules act as carriers for protons
diffusing from the anodic to the cathodic chamber in the form of hydronium (H30") clusters
under the action of osmotic and electroosmotic drag forces. In addition to that, the presence of
hierarchical (micro/meso/macro) pores in the PDC:PMA10:M20-400 and PDC:
PMA10:M10-400 ceramer membranes inhibit the migration of oxygen molecules from the
cathodic to the anodic chamber. On the other hand, MFC-1 with PDC-400 ceramer membrane
showed the lowest power generation among all other MFCs. This is due to the hydrophobic
characteristics and bigger pore size that lead to diffusion of higher concentration of oxygen to
the anodic chamber, which significantly reduces the performance of MFC. Meanwhile, the
MFC—4 with PDC-1000 membrane generated higher power and current densities as compared
to that of the MFC—5 with PDC:M20-1000 membrane. This is mainly because of higher
hydrophilicity behavior of PDC-1000 ceramic membrane.
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Figure 36. (a) Polarization curve and (b) power density curves.
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Although the hydrophilicity of the PDC—-1000 ceramic membrane is higher than that of the
PDC:PMA10:M20—400 ceramer membrane, the power generation of the MFC—4 with
PDC-1000 is lower than that of the MFC-3 with PDC:PMA10:M20-400 because of the
presence of a hierarchical pore structure in PDC:PMA10:M20-400, which inhibits the
permeation of oxygen molecules through the membrane. The physical characteristics of the
prepared membrane materials, including their surface areas, pore structures, hydrophilic
properties, IECs, cation transport numbers and oxygen diffusion coefficients were in good

agreement with the performance results of MFCs.

Wastewater treatment

Wastewater contains complex macromolecules, which are easily degraded in the presence of
various bacteria in the anaerobic inoculum. The electrogenesis step of the wastewater treatment
procedure is preceded by fermentation, during which complex macromolecules such as
polysaccharides undergo fermentation and are ultimately reduced to simpler carbon chain
compounds. A fraction of the reduced substrate is consumed by microbes, while the rest is
converted into electrons and protons, leading to power generation. During the stable phase of
operation, all MFCs demonstrated COD removal efficiencies ranging from 72 to 92 %. In
particular, specific COD removal efficiency values of 72.3 £1.1,90.7+ 1.3,91.4+ 1.4, 88.0 +
1.1, 90.0 £ 1.0, and 91.1 &+ 1.7 % were achieved by the MFC-1, MFC-2, MFC-3, MFC—4,
MFC-5, and MFC-6, respectively (Figure 37). Highest COD removal was observed for the
MFC-3, which could be attributed to the large IEC value, good pore size distribution, and other
physical characteristics of the PDC:PMA10:M20-1000 ceramer membrane, which preserved
the microenvironment in the vicinity of the anode by promoting the scavenging of electrons and

protons from the anodic chamber of MFC to the cathodic chamber.

The CE of the MFC-3 (25.1 + 0.8 %) was also substantially higher than other MFCs, including
the MFC—6 containing a commercial polymeric Nafion membrane (Figure 38), indicating that
a larger fraction of organic matter was effectively consumed by the electrogenic bacteria during
oxidation in the MFC-3. This phenomenon can be explained by the porous structure of the
ceramer membrane and its superior physical properties, such as the relatively high IEC and
cation transfer number and low oxygen permeability coefficient. Overall, the MFC-3

containing a PDC:PMA10:M20—-400 ceramer separator exhibited the highest power density and
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better organic matter removal efficiency as compared to the values obtained for the other four

MFCs used in this investigation (Table 5).
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Figure 37. Chemical oxygen demand (COD) removal efficiency of MFCs.
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Figure 38. Coloumbic efficiency (CE) of MFCs.
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Cost analysis

The cost comparison of the polymer derived ceramer and ceramic membranes with the
commercial Nafion membrane was done based on retail market price of the raw materials in
Germany. In order to compare the performance of MFCs in terms of power and cost, the specific
power recovery per unit cost were estimated based on Equation 13 in materials and method
section. PDC ceramer and ceramic membranes exhibited net power recovery ranging from
0.28-1.09 mW €' with PDC:PMA10:M20-400 ceramer based MFC being the best with net
power recovery of 1.09 mW €' than commercial Nafion membrane (0.54 mW €!). Hence, the
net power recovery seems to be in favour of the PDC membranes developed in this work

towards scaling up of MFC.

Table 5. Performance comparison of PDC membranes with polymeric and ceramic

membranes
Membra dI;(I)lvsVier Membr Power COuilcomb NER ril(z(l))v
Anode | Cathode R ane cost | recovery ) (kWh
nes Pv max (€m?) | (mW € efficiency m?) al
(mW m™) (%) (%)
PDC-400 | Carbon Carbon
(MFC-1) felt felt 1479.2 1066.8 0.282 12.2 0.106 72.3
PDC:PM
A10:M1 Carbon Carbon
152. 1112. .944 21.2 371 .
0400 fel felt 5152.9 9 0.9 0.37 90.7
(MFC-2)
PDC:PM
A10:M2 | Carbon Carbon
5664.4 1015.54 1.09 25.1 0.407 914
0-400 felt felt
(MFC-3)
PDC-
1000 Ca;zl:l):)n Cﬁton 5107.6 | 1066.8 0.97 183 | 0367 | 88.0
(MFC-4)
PDC:M2
0-1000 Cﬁ:’n Cﬁt(’n 4200.8 | 984.6 0.87 144 | 0302 | 900
(MFC-5)
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Nafion Carbon Carbon
(MFC-6) felt felt 5184.2 1943 0.54 20.9 0.373 91.1
PVA-
sTa/Go | Cabon | Carbon 1190 ; ; 3.3 - 83.7
cloth cloth/Pt-C
[155]
Polybenz
imidazol
¢/SBAI15 Ce:born Ccalrbtﬁn 1521.0 - - - - 78.0
3021 | PaPe ©
Mullite Carbon Carbon
4980.0 - - - - 41.5
[197] veil veil ?
Alumina | Carbon Carbon
2600. . ; . - 49.4
[197] veil veil 600.0 ?
Earthern Granhit Stainless
ware ?;te 1 steel 3800.0 ; ; 19.8 - -
[303] P mesh
Coconut Carbon Carbon
shell felt felt 3200 - - 16.5 - 66.0
[304]
Nylon
(10 um | Carbon Carbon 769 + 65 i i 55 i )
pore cloth cloth mW m
size) [17]
Glass
ﬁﬁ::r( | | Carbon | Carbon | 71660 ] ] ‘0 ] ]
cloth cloth mW m™
um pore
size) [17]
Summary

The study investigated the polysiloxane derived ceramer and ceramic composite membranes as
separator material for MFC. The addition of 20 wt. % montmorillonite and 10 wt. %
H3PMo01204¢/S102 to polysiloxane derived ceramer (PDC:PMA10:M20-400) increased its
hydrophilic nature and formation of hierarchical pore structure so as to cause considerable
improvement of physical properties including high IEC and cation transport number and
relatively low oxygen permeability coefficient. The MFC with hierarchical pore structured
PDC:PMA10:M20-400 ceramer membrane generated the maximum volumetric power density

of 5.66 W m™ and CE of 25.1 + 0.8%, which was 4 and 2 fold higher than that obtained for the
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MFC with PDC-400 ceramer membrane, respectively. In addition to that, power recovery per
unit cost for MFC with PDC:PMA10:M20-400 ceramer membrane was double as compared
with MFC having Nafion membrane. Current density of the MFC with macropore structured
PDC-1000 ceramic membrane (1013 mA m™) was 1.6 times greater than that of the macropore
structured PDC:M20-1000 ceramic membrane (633 mA m™), owing to the poor hydrophilic
properties of the latter. This shows that the hydrophilic and porous nature could be a decidable
factor for choosing proper separator material for MFC and PDC:PMA10:M20-400 ceramer
being an better alternative to the commercially available Nafion membrane for its field scale

applications.
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7. Microbial fuel cell performance of graphitic carbon functionalized

porous polysiloxane based ceramic membranes

Objective

In this study, porous PDC composite membrane modified with GO and functionalized multi-
wall carbon nanotube (MWCNTs) were evaluated for their potential as the separator material
for application in MFC. First, a series of composite PDC membranes with different contents of
GO and MWCNTs were synthesized through a facile pressing technique. The fabricated
membranes were characterized in terms of their pore size distributions, surface characteristics,
ion exchange capacities, 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 removal efficiency and coulombic efficiency (CE).

This study was published as research article in Bioelectrochemistry journal [305].

Power density, P, ,..: 7.23W.m Porous lon exchange
coulombic efficiency: 28 % *
5

c ¥

Mechanically

i PDC ceramic composite membrane

89 % COD removal
efficiency

% Organicmater & co, ® H* & 0, ® H,0
Scheme 3. Schematic view of MFC and membrane.
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Results and discussion
Phase analysis

XRD was used to study the phase evolution of PDC membrane pyrolyzed at 1100 °C. The XRD
pattern is shown in Figure A4 (appendix), the observation of broad peaks between 20 and 30
°C significantly shows that SiOC is amorphous in nature. Such amorphous SiOC network can
be generated by the substitution of two divalent oxygen ions by one tetravalent carbon atom
within the SiO2 network. The composition of a stoichiometric SiOC, consisting solely of Si—O,
Si—C bonds and some excess free carbon, this clearly explained by H. J. Kleebe et a/ [306]. We
studied the Raman spectroscopy to understand the graphitic nature of carbon present in the
SiOC and in the filler materials (Figure 39). The Raman spectrum of graphitic carbon shows
the usual three bands at around 1340, 1582 and 2717 cm!, which are designated as the D, G,
and 2D bands, respectively. However, the Raman spectrum of these samples displays only two
major peaks at 1343 and 1585 cm! in the range from 800 to 2000 cm™!, corresponding to the D
band due to structural defects and the G band representing the degree of order of graphene
structure, respectively [307]. In detail, The G-band is attributed to the first order scattering of
the E 2g phonon of the sp? carbon-carbon bond; while the D-band represents the defect sites
associated with vacancies and grain boundaries [308]. The carbon with sp2 hybridization such
as graphene or graphite has lower ID/IG ratio, which tells lower the defect concentration.
However, GO is not a purely sp? system but a highly disordered one with a significant
sp’ content. So, contrary to the standard sp? materials, the increase of defects in GO would
produce a decrease of the ID/IG ratio. This is because there would be more sp2 carbon atoms

surrounding the defects [309].

The observed D and G band of PDC-1100 sample show a ratio of 1.06, which significantly
shows the presence of free carbon in the SiOC matrix. The Ip/l intensity ratio increases from
0.96 of PDC:0.5GO-1100 to 1.02 of PDC:2GO-1100. It suggests a decrease in the average size
of the sp?> domains upon reduction of the GO phase in the PDC:2GO-1100 sample[310]. This
shows that GO presence in PDC:0.5G0O-1100 is comparatively stable probably due to grafting
of graphene oxide functional group with the SiOC matrix. A similar effect was observed by Y.
Lou et al. in a research study on ceramic supported graphene oxide composite membrane[311].
Further addition of 2 wt % of GO results in segregation of GO along with the graphitic free

carbon in the PDC Matrix, which results in partially reduced graphene oxide during pyrolysis
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at 1100 °C. On the other hand, Ip/Ig ratio of PDC:0.5CNT-1100 and PDC:2CNT-1100 material
is 1.02 for both. This shows graphitic carbon nature with increased band ratio of above 1, due
to the segregation of multiwall carbon nanotube along with free carbon presence in the PDC
matrix[307]. The Raman spectrum of Graphene oxide and multiwall carbon nanotube materials
are shown in appendix Figure AS. The Ip/lg of GO pyrolysed at 1100 °C increased, which

clearly shows the transformation of GO to reduced graphene oxide.
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Figure 39. Raman spectroscopy of PDC and its composite membrane pyrolysed at 1100 °C.

Specific surface area

Unlike the polymeric membranes whose ion transfer properties depend on the presence of
functional groups, porous ceramic membranes are not ion-selective and transport ions through
their porous structures when the membrane surface is hydrophilic[121]. Therefore, studying the
micro-, meso and macroporous structural properties of PDC membranes 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 isotherms
(Figure 40a).
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According to the IUPAC classification, the shapes of the isotherm curves obtained for the
sample pyrolyzed at 1100 °C correspond 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 its specific surface area due to the
presence of high surface area fillers[312]. The BET specific surface area (Figure. 40b) increased
in the order of PDC-1100 < PDC:0.5CNT-1100 < PDC:0.5GO-1100 < PDC:2CNT-1100 <
PDC:2GO-1100 from 4 up to 25 m? g'!.

Pore size and its distribution

Macroporous size distributions and open porosities of the membranes were determined by
mercury intrusion porosimetry (the histograms are shown in Figure 41a). The pore size
distribution in the PDC membranes did not change significantly with addition of GO filler
material. The average pore size of PDC-1100, PDC:0.5GO-1100 and PDC:2GO-1100 are 325
nm, 407 nm and 344 nm, respectively. On the other hand, the opposite trend was observed for
PDC composite with multiwall carbon nanotube since the average pore size of PDC:0.5CNT-

1100 and PDC:2CNT-1100 membrane is 735 nm and 619 nm, respectively (Figure 41b).
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Figure 41. (a) Pore size distribution versus relative pore volume and open porosity curves
obtained from Hg-porosimetry histrogram of pyrolyzed samples, and (b) Average pore size of

prepared PDC membranes.

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 structure due to the dispersion of MWCNTs across the polysiloxane matrix
during synthesis (MWCNTs easily agglomerate, bundle, and entangle in a polymer matrix,
which can produce defects such as large pores[313, 314]). In addition, all PDC and composite
membranes prepared in this study exhibited open porosities between 31 and 43 %, which were
suitable for application in MFCs and facilitated the diffusion of protons from one chamber to

another by the osmotic and electro-osmotic drags [315].

Hydrophilic characteristics

The hydrophilic properties of the membrane promote the adsorption of water molecules in its
porous structure that act as proton transfer carriers [316]. Since an accurate water contact angle
is difficult to measure for a porous structure, the adsorption of polar and non-polar solvent

vapors at the pore walls (such as water and n-heptane) was performed to examine the
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hydrophobic/hydrophilic behavior of the samples tested (Figure 42). The amount of adsorbed
vapors (in mmol m?) were related to the specific surface area measured by recording N
adsorption-desorption isotherms. In the samples pyrolyzed at 1100 °C, most of the hydrophobic
methyl and phenyl groups of the pre-ceramic polymers (H44 and BISA) were decomposed
increasing their degrees of hydrophilicity[317]. Although all the membrane samples were
hydrophilic in terms of the water-to-heptane ratio (> 1), the specimens without fillers were
clearly less hydrophilic 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 increment of 91.1% after the addition of
0.5 wt.% GO. The presence of the GO network across the PDC matrix led to strong hydrophilic
behavior. Similarly, Ganesh et al. reported that the GO-modified polysulfone membrane
exhibited hydrophilic properties because of the negatively charged surface of the GO filler
[317]. This is mainly because of oxidized graphene sheets (or ‘graphene oxide sheets’) having
their basal planes decorated mostly with epoxide and hydroxyl functional groups, in addition to
carbonyl and carboxyl functional groups located presumably at the edges (Lerf—Klinowski
model). These oxygen functionalities render the graphene oxide layers of GO hydrophilic and
water molecules can readily intercalate into the interlayer galleries. GO can therefore be also
thought of as a graphite-type intercalation 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 graphene oxide for 0.5 wt % GO loading [318]. However, further
addition of 2 wt.% GO into the PDC membrane resulted in a slight decrease in the water-to-
heptane ratio, which might be related to the existence of reduced graphene oxide in the SiOC
matrix and this inhibited the adsorption of water molecules in its structure. Due to the high
loading of GO in the PDC matrix leads to segregation of graphene oxide filler material without
bounding with free carbon presence in the PDC matrix. This segregated graphene oxide
thermally reduced to reduced graphene oxide during pyrolysis, which shown in raman
spectrum. The presence of reduced graphene oxide in the PDC:2G0O-1100 membrane makes
less hydrophilic nature compared to PDC:0.5GO-1100 membrane. Similarly, G. Stankovich et
al. reported that the transformation of graphene oxide to reduced graphene oxide tends to

hydrophobic nature due to the absence of hydrophilic functional sites [318]. On the other hand,
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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 tendency of MWCNT didn’t change
gradually with increase in filler content, that evidently shown in Raman spectrum. However,
these increments were not significantly higher than the magnitudes determined for the GO-

modified PDC membranes.
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Figure 42. Water and n-heptane vapor adsorption at 25 °C for as prepared membrane materials

at 1100 °C.

Ion exchange capacity

The IEC values of the PDC composite membranes (Figure 43) were obtained by a back titration
method. Their magnitudes determined for the PDC:0.5GO-1100 and PDC:2GO-1100
membranes were 9 and 6 fold higher than the IECs of PDC-1100, owing to the proton-

conducting nature of the well dispersed GO network in the PDC matrix [319]. The decrease in
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IEC value of PDC:2GO-1100 membrane due to the existence of reduced graphene oxide in the
matrix, which lead to less hydrophilic property. Similarly, for the PDC:0.5CNT-1100 and
PDC:2CNT-1100 specimens, the corresponding IEC magnitudes increased dramatically to 0.33
and 0.28 meq g!, respectively. K. J. Lee et al. found that the addition of graphene oxide in
nafion membrane results in increased ion conducting property and similarly Zhu ef al. found
that the presence of tubular channels in the MWCNT enhanced their ionic conduction
properties [320, 321]. Moreover, high loading of graphitic filler material to PDC material are
lead to high electrical conductivity, which results in decrease in ionic conductivity [312].The
observed IEC value of PDC:0.5GO-1100 and PDC:0.5CNT-1100 is almost half and one third

of polymeric nafion IEC value.
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Figure 43. lon exchange capacity measured for as prepared membranes compared with Nafion.

Oxygen permeability

The oxygen permeability of the membrane is an important factor that directly affects the
efficiency of MFC. The diffusion of oxygen through the membrane from the cathode to the
anode leads to the creation of a mixed potential in the anodic chamber and disturbs its anaerobic

condition because oxygen molecules act as electron acceptors and inhibit the reaction at the
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anode for thermodynamic reasons[322]. The measured oxygen mass transfer coefficients of the
membranes are shown in Figure 44. Since the oxygen mass transfer and diffusion coefficients
of the materials for application in MFCs should be as small as possible, the PDC:0.5GO-1100
composite membrane demonstrated the best performance with the corresponding values equal
t0 6.37 x 10" cm s and 1.91 x 10~* cm? 5™, respectively. This phenomenon is mainly because
high hydrophilic nature and small pore size results in low oxygen diffusion. Even though,
PDC:0.5GO-1100 and PDC:2GO-1100 membranes has 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 ef al. reported that the hydrophilic properties of the membrane
inhibited the permeation of Dissolved Oxygen molecules through the membrane due to their

non-polar characteristics [301].
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Figure 44. Oxygen mass transfer coefficient of PDC membranes.

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 decreases these parameters since

the introduction of nanocomposites tends to block the diffusion paths for oxygen permeation.
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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 oxygen mass transfer and

diffusion coefficients. This factor tremendously affects the final power production of MFCs.

Mechanical properties

The flexural strength of a membrane is one of the most important parameters of the MFC
separator. In this study, ring-on-ring ball bending tests were performed to evaluate the effects
of the pyrolysis temperature and addition of GO and MWCNTs on the flexural strengths of the
PDC composite membranes (Figure 45). The flexural load-displacement curves indicate nearly
elastic deformation followed by a stage, during which the flexural strength increases until
rupture. It is also evident that the flexural strength increases with the addition of graphitic filler
material to ceramic matrix, which can be attributed to strong interfacial bonding between the

graphitic filler and the ceramic matrix [323].

Flexural Strength (MPa)

Figure 45. Flexural strength of the PDC membranes.
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The membrane containing 0.5 wt. % GO in the SiOC matrix demonstrated a significant increase
in the flexural strength from 0.782 to 3.862 MPa at a pyrolysis temperature 1100 °C,
respectively. This effect is very likely resulted from the cross-linking of the polysiloxane matrix
with functional groups of GO above 200 °C, which reduced the curing temperature [324]. The
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 increased 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, respectively. After increasing the
MWCNT content to 2 wt. % MWCNT, the flexural strength of the membrane were increased,

which was similar to the effect observed after GO addition.

Power generation and polarization curves

The bare PDC membranes and membranes containing 0.5 wt. % graphitic fillers prepared at
1100 °C were selected as the separator materials for MFC and performance difference was
evaluated because of differences in physical properties of the separators, such as IEC,
mechanical stability, oxygen permeability, and water-to-heptane adsorption ratio. The
PDC:0.5GO-1100 membranes exhibited higher water-to-heptane adsorption ratios, IEC values,
and mechanical stability and low oxygen permeability as compared to that of the PDC-1100
samples, respectively. On the other hand, the oxygen permeability of the PDC:0.5CNT-1100
membrane was higher than the magnitudes obtained by the other membranes, which can
significantly deteriorate the performance of MFC. However, the other physical properties of
these two membranes were noticeably better than that of PDC-1100 membrane. Evaluating the
performance of MFCs utilizing PDC-1100, PDC:0.5GO-1100, and PDC:0.5CNT-1100
membranes could thus provide the information on the most influential physical property for

selecting a suitable membrane separator.

The operating voltage was measured over a 100 Q external resistance. Four MFCs with PDC-
1100, PDC:0.5CNT-1100, PDC:0.5GO —1100, and Nafion PEM were studied using the reactor
shown in Figure A6 (appendix). During the first 20 days of operation of MFC, an electroactive

biofilm grew on the anode surface, which ultimately caused voltage fluctuations due to the
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immature biofilm. After five feed cycles, the MFCs were able to generate stable OV and OCV
values. The MFC containing PDC:0.5GO-1100 produced an OV of 245 + 3.46 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 OV of 170.2 + 4.56 mV, which was significantly lesser than that of the bare PDC-
1100 membrane. This decrement was mainly influenced by the high oxygen permeability
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 Q,
which was clearly higher than those of the MFCs with the PDC-1100 (137 €2) and PDC:0.5GO-
1100 (123 Q) membranes. The polarization was conducted after achieving a stable OV (Figure
46). The MFC performance in terms of the power density resembled the trends observed for

OV and OCV.

--m-- PDC-1100
c000 - A PDC:0.5GO-1100
- @-- PDC:0.5CNT-1100
)
-

A--%-- Nafion
L.

e
g
z iE
E e ‘Ki% x &
2 ‘ * &
L x
Q v '\‘i
« A
« ¥ A “-
° *
1 1 1
1000 1500 2000 2500
CD/mA m'2

94



7. Microbial fuel cell performance of graphitic carbon functionalized porous

polysiloxane based ceramic membranes

Figure 46. Power density vs. current density curves obtained for MFC with different ceramic

membranes and compared with commercial Nafion membrane.

The power density of the MFC with the PDC:0.5GO-1100 membrane was found to be 7.23 W
m>, which was nearly 1.15 times higher than those of the MFCs containing PDC-1100
membranes. Moreover, the power density obtained in MFC using PDC:0.5GO-1100 membrane
was 53% 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 the MFCs, which further emphasize the change in the
performance of MFC was mainly due to membrane properties not because of other influences

(Figure 47).
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Figure 47. Anode potential and cathode potential curves for the MFCs.

Although the polymeric Nafion membrane exhibits higher ion exchange capacity and lower

oxygen permeability, its performance in MFC was slightly inferior than MFC with
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PDC:0.5GO-1100 membrane, which gave the best performance among all. The Nafion
membrane transports protons due to the presence of a negatively charged sulfonic acid in the
polymeric backbone. However, the long-term operation of the MFC containing the Nafion
membrane causes deactivation of proton-exchange sulfonic acid groups, which deteriorates its
performance. Another possible explanation is that the transportation of other cations through
Nafion membrane (K*, Na“, Mg", Ca") through electrodialysis process rather than proton driven
by the concentration gradient [325]. 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 drastically affect
the performance of MFC [326]. Recently, Flimban ef al. demonstrated that the biofouling of
the polymeric Nafion membrane observed during the long-term operation of the MFC system

is a major factor affecting the MFC characteristics[129].

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 mechanism of the
proton conductivity in porous ceramic membranes was the most probable one [209]. In this
mechanism, the membrane adsorbs water molecules that are further protonated to form ionic
clusters such 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 promoting the molecular diffusion of H3O" ions from the anode to

the cathode.

The water movement through the ceramic membrane of the MFC can proceed via two different
routes. The first route corresponds to the active 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 cathodic chambers, which is dominant under
open circuit conditions. The MFC utilizing macroporous PDC:0.5GO-1100 membrane
generated relatively high power and current density at a low internal resistance because of its
high water-to heptane ratio (hydrophilicity) as compared to those of all other PDC membranes
prepared in this work. These hydrophilic characteristics, as well as the porous structure of the
membrane, promote the adsorption of water molecules in its pores. Furthermore, the ion
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conduction in the membrane is enhanced demonstrated by its high IEC value. These physical
properties of the membrane (such as its hydrophilic characteristics, porous structure, and IEC)

facilitate the proton transfer from the anode to the cathode chamber.

Although PDC-1100 membrane exhibits similar porous structure, its hydrophilic characteristics
are less 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 compared 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
cathode to the anaerobic anode chamber. This phenomenon reduced the performance of MFC,
because of the voltage loss caused by the increase in redox potential due to either substrate
consumption or the loss by aerobic oxidation rather than anaerobic fermentation. Moreover,
since oxygen is a strong electron acceptor, it competes with the anode during the electron
accepting process, negatively affecting the performance of MFC. Overall, the high power
output observed 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 system.

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 efficiencies in the range of 87-91% (Figure 48a). The average
COD removal efficiencies of the MFCs containing the PDC-1100, PDC:0.5GO-1100, and
PDC:0.5CNT-1100 membranes were 89 + 1.14%, 87 + 1.25%, and 83.00 + 1.41%, respectively.
The high COD removal efficiency suggests slight improvement in the kinetics of anodic
oxidation caused by the rapid scavenging of protons through the porous ceramic
membrane[304]. 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 90.8 = 1.86%, which

was comparable with the MFC containing the PDC ceramic membranes prepared at 1100 °C.
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Figure 48. (a) Average COD removal efficiency of MFC; (b) Average columbic efficiency and
Normalized energy recovery of MFC using ceramic membranes and polymeric Nafion

membrane.

The MFC operated with the PDC:0.5GO-1100 membrane demonstrated CE of 28.8 + 0.73 %,
which was 1.18 time higher than that of MFCs containing the PDC-1100 membrane (Figure
48b). The CE value of the MFC with the Nafion membrane was 20.48 + 0.64 %, which was 29
% lower than that of the MFC containing the PDC:0.5GO-1100 membrane. The NER studies
also followed almost the same trend with PDC:0.5GO-1100 being the highest followed by PDC-
1100 > Nafion > PDC:0.5CNT-1100 (Table 6). Thus, the performance evaluation demonstrated
that PDC:0.5GO-1100 membrane exhibits superior proton conducting properties and can be a
potential candidate to be used as an alternative to the extensively used Nafion 117 membrane

for large scale MFC applications.

Table 6. Electrochemical analysis data for all the MFCs

Parameter | PDC- | PDC:0. | PDC:0. | Nafion | Mullite | Alumin | Earther
s 1100 5GO- | 5CNT- [197] a nware
1100 1100 [197] [197]
OV (mV) | 213.60 | 245.00 | 170.20 | 181.80 - - -
+267 | £3.46 | £4.56 | +3.51
OCV(mYV) | 621.70 | 636.80 | 546.90 | 586.70 | 519.8+13 | 474.6+ | 529.0+2
+432 | £3.19 | £420 | £2.66 .1 7.7 4
MPD (mW | 6300 7232 4128 6733 4980.0 2600 6850

m)

Internal 137 123 141 160 500 2000 304
Resistance
()

COD 87.00 | 89.30 £ | 83.00+ | 90.80 £ | 41.5+5.9 | 49.447. | 50.2+3.
removal | +£1.15 1.15 1.41 1.86 3 7
efficiency

(%)

CE (%) 2447 | 28.81+ | 2098 + | 20.48 + - - -
+0.31 | 0.73 0.77 0.64
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Summary

Graphitic carbon modified PDC composite membranes were synthesized using a polysiloxane
precursor and graphitic carbon fillers such as GO and MWCNTs. The PDC-based samples
prepared in this study exhibited a porous structure with an open porosity ranging from 31% to
43%. The mechanical stability and IEC of the PDC matrix were considerably improved by the
incorporation of GO and MWCNT species. The samples containing 0.5 wt. % of GO and
MWCNTs featured a high mechanical stability, 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'!, which
was equal to 50% of the magnitude obtained for the Nafion membrane. Moreover, the oxygen
diffusion coefficient was decreased from 4.03x10~* cm? s™! for the PDC-1100 membrane to
1.91x10~* em? s for the PDC:0.5GO-1100 membrane. Owing to the superior hydrophilic
characteristics and minimal oxygen permeability of the PDC:0.5GO-1100 membrane, the
corresponding 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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8. Polysiloxane derived ceramic membrane composite with TiO2
and SiO: filler material for Microbial fuel cell (MFC) and

membrane bioreactor (MBR)

Objective

The aim of this part of the work is to demonstrate the capability of porous PDC membranes as
an inexpensive proton exchange membrane for MFC and MBR application. With this purpose,
the chemical composition of the polysiloxane-based precursors were altered by the addition of
filler material like SiO> (as particle), SiO> (derived from TEOS), TiO2 to the pre-ceramic
polymer. The functional properties of as-prepared membranes were evaluated in a dual chamber
tank in terms of ion exchange capacity, oxygen diffusion, and mass transfer coefficient in
comparison with commercial polymeric Nafion 117 membrane. Applicability of these ceramic
membranes in MFCs were investigated in terms of power density, wastewater treatment,
normalized energy recovery, and coloumbic efficiency (CE), by comparing these ceramic
membrane performance with the MFC having polymeric nafion under same conditions.
Furthermore, the water permeability tests were carried out to determine the membrane

capability for ultrafiltration application in MBR system.

Results and Discussion
Surface morphology

The SEM analysis shows the surface morphology of the PDC membrane (Figure 49 a-d). The
bare PDC ceramic membrane has smooth surface when compared to all other membrane. The
highly dispersed SiO: as particles observed in PDC:Si02-1100, whereas SiO> derived from
TEOS source (PDC:TEOS-1100) has no silica particles. This could be due to insitu formation
of silica with PDC matrix while cross-linking step. Similarly, TiO» particle is also dispersed
throughout the PDC membrane. From the TEM image observed that the TiO particles were
dispersed in the PDC matrix (Figure 49 e).
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Figure 49. SEM morphology of samples (a) PDC-1100 (b) PDC:TEOS-1100 (c) PDC:Si02-
1100 (d) PDC:Ti02-1100 (e) TEM morphology of PDC:Ti02-1100

Pore size distribution and porosity

The pore size distribution and porosity (Figure 50) of the as-synthesized ceramic membranes
are analyzed by the mercury intrusion method. The pore sizes of the membranes are distributed
in the range 100-1000 nm and change significantly based on the material compositions. For
instance, the bare ceramic membranes have mean average pore sizes of 300 to 770 nm, with
decreasing pore size upon the incorporation of TiO2, SiO; (as particle) and SiO> (derived from
TEOS) filler material. Meanwhile, the PDC:TiO2-1100 ceramic shows the lowest average pore

size of 348 nm.

The porosity of the ceramics arise from the macro structures of the material. The PDC:TiO2-
1100 ceramic shows a higher porosity of 37 % compared to the other materials tested here. This
value is significantly higher than that of the bare PDC ceramic membrane, as are shown in
Figure 49. From this result, the ceramic functionalized with hygroscopic fillers has a highly
porous structure. Hong et al. reported that the presence of highly porous structures enhance the

water flux and permeability compared to that shown by non-porous membranes [27].
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Figure 50. Average poresize and open porosity of PDC membranes.

Surface characteristics

The water and heptane adsorption characteristics are examined to understand the hydrophilic
and hydrophobic behaviors of the materials, as shown in Figure 51. The vapor adsorption is
related to the specific surface area obtained from the nitrogen gas adsorption—desorption
isotherm (Surface area). The material nature is classified by the ratio of water to heptane vapor
adsorption; for a ratio >1, the material is hydrophilic. Prenzel et al. reported that the addition
of APTES with polysiloxane caused increased hydrophilicity in the pyrolyzed ceramic
materials [18]. In this experiment, the addition of hygroscopic filler to the PDC matrix
pyrolyzed at 1100°C influence the water/heptane adsorption ratios of the ceramic membranes.
Specifically adding TiO> to the PDC matrix, a transformation to higher
hydrophilic/hydrophobic ratio occurs for the PDC:TiO2-1100 ceramic membrane. This is
because of the hygroscopic nature of TiO2, which can hold water molecules in its porous
structure. The PDC:Si02-1100 membrane hydrophilic nature is comparatively higher than
PDC:TEOS-1100. This could be due to SiO2 exposed as particle in the PDC matrix, which
shown in surface morphology section. Meanwhile, all the PDC ceramic materials in this study
show hydrophilic behaviour because of the complete decomposition of the methyl and phenyl

functional groups to SiOC structures at 1100 °C.
103



8. Polysiloxane derived ceramic membrane composite with TiO2 and SiO: filler material

for Microbial fuel cell (MFC) and membrane bioreactor (MBR)

10

1 I Water
124 [ Heptane

1.0 4

0.8 4

0.6

Vapour adsorption (mmol/m?)
Ratio (Hydrophilic/Hydrophobic)

4

0.4 -
)

0.2 -

0.0 - -0

A00 AAQD AAQ0 AA00
cA o - el LOF
L% 1€0 S0 Ly
C- WY WY
eV ° 4

Figure 51. Water and n-heptane vapor adsorption for as prepared membrane materials at 1100
°C.

Ion exchange capacity

The IEC values of the ceramic membranes show a slightly increases with the addition of
hygroscopic filler to the PDC matrix, as shown in Figure 52. This is mainly due to the surface
interaction of hydronium ion and the hygroscopic filler materials. Moreover, the addition of
TiO2 to the PDC matrix increases the IEC by a factor of 2 for the ceramic membranes. Ion
transfer in the ceramic membrane occurs by means of migration and convection through the
porous structures of the PDC composite membranes. Meanwhile, the hygroscopic filler

materials facilitate membrane proton transfer by the charged ions present in their structures.
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Figure 52. Ion exchange capacity of the membranes.

Oxygen diffusion coefficient

The membrane in an MFC is intended to prevent the diffusion of dissolved oxygen (DO) from
the aerobic cathode chamber to the anaerobic anode chamber. The oxygen diffusion coefficients
of the membranes are shown in Figure 53; oxygen diffusion is controlled by the pore structure
of the ceramic membrane. Li ef al. reported that the pore structure and open porosity of the
membrane significantly affected the control of the diffusion of DO in porous-membrane MFC
systems [28] [111] Here, the pure PDC membrane shows an average pore size of 768 nm and a
higher oxygen mass transfer coefficient of 8.45 x 10 cm/s. The addition of 15% SiO» decreases
the oxygen mass transfer coefficient to 4.97 x 10* cm?/s. This is mainly because of the reduced
average pore size of 392 nm in the S10; containing SiOC matrix. Furthermore, with the addition
of 15% TiOz, the PDC membrane shows the minimal oxygen mass transfer coefficient of 4.58
x 10~* cm?*/s and a reduced average pore size of 348 nm, while retaining 37% open porosity in
the PDC:Ti02-1100 membrane. Moreover, the minimal DO diffusion coefficient is observed
for the PDC:TiO2-1100 membrane compared to PDC-1100 membrane, because the PDC
membrane is comparatively less hydrophilic and causes a higher oxygen permeability in the

ceramic membrane.
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Figure 53. Oxygen mass transfer coefficient of the membranes.

MFC performance

The MFC performance were studied by Mr. Gourav Dhar Bhowmik and Prof. Dr. Makarand.
M. Ghangrekar from Indian Institue of Technology, Kharagpur, India. The MFC performances
were evaluated in terms of the voltage generation, using the as-synthesized ceramic membranes
as separator materials for MFCs in this study. The voltage generation was observed by
measuring the open voltage (OV) and open-circuit voltage (OCV) from the day following MFC
start-up, confirming the presence of active exoelectrogenic bacteria in the wastewater. The
operating voltage was measured over a 100 Q external resistance. Five MFCs with PDC-1100,
PDC:Ti02-1100, PDC:TEOS-1100, PDC:Si02-1000, and Nafion were labeled as MFC-1,
MFC-2, MFC-3, MFC—4, and MFC-5, respectively using the reactor shown in Figure A6
(appendix). Firstly, for the MFC-1 with PDC-1100 ceramic membranes, the average OV of 171
mV was achieved under steady-state operating conditions. Secondly, for the MFC-2 using
PDC:Ti02-1100 as the membrane material, which has the OV value of 230 mV. This value
was higher when compared to MFC-1 with PDC-1100 and also higher than the performance of

MFC-5 with a polymeric Nafion membrane (181.80 mV). Polarization experiments were
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conducted for MFCs having different PDC membranes to compare performance in terms of
their overall volumetric power densities and are shown in Figure 54. MFC-2 showed the best
performance among ceramic membranes, having the maximum power density of 4978.28 W m"
3. Secondly, the observed maximum power density of 3715.7 W m™ was achieved for MFC-3
using PDC:Si102-1100 as the membrane material. This values were 4.5 % higher than the MFC-
1 with PDC-1100. However, MFC-2 with PDC:TiO2-1100 membrane power density is
comparably lower than the one received for the MFC operated with polymeric nafion
membrane. The overall trend of power densities in the MFCs is as follows: MFC-5 > MFC-2 >
MFC-4>MFC-1 > MFC-3 (Figure 54). The physical characteristics of the membrane materials,
such as IEC, cation transport number, and oxygen diffusion coefficient, as discussed in

previous, are well correlated with the results observed from the polarization data.
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Figure 54. Polarization curves of MFCs using different membranes.

The internal resistance of the MFC system arises from overpotential losses occurring in the

anode and cathode, as well as the ohmic resistance observed from the membrane—electrolyte
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interface in the MFC system. The internal resistance was determined from the slope of the
straight line portion of the voltage—current curve. Among all tested MFCs, MFC-2 shows the
lowest internal resistance of 132 Q, followed by MFC-3 (215 Q) and MFC-1 (186 Q), which
are nearly similar. A possible explanation for the power generation of MFC-2 is that the
PDC:TiO2-1100 ceramic membrane have high hydrophilic ratio, open porosity and low pore
size that inhibits water diffusion from the anode chamber and consequently prevents the
hydration of the cathode. Once the sufficient water molecules are produced on the cathode
chamber, a subsequent increase in proton diffusion occurs because of the electro-osmotic drag
mechanism from the transfer of water molecules, which drags H from the anolyte to the

cathode surface. The table 7 shows the detailed electrochemical analysis data of all MFCs.

Wastewater treatment efficiency of MFCs

Wastewater contains complex macromolecules, which are easily degraded with the presence of
various bacteria in the anaerobic inoculum. The electrogenesis step is preceded by fermentation,
wherein complex macromolecules such as polysaccharides undergo degradation and are
reduced to simpler carbon-chain compounds. The simpler carbon compounds then undergo
electrogenesis. Some of the reduced substrates are utilized by microbes for life-supporting
functions; the rest is converted into electrons and protons, yielding power generation by the
MEFC. In addition to power generation, organic matter removal from wastewater is necessary in
determining the performance of an MFC system. The initial COD concentration (3000 mg L)
of the synthetic wastewater used here was measured over the experimental period. The synthetic
wastewater was introduced to the anodic chambers of the MFCs as the fuel source. During the
stable phase of operation, all MFCs show similar COD removal efficiencies of 80 — 90 %. The
specific COD removal efficiency values of 78 £ 1.08 %, 87 = 1.05 %, 81.3 + 1.88 %, 83.8 &+
0.78 %, and 90.8 + 1.86 % are achieved by MFC-1, MFC-2, MFC-3, MFC-4, and MFC-5,
respectively (Figure 55). MFC-2 shows the highest COD removal efficiency of the MFCs used
in this study, other than MFC-5 with Nafion. This is because the PDC:TiO2-1100 ceramic
membrane has a high IEC value, pore size distribution, and other physical characteristics, which
maintain the anaerobic environment in the anode by promoting the scavenging of electrons and

protons from the anode to cathode chambers in the MFC system.
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The coulombic efficiency (CE) of MFC-2 is also substantially higher, with an average CE of
27.06 £ 0.53 %, than those of all other MFCs in this study (Figure 56). This indicates that more
organic matter is effectively utilized by the anodic microorganisms in MFC-2 for oxidation than
by those in MFC-1 using the PDC-1100 membrane. This may be attributed to the superior
ceramic membrane performance because of its porous structure and enhanced physical
properties of IEC, cation transfer number, and oxygen permeability. Overall, the MFC-2 with
the PDC:TiO2-1100 ceramic membrane shows the highest power generation while
demonstrating better organic matter removal efficiency compared to the other MFCs using

ceramic membrane in this study.
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Figure 55. COD removal efficiency of MFCs
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Figure 56. Columbic efficiency and Normalized energy recovery of MFCs.

Ultrafiltration membrane for MBR

The water permeability is a crucial factor related to MBR which affects the fluxes with activated
sludge as a feed. The water permeability were measured as a function of time at different
pressures (2, 3, 4, and 5 bar). It observed that the water flux through the optimized
microfiltration membrane stabilizes for 15 min of water filtration. Moreover, the water flux of
the membrane depends on the applied pressure. The obtained water permeability results of the
membrane are shown in Figure 57 a. It shown that water fluxes are linear for the PDC
membranes pyrolysed at 1100 °C. The values of water permeability were calculated from slope
of the linear graphs and were found to be 51.32, 569, 113 and 14.06 L/h.m? bar for PDC-1100,
PDC:TiO2-1100, PDC:Si02-1100 and PDC:TEOS-1100 composite membranes, respectively
(Figure 57 b).

The hydrophilicity of the membrane affects the permeability and the biomass attachment on the
membrane [19]. As presented in Figure 51, the water and heptane ratio value increased from
2.86 to 4.86 with the addition of various amounts of hygroscopic filler. The addition of TiO»
increased the hydrophilic nature of the PDC membranes compared with the bare PDC
membrane. The significant improvement in hydrophilicity could be due to the reduced

interfacial energy of the PDC membrane affected by the polar nature of TiO2 [59].
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The permeability of membranes increased remarkably from 51.32 to 569 about 10 fold the

original permeability for membrane PDC-1100 and PDC:TiO2-1100, respectively which

significantly emphasized the significant role of hydrophilic TiO> in the membrane for

increasing the water permeability. The steep increment in water permeability was most

probably due to the reason of the high water retention capacity of the membrane and the fasile

water transport through the membrane as a result of strong hydrophilic properties. Besides that,

the membrane porosity is one of the vital factors that affect the water permeability behaviour

of membrane for MBR application. As shown in Figure 50, the membrane porosity increased

from 27% to 37% with the addition of hygroscopic filler like TiO; along with PDC.

Table 7. Electrochemical analysis data for all the MFCs and water permeability for MBR.

Parameters PDC-1100 PDC:TiO2- | PDC:TEO PDC:SiO2- Nafion
1100 S-1100 1100
OV (mV) 171 +£2.4 230.1+2.9 163.2 £ 6.5 189.3 +£6.4 181.80 +£3.5
OCV(mV) | 568.30+3.47 | 617.5+7.5 557.8 £ 580.7 £4.08 | 586.70 +2.66
5.00
MPD (mW 3563 4978.28 3162 3715.7 6733
m)
COD 78 £ 1.08 87.00 = 1.05 81.30 £ 83.8+0.788 | 90.80 +1.86
removal 1.88
efficiency
(%)
CE (%) 2242 +0.73 | 27.06 +0.53 20.54 £+ 23.11+£0.86 | 20.48 £0.64
0.88
NER (kWh 0.24 0.35 0.22 0.26 0.48
m)
Water Flux | 51.32 +£15.25 569 +7.29 14.06 + 113.69 £ 36 -
(L m2h'! 4.06
bar™)
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Summary

Composite ceramic membranes were developed using PDCs with the hygroscopic fillers TiO»,
Si0; (derived from TEOS) and SiO; (as particle). The best properties were obtained from the
PDC:Ti02-1100 ceramic membrane, with a substantially higher IEC value, higher hydrophilic
ratio, and lower oxygen permeability compared to all other tested membranes, mainly because
of the high porosity and small average pore size distribution. Firstly the MFC with the
PDC:TiO2-1100 ceramic membrane generated the maximum power density and columbic
efficiency of 4.97 W m™ and 27.06 = 0.53%, which were higher than those from the MFC with
a commercial polymeric Nafion membrane. Secondly, for the MBR system, the results showed
that the optimum membrane performance was exhibited by PDC:TiO2-1100. This membrane
exhibited significant enhancement in terms of permeability, hydrophilicity and porosity
properties. The membrane water/heptanes ratio decreased from 2.27 (PDC1-1100) to 4.27
(PDC1:TiO2-1100) while membrane permeability increased from 51.32 (PDC1-1100) to 569
(PDC1:Ti02-1100) L.m 2. h™!. bar '. The membrane porosity improved from 27% for PDC-
1100 to 37% for PDC1:TiO2-1100 membrane. These results suggest that the polysiloxane-
derived ceramic composite membranes could be potential candidates as proton-exchange

membranes and ultrafiltration membrane for integrated MBR and MFC system.
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9. Polysiloxane derived ceramic membrane for pilot scale model

integrated microbial fuel cell-membrane bioreactor (MFC-MBR)

Objective

In this study, we designed an integrated single-chambered MFC-MBR that generate electricity
and treat wastewater effectively.for wastewater aeration, electricity generation and wastewater
treatment. The system consist of membrane that act as proton conducting membrane as well as
ultrafiltraion membrane for bioelectricity generation, and as a membrane for wastewater
filtration. We used bare PDC membrane prepared at 1000 °C as denoted by PDC-1000. The

membrane material characterizations were shown in chapter 5.

Design of Pilot-scale Integrated MFC-MBR system

The study was carried out in pilot scale integrated MFC-MBR made of acrylic sheet with a
working volume of 20 L (Figure 58). The integrated system were designed by Prof. Dr.
Makarand M. Ghangrekar and his research scholar Mr. Gourav Dhar Bhowmik from Indian
Institue of Technology, Kharagpur, India. Anodes are made of graphite felt material attached
to the inner surface of proton exchange membrane (PEM) fabricated with PDC-1000
membrane. Cathodes were fabricated with graphite felt and sticked on the outer surface of PEM
of integrated MFC-MBR to make suitable contact between the PEM and the cathode. Anodes
and cathodes were connected by plastic insulated copper wire, and connections were made
water resistant using araldite glue. Operating voltage was measured across 100 Q of external
resistance. Integrated MFC-MBR was inoculated with anaerobic sludge collected from septic
tank bottom (volatile suspended solids of 19.95 g L' and total suspended solids of 30.22 g L°
1), respectively. Synthetic wastewater, with sucrose as a carbon source having ~ 3 g L' of

chemical oxygen demand (COD), was used as a carbon source.
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Figure 58. Schematic view of pilot scale integrated MFC-MBR system.

Results

The integrated system were running continuously for 60 days and biofilm were developing day
by day on the surface of anode material. Once the wastewater from MFC setup were treated
and followed by filtration through the membrane. The result obtained so far from the integrated
MFC-MBR system is shown in Table 7. The observed open voltage of 102 + 10 after 60 days
of operation and this could increases with respect to build up of biofilm layer on the anode
material. The experiment is currently ongoing. The detailed results will publish in Indian

counterpart research scholar’s dissertation (Indian Institute of Technology, Khargpur-India).
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Table 7. Electrochemical and wastewater treatment analysis data for the integrated MFC-MBR

system.
Parameters MFC-
MBR
OV (mV) 102+10
OCV (mV) 539+ 24
Sustainable power density (mW m™) 115.6
COD removal efficiency (%) 69 +4
Maximum CE (%) 3.59
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Porous polymer derived ceramic membranes were successfully fabricated by a polymer derived
ceramic route, using the simple uni-axial hydraulic pressing technique. Tailorable porous
structure and surface characteristics enhance the proton diffusion with minimal oxygen
permeability, these properties are beneficial for membrane in integrated MFC- MBR system.

Porous polymer derived composite membranes were fabricated from polysiloxane precursor
mixed with different filler materials, and their surface characteristics, porous structure,
mechanical stability, IEC values, oxygen mass transfer coefficients, and diffusion coefficients

were determined, and the MFCs performance was studied using PDC composite membranes.

The first approach involved tailoring the surface characteristics and porous structure by varying
pyrolysis temperature and adding cation exchange filler materials. The surface characteristics
of the PDC membrane could be altered from hydrophobic to hydrophilic by tuning the pyrolysis
temperature. Furthermore, the addition of fillers to the PDC material increases the hydrophilic
characteristics even at low pyrolysis temperature, and simultaneously incorporates micro-
/meso-/macro porous structure. For that, a series of polymer derived ceramic membranes
tailored based on pyrolysis temperature (400 °C — 1000 °C) and cation exchange filler like
montmorillonite and H3PMo012040/Si0> was fabricated. The maximum power density of MFC
with polymer derived ceramic membrane pyrolysed at 400 °C modified with 20 wt.%
montmorillonite and 10 wt. % H3PMo1204¢/SiO> reached a value of 5.66 W m~, which was 4
times higher than that with non-modified polysiloxane derived ceramer membrane. In contrast,
MFC with polymer derived ceramic membrane pyrolysed at 1000 °C modified with 20 wt.%
montmorillonite delivers 1.2 times lower power density (4.20 W m™) than that with non-
modified macroporous Polymer derived ceramic membrane pyrolysed at 1000 °C. This is due
to low hydrophilic nature and absence of mirco-/mesoporous structure. Hence, the findings
demonstrated that tailoring the hydrophilic and porous structure of the ceramic membrane is a

new and promising approach to enhance the performance of MFC.

The second approach was using PDC composite with graphitic filler material at high pyrolyzing
temperature. The chemical compositions of the membranes were altered by adding carbon
allotrope fillers including graphene oxide (GO) and multiwall carbon nanotubes into the
polymer matrix as filler materials. The membrane ion exchange capacity and mechanical
stability was significantly improved; after adding 0.5 wt. % of GO. The ion exchange capacity

increased drastically corresponding to an increment of 9 fold with respect to that of the non-
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modified ceramic membrane, respectively. The MFC operated with this membrane exhibited a
maximum power density of 7.23 W m™ with a coulombic efficiency of 28.8%, which was

significantly higher than the value obtained during the use of a polymeric Nafion membrane.

Beside this promising bioelectrical performance, the resulting mechanical stability was suitable
for microbial fuel cells but not for membrane bioreactors, due to their high operating pressure.
The third approach was to further improve the mechanical stability of the membrane without
compromising the hydrophilic nature, open porosity, or pore size for use in MFCs and MBRs.
PDC membranes with 15 wt% hygroscopic fillers like Si0,, TEOS (SiO> derived from TEOS),
and TiO; at 1100 °C were fabricated. The water permeability and maximum power density of
MFC (with PDC functionalized with TiO2) reached values of 4.97 W m™ and 569 L m™ h! bar’

! respectively, which were much higher than those with bare PDC membrane.

Overall, for pilot scale studies without compromising on membrane cost and performance, the
PDC-1000 membrane as the best proton conducting membrane and ultrafiltration membrane
was chosen the for a 20 liter pilot scale integrated MFC-MBR system. The so far results showed
that the integrated MFC-MBR system using PDC membranes was able to produce bioelectricity
with open circuit voltage of 539 = 24 mV and simultaneous wastewater treatment with COD

removal efficiency of 69 + 4%.
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11. Outlook

PDC materials were identified within this work to be potentially applicable as a membrane
material for integrated MFC-MBR system to generate bioelectricity with simultaneous
wastewater treatment. PDC membranes have satisfactory ion exchange capacity, pore structure,
hydrophilic characteristics, unique mechanical, chemcial stability and low cost which is suitable
for scaling up of MFC-MBR system using this membrane. However, high oxygen and substrate
diffusion in porous membranes limited their overall efficiency. To overcome these drawbacks,
PDC ceramic membranes need to be prepared with well-aligned hierarchical porous structure
and surface coatings like phosphoric acid functionalized polysiloxane on the sides of the
ceramic membrane. Atwater et al reported that the hydrophilic polymeric membrane have low
oxygen permeable than porous ceramic membrane [301]. The presence of phosphoric acid
functionalized polysiloxane surface coating in the ceramic membrane will minimize the oxygen
diffusion from cathode to anode chamber. M. Jeske ef al claimed that the phosphoric acid
functionalized polysiloxane membrane act as a good proton conducting membrane in high
temperature fuel cell [245]. The phosphoric acid group in the polymeric coating enable the
proton to diffuse from the outer region of the membrane to inner ceramic structure.
Furthermore, the well-aligned uniform pore structure in the ceramic membrane will aid to
diffuse the proton from anode to cathode chamber in the shortest path. Secondly, these surface
coating are hydrophilic nature on the PDC ceramic membrane will produce a smooth surface.
The surface roughness factor of material plays a major role in the formation of biofilm on the
surface of the membrane. The thin film coating on the PDC ceramic membrane hugely prevent

biofouling and crossover of organic and bacterial substrate.

The preparation of precursor with sacrificial template method and followed by hot pressing of
the green body will be a suitable approach for creating well-aligned porous structure. The
sacrificial template method comprises of synthesizing two phase composite material made up
of'a ceramic precursor and a sacrificial polymeric phase which distributed uniformly throughout
the matrix and is ultimately used to generate pores within the membrane structure. PDC material
porosity is engineered by employing sacrificial polymeric template as polymer microbeads and
silica microspheres. These sacrificial templates are often extracted by applying long thermal
pyrolysis or by a chemical etching method. Further, the thin polymeric film coating on the

ceramic membrane will either done by spin coating or spray coating.
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The polymeric thin layer coated PDC ceramic membrane with well-aligned porous ceramic
structure will give a new scope of research in membrane technology for the application of

integrated MFC-MBR system.
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Appendix

A.1 Additional Tables and figures

Table Al. Prepared membrane compositions with equal mole ratio of H44 and APTES and

pyrolysed at 400 °C, 500 °C, 600 °C and 1000 °C.

Membranes Montmorillonite H3PMo012040/SiO2
M (wt %) PMA (wt %)
PDC - -
PDC:M10 10 -
PDC:M20 20 -
PDC:PMAI10:M10 10 10
PDC:PMA10:M20 20 10

Table A2. Prepared membrane compositions with equal mole ratio of H44 and BisA and

pyrolysed at 1100 °C

Membranes Graphene oxide MWCNT
(wt %) (Wt%)
PDC - -
PDC:0.5GO 0.5 -
PDC:2GO 2 -
PDC:0.5CNT - 0.5
PDC:2CNT - 2
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Table A3. Prepared membrane compositions with equal mole ratio of H44 and APTES and
pyrolysed at 1100 °C.

Membranes TEOS Si02 TiO2
(wt %) (wt%) (wt%)

PDC-1100 - - -

PDC:TEOS- 15 - -

1100

PDC:Si0,-1100 - 15 -

PDC:TiO,-1100 - - 15

Table A4. Average particle size of material before pyrolysis.

Material Particle size (um)
PDC 5.8357
PDC:M10 3.8642
PDC:M20 3.6574
PDC:PMA10:M10 2.5328
PDC:PMA10:M20 2.2254
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Figure Al. (a) XRD image of PDC-600 and PDC:PMA10:M10-600 membranes, (b) FTIR
spectrum of H3PMO12040/S10,.
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--- ioo nm

Figure A2. SEM image of PDC-1000 ceramic membrane.
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Figure A3. Schematic view of MFC reactor and parameter.
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Figure A4. XRD pattern of PDC-1100 membrane.
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Figure AS. Raman spectroscopy of Graphene oxide and multiwall carbon nanotube.
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Figure A6. Scheme of MFC reactor and its parameter.
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Figure A7. Flexural strength of PDC ceramic membrane.
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