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1 INTRODUCTION AND OUTLINE
1.1 Introduction

Due to scarcity and adverse effects of fossil fuels, community are looking for an
alternative energy source which is renewable and ecofriendly (Abbasi et al., 2012; John et al.,
2011; Kothari et al., 2012). In that context, it is believed that microbial fuel cells (MFC) is a
two-fold solution to resolve the dilemma of energy crunch and negative environmental
impacts of fossil fuels. MFC is an environmentally benign system, where microorganisms
convert organic materials directly into electricity (Yong et al., 2013). In MFC, electrons and
protons are produced via anaerobic respiration of microorganism in anode chamber, and then
while protons travel through the proton exchange membrane in the MFC to the aerobic
cathode compartment, whereas electrons are transferred through the external circuit
generating electricity. Despite it is very attractive technology (Jana et al., 2010; Kim et al.,
2007; Rahimnejad et al., 2011), however, the application still faces numerous limitations such
as low power density, low electrical potential, cost of catalyst in cathodic chamber etc. (Hu,
2008; Oliveira et al., 2013). There are various factors affecting the performance of MFCs
such as microorganisms, substrate, mediator, electrode material and construction of MFCs
(Logan et al., 2006; Oh et al., 2004; Park et al., 2014). Engineering of electrodes may good
direction to enhance the efficiency of MFCs (Huggins et al., 2014) because of their electron
production and transfer role. No doubt that the electrode biofilm and the electronic transport
are important factors in improving the performance of MFCs (Picioreanu et al., 2007).

Shewanella spp. is well-accepted by several research groups to produce electricity in the
MFC. In the metabolic pathway, during the conversion of NAD" to NADH, CO> and organic
acids, as well as H" and electrons are generated. Several strains of Shewanella produce
mediators, such as riboflavin, flavin etc. to facilitate electron transfer to the anode (terminal
electron acceptor) (Carmona-Martinez et al., 2011). Interestingly, it was reported that
bacterial cells can utilize both exogenous (externally added into the medium) or self-produced
(endogenous) shuttle compounds as extracellular electron transporter (Velasquez-Orta et al.,
2010). In recent years, electron mediators or electron acceptors such as methylene blue,
methyl red, humic acid, ferricyanide, riboflavin were used in most biological fuel cells to
boost the electricity generation (Rahimnejad et al., 2011; Wu et al., 2013). The electron
transfer rate could be enhanced by shuttling the electron from donor microorganism to
acceptor electrode (Santoro et al., 2017). In recent studies, riboflavin was used as an electron

shuttle to transport electron to the anode. The important role of riboflavin in improving
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electricity in the MFC was reported by several authors such as Wang et al. (2017); Wu et al.
(2017); Yong et al. (2013); Zhang et al. (2017). The efficiency of application of mediator,
however, strongly depends on its quality and actual quantity that can improved by new
technique known as immobilization of mediators onto anode electrode. The advantage of this
method was able to reuse the anode electrode with mediators and minimize their washing out
in continuous operation (Wang et al., 2017).

Carbon paper, cloth, foams or graphite rods, felt, foams, plates are commonly used as
anode material in MFC (Logan, 2007c¢). For example, conductive polymer polyaniline (PANI)
is one of materials that use to fabricate anode electrode because it played a great role in the
energy storage (polyaniline based electrode materials for energy storage and conversion).
Polyaniline is well known as a low cost, mechanical flexibility and stability material
(Sapurina et al., 2012). Szollosi et al. (2017) used alginate/polyaniline/titanium-
dioxide/graphite for the immobilization microorganism and make hydrogel bio-anode and an
increase in electrical power of MFC was also reported. Bacterial cellulose (BC) is well known
a non-toxic, low cost polymer, as well as it has some outstanding characteristics compared to
plan cellulose such as renewability, ultrafine network structure, higher purity, water retention
capability, porosity, biological interaction, mechanical strength (Dayal et al, 2013;
Vandamme et al., 1998; Wang et al., 2012a). Conducting polymers-cellulose composites
including BC coated with conducting polymers is a new promising polymer and received
interest in recent years because of their largely potential applications such as batteries, sensors
and electrical devices. BC/PANI is a typical example for combination of BC and conducting
polymer with the integration of several properties such as tensile strangle, biocompatibility,
high surface areas and electrical conductivity (Kamalesh et al., 2001; Li et al., 2006). Miiller
et al., (2012) as well as Wang et al., (2012a) have been successful in fabrication of BC/PANI
material with high electrical conductivity. In many researches, the PANI coated anode was
successfully used in microbial fuel cells to enhance power density (Lai et al., 2011; Logan et
al., 2006; Schroder et al., 2003). Furthermore, the modified PANI polymers with the presence
of titanium dioxide have generated enhanced current densities (Watanabe, 2008).

One of the main parts in MFCs is the anode, where exo-electrons are generated by the
biocatalysts (bacteria) and transferred to the electrode. The performance of MFC is strongly
affected by the quality and activity of microorganisms (Lovley, 2008) as well as quality and
construction of the anode (Chen et al., 2014). Additionally, its performance also depends on
some factors affected the efficiency of electron transfer such as the distance between

microorganism cells and electrode, the internal resistance, mediators etc.
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1.2 Outline of dissertation

In the last decade, due to intensive development of conductive composites materials and
application of mediators, the engineering of anode in the MFC has turned onto a new stage.
New type of bio-anode can be formed applying conductive composite materials, mediators
and it may lead to enhance efficiency of electron-transfer between bacteria cells and
electrode, thus improvement of performance of MFC. Connecting to this field, my PhD
research focused on development of hydrogel electrode with immobilized bacteria cells (bio-
anode). Detailed tasks are following:

- Growth of Shewanella xiamenensis species bacteria

- Investigation of riboflavin production of Shewanella xiamenensis

- Fabrication and characterization of conductive hydrogel composites anode electrode
- Incorporation and immobilization of bacterial cells into hydrogel electrode

- Construction of MFC using hydrogel bio-anode with immobilized cells

- Stability and operational performance of MFC



2 LITERATURE REVIEW

2.1 Microbial fuel cells

2.1.1 General description

MFC:s is one of the systems that is able to generate electric energy directly from organic
wastes or in bioremediation (Palanisamy et al., 2019; Szo6ll6si et al., 2017). It contains an
anode that uses bacteria to oxidize organic matters and generate current (Long et al., 2019;
Palanisamy ef al., 2019). In MFC, electrons and protons are produced via anaerobic
respiration of microorganism in anode chamber. Then while protons travel through the proton
exchange membrane in the MFC to the aerobic cathode compartment, whereas electrons are
transferred through the external circuit. No doubt that microorganism and their potentiality to
produce electron and proton play a notable role (Jana et al, 2010; Kim et al, 2007;
Rahimnejad ef al., 2011) in the performance of MFC.

2.1.2 The history of MFC development

In 1910, the earliest MFC concept was introduced by Michael Cresse Potter, a professor
of botany at the University of Durham, UK (Najafpour, 2015). The MFC system with the
platinum electrodes was constructed using the living cultures of Escherichia coli and
Saccharomyces to generate electricity (Du et al., 2007). After the first innovation, there was
no activity of research in MFC development for about 55 years until 1960s, when the US
space program encouraged scientists to develop MFCs in turning organic waste into
electricity in its long-haul space flights (Najafpour, 2015; Shukla et al., 2004). In 1980s, it
was discovered that the addition of electron mediators could greatly enhanced current density
and power output (Du et al., 2007). The outer layer of majority of microbial species are made
of a non-conductive lipid membrane, peptidoglycans and lipopolysaccharides that prevent the
direct electron transfer to the anode. Mediators can easily capture the electrons from the
membrane. However, the electron mediators had several disadvantages such as toxicity such
and solubility (Najafpour, 2015).

In 2007, the University of Australia and the Foster Brewing Company introduced the
series of microbial cells with the total working volume of 10 L. The fuel was sewage from
brewery. The waste was successfully converted to carbon dioxide and water while producing

electricity (Gajda et al., 2018; News, 2007).



2.1.3 Working principles of MFC

In an MFC, microorganisms grow on the anode and produce electrons, protons by
oxidizing organic matter (Eq. 2.1) (Harnisch et al., 2009). Electrons travel through a series of
respiratory enzymes in the cells and make energy for the cells in the form of ATP (Logan,
2007b). Then, electrons are transferred to the anode, a terminal electron acceptor. After that,
electrons flow through an external electrical circuit to cathode electrode, as a result producing
electricity (Barua et al., 2010; Kumar et al., 2015a). The anode and cathode chambers are
separated by a membrane. Protons are transferred internally through the membrane to the
cathode. The cathode is sparged with air to provide dissolved oxygen for the reactions of
electrons, protons and oxygen. Finally, water molecules are produced in cathode when

electrons combine with protons and oxygen (Eq. 2.2).

CH,0: + (2x —2)H2,0 —» xCO2 + (y +4x — 22)H" + (y +4x — 22)e”  (Eq. 2.1)
602 +24H" + 24¢” — 12H0 (Eq. 2.2)

A schematic of a dual-compartment MFC is demonstrated in Figure 2.1. The presence
of oxygen in the anode chamber inhibits the generation of electricity, because oxygen capture
electrons and protons as a combination in the cathode chamber. Thus, the system must be
designed to keep the bacteria in anode chamber separated from oxygen (Najafpour et al.,

2011).
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Figure 2.1. Schematic of the dual-compartment MFC with a biochemical reaction in the
anode and cathode compartments (Logan, 2007b; Najafpour, 2015)



2.1.4 MFC construction

2.1.4.1 MFC components

A traditional MFC system consists of an anodic chamber and a cathodic chamber
separated by a proton exchange membrane (PEM). Nowadays, there are many different
designs are possible for MFCs: single compartment, dual compartment, and stacked MFCs
that can be used for a specified purpose. One of the basic MFCs designs is “H” shape. It
includes two bottles connected by a tube containing a separator which is usually a cation
exchange membrane (CEM) such as Nafion, or a plain salt bridge. The key to this design is to
choose a membrane that only allows protons to pass through (the CEM is also called a proton

exchange membrane) (Logan et al., 2006; Najafpour, 2015).

2.1.4.2 Single-compartment MFC system
Single-compartment MFC system consist of a cathode directly attached to a PEM
allowing air oxygen to react at the electrode. Electrons are transferred to the cathode via the

electrically conductive wire to complete the circuit (Liu et al., 2004; Park et al., 2003).
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Figure 2.2. Schematics of different type of single-compartment MFC system: an MFC
with a proton permeable layer coating the inside of the window-mounted cathode (A), an
MEFC consisting of an anode and cathode placed on opposite side in a plastic cylindrical
chamber (B), and a tubular MFC with outer cathode and inner anode consisting of graphite
granules (C) (Du et al., 2007)

2.1.4.3 Dual-compartment MFC system

A dual-compartment MFC has anodic and cathodic chambers connected by a PEM, or a
salt bridge, to allow protons to move across from the anode to the cathode. Figure 2.3 shows
the different dual-compartment MFC systems (Du et al., 2007; Logan et al., 2006; Najafpour,

2015). “H” shape (Figure 2.3A) systems are usually used for basic parameter research, such



as production using new materials, or types of microbial communities that arise during the
degradation of specific compounds, but they typically produce low power densities (Logan et
al., 2006). Figure 2.3C showed the mini-MFC having a diameter of about 2cm was reported
by (Ringeisen et al., 2006). Figure 2.3D and 2.3E are the up-flow mode MFC systems used
for wastewater treatment with the fluid flowing continuously through porous anodes toward a

membrane separating the anode from the cathode chamber (Logan et al., 2006).
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Figure 2.3. Schematics of a dual-compartment MFC: (A) “H” shape, (B) rectangular
shape, (C) miniature shape, (D) upflow configuration with cylindrical shape, cylindrical shape
with an U-shaped cathodic compartment (E) (Du et al., 2007)

2.1.4.4 Stacked MFC system
Single compartment MFC system were used by many scientists but they showed the low

efficiency. Therefore, a fuel cells stack was set up by connecting single MFCs in a series
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and/or in parallel to enhance the efficiency of MFC system (Najafpour, 2015). Figure 2.4
showed a stacked MFC consisting of six individual units. The MFCs were separated by
rubber sheets, with the anode and cathode chambers (each 156 mL total volume, 60 mL liquid
volume) containing graphite rods set into beds of graphite granules. By connecting several
MFC:s in series or in parallel can enhance voltage or current output. However, voltage reversal

remains a large obstacle for successful increases in the voltage (Logan, 2007a).

Granular Rubber

Screw
bolt

Figure 2.4. Stacked MFCs with 6 separate MFCs are joined in one reactor block
(Du et al., 2007; Logan, 2007a)

2.1.5 MFC materials

2.1.5.1 Anode materials

The requirements of an anode material are: highly conductive, low resistance, non-
corrosive, high specific surface area, high porosity, non-fouling, inexpensive, biocompatible,
and chemically stable in the reactor solution (Logan et al., 2006; Tanisho et al., 1989).
Noncorrosive metal such as stainless-steel mesh is one of materials can be used as anode
(Logan et al., 2006). However, bacteria must be able to attach to the material and achieve
good electrical connections. In this case, noncorrosive metal apparently meet many
requirements for an anode material, but may not be suitable for the attaching of bacteria
(Logan, 2007c). The use of carbon materials such as felt, cloth, paper, fibers, foam for the
MFC anode is very common (Logan et al, 2006), because they have high conductivity,
cheap, easy to handle, relatively defined surface areas and appear to be well suited for
bacterial growth (Gil et al., 2003; Logan et al., 2006; Park et al., 1999).

There are many factors affecting the efficacy of MFC and the anode electrode material

is one of the crucial factors (Kalathil et al., 2013). The requirements of anode materials



should have high surface area and porosity, large capacitance, excellent electrical
conductivity, good biocompatibility (Wang et al., 2020).

Nowadays, many studies were carried out and developed such as the addition ion
metals, mediators into anode chamber or using conductive polymer materials to increase the
anodic performance. In MFC, plain graphite and carbon-based materials are commonly used
as electrode because of their high conductivity, durability, eco-friendliness and their
flexibility to be shaped into various architectures (Logan et al., 2007; Vargas et al., 2013).
However, their resistivity is typically 1000-fold higher than that of metals. To improve the
catalytic and surface properties of these materials, anode materials should be modified
(Kalathil et al., 2013). He et al. (2013) used carbon felt or carbon cloth as a raw material for
fabrication of polypyrrole- MnO> composites as free-standing electrode with supercapacitors.
Yuan et al. (2016) also utilized MnO»/polypyrrole/MnO» composite decorated on a carbon
cloth that successfully improved the performance of MFCs. Lately, nanomaterials have
attracted much attention. Xu et al. (2011) tested Fe nanoparticle-decorated graphite disks with
six-fold higher average current densities than the plain graphite anode. However, carbon felt
or carbon cloth has small pore sizes and microbes cannot access to the interior of anodes
(Wang et al., 2020). Kalathil et al. (2013) used a plain carbon paper modified with the carbon
nanotube/MnO> nanocomposite and used it as anode for the MFC. The modified anode
showed better electrochemical performance than that of plain carbon paper. Carbon nanotubes
are promising electrode materials because of their high surface area, excellent electrical
conductivity, chemical inertness and low internal resistance (Liang et al., 2011). Anode was
modified with carbon nanotube can increase the anode surface-to-volume ratio, improved the
ability of the microbes to access and transfer electron to the anode (Liang et al., 2011).
Recently, some studies used porous sponge as a raw material instead of traditional materials
(Xie et al., 2012). Because sponge has a continuous 3D structure with large surface area
(Wang et al, 2020). Li et al (2014)  fabricated  sponge/carbon
nanotube/polypyrrole/manganese dioxide (S/CNT/PPy/MnQO2) composite as supercapacitor
gained high capacitance.

Polyaniline, one of the conductive polymers, have received widely attention in anode
material development. Many reports indicated that power density of MFC increased with
using PANI-modified anode (Dumitru et al., 2016). For example, the power density of MFC
with carbon felt/PANI anode was 1.4-fold higher than unmodified anode (Li et al., 2011).
MFC used platinized carbon cloth/PANI anode got the higher current density than platinized
carbon cloth (1.45 mA/cm? vs 0.84 mA/cm?) (Schroder et al., 2003). In addition, the
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incorporation of modified anode with metal nanoparticles presents a potential for the
improvement of MFC. Table 2.1 showed the power output of MFC using different raw
material anode modified by PANI and/or with TiO2. Hen et al. (2018) used modified anode in
MFC with the immobilization of bacterial cell and improvement of the efficiency of MFC was

reported.

Table 2.1. The power density of different modified anodes in MFC

Anode material MFC Bacteria Power density References
contruction Pmax

Alginate/polyaniline/ | DCMFC S. algae 9.86 W/m? Szoll6si et al.,
TiO2/graphite (graphite cloth 2017

anode: 2.88 W/m?)
Carbon nanotube/ - E. coli 42 mW/m? Qiao et al.,
polyaniline 2007
Carbon cloth/ DCMFC - 5.16 W/m? Lai et al., 2011
polyaniline (fresh carbon cloth

anode: 1.93 W/m®)
Chitosan-nitrogen/ DCMFC - 4.2 W/m? Xuetal., 2019
carbon nanotubes/ (carbon
polyaniline nanotube/sponge

anode: 1.4 W/m®)
Graphite sheets/ DCMFC S. oneidensis | 79.3 mW/m? Han et al.,
polyaniline/graphene/ (graphite sheets/ 2018
TiO2 immobilized polyaniline/graphe
bacterial cell ne/TiO2

nonimmobilized

bacterial cell

anode: 61 mW/m?;

plain carbon paper

immobilized

bacterial cell: 29.4

mW/m?)

DCMFEFC: dual-chamber MFC

2.1.5.2 Cathode materials

Some materials such as carbon paper, cloth, graphite, woven graphite, graphite granules
can be used for both cathodic or anodic electrode. In cathode, the electrons, protons and
oxygen must all meet at a catalyst in a tri-phase reaction to achieve high efficiency, thus, the
catalyst must be on a conductive surface, but it must be exposed to both water and air (Logan,
2007¢). Protons produced in the anodes chamber migrate into the cathode chamber via the

proton exchange membrane. The electrons travel to cathode electrode and transmit onto
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oxygen (Rahimnejad et al., 2015). Oxygen is the most suitable electron acceptor in cathode
due to its accessibility, intense oxidation potential, availability and low cost (Logan et al.,
2006). Besides, potassium ferricyanide (K3[Fe(CN)s]) is usually used as an electron acceptor
in cathodic chamber due to their low overpotential. However, it has a disadvantage namely
the insufficient re-oxidation by oxygen, thus it must be regularly replaced (Rabaey et al.,

2005a).

2.1.5.3 Membrane

Membrane are primarily used in dual-compartment MFC system for separating the
liquids between anode and cathode (Logan, 2007¢). Both porous and non-porous membranes
fabricated from polymers are commonly used in bio-electrochemical systems, but non-porous
ones (charged), one of the selective ion-permeable membranes (cation, anion exchange or
bipolar membrane), are mostly preferred (Bakonyi et al., 2018). In the MFC system, proton
migrates from the anode chamber to the cathode chamber via the cation exchange membrane
(CEM) such as Nafion, Hyflon, Zirfon, Ultrex CMI 7000. Proton transport through membrane
such as Nafion is due to its structure has the hydrophilic sulfonate group (negatively charged
such as -SOs7, -COO", -POs%) attached the hydrophobic fluorocarbon group (Leong et al.,
2013; Oliot et al., 2016; Sleutels et al., 2017). While CEM or anion exchange membrane
(AEM) allow only cation or anion move to the other side of MFC, bipolar membrane (BPM)
allow both anion and cation move to the opposite side because it include a cation exchange

layer and an anion exchange layer in each side of membrane (Oliot et al., 2016).

2.1.5.4 Microbes

In the MFC system, microorganism(s) act as biocatalyst and through the microbial
catabolism of organic substrate, they generate exo-electrons (Najafpour, 2015). Geobacter
species and Shewanella species such as Geobacter metallireducens, Geobacter
sulfurreducens, Shewanella oneidensis, Shewanella putrefaciens (Bond et al., 2002; Min et
al., 2005; Park et al., 2002; Ringeisen et al., 2006) with their exo-electrogenous potential are
widely (Tharali et al., 2016), but, some other microorganisms for example Escherichia coli,
Lactobacillus plantarum, Proteus mirabilis, Streptococcus lactis and Saccharomyces
cerevisiae are also reported to be as good as catalyst in the MFC (Choi et al., 2003; Grzebyk
et al., 2005; Najafpour et al., 2011).

Shewanella spp. are a group of facultative anaerobic bacteria that can be found in
marine and fresh-water environments (Tang et al., 2009). They can also be used in MFCs
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because of their electron generation and their versatile electron accepting capacities by
oxidizing organic compounds. Additionally, Shewanella spp. have an important role for
carbon cycling. Therefore, they can be used for the remediation of contaminated
environments (Fredrickson et al., 2008). There were many researches using Shewanella spp.
in MFCs (Hasan et al., 2017; Li et al., 2016; Wang et al., 2017). The ability to produce exo-
electrons by Shewanella xiamenensis was reported by Szollosi et al. (2014) and they also

mentioned the potential of this species in MFCs.

2.1.6 Electron transfer and mediators

Electron transfer in the anode chamber is the key issue in understanding the theory of
how MFC operation. Microorganisms play important roles in anode chamber and they utilize
different substrates as a carbon source to generated electrons and protons (Liu et al., 2004;
Park et al., 2014). For example, glucose can be used as a substrate and the electrons are
generated according to Eq. 2.3. Degradation of 1 molecule glucose in an anaerobic condition

will generate 24 electrons and 24 protons.
CsH1206 + 6H20 — 6CO; + 24¢” + 24H" (Eq. 2.3)

The electron transfer from microorganism to the electrode through an electron transport
system that includes a series of components in the bacterial extracellular matrix or together
with electron shuttles dissolved in the bulk solution (Du et al., 2007). Figure 2.5 illustrated
the chemical compounds to be involved in the electron transfer from electron carriers in the
intracellular matrix to the final electron acceptor (anode) in Shewanella oneidensis MR-1.

Microorganisms can be used in four ways for producing electrical energy (Shukla et al.,
2004):

1. Microorganism produce electrochemically active substances through fermentation or
metabolism. Fuels are produced in separate reactors and transported to the anode of a
conventional fuel cells. The microbial bioreactor is kept separated from the fuel cells.

2. Microorganism oxidized organic matter and produce fuel directly in the anodic of the
fuel cells.

3. The mediator played as an electron shuttle, accepted -electrons from the
microorganisms and transport them to the anode of the fuel cells.

4. The ability of metal-reducing of microorganism created the communication

electrically with the electrode surface directly.
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Figure 2.5. Summary of components proposed to be involved in the electron transport
from cells to the anode in MFCs (Shewanella oneidensis MR-1) (CymA inner membrane
tetraheme c-Cyts; MtrA periplasmic decaheme c-Cyts; MtrB B-barrel trans-OM protein; MtrC
and OmcA two OM decaheme cCyts) (Du ef al., 2007; Li et al., 2018)

Microorganisms can transfer electrons to anode in MFCs by three ways (Figure 2.6),
such as: transfer electron from bacterial to anode in the short-range through redox active
protein present on the outer surface membrane of bacteria such as cytochromes; transfer
electron via electron shuttles, mediators, for example, flavins and pyocyanin; transport
electron to the anode in the long-range through microbial nanowires (Kumar et al., 2015b).
Figure 2.6a describes the electron transport via microbial-nanowires arising from the
microorganisms. Some Geobacter and Shewanella strains can evolve conductive pili
(microbial-nanowires) that allow microorganisms to use anode as an electron acceptor
without contact directly. The conductive pili are connected to the membrane-bound
cytochromes where the electron transfer from inside of microorganisms to outside. The
electrons will follow the conductive pili to move to the anode. The second mode for transfer
of electrons is indirect via soluble mediators (Figure 2.6b). Oxidized mediators form catches
electrons, then they are reduced and release electrons at the anode surface. In direct electron
transfer (Figure 2.6c¢), electrons can be transported via a physical contact of the bacterial cell
membrane with the anode. Electrons inside of the microorganisms cell will be transferred to
the outer membrane where c-type cytochromes allow the electron to move directly to anode

external (Kim et al., 2018; Kumar et al., 2016).
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Figure 2.6. The mechanisms of electron transfers from microorganisms to anode in
MFCs (Kumar ef al., 2015b)

Since 1980s, it’s well known that current density and the power output of MFC system
could be enhanced by the addition of electron mediators (Du et al., 2007). Based on the
application of electron shuttles, MFCs can be classified into two different categories: MFCs
with mediator and mediator-less MFCs (Huang et al., 2008). Table 2.2 showed some
constructions of MFCs together with microorganism, substrate and mediators (if any).

In mediator MFCs, some microorganisms have the outer layers composing of non-
conductive lipid membrane, peptidoglycans and lipopolysaccharides or have no
electrochemically-active-surface-proteins. These membranes can hinder the direct electron
transfer to the anode electrode (Davis et al., 2007). The presence of mediators accelerated the
transfer electrons from microorganisms to the anode electrode. The working principle of these
mediators was show in Figure 2.7. The mediators in an oxidized state can be reduced by
crossing the outer cells lipid membranes and plasma wall capturing the electrons. Then, the
mediators move to the anode and release the electrons and become in oxidized state again
resulting increase in electrons transfer rate, and thus enhancement of the power output of

MFCs (Bennetto et al., 1983; Du et al., 2007).
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Table 2.2. List examples of MFCs with mediators or mediator-less and their substrates
(Du et al., 2007; Najafpour, 2015)

Microbes Substrate Mediator References
Escherichia coli Glucose Methylene blue Grzebyk et al., 2005;
sucrose Ieropoulos et al., 2005;
Schroder et al., 2003
Geobacter Acetate Mediator-less MFC | Min et al., 2005a
metallireducens
Geobacter Acetate Mediator-less MFC | Bond et al., 2003a; Bond
sulfurreducens etal.,2002
Gluconobacter oxydans | Glucose HNQ, resazurin or | Lee et al., 2002
thionine
Mixed consortium Glucose, Mediator-less MFC | Thygesen et al., 2009
sucrose
Proteus mirabilis Glucose Thionine Choi et al., 2003
Pseudomonas Glucose Pyocyanin and Rabaey et al., 2005a;
aeruginosa phenazine-1- Rabaey et al., 2004
carboxamide
Rhodoferax Glucose, Mediator-less MFC | Chaudhuri et al., 2003; Liu
ferrireducens xylose, et al., 2006
sucrose,
maltose
Saccharomyces Glucose Thionine, neutral Najafpour et al., 2011
cerevisiae red, methyl blue,
Ferric chelate
Shewanella oneidensis | Lactate Anthraquinone-2,6- | Ringeisen et al., 2006
disulfonate (AQDS)
Shewanella putrefaciens | Lactate, Mediator-less MFC, | Kim et al., 1999b; Kim et
pyruvate, but incorporating an | al., 1999c; Park et al.,
acetate, electron mediator 2002
glucose like Mn (IV) or NR
into the anode
enhanced the
electricity
production
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Figure 2.7. Working principle of redox mediators (Shukla ez al., 2004)

The mediator molecules should possess the following requirements (Du et al., 2007,

leropoulos et al., 2005; Shukla et al., 2004; Wilkinson, 2000):

should cross the bacterial cells membrane easily to catch the reductive species
inside the bacteria

able to catch electrons from the electron carries of the electron transport chains
able to escape from the bacterial cell membrane

have a high rate of electrode reaction

should be chemically stable in the electrolyte solution, should be easily soluble,
and should not adsorb on the bacterial cells or electrode surface

non-toxic to microbes or microbial decomposition

low cost and be available

The mediators are classified in two groups, such as artificial mediators and self-

generated mediators. Various chemicals are used as an artificial mediators (Bond et al., 2003;

Logan et al., 2006) for example, thionine, benzyl viologen, potassium ferricyanide, 2,6-

dichlorophenolindophenol, 2-hydroxy-1,4-naphthoquinone, phenazines, phenothiazines,

phenoxazines, iron chelates, neutral red, methylene blue (Bond et al., 2002; Ieropoulos et al.,

2005; Tkeda et al., 2003; Logan, 2004; Logan et al., 2006; Park et al., 2000; Vega et al.,

1987). Figure 2.8 showed the chemical compounds involved in the electron transportation

from the metal reducing microorganisms to anode surface.
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Figure 2.8. Model of various chemical compounds play as electron shuttles
(Du et al., 2007)
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Figure 2.9. The different electron transport mode of the mediator: (a) mediators and
bacterial cells are present in the solution phase; (b) bacterial cells are covalently attached to
the anode surface; (c) mediators are covalently linked to the outer membrane of bacterial cells

(Shukla ef al., 2004)

In the other hand, some microorganisms can produce extracellular compounds acted as

mediators. (Rabaey e al., 2005b; Reguera et al., 2006) reported that Pseudomonas species in
MFCs produced a material called phenazine which transports the electrons to the anode
surface. The mediators can connect to the microorganism in three different ways (Figure 2.9):
(a) as diffusional mediator shuttling between the microbial suspension and the anode surface;

(b) a diffusional mediator shuttling between the anode and microbial cells covalently linked
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to the electrode. The amide bond was formed between the presence of -COOH groups of the
electrode surface and the amino groups of the microbial membrane via covalent linking; (c)
mediator adsorbed on the microbial cells transporting electron from the cells membrane to the
anode surface (Shukla ef al., 2004).

In mediator-less MFCs, electricity can be generated by some microorganisms without
any mediators. Because of some limitations of mediator such as application cost and toxicity,
mediator-less MFCs may have advantages including non-toxic and cheaper (Flimban et al.,
2019). Some metal-reducing bacteria such as  Shewanella putrefaciens; Rhodoferax;
Geobacter sulfurreducens; Geobacter metallireducens; Aeromonas hydrophila; and
Klebsiella pneumoniae (Chaudhuri et al., 2003; Fan et al., 2016; Kim et al., 1999a; Kumar et
al., 2015a; Pham et al., 2003; Zhang et al., 2008) were reported to be good biocatalyst in the
MFC. Fe(lll)-reducing bacteria are found to be electrochemically active because of their
cytochromes in the outer membranes (Kim et al., 1999b; Kim et al., 2002). In the glucose
medium with the presence of Fe(Ill), the stoichiometry of glucose utilization and Fe(III)
reduction can be explained in the Eq. 2.4 (Chaudhuri ef al., 2003; Shukla ef al., 2004). In this
reaction, utilisation of one glucose molecule, the microorganism can reduce totally 24 mol
Fe’" generating 24e” and 24H". It exhibits high reducing capacity of electrochemically active

bacteria.

CeH 1206 + 6H20 + 24Fe(I1l) — 6CO; + 24Fe(I) + 24H" + 24e~ (Eq. 2.4)

2.1.7 Application

2.1.7.1 Wastewater treatment

Wastewater treatment is one of the most well-known application of MFCs (Najafpour,
2015). Since 1991 many studies focused in this area (Table 2.3). Rabaey et al. (2006)
reported that MFCs using specific microbes were excellent techniques to remove sulfides
from wastewater. Puig et al. (2011) used MFC in landfill leachate treatment and electricity
production under high levels of nitrogen concentration.

In terms of ingredient of wastewater, it is divided into organic and inorganic wastes.
Communal wastewater contains a mixture of organic matter that microorganisms in MFCs
can use as fuel and oxidize these releasing electrons (Du ef al., 2007; Habermann et al., 1991;
Shukla et al., 2004). In some cases, MFCs can even achieve 50 — 90% solids removal from

wastewater, reducing restatements costs (Holzman, 2005). Additionally, up to 90% of COD
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(Chemical Oxygen Demand) was removed in some cases (Puig er al., 2011; Wang et al.,
2012b) with coulombic efficiency as high as 80% (Kim et al., 2005) while the organic
molecules such as acetate, propionate, butyrate were thoroughly broken down to CO> and
H>O (Du et al., 2007). MFCs also are used for treatment of inorganic wastes (Najafpour,
2015). In 2006, some special microbes were used in MFC system to remove sulfides in

wastewater (Rabaey et al., 2006).

Table 2.3. MFC system with wastewater treatment (Najafpour, 2015)

Component | Maximum Anode Cathode | Removal | Location | References
eliminate power material | material | efficiency | of removal
COD 371 Graphite Graphite 95 Anode Oh et al.,
mW/m? | plate plate chamber | 2005
COD 225 Graphite Graphite 92 Anode Min et al.,
mW/m? | plate plate chamber | 2005b
Carbon 34.5 Granular Granular 100 Anode Virdis et
W/m? graphite graphite chamber | al., 2008
COD 7.6 Graphite Graphite 90 Anode Moon et
mW felt felt chamber | al, 2005
Dye 15.73 Graphite Graphite 93 Anode Yadav et
mW/m? | plate plate chamber | al, 2012
Nitrogen 34.6 Granular Granular 67 Cathode Virdis et
W/m? graphite graphite chamber | al., 2008
Copper 339 Graphite Granular 96 Cathode Tao et al,,
mW/m? plate graphite chamber | 2011
COD 26 Graphite Graphite 80 Single Liu et al.,
mW/m? | plate plate chamber | 2004b

2.1.7.2 Generation of bioelectricity

MFC an attractive technology is able to generate electricity by using biochemical
energy stored in the chemical compounds in a biomass with the aid of microorganisms
(Logan, 2007b; Najafpour, 2015). In the report of Chaudhuri et al. (2003), R. ferrireducens
was used in the mediator-less two-chambered glass vessel MFC system to generate electricity
with difference of anode materials such as graphite rod (6.5 x 10~ m?), graphite foam (6.5 x
102 m?), and fine woven graphite felt (20 x 10~ m?). Increasing the surface area of anode for
microbial colonization increased current output. For example, 3-fold higher (~0.57 mA; 620
mV) current output was produced when using graphite felt instead graphite rod. Porous

graphite foam electrodes, having almost the same geometric surface area as that of graphite
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rods, generated 2.4-fold more current (~0.45 mA; 445 mV) with glucose as the fuel than did
the graphite rods. In addition, their result (Chaudhuri et al., 2003) also showed that R.
ferrireducens can convert even over 80% of glucose to electrons making current in
comparation with 0.04% of Clostridium butyricum in the report by Park er al. (2001).
Rosenbaum et al. (2006) demonstrated the MFC system with the high coulombic efficiency
(97%) with current density up to 6 mA/cm, when oxidized formate with the catalysis of Pt
black. Rabaey et al. (2003) constructed a MFC system containing a mixed bacterial culture
utilizing glucose as carbon source. Higher electron recovery as electricity of up to 89% at
powers up to 3.6 W/m? of plain graphite electrode surface was reported in their research.
Recently, there are many approaches to studying the electricity generation of MFC, Table 2.4

showed the performance of MFCs with difference of bacteria and electrode type.

Table 2.4. The power density of MFCs based on difference of bacteria and electrode type
(Rabaey et al., 2005b)

Bacteria Substrate | Electrode | Mediator | Power density References
type (W/m?3)

Proteus Glucose | Glassy Thionine 18 Delaney et al.,
vulgaris carbon 2008
Proteus Glucose | Glassy Thionine 9.0 Choi et al,
vulgaris carbon 2003
Escherichia Lactate Woven Mn(IV) was 7.6 Choi et al,
coli graphite immobilized 2003

in/on

electrode

matrix
Shewanella Lactate Woven 0.08 Kim et al,
putrefaciens graphite 2002
Geobacter Acetate Plain 0.35 Bond et al.,
sulfurreducens graphite 2003
Pseudomonas | Glucose | Plain 8.8 Rabaey et al.,
aeruginosa graphite 2005a

However, MFC power generation is very low because of the low rate of electron
transport (DeLong et al., 2002; Tender et al., 2002). To solve this problem, a simple solution
is to save the generated electrons in rechargeable devices and use them as needed. “EcoBot I”
is the product can accumulate the energy generated by the MFC and worked in a pulsed

manner (leropoulos et al., 2003). In addition, Willkinson et al. (2000) was also used MFC
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system to provide energy for the operation of robots namely “Gastrobots”, a class of

intelligent machines, self-feeding the biomass collected by themselves.

2.1.7.3 Biosensor

Another application of MFC technology it used as a biosensor for pollutant analysis and
process monitor (Chang et al., 2004; Chang et al., 2005). The correlation between BOD and
coulombic yield provides suitable method for determination of BOD in a wastewater (Chang
et al., 2004; Kim et al., 2003). MFC with Shewanella sp. was reported to be good detector of
the BOD of wastewater (Lovley, 2006). Lactate up to 50 mM was measured by MFCs
biosensor containing S. putrefaciens (Najafpour, 2015). The MFC based BOD biosensor with
the microbes enriched even worked for duration of 5 years without any process maintenance

(Kim et al., 2003).

2.2 Biopolymers
2.2.1 Hydrogel

Hydrogel products which constitute a polymeric materials group have three-dimensional
network with the hydrophilic structure of which retains a large amount of water/biological
fluids without dissolution in aqueous state water/biological fluids (Ahmed, 2015). The
formation of these hydrogels were occurred by the interaction between polymeric chain
networks and water/biological fluids (Pyarasani ef al., 2019). Hydrogels are insoluble in water
because they have the cross-linking with the ionic interaction, covalent and hydrogen bonding
between the polymeric networks and water molecules (Peppas et al., 2000). Either natural or
synthesis polymers can be used to prepare hydrogels (Ahmed, 2015).

The hydrogel products can be classified on different ways (Table 2.5). The major
groups are classified based on physical state, ionic charge, structure, cross-linking method,

and hydrogel preparation methods.

2.2.2 Conducting polymer

Conducting polymer is sort of polymer belonging to group of artificial polymers with
spatially extended m-bonding system, possess ability to conduct electrons (Wijsboom et al.,
2009). Conducting organic polymer was presented by Shirakawa et al. (1977) several decades
ago. Today, there are over 25 organic conducting polymers that have been reported (Ateh et

al., 2007).
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Table 2.5. The classification of hydrogel products (Ahmed, 2015)

Major groups | Name References
Classification - Natural hydrogel: collagen, gelatin, starch, alginate, | Wen et al.
based on source | and agarose 2013

- Synthetic hydrogel: using chemical polymerization
methods

Classification - Homopolymeric hydrogels: polymer network derived | lizawa et al.,
according to from a single species of monomer, which is a basic | 2007; Maolin
polymeric structural unit comprising of any polymer network et al., 2000;
composition - Copolymeric hydrogels: polymer network comprised | Yang et al.,

of two or more different monomer species with at least | 2002

one hydrophilic component, arranged in a random,

block or alternating configuration along the chain of the

polymer network.

- Multipolymer Interpenetrating polymeric hydrogel:

made of two independent cross-linked synthetic and/or

natural polymer component, contained in a network

form, one component is a cross-linked polymer and

other component is a non-cross-linked polymer.
Classification - Amorphous (non-crystalline) Ahmed, 2015
based on - Semi-crystalline: A complex mixture of amorphous
configuration and

crystalline phases

- Crystalline
Classification - Chemically cross-linked networks: have permanent | Hacker er al.,
based on type of | junctions. 2015

cross-linking

- Physical cross-linked networks: the polymer chains are
entangled together by hydrogen bonding, hydrophobic
interaction, and crystallite formation

Classification
according to
network
electrical charge

- Nonionic (neutral)

- Ionic (including anionic or cationic)

- Amphoteric electrolyte (ampholytic) containing both
acidic and basic groups

- Zwitterionic (polybetaines) containing both anionic
and cationic groups in each structural repeating unit

Ahmed, 2015

As can be seen in the Table 2.6, the double and single bonds are arranged alternately,

or conjugated segments coupled with atoms providing p-orbitals for a continuous orbital

overlap (e.g. N, S) forming a conjugated structure of polymers. The conjugated structure

makes an orbital system that allows the charge carriers to move through a continuous

overlapping of w-orbitals along the polymer backbone (Dai, 2004).
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Table 2.6. Some conjugated conducting polymers (Dai, 2004)

Polymer Structure Date conductivity | Conductivity
discovered (S/cm)

Polyacetylene and analogues

Polyacetylene N 1977 10° - 1.7 x 10°

Polypyrrole H 1979 102 - 7.5 x10°

Polythiophene \6@ 1981 10 - 10°
9

Polyphenylene and analogues

Poly(paraphenylene) @ 1979 10° - 10°

Poly(p-phenylene ( <:> ) 1979 3-5x10°
vinylene) N

Polyaniline H - 1980 30-200

Polyaniline is well-known a popular conducting polymer because of cheap, availability
and easy to synthetize. Polyaniline is a phenylene-based polymer with -NH- group on either
side of the phenylene ring (John ef al., 2008). Polyaniline can be synthesized by chemical and
electrochemical oxidation methods. In the chemical method, it can be fabricated by aqueous,
emulsion, interfacial polymerization technique (Bhadra e al., 2009; Stejskal et al., 2010).
Ammonium peroxydisulfate has currently been used for the oxidation of aniline to polyaniline
in water (Trchova et al., 2006) or in the acidic aqueous medium (Stejskal et al., 2002).
Stejskal et al. (2017) oxidized 0.2 M aniline with 0.25 M ammonium peroxydisulfate in water

at room temperature to form polyaniline (Figure 2.10).

NH,
4n +5n (NH4),S,04
\ @
NH NH
Z
HsOy

®

NH NH

HsoP n

+3 N H,80, + 51 (NH4),SO,

Figure 2.10. Shema for synthesis of polyaniline from aniline by oxidation with
ammonium persulfate (Stejskal, 2017)
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2.2.3 Conducting polymer hydrogels

Conducting polymer hydrogels are gels containing a conducting polymer along with a
supporting polymer as constituents, and they are swollen with water or electrode solution
(Stejskal, 2017). These hydrogels provide a great interface between the electronic transporting
(electrode) and the ionic transporting phases (electrolyte) in both the natural and synthesis
biological systems (Pyarasani et al., 2019). Additionally, these materials include the benefits
features of both the hydrogels and organic conductors (Pyarasani et al., 2019; Stejskal, 2017).
Some properties of conducting polymer hydrogels exhibit following (Ansari et al., 2018;
Stejskal, 2017):

- mixed electrical conductivity (electronic and ionic conductivity)

- electrochemical reversibility between redox forms of conducting polymer
- the transition between salt-base forms in conducting polymers

- good flexibility and mechanical integrity

- non-toxicity and biocompatibility

- porosity and high specific surface area

- controlled morphology and macroscopic homogeneity.

2.2.3.1 Preparation of conducting polymer hydrogel
Conducting polymer hydrogels can be prepared by many methods. The final material
consists of conducting polymers as physically entrapped within the hydrogel matrix (Ansari et

al., 2018).

2.2.3.1.1 Within hydrogel matrix

Conducting polymer hydrogel are made by embedding conducting polymer in cross-
linked water-soluble polymer matrix and swollen with water or aqueous solutions of
electrolytes (Ansari et al., 2018; Stejskal, 2017). The addition of conducting polymers into a
gel matrix appeared in good chemical stability, thermal stability and the electrical
conductivity. The natural polysaccharides such as starch, cellulose, chitosan, alginate and
their derivatives have been used in preparation conducting hydrogels in different conditions
(Sharma et al., 2016). Polyaniline, polypyrrole and poly(3,4-ethylenedioxythiophene) have
been used as conducting polymers (Ansari et al., 2018; Stejskal, 2017). The synthesis of
conducting polymer hydrogels is started by the preparation of hydrogels made of cross-linked
water-soluble polymer, and then polymerization of monomers such as aniline, pyrrole, 3,4-
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ethylenedioxythiophene, etc. are diffused into a hydrogel matrix. Monomer-containing
hydrogel is immersed in the oxidant solution (Ansari et al., 2018). Table 2.7 shown the
oxidant and hydrogel matrix using for preparation of some conducting polymer hydrogel with

different monomers (Stejskal, 2017).

Table 2.7. Hydrogel matrix and oxidant of some conducting polymer hydrogels (Stejskal,

2017)

Hydrogel matrix Oxidant References
Polyaniline hydrogels
Alginate, sodium salt Ammonium peroxydisulfate Srinivasan et al., 2015
(APS),
Electrooxidation (EO) Kim et al., 2004
Cellulose Silver nitrate, Wan and Li, 2016
EO Shi et al., 2014a, b
Gelatin APS Wu et al., 2016
Pectin APS Zhao et al., 2016
Poly(vinyl alcohol) APS Wang et al., 2015a
Polypyrrole hydrogels
Cellulose Iron(III) chloride, Liang et al., 2015
Iron(III) nitrate and silver nitrate | Zhou et al., 2015
Phytic acid APS Tang et al., 2015
Polyacrylamide APS, Castro et al., 2015
EO, Saha et al., 2015
Iron(III) chloride Sun et al., 2011
Poly(acrylic acid) APS Smirnov et al., 2011
Poly(3,4-ethylenedioxythiophene) hydrogels
Polyacrylamide Iron(III) nitrate Dai et al., 2010b
Poly(acrylic acid) Iron(III) nitrate Dai et al., 2009
Poly(styrene-4-sulfonate) | Iron(Ill) nitrate, Dai et al., 2015
sodium salt Iron(III) toluenesulfonate Kishi et al., 2014
Poly(N,N- Iron(III) toluenesulfonate Kishi et al., 2014
dimethylacrylamide)

2.2.3.1.2 In the presence of water-soluble polymer

This method is done only in one step. Conducting polymer hydrogel is made by the
oxidation/polymerizations of aniline or pyrrole in the presence of water-soluble polymers,
stabilizers and yield colloidal dispersions. When conducting polymer hydrogel is synthesized,

hydrogen bonding and/or chain entanglements, or both are formed, where cross-linked
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network and ionic bonds have a negligible role in their formation (Dispenza et al., 2006;
Stejskal et al., 2005). When the reactants and/or stabilizer are high concentration, hydrogels
are produced (Ansari et al., 2018; Stejskal, 2017). Stoniewska et al. (2014) used 0.5 M
ammonium peroxydisulfate oxidize 0.5 M aniline in 0.5 M poly(sodium 4-styrenesulfonate)
aqueous solution to produce a soft and sticky hydrogel. In the oxidation of aniline in the
presence of poly(sodium 4-styrenesulfonate) at a low concentration of stabilizer, colloidal
dispersion were obtained and hydrogels are created only after the concentration of reactants is

increased (Jia et al., 2012).

2.2.3.1.3 Penetration of hydrogel with a conducting polymer

In this method, conducting polymer in solution or colloidal form, followed by their
penetration into the preformed hydrogel (Ansari et al., 2018; Stejskal, 2017). This method has
the disadvantage of the limited solubility of conducting polymer. In addition, the
compatibility of two polymers is also a limitation, solutions containing two different polymers
tend to separate into coexisting phases. However, if there is a strong interaction between both
polymers, conducting polymer can penetrate into hydrogel favorably (Mawad et al., 2016).
Martinez et al. (2015) successfully fabricate nanocomposite by loading polyaniline into a
preformed hydrogel matrix (N-methylpyrrolidone). The conducting polymer hydrogels could
be used in a pressure sensor because their electronic conductivity will be changed when they

were applied by pressure.

2.2.3.1.4 In the presence of a conducting polymer

The particles of conducting polymers are dispersed in reaction mixture used for the
preparation of a hydrogel. The cross-linking is formed by the presence of the physical
gelation, chemical or radiation (Ansari et al., 2018; Stejskal, 2017). The limitation of this
method is the appearance of sedimentation in the forming of cross-linking because conducting
polymer particles are insufficient dispersion and inhomogeneity (Ansari et al., 2018). Zhang
et al. (2009) prepared conducting polymer hydrogel by dispersing polyaniline nanofibers at
75°C into agarose solution and cooling to ambient temperature. Baniasadi et al. (2015) used
PANI-coated graphene in chitosan solution at 40 “C to get conducting polymer hydrogel after
temperature decrease. Lee ef al. (2016) as well as Castro ef al. (2015) used polypyrrole or
poly(3,4-ethylenedioxythiophene) incorporated into polyacrylamide gel or gelatin/chitosan
gel to prepare conducting polymer hydrogel.
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2.2.3.1.5 Simultaneous polymerization/oxidation

The conducting polymer hydrogels are prepared when both the hydrogel and conducting
polymers are produced in the same experiment. The process of polymerization and
gelation/cross-linking does not necessarily occur at the same time (Ansari et al., 2018;
Stejskal, 2017). Dai et al. (2008) used iron(III) nitrate in the presence of poly(styrenesulfonic
acid) with the oxidative polymerization of 3,4 ethylenedioxythiophene to produce conducting
polymer hydrogel. Tang et al. (2008) mixed aniline, acrylamide and potassium
peroxydisulfate solution at 80 C. In this case, polyacrylamide and polyaniline were produced

simultaneously and swelled in water to produce a hydrogel.

2.2.3.2 Application of conducting polymer hydrogel

Biosciences and energy conversion and storage are two main research streams of
conducting polymer hydrogels. In biomedicine field, conducting polymer hydrogel are
applied in biosensors and biostimulation, electrostimulated drug-release devices, and neural
prostheses (Guiseppi-Elie, 2010; O'Connor et al., 2015). The biodegradability of conducting
polymer hydrogels is poor (Stejskal er al., 2012), but they can be combined with
biodegradable polymers, such as pectin to suit their application-wearable electronics (Zhao et

al., 2016). Some main applications of conducting polymer hydrogel are listed below.

2.2.3.2.1 Biosensor

Zhai et al. (2013) prepared polyaniline hydrogel for glucose enzyme biosensor based on
Pt nanoparticles/polyaniline hydrogel heterostructures. According to the authors, this sensor
has the average response time 3s and works well in the range of 0.01 — 8 mM glucose. The
high sensitivity could be attributed to the 3D porous structure of hydrogel and synergic
catalytic activity of Pt nanoparticles. In addition, Stoniewska et al. (2014) fabricated urea
biosensor from such hydrogel that was prepared by the polymerization reaction of aniline
monomer in polyaniline-poly(styrene sulfonate) solution. This sensor revealed high sensitivity
for urea in the 10 — 0.1 M concentration. Besides, the same research group used polyaniline-
poly(styrene sulfonate) hydrogel to attach horseradish peroxidase covalently by carbodiimide
reaction resulting in fast responses with the low detection limit of H>O, (Jabtonska et al.,

2017).
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2.2.3.2.2 Supercapacitor

Using polyaniline hydrogel as electrodes in supercapacitors was reported in many
research (Dou et al., 2016; Guo et al., 2015; Jayakumar et al., 2015). Hu et al. (2017) used
polyvinyl alcohol—polyaniline hydrogel to fabricate all-solid-state flexible supercapacitor by
physical mixing method and exhibited 11.3 mF/cm? specific capacitance. Huang et al. (2016)
prepared polyvinyl alcohol-polyaniline hydrogel by the freezing—thawing method and the
specific capacitance of this electrode material is 105 F/g. Liu et al. (2018) reported hydrogel
mediated polyaniline-polyacrylic acid-carbon nanotube electrode material for supercapacitor
applications. The specific capacitance is 612.5 F/g at 0.5 A/g and cycling behavior of 81.5%
retention after 1500 cycles. Polyaniline hydrogel containing nickel oxide (Zhang et al., 2015),

silicon nanoparticles (Oh et al., 2015) were also used as electrodes in lithium-ion battery.

2.2.3.2.3 Microbial fuel cell

Due to excellent electrochemical properties and other advantageous features of both
hydrogels and organic conductors (Tang et al., 2015), conducting polymer hydrogel attracts
attention in microbial fuel cell application. Tang et al. (2015) synthesize conductive
polypyrrole hydrogels/carbon nanotubes (CPHs/CNTs), and this composite was used as anode
in the MFC. Phytic acid was used as the gelator and dopant to synthesize the CPHs/CNTs
composite. MFCs with CPHs/CNTs anode had a maximum power density of 1898 + 46
mW/m?, while the MFCs with bare graphite felt only exhibited a maximum power density of
871 + 33 mW/m? In their research, CPHs/CNTs exhibited good material as electron
transferrer in MFC. Kumar et al. (2014) fabricated graphene oxide/carbon nanotube
composite hydrogels by dispersion of carbon nanotubes and graphene oxide in the poly(N-
isopropylacrylamide) hydrogel matrix and use it as anode in MFC. Graphene oxide exhibits
oxygen function groups that allow graphene oxide can be reactive with organic and inorganic
chemicals such that hybrids materials or soft materials can be synthesized (Compton et al.,
2010). Moreover, graphene oxide is also used to disperse carbon nanotubes through m-n
stacking interactions (O'Connell et al., 2001). In MFC, poly(N-isopropylacrylamide)/graphene
oxide/carbon nanotube composite hydrogels anode exhibited higher MFC performances in
comparation with poly(N-isopropylacrylamide) hydrogel anode. In 2017, Szo6llési et al.
formed hydrogel by immobilization of biocatalyst in alginate/polyaniline/titanium-
dioxide/graphite composites and used it as bio-anode in MFC. Alginate as dopant and

template was used for immobilization microorganism cells by entrapment method. Firstly,

28



aniline-alginate network was formed by ultra-sonication. After that, the composites were
synthesized in presence of ammonium persulfate. Graphite powder and titanium-dioxide were
added into hydrogel to improve the electrical conductivity. The alginate/polyaniline/titanium-
dioxide/graphite composites with high electrical conductivity were successfully fabricated.

This bio-anode demonstrated effectiveness in improving the power density in MFC.

2.2.3.2.4 Other applications

Biomedicine, controlled release or adsorbents are the other application of conducting
polymer hydrogel. Bajpai et al. (2009) tested the biocompatibility of polyaniline/poly(vinyl
alcohol) hydrogel with respect to blood coagulation. No cytotoxic effect was observed with
growth of human skin fibroblasts in a polyaniline hydrogel based on bacterial cellulose (Shi e?
al., 2014). The electroactive injectable degradable hydrogels could be considered as bioactive
scaffolds for tissue regeneration because their non-toxic (Li ef al., 2014; Petrov et al., 2016).
In the controlled release application, Sharma et al. (2016) tested the releasing of amoxicillin
trihydrate on polyaniline/poly(acrylic acid-grafi-gum ghatti). Many drugs may interact with
polyaniline as counter-ions or by other bonding interactions. Then, they can be released in
suitable environment, for example under physiological conditions (Ansari et al., 2018;
Stejskal, 2017). Besides, polyaniline hydrogel was also used as an adsorbent. Yan et al.
(2015) used polyaniline/phytic acid hydrogel to adsorb a cationic dye, methylene blue with
the adsorption capacity being up to 71 mg/g. Moreover, polyaniline/poly(acrylic acid)/gum
ghatti hydrogel was analyzed for moisture retention capacity in soil cultivation (Sharma et al.,

2014).

2.2.4 Bacterial cellulose

Bacterial cellulose (BC), an exopolysaccharide, was produced by different bacteria
including Gram negative bacteria species such as Acetobacter Azotobacter, Rhizobium,
Agrobacterium, Pseudomonas, Salmonella, Alcaligenes, as well as Gram-positive bacterial
species such as Sarcina ventriculi (Wang et al., 2019). Gluconacetobacter xylinus (formerly
Acetobacter xylinum) is one of the most commonly used source for bacterial cellulose (Keshk
et al., 2006; Nguyen et al., 2008). BC has an ultra-fine network of cellulose nanofibers with
the diameter is 20 — 100 nm and has a chemical structure similar to the cellulose, where

hydroxyl functional groups exist (Manoukian et al., 2019).
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2.2.4.1 Production

The production of bacterial cellulose could be carried out in solid-phase or submerged
culture (El-Saied et al., 2004). Stationary culture and agitated culture are two methods
generally used (Watanabe er al., 1998). In the static cultivation, the bacteria strain was
produce a gelatinous bacterial cellulose membrane on the surface of the nutrition solution
(Rani et al., 2011), whereas the agitated/shaking culture method, the bacterial cellulose is
accumulated as irregular masses such as granule, stellate, and fibrous strand (Wang et al.,
2019). There are some differences in the structure of bacterial cellulose between two
produced methods. In the static culture method, the crystallinity and Ioa content of cellulose
were found higher than that in the agitated culture method. Additionally, the degree of
polymerization of cellulose molecule in the agitated culture method was lower than in the
other. The agitated culture method is applied for industrial production of bacterial cellulose
(El-Saied et al., 2004), while the static culture method is used for the biomedical and
cosmeceutical applications with a proper shape (film, sheet or membrane) (Park ef al., 2009)

The condition of the culture environment such as nutrition, pH and oxygen supplied
impacts the properties of BC (Pourramezan et al., 2009; Zeng et al., 2011). Aerobacter,
Alcaligenes produced fibril structure BC with the flocculation in wastewater, Acetobacter
produced ribbon structure BC, while Gluconacetobacter can produce BC with 3D network
nanofiber (Table 2.8).

Table 2.8. Effects of bacterial strain on structure and biological role of cellulose
products (Wang et al., 2019)

Genus ‘ Biological role

Fibril structure

Aerobacter Flocculation in wastewater

Agrobacterium Attachment to plants

Alcaligenes Flocculation in wastewater

A. hansenii Maintenance in acrobic bio-reactors for fermentation
Rhozobium Attachment to plants

Ribbon structure

Acetobacter Maintenance of aerobic environment
Achromobacter Flocculation in wastewater

3D network nanofiber

Gluconacetobacter Aerobic environment
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The bacterium Acetobacter xylinum is reported to be one of good strain for production
of BC (Park et al., 2009). The main carbon source for this aerobic bacteria strain is glucose or
sucrose and it can covert 108 glucose molecules into cellulose per hour (Park et al., 2009;
Wang et al., 2019). Moreover, the other carbon source such as both 5- or 6-carbon
monosaccharides, oligosaccharides, starch, alcohol, and organic acids are also reported to use
for the biosynthesis of cellulose (Park et al., 2009). In recent years, the use of agricultural-
and industrial-based wastes as nutrient sources has been on focus because they are cheap
substrates (Castro et al., 2011; Li et al., 2015; Revin et al., 2018). Yeast extract, peptone, few
amino acids are also as good nitrogen source for the growth and production of bacterial
cellulose (El-Saied et al., 2004).

The growth of bacteria strains has four phases such as lag, log, stationary and death
phase. Generally, BC is produced in the log and stationary phases. The production of bacterial
cellulose is described as follows: at the beginning, the cell number of bacteria is very low and
BC film forms slowly. Then the microfibers are produced, and they intertwine and aggregate
with each other forming the irregular matrix or flocculent structures. When the bacterial cell
concentration increase, more and more BC films are secreted. Media with low pH can
improve growth of bacteria, and the BC biosynthesis is stopped when pH value is outside the

suitable range of pH 4 and pH 7 (Wang et al., 2019).

2.2.4.2 Structural features and properties

Bacterial cellulose composed of [-1,4-D-glucopyranose units linked to each other by
B-glycosidic bonds and so called exopolysaccharide (Lin et al., 2014). BC has the same
chemical structure as plant cellulose, but the degree of polymerization is about 2,000 to 6,000
for bacterial cellulose and 13,000 to 14,000 for plant. A continuous long unbranched polymer
chain was formed in BC by the repeated glucose monomers. Several cellulose chains in BC
are held together via strong intra- and intermolecular hydrogen bonds that form a sheet. In
addition, the bacterial cellulose sheets are linked by hydrogen bonds forming the crystalline
structure (Ullah et al., 2019). Bacterial cellulose has two different crystalline structures,
namely cellulose Ia and cellulose IB. Cellulose la is a triclinic unit cell consisting of one
cellulose chain and dominant in bacterial cellulose, while If is a monoclinic unit cell
consisting of two cellulose chains and dominated in plant cellulose (Park et al., 2009).

BC has the tensile strength, crystallinity and purity higher than plant cellulose (Table

2.9). During biosynthesis in static culture condition, the bacteria utilized carbon source
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polymerizing into single, linear -1,4-glucan chains and then they are secreted to outside of
the cells. The B-1,4-glucan chains are linked to each other leading to formation of subfibrils
(consisting of 10—15 nascent -1,4-glucan chains). A thick membrane was formed from these
subfibrils when they are crystallized into microfibrils, in turn into bundles, and the latter into
ribbons. The 3D structure membranes are formed consisting of an ultrafine network of
cellulose nanofibers. Meanwhile, the 3D structure of bacterial cellulose results in a higher
crystallinity (60-80%) and tremendous mechanical strength, whereas the plant cellulose lacks

a 3D structure (Park et al., 2009).

Table 2.9. Comparison of properties for bacterial and plant-based cellulose (Wang ez al.,
2019)

Properties Bacterial cellulose Plant-based References
cellulose
Tensile strength (MPa) | 20 — 300 25-200 Feng et al, 2015;
Gibson, 2012

Young’s modulus Sheet: 20,000 2.5-0.170 Lynd et al., 2002; Nishi

(MPa) Single fibre:130,000 etal., 1990

Water holding capacity | > 95 25-35 Rebelo et al., 2018; Ul-

(%) Islam et al., 2012

Size of fibers (nm) 20-100 micrometer Genet et al, 2007;
scale Szymanska-Chargot et

al., 2011

Crystallinity (%) 74 — 96 40 — 85 Park et al., 2010

Relative hydrophilicity | 40 — 50 20-30 Bishop, 2007

(%)

Purity (%) >99 <80 Klemm et al., 2005

Degree of 14000 — 16000 300 — 10000 | Tahara et al., 1997

polymerization

Porosity (%) > 85 <75 Al-Shamary et al., 2013

Total surface area > 150 <10 Bismarck et al., 2002;

(m?/g) Ul-Islam et al., 2012

Due to the large network of fibers, bacterial cellulose has a very large surface area. The
bacterial cellulose has approximately 100 times smaller in the size of fibrils than plant
cellulose. Additionally, BC has the ability to form hydrogen bonds and interact with water,
thus bacterial cellulose can absorb water up to 200 times of its dry mass (Czaja et al., 2006).
In additions, Young’s modulus of BC is definitely higher than plant cellulose. This issue can

be explained that the ultrafine fibrils of BC have the strong interfibrillar binding and BC has a

32



higher crystallinity structure (Park et al., 2009). The properties of bacterial cellulose are

summarized in Table 2.10.

Table 2.10. Distinguishing features of microbial cellulose (El-Saied et al., 2004)

Properties

Description

Purity

- Cellulose is the only biopolymer synthesized
- Absence of lignin or hemicelluloses
- Completely biodegradable and recyclable, a renewable resource

Great mechanical
strength

- High strength crystalline cellulose |
- Consistent dimensional stability

- High tensile strength

- Light weight

- Remarkable durability

Extraordinary
absorbency in the
hydrated state

- Remarkable capacity to hold water

- Selective porosity

- High wet strength

- High surface-to-volume carrier capacity

Direct membrane
assembly during

- Intermediate steps of paper formation from pulp unnecessary
- Intermediate steps of textile assembly from yarn unnecessary

biosynthesis - Extremely thin, submicron, optical clear membranes can be
assembled

Cellulose - Dynamic fiber-forming capabilities

orientation during | - Uniaxially strengthened membranes

synthesis

Direct modification
of cellulose during
assembly

- Delayed crystallization by introduction of dyes into culture medium
- Control of physical properties of the cellulose during assembly
(molecular weight and crystallinity)

Genetic
modification of
cellulose product

- Direct synthesis of cellulose derivatives (such as cellulose acetate,
carboxy methyl cellulose, methyl cellulose, etc.)

- Control of cellulose crystalline allomorph (cellulose I or cellulose
1)

- Control of molecular weight of cellulose

2.2.4.3 Conductive bacterial cellulose

BC has long been used as the raw material in many fields such as foods, paper industry,
audio components and medical applications (El-Saied et al., 2004). Structurally, BC are
composed of interconnected 3D networks of nanofibers with high-molar-mass, hydrogen-
bonded polymer chains in an extended-chain conformation (Kaewnopparat et al., 2008;
Kojima et al., 1997). The principle benefits of using BC as a raw material include easy

fabrication and its 3D structure, which is a key point for the conductivity performance of the

33



final composites (Ullah et al., 2019). Moreover, BC can also incorporate polymerizable
monomers into its network, interacting with the BC fiber chains. So, the characteristics of BC
such as electrical conductivity, surface reactivity, mechanical and thermal resistance can be
changed or improved (Shi et al., 2012).

In the recent years, conductive bacterial cellulose blends, especially bacterial
cellulose/polyaniline (BC/PANI) blends have been receiving attention from the scientists
because of their electronic applications (Li et al., 2012). Alonso et al. (2018) used BC as raw
material and fabricated BC/PANI using different BC matrixes (drained, freeze-dried and
regenerated) and different synthesis conditions (in situ and ex situ) to enhance the inherent
properties of BC. Their results reported that the structure of BC/PANI was changed
comparation with bare BC. The surface of BC/PANI have the presence of nitrogen, the
amount of oxygen was decreased and along with an increase in the carbon due to the aromatic

ring of PANI (Figure 2.11).
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Figure 2.11. Schematic representation of the BC/PANI interaction with BC and
respective functional groups (Alonso et al., 2018)

In addition, the electrical conductivity of PANI can be enhanced by using additives such
as carbon nanotubes (Oueiny et al., 2014) graphene (Solonaru et al., 2017) and metal salts
(Ciri¢-Marjanovié, 2013). Yoon et al. (2006) prepared electrically conducting polymeric
membranes by incorporating multiwalled carbon nanotubes (MWCNTSs) into bacterial
cellulose pellicles. It was found that the incorporation process is a useful method for
dispersing MWCNTs in an ultrafine fibrous network structure and enhancing the electrical

conductivity of the polymeric membranes. The conductivity of the MWCNTs-incorporated
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cellulose pellicle was 1.4 x 10" S/cm. To enhance the electrical conductivity, Kim et al.
(2019) fabricated the BC/PANI membrane with the addition Cu(Il). The presence of copper
salt improved the electrical conductivity of BC PANI to a level about 3.8 times higher than
that of BC-PANI produced without metal salt. Figure 2.12 presented the SEM images of the
surface of bare BC, BC/PANI and the surface of MWCNTs-incorporated BC. MWCNTSs were
successfully embedded in the BC network (Figure 2.12¢) and Cu(Il) were also incorporated
in BC/PANI membrane (Figure 2.12e).

Figure 2.12. SEM images of (a) purified bacterial cellulose pellicle; (b) purified MWCNTs;
(c) surface of the MWCNTs-incorporated bacterial cellulose pellicle; (d) surface of the
BC/PANI; (e) surface of BC/PANI/Cu (Kim et al.; Yoon et al., 2006)
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3 MATERIALS AND METHODS
3.1 Chemicals and reagents

Riboflavin, yeast extract, marine agar, sodium chloride and ammonium persulfate were
purchased from Reanal (Budapest, Hungary). Sodium hydroxide, hydrochloric acid, iron
citrate and aniline were purchased from Merck (Darmstadt, Germany); tryptone was obtained
from Oxoid Limited (Basingstoke, United Kingdom); Na-alginate was from Cargill
(Hungary); titanium dioxide was from VWR (Hungary); graphite powder was from
Pannoncolor (Hungary); cellulase enzyme was from Sigma-Aldrich (Hungary) and Bio-Rad

Protein Assay Kit was from Bio-Rad (USA).

3.2 Microorganisms

Shewanella xiamenensis DSMZ 22215 was purchased from Deutsche Sammlung von
Mikroorganizmen und Zellkulturen (DSMZ), Braunschweig, Germany.

Acetobacter xylinum (ATCC 23768) was from Institute of Biotechnology and Food
technology, Industrial University of Ho Chi Minh city, Vietnam.

3.3 Media and preparation

3.3.1 Marina agar

Pepton 5¢g
Yeast extract lg
Fe(III)-citrate 0.1g
NaCl 194 ¢
MgCl» 59¢g
Na;S04 324¢
CaCl, 1.8¢g
KClI 055¢
NaHCO3 0.16 g
KBr 0.08 g
SrCla 34 mg
H3;BO; 22 mg
Na-silicate 4 mg
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NaF 24 mg

(NH4)2NO3 1.6 mg
Na;HPOq4 8 mg
Agar I5¢g
Distilled water 1000 mL

The ingredients were dissolved in distilled water, adjusted pH 7 and sterilized at 121 "C

for 15 minutes.

3.3.2 Luria-Bertani (LB)

Trypton 10g
Yeast extract 5¢
NaCl 10g
Distilled water 1000 mL

The ingredients were dissolved in distilled water, adjusted pH 7 and sterilized at 121 "C

for 15 minutes.

3.3.3 Growth medium

The modified LB was used to carry out the experiment as following:

Trypton 10g
Yeast extract 5¢g
NaCl 10g
Glucose lg
Distilled water 1000 mL

The ingredients were dissolved in distilled water and sterilized at 121 °C for 15 minutes.

3.4 Experimental processes and analytical parameters

The summarization of experimental processes and analytical parameters was illustrated
in Figure 3.1. The scheme of fabrication of bio-anode was described in detail in Figure 3.2

and Figure 3.4.

37



The effect of exogenous riboflavin and pH on growth of Shewanella xiamenensis and riboflavin production

Exogenous riboflavin
0, 5,10, 15, 20 nmol/mL
Shewanella . . : ) Analytical parameters:
—p Xiamenensis Modl?fg)Lmugji-Eneqrtranl | PH a?_j'u:t? ent » - Cell number
(105 CFU/mL) P - Riboflavin concentration
Glucose
(0.25, 0.5, 0.75, 1 g/L)
|, Shewanela Luria-Bertrani (LB) | | pH adjustment Kinetics of riboflavin
5 medium pH=7 7 production
(10° CFU/mL)
Analytical parameters:
Shewanella . . . . - Cell number
—> xiamenensis Modlf("lfg)Lunz'-Bertram " ﬁH_aedj_l;s;m: n1t0 »- Riboflavin concentration
(10° CFU/mL) medium PH=0, 1.5, -pH
- Organic acid concentration
Exogenous riboflavin
10, 15, 20 nmol/mL
Shewanella - . . . Analytical parameters:
—) Xiamenensis Modl?fg)LmuzziErirtran| > pH ;cﬂu:tén gnt » - Riboflavin concentration
(10° CFU/mL) P T - Optimal value
Fabrication of bio-anode
Analytical parameters:
Using alginate/PANITIO,/ - Power density in batch mode and

Fabrication of alginate/PANI/
— | TiOJ/graphite composites +
bacterial cells (Figure 3.2)

graphite composites + bacterial

cells + exogenous riboflavin as
anode in MFC

f

Exogenous riboflavin
0, 5,10, 15, 20 nmol/mL

N Fabrication of bacteria cellulose
based composites (Figure 3.4)

.| Using bacteria cellulose based

semi-continuous mode
- Polarization curve

- Riboflavin and glucose
concentration in anode
- Cyclic voltammetry

composites as anode in MFC

Using bacteria cellulose based

Analytical parameters:

-FT-IR

- SEM

- Power density in batch mode and
semi-continuous mode

- Polarization curve

- Cyclic voltammetry

composites as anode in MFC

!

Exogenous iron (lll)
(3,6,9, 12 mM)

Analytical parameters:
- Power density

"|- Maximum coulombic efficiencies

- Reduction rate of Fe(lll)

Figure 3.1. Experimental processes and analytical parameters
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3.5 Culturing methods
3.5.1 Preculturing

The culture of Shewanella xiamenensis DSMZ 22215 maintained in the Marine agar
was used for preculturing purpose. Preculturing was performed in an Erlenmeyer flask
(working volume 150 mL) with incubation temperature 30 ‘C and shaking speed 180 rpm for
24 hours in an incubator shaker (Szollosi et al., 2015b). The S. xiamenensis cells were

collected by centrifuge at 10,000 rpm.

3.5.2 Effect of exogenous riboflavin on growth of S. xiamenensis and riboflavin

production

Systematic and judicious experiment was performed with Erlenmeyer flasks (working
volume 150 mL) to understand the microbial growth, concentrations of extracellular
riboflavin, pH in microbial broth with time progress. Batch mode experiments were
performed with modified LB medium supplemented with different concentrations of
riboflavin, ranging from 0 — 20 nmol/mL to understand the system dynamics. Before
experiment, modified LB medium was autoclaved at temperature 120 'C and 15 psi for 20
minutes, followed by addition of riboflavin into the medium in aseptic condition due to its
sensitivity towards high temperature. Initial pH of the medium 7.0 was adjusted by the 0.1 M
HCI or NaOH. For each experiment, initial cells number was maintained to 10° CFU/mL.
Programmed incubation temperature 30 ‘C under anaerobic condition and shaking speed 200
rpm for 120 hours was considered for this purpose. At every 24h intervals, 10 mL of samples
from each Erlenmeyer flasks were collected in aseptic way and cells concentration was
measured immediately. Subsequently, collected microbial broth was centrifuged with 12,000
rpm for 10 minutes at temperature 20 ‘C. Supernatant was collected, and concentrations of

extracellular riboflavin, pH in microbial broth were measured.

3.5.3 Kinetics of growth and riboflavin production of S. xiamenensis
Generally, the growth rate of microorganism at the certain substrate concentration is
described by Eq. 3.1.

y= "
dt

uXx (Eq. 3.1)

where:

v is growth rate (g/h)
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u 1s the specific growth rate (1/h)
X is biomass (g)

Media with different glucose concentration (from 0.25 g/L to 1 g/L) were prepared and
then growth of S. xiamenensis was investigated. The kinetic parameters were determined by
Monod model (Eq. 3.2).

— lumaxS
K +S

u (Eq. 3.2)

where:
u is the specific growth rate (1/h)
Umax 1S the maximum specific growth rate (1/h)
K is the saturation constant (g/L)

S is substrate concentration (g/L)

The relationship of cell growth to product formation was considered by Luedeking and
Piret (1959). In our research, Luedeking and Piret model was used to illustrate the kinetics of
riboflavin production of S. xiamenensis following equation Eq. 3.3.

d_P:adiJrﬂX (Eq. 3.3)
dt dt

where:
a is growth-associated product formation coefficient
[ is non-growth-associated product formation coefficient
P is product concentration (g/L)

X is biomass (g/L).

The equation Eq. 3.3 can be expressed as:

1 (dP 1 dx 1 (dpP ~
}(Ej—aiyzj-l—ﬂ 2}(Ej—aﬂ+ﬂ = qp—@U"‘ﬂ (Eq. 3.4)

where:
dpis the specific rate of product formation (1/h)

u 1s the specific growth rate (1/h)
a is growth-associated product formation coefficient

S is non-growth-associated product formation coefficient
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The o and f were calculated using regression analysis of experimental data. Both
correlation coefficients (R?) and t-probe of each estimated constants were checked for

statistical significances.

3.5.4 Effect of pH on growth of S. xiamenensis and riboflavin production

The method of this experiment was following 3.5.2. However, S. xiamenensis was
growth in modified LB medium with different initial pH without exogenous riboflavin. For
each experiment, initial cells number was maintained to 10° CFU/mL and initial pH of the
medium was ranged from 6 — 10, adjusted by the 0.1 M HCI or NaOH. Cells numbers,

riboflavin concentration, pH was measure after 24 hours intervals.

3.5.5 Optimization of riboflavin production

Central Composite Design (CCD) was used to investigate the effects of two
independent variables such as exogenous riboflavin (X;) and initial pH (X2). Riboflavin
production (Y) was measured at 72° hours of operation. The ranges of variables were
concentration of exogenous riboflavin (10 — 20 nmol/mL) and initial pH (7.0 — 9.0). The
second-order polynomial was calculated with a statistical package (Modde 5.0 software) to
estimate the response of the dependent variable. The second-order polynomial model used in

the response surface analysis was as follows:
Y =ao+aiXi + aXo +an X’ + anXo® + anXiXe (Eq. 3.5)

where Y is the response variable; X; and X» are the independent variables; ao is the
interruption coefficient; a; and a» are the coefficients of the linear effects; ai1 and ax; are the
coefficients of the quadratic effects; and ai» is the coefficient of the interaction effect.

The central composite design consisting of 11 experimental points (Table 4.4). The fit

of the models was evaluated by the determination coefficients (R?) and adjusted R? (R%-adj).

3.6 Fabrication of hydrogel bio-anode composites

3.6.1 Fabrication of hydrogel composites with the riboflavin and bacterial cells

A hydrogel composites containing gel-entrapped bacteria in
alginate/polyaniline/TiO2/graphite composites was prepared as previously described by

Szoll6si et al. (2017). First, composites coated hydrogels were fabricated. Na-alginate 0.1g
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was dissolved in 10 mL distilled water and then aniline 2 mg were added to the mixture and
mixed rigorously. This solution was mixed rigorously with ultra-sonication (Clifton MU-8
sonicator, 40 kHz, 30 W) for 2 hours. In the next step, the composites were synthesized in the
2" yltra-sonication (40 kHz, 30 W) condition for 2 hours at in ice. TiO, (in range of 0.1 g)
and 0.1 g ammonium persulfate combined with aniline-alginate network gel (formed in the
first ultra-sonication). After ultra-sonication, 5 mg graphite powder was mixed with the
solution. At the end of this process, before dropping down the mixed solution into Calcium
chloride, bacteria cells (S. xiamenensis) at 10’ CFU/mL was added with graphite powder and
riboflavin with different concentration from 5 to 20 nmol/mL (Figure 3.2). Composites

coated hydrogel particles was formed with 0.3 cm in diameter.

+ . Ultrasonification
NH,

—)
2h

Aniline
Alginate Aniline-Alginate
"/;i\ﬁ‘ o
//\"'/'\\ éa N; J“)’
o o N
TiO, + Ammonium persulphate

Ultrasonification

Graphite powder 2h
| — Bacterial cell
— Riboflavin
Droping in CaCl,
|
Alginate-PANI-TiO,-Graphite
composite with immobilized cells Alginate-PANI-TiO,

Figure 3.2. Scheme of fabrication of alginate/PANI/TiO2/graphite composites with
immobilized cells particles and riboflavin

3.6.2 Forming hydrogel bio-anode electrode with composites gels

The hydrogel gel composites with the immobilization of S. xiamenensis cells and
riboflavin was used to create hydrogel bio-anode. The composites gel was contained in a bag
made of graphite cloth (University of Reading, Department of Microbiology, UK). The size of
the bag depends on the size of the MFCs. In this study, the size of the bag was 2.5 x 3.5 x 0.7

cm. The joints of bag were sewn with copper wire. The bag was filled approximately 50%

42



with hydrogel composite. The upper part of the bag was also connected to the conductive
copper wire. This conductive cooper wire will be responsible for transmitting electrons
through cathode electrode. Graphite cloth cover ensures better transmission and capture of

electrons.

3.6.3 Construction batch and semi-continuous batch of MFC

Dual-chamber MFCs was prepared according to description by Sz6116si et al. (2015b).
Working volume of each chamber was 24 mL and they were separated by the Nafion 117
proton-exchange membrane. The anode chamber was filled with bag containing hydrogel
composites with immobilization of S. xiamenensis cells and riboflavin. The cathode chamber
was filled with 0.1 M of potassium-hexaferrocyanate and 0.5 M of Sorensen phosphate bufter
(pH = 7) and connected with a pump to provide the air. Graphite sheets (Department of
Microbiology, University of Reading, UK) with surface area 8 cm? as cathode was placed.
The electrodes of the MFCs were connected with an external resistance (500 Q) and parallel
with a digital multimeter (Figure 3.3). Voltage output value was measure and power density

was calculated during operation of systems. Batch and semi-continuous operation modes used

the same type of MFCs.
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Figure 3.3. Schematic construction of dual-chamber MFCs containing hydrogel bio-anode
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Anode chamber was filled with modified LB medium (1g/L glucose, 5 g/L yeast extract,
10 g/L NaCl and 1 g/L tryptone). In the semi-continuous batch, modified LB medium was
removed when the voltage came down to low level and fresh medium was fed.

In the control experiment, anode chamber with the hydrogel bio-anode without

riboflavin was used.

3.7 Fabrication of electrically conducting composites
3.7.1 Preparation of bacterial cellulose hydrogel

Acetobacter xylinum (ATCC 23768) was used to produce the bacterial cellulose. The
bacteria were cultured on SH medium included 2% (w/v) glucose, 0.5% (w/v) peptone, 0.5%
(w/v) yeast extract, 0.27% (w/v) NaxHPO4, 0.15% (w/v) citric acid (Kimura et al., 2001).
These culture media were sterilized at 120 'C in an autoclave for 2 hours. A single 4. xylinum
colony on SH agar medium was transferred into liquid SH medium. After 7 days of
cultivation at 28°C, the cellulose sheets formed on the surface of the culture broth. The
cellulose sheets with 0.5 cm thickness will be removed and washed with deionized water,
sodium dodecyl sulfate 2% and purified in NaOH 0.1N (Fijatkowski et al., 2015). They will
be cut into 2 x 3 cm pieces and sterilized in an autoclave at 121 °C for 15 min before used for

fabrication electrically conducting composites and cells immobilization.

3.7.2 Preparation of electrically conducting BC/PANI and BC/PANI/TiO2 composites

BC/PANI composites were prepared in situ aniline oxidative polymerization by using
ammonium persulfate (APS) called BC/PANI/APS or iron (III) chloride hexahydrate
(FeCl3.6H20) called BC/PANI/FeCl3.6H,O as oxidant. BC/PANI composites were prepare
according to description by (Miiller et al., 2012; Wang et al., 2012a) with some
modifications. Briefly, BC hydrogel membranes with 2 x 3 X 0.5 cm were cut and immersed
in distilled water (1:10 w/v) and then aniline was added. Ultra-sonication (Clifton MU-8
sonicator, 40 kHz, 30 W) technique was used for 2 hours, hydrogen bonding was formed
allowing the monomer to assemble onto the surface of BC. In the next step, the oxidant
(ammonium persulfate or iron (III) chloride hexahydrate) and was mixed. The BC was
synthesized in the 2™ cycle of ultra-sonication (40 kHz, 30 W) for 2 hours at in ice. After
polymerization, the colour of the solution changed to dark green from ivory. In the case of

fabrication of electrically conducting BC/PANI/TiO2> composites, TiO> was mixed
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simultaneously with oxidants. Bare BC without aniline oxidative polymerization was used as

control.

3.7.3 Immobilization of bacterial cells into bare BC, BC/PANI and BC/PANI/TiO2

The S. xiamenensis cells in LB broth medium after 24 hours at 30 ‘C in incubator shaker
180 rpm were separated using the centrifugal method and suspended in isotonic phosphate
buffered saline (PBS, Sigma-Aldrich) to obtain cell-suspension with 10° CFU/mL cell
concentration. Bare BC, BC/PANI and BC/PANI/TiO2 composite membranes were incubated
in S. xiamenensis suspension at 30 "C and 200 rpm for 12 — 96 hours. After that, composite
membranes were washed 3 times with PBS to remove free cells (Fijatkowski et al., 2015).
Figure 3.4 illustrated the process of fabrication of electrically conducting bacterial
cellulose/polyaniline/titanium-dioxide composites with the immobilization of .

xiamenensis cells.
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Figure 3.4. Scheme of fabrication of BC/PANI/TiO2 and immobilized cells particles
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3.7.4 Construction batch and semi-continuous batch of MFC

Dual-chamber MFC system was also used for this experiment with similar volume of
anode and cathode chamber (24 mL) and they were separated by the Nafion 117 proton-
exchange membrane. The cathode chamber was filled with 0.1 M of potassium-
hexaferrocyanate and 0.5 M of Sorensen phosphate buffer (pH = 7) and connected with a
pump to provide the air. Bare BC, BC/PANI and BC/PANI/TiO; with immobilized bacterial
cells acts as an anode electrode and anode chamber was filled with modified LB medium
(1g/L glucose, 5 g/L yeast extract, 10 g/L NaCl and 1 g/L tryptone). Graphite sheets with
surface area 8 cm? as cathode were placed in the respective chambers. The electrodes of the
MFCs were connected with an external resistance (500 €) and parallel with a digital
multimeter (Figure 3.5). Voltage output value was measure and power density was calculated
during operation of systems. Batch and semi-continuous operation modes used the same type

of MFCs.

Computer

Multimeter

I
T

Resistor

e L
m ®
0 3
T -]
> =
Z g
4 4
) ®
-3 s 0
ul - E__| Air pump
Anode chamber Cathode chamber

Proton exchange
membrane

Figure 3.5. Schematic construction of dual-chamber MFCs using BC/PANI as anode

3.7.5 Effect of iron ferric on the performance of MFCs

Dual-chamber MFC system was applied. BC/PANI/TiO2/APS with immobilized S.
xiamenensis cells was used as an anode electrode. The cathode chamber was filled with 0.1 M

of potassium-hexaferrocyanate and 0.5 M of Sorensen phosphate buffer (pH = 7.0). Anode
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chamber was filled with modified LB medium (1g/L glucose, 5 g/L yeast extract, 10 g/L NaCl
and 1 g/L tryptone) and different Fe(IlI) concentration (from Fe(IIl)-citrate) ranging from 3
mM to 12 mM. The electrodes of the MFCs were connected with an external resistance (500
Q) and parallel with a digital multimeter. Voltage output value was measure and power

density was calculated during operation of systems.

3.8 Analytical methods

3.8.1 Determination of cells number

The cells numbers of microbes in the growth medium was determined by plate count
technique and optical density (OD600nm) using UV-visible spectrophotometer at 600 nm
wavelength (Fijatkowski et al., 2015).

Strong correlation between absorbance (optical density OD600nm) and CFU/mL was
found (Figure 3.6). In the growth phase, the samples of bacterial culture in regular interval
were taken and the optical density of samples was measured. Plate count technique was used

in triplicate for each dilution to determine the cell density.
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Figure 3.6. Standard curve of OD600 nm versus viable cells count
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3.8.2 Measurement of pH

Constant volume of microbial broth (10 mL) was collected aseptically from each
Erlenmeyer flask at every 24 hours intervals. The pH of sample was measured by digital pH

meter.
3.8.3 Determination of riboflavin concentration

The riboflavin concentration in solution was measured by a high-performance liquid
chromatography (HPLC) method (Marsili et al., 2008; Yong et al., 2013). In brief, 2 mL of
culture broth was centrifuged with 15,000 rpm for 10 min at temperature 20 'C and
supernatant was filtrate with 0.22 pm microfiltration membrane. The HPLC system
(Surveyor, Thermo Scientific, San Jose, USA) used a column of Hi-Plex Ca 7.7 x 300mm
(Agilent, Santa Clara, USA) with PDA detector to detect riboflavin. The mobile phase was
40% grade methanol and 60% distilled water, the flow rate for elution was 0.6 mL/min at
room temperature, injected volume was 5 pl. Riboflavin for the standard was HPLC grade of

purity and used without further purification.

3.8.4 Determination of reducing sugars and organic acids

Samples were centrifuged at 15,000 rpm for 10 minutes before analysis. Sugars
(glucose, galactose, saccharose, maltose etc.) and organic acids (propionic, acetic, lactic,
succinic, malic and citric acids) were detected by a HPLC system (Surveyor, Thermo
Scientific, San Jose, USA) with a column of Hi-Plex H 7.7 x 300mm (Agilent, Santa Clara,
USA). The mobile phase was 5 mM H>SOj4 solution, the flow rate for elution was 0.6 mL/min
at 45 'C, injected volume was 10 pl. The temperature of the column was maintained at 85 'C,
the measurement time was 25 min at constant flow rate. The sugars and organic acids were
detected by RI and PDA detectors, respectively. All chemicals for the standards were HPLC

grade of purity and used without further purification.

3.8.5 Preparation of polarization curve

Polarization curve of MFC was prepared once the MFC get the stabilized voltage.
Various external resistances (from 0 Q to 1 MQ) were connected across the MFC. The
voltage of MFC for each external resistance was recorded by digital multimeter VC-820

(VoltCraft, Germany) until the voltage was stable. Current density and power density were

48



calculated and the relationship between voltage and current density, power density will be

plotted.

3.8.6 Preparation of cyclic voltammetry

Electrochemical characterization of MFCs was performed by cyclic voltammetry (CV)
techniques. Cyclic voltammetry (CV) was conducted using the open source potentiostat (10
Rodeo, USA) with saturated calomel electrode (SCE) and platin wire as the reference
electrode and counter electrode, respectively (Figure 3.7). The scan rate was 10 mV/s and the
potential window was range from -1 to 1 V. Cyclic voltammetry was measured in the

presence of substrate. It was repeated 2 times and 1 cycle for each measurement.

Open source potentiostat
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(SCE) T~
/ Counter electrode

(cathode)
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Proton exchange
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Figure 3.7. The scheme of CV experimental arrangement

3.8.7 Characterization of bare BC, BC/PANI and BC/PANI/TiO:2

3.8.7.1 Measurement of electrical conductivity
The conductivity of BC/PANI, BC/PANI/TiO2 was measured with a conventional four-
point probe technique. According to the four-point method, electrical resistance and electrical

current were measured by a digital multimeter VC-830 (VoltCraft, Germany).
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3.8.7.2 FT-IR
The infrared spectra of bare BC, BC/PANI and BC/PANI/TiO2 composite membranes
were obtained on a JASCO-4700 infrared spectrometer using KBr pellets. The wavelength

range is 4000 to 400 cm™ with a resolution of 4 cm™ at room temperature.

3.8.7.3 Scanning electrode microscope (SEM)

Scanning electrode microscope (SEM, JSM-6480LV-JED 2300, Jeol, Japan) was used
to analyze the morphology and structure of surface of bare BC, BC/PANI and
BC/PANI/TiO;.

3.8.7.4 Determination of the number of immobilized S. xiamenensis cells

The number of immobilized S. xiamenensis cells in bare BC, BC/PANI and
BC/PANI/TiO2 were determined by plate count method on Marine agar. After immobilization
of S. xiamenensis cells, bare BC and synthesized BC were washed 3 times with PBS and
digested with the cellulase enzyme. The grown of colonies were counted after incubation for
24 hours and the number of Colony Forming Units (CFU) per 1 gram of cellulose was

determined (Fijatkowski et al., 2015).

3.8.8 Determination of iron(IlI)-reduction

Iron(II)-reduction was determined following the description in report of Szoll6si ef al.
(2015b). The samples are adjusted pH 2 with sulfuric acid. Ammonium-thiocyanate
(NH4SCN) 50g/L was added into samples. After dilution 200 times and rigorous mixing, the

absorbance was measured in 460 nm by a spectrophotometer (Sz6116si et al., 2015b).

3.9 Calculation of current density, power density and coulombic efficiency

The voltage was continuously measure in the external resistance (500 Q). Current was
calculated according to the Ohm’s law

I=— (Eq. 3.6)
where,

V' is the voltage (V)

R is the external resistance (£2)
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The power is calculated based on the electric current P = . V. Power density is obtained

according to

1

P, (Eq. 3.7)

where d is the volume of the hydrogel bio-anode composite (Logan et al., 2006; Szo6116si et
al., 2017).

Coulombic efficiency (CE) is calculated as

th
Sj'ldt
CE=—"%—— Gh ietal, 2020 Eq. 3.8
V., ACOD (Ghasemi et a ) (Eq. 3.8)
where,
1 is current

F = Faraday’s constant
Vurc is the volume of the anode chamber

COD is the chemical oxygen demand
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4 RESULTS AND DISCUSSION

4.1 Effect of exogenous riboflavin and initial pH on growth of S. xiamenensis
and riboflavin production

4.1.1 Effect of exogenous riboflavin

In this experimental set, the effect of exogenous riboflavin on growth and production of
riboflavin by S. xiamenensis was focused. Series of growth media supplemented with
different amounts of exogenous riboflavin (from 0 nmol/mL to 20 nmol/mL) was used. Cell
count and riboflavin concentration were monitored in time interval during process.

The cells number of bacteria grew rapidly after 24 hours, increased slowly after 72
hours and then stabilized (Figure 4.1). The maximum cell number was 3.3 x 10® CFU/mL in
the sample with initial exogenous riboflavin 20 nmol/mL after 24 hours of fermentation. At
72" hour of operation (Figure 4.2), the cells number of bacteria in the samples with
exogenous riboflavin concentration 15; 20 nmol/mL were around 1.3-fold higher than in the
sample with exogenous riboflavin concentration 5 nmol/mL. According to statistical analysis
of one-way ANOVA (Table 4.1) and Tukey’s test (p<0.05), there was significant difference
in cell number between samples with initial exogenous riboflavin 15; 20 nmol/mL and

samples with 0; 5 nmol/mL.

x108
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e
[ 4 —
o
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g 3
= f o— 0 nmol/mL
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o— 10 nmol/mL
4 15 nmol/mL
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0 24 48 72 96 120
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Figure 4.1. The growth of S. xiamenensis in LB fermentation broth supplemented with
different concentration of exogenous riboflavin
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Table 4.1. One-way ANOVA of cell count and exogenous riboflavin concentration

Sources of Degrees of | Sum of Mean F p-value
variation freedom squares square
Between groups 4 4.291 1.073 1141.110 | 2.9 x 10713
Within groups 10 0.009 0.001
Total 14 4.300

x108

Cell number (CFU/mL)
o~
|

c C
b I
a a
2
0
0 nmol/mL 5 nmol/mL 10 nmol/mL 15 nmol/mL 20 nmol/mL
Figure 4.2. Cell number of S. xiamenensis in LB fermentation broth with different

exogenous riboflavin at 72" hour
a.b.¢ significant difference according to the Tukey’s test (p<0.05)

Generally, microorganisms may have a capability to synthetize riboflavin. In my
research, riboflavin production ability of S. xiamenensis was investigated in anaerobic
condition with different initial exogenous riboflavin, and the results ware illustrated in Figure
4.3. The riboflavin concentration increased steadily and reached a peak after 72 hours
operation, then decreased. Self-production of riboflavin by S. xiamenensis is apparent in
sample without exogenous riboflavin. In this sample, riboflavin concentration increased after
24 hours operation (2.74 £ 0.7 nmol/mL vs 0.91 + 0.04 nmol/mL at the beginning of
operation). It continued to increase and reached the peak after 72 hours (5.51 + 0.81

nmol/mL).
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Figure 4.3. Riboflavin concentration in LB fermentation broth with different exogenous
riboflavin

Figure 4.4 showed the riboflavin concentration in all samples produced after 72 hours
of operation. In the samples with initial exogenous riboflavin 5; 10; 15; 20 nmol/mL, the
riboflavin concentration accreted 4.62 + 0.81; 5.73 £ 0.72; 6.11 £ 0.75; 6.17 = 0.68 nmol/mL
respectively, while the accreted value of sample without exogenous riboflavin reached 4.54 +
0.8 nmol/mL. In these results, the higher initial exogenous riboflavin concentration present,
the higher riboflavin production obtained. There were significant differences on riboflavin
production between initial exogenous riboflavin 10 nmol/mL and 15 nmol/mL. However,
statistical analysis of one-way ANOVA (Table 4.2) and Tukey’s test revealed that there was
no significant difference in riboflavin production among samples with initial exogenous

riboflavin 15 nmol/mL and 20 nmol/mL.

Table 4.2. One-way ANOVA of riboflavin and initital exogenous riboflavin
concentration

Sources of Degrees of | Sum of Mean F p-value
variation freedom squares square

Between groups 4 7.722 1.931 1608.853 | 5.4 x 1074
Within groups 10 0.012 0.001

Total 14 7.734
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Figure 4.4. Riboflavin concentration was produced by S. xiamenensis in LB
fermentation broth with different exogenous riboflavin at 72" hour
a.b.¢ significant difference according to the Tukey’s test (p<0.05)

Several microorganisms were reported to produce riboflavin. Clostridium
acetobutylicum was well-known one of the earliest organisms used to produce riboflavin (Lim
et al., 2001). Bacillus subtilis in the fermentation broth with glucose as carbon source can
produce 0.08 g/L riboflavin after 0.3 hours (Sauer et al., 1996). Candida guilliermondii in
liquid brewery waste with the presence of biotin produced 0.2 g/L riboflavin after 72 hours. In
addition, after 8 days of fermentation using soybean as carbon source with the supplement of
glycine, Ashbya gossypii produced 5.5 g/L riboflavin (Lim et al., 2001). Besides, Aspergillus
terreus, Candida flareri, Eremothecium ashbyii were reported to be able to produce riboflavin
from 1.0 g/L to 3.3 g/L (Kalingan et al., 1997; Levine et al., 1949; Sabry et al., 1994).

The kinetics of riboflavin production by S. xiamenensis in the sample without
exogenous riboflavin was studied. Glucose with different concentration (from 0.25 g/L to 1
g/L) was used to analyze the growth of bacteria and riboflavin production. The built model is
presented in Figure 4.5. Maximum specific cell growth rate (umax) of model was determined
as 0.079 1/h with Monod constant (Ks) was 0.15 g/L. The ratio of the amount of biomass
produced to the amount of glucose consume (Yxs biomass yield) was 0.001 g biomass/g
glucose. Additionally, the ratio of the amount of riboflavin produced to the amount of glucose
consume (Yps riboflavin yield) was 0.003 g riboflavin/g glucose. Some researchers also
reported the kinetic of riboflavin production. Lehmann et al. (2009) studied the formation of
riboflavin of Bacillus subtilis with the presence of 0.102 mM GTP cyclohydrolase II (7ibA)

and maximum specific growth rate was 0.035 1/s, Kis et al. (1995) showed that the maximum
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specific growth rate was 0.32 1/s with the presence of 0.102 mM riboflavin synthase (7ibB).
In addition, Tamer et al. (1988) described the kinetics of riboflavin production by
Saccharomyces cerevisiae and Saccharomyces carlsbergensis in synthetic media. In the case
of S. carilsbergensis, the specific cell growth rate was 0.30 1/h under anaerobic conditions and
the amount of riboflavin to the amount of biomass was determined as 1.04 x 10~ g/g. The
specific cell growth rate of S. cerevisiae in wort with 2 mg/L of biotin supplement under
anaerobic condition was 0.19 1/h. In both cases, the ratio of the amount of substrate to the

amount of biomass was 2.6 g/g.

Hpax = 0.079 (1/h)
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0.02 Ks = 0.15 (g/L)
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0 0.2 0.4 0.6 0.8 1 1.2
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Figure 4.5. Modeling of growth rate related to substrate concentration

The method of Luedeking and Piret was used for evaluation of growth-associated (o)
and non-growth-associated (f) product formation coefficients during riboflavin production
(Mullai et al., 2013; Szoll6si et al., 2015a). Figure 4.6 illustrated the relationship of specific
growth rate versus specific product formation rate of S. xiamenensis. Value of specific
production rate was plotted against specific growth rate and the equation obtained was
y = 3.3277x + 0.002 with regression coefficient (R?) of 0.98. The growth-associated (o) was
determined as 3.3277 and significantly greater than zero that indicates riboflavin is purely a

growth associated product. The biomass-associated (f) was 0.002 and also significantly
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greater than zero. Based on these results, it can be concluded that the production of riboflavin
is affected by both growth of bacteria and amount of biomass. This result is in agreement with
one published by Szollési et al. (2015) when they studied the Fe**-reduction of Geobacter

toluenoxydans.
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Figure 4.6. Connection between specific growth rate and specific product formation rate

4.1.2 Effect of pH on growth of S. xiamenensis and riboflavin production

Riboflavin production by S. xiamenensis at different initial pHs of medium is showed in
Figure 4.7. Overall, riboflavin production of all pH levels increased after 24 hours of

operation, then reached peaks after 72 hours.
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Figure 4.7. Riboflavin concentration in fermentation broth with different initial pH
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Figure 4.8 showed the riboflavin concentration produced by S. xiamenensis at varying
pH levels after 72 hours of operation. According to statistical analysis of one-way ANOVA
(Table 4.3) and Tukey’s test (p<0.05), there were significant differences in riboflavin
production among pH 6, pH 7, pH 10 and pH 8, pH 9. Between pH 6, pH 7 and pH 10, there
were no significant differences on riboflavin production by S. xiamenensis. The riboflavin
production of pH 6, pH 7 and pH 10 was lower than that of other pH. With the alkaline pH,
there was an increase in riboflavin production. The riboflavin production at pH 9 was the
highest (4.89 £ 0.51 nmol/mL), followed by pH 8 (4.85 £ 0.72 nmol/mL) and pH 7 (4.54 +
0.54 nmol/mL). Yong et al. (2013a) investigated the effect of pH on riboflavin biosynthesis of
Shewanella oneidesis MR-1. They reported that the riboflavin concentration at pH 9 was
highest with 367 nM level, and the riboflavin concentration at pH 6, pH 7, pH 8 and pH 10
were lower values. Kolonne et al. (1994) and Yamane et al. (1995) indicated the synthesis of
riboflavin was strongly affected by pH, because pH plays an important rule on the

conformation of key enzymes (Singh et al., 2011).

Table 4.3. One-way ANOVA of pH and riboflavin concentration

Sources of Degrees of | Sum of Mean F p-value
variation freedom squares square
Between groups 4 1.039 0.260 6495.250 | 5.1 x 107"
Within groups 10 4 %10 4 %107
Total 14 1.039
&
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Figure 4.8. Riboflavin concentration produced by §. xiamenensis in LB fermentation

broth with different initial pH value at 72" hour
a,b.¢ significant difference according to the Tukey’s test (p<0.05)
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The S. xiamenensis cells growth with initial pH from 7 to 9 were similar, while they
grew slowly at pH 6 and pH 10 after 24 hours of operation (Figure 4.9). At 72" hour, the
maximum of cell concentration (5.78 x 108 CFU/mL) peaked in the sample with initial pH 9
meaning 1.3-fold and 1.6-fold higher than in the samples with initial pH 6 (4.43 x 10%
CFU/mL) and pH 10 (3.58 x 10® CFU/mL), respectively.

In the sample with initial pH 10, the pH value decreased rapidly after 24 and 48 hours to
achieve around pH 8. Therefore, bacteria grew quite slowly in this period. This trend was
similar to pH 9. However, the sample with initial pH 9 achieved around pH 8 after 24 hours.
On the contrary, the pH value increased after 24 and 48 hours to get around pH 8 in the
sample with initial pH 6. Overall, S. xiamenensis adjusted pH value in the fermentation broth

to suit their growth.
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Figure 4.9. Change of pH and growth of S. xiamenensis in fermentation broth with
different initial pH

The pH adjustment of S. xiamenensis produced organic acids such as propionic, acetic,
succinic, malic, citric, lactic (Figure 4.10). In samples with initial pH 6, propionic acid
concentration was 23.08 mmol/L in comparation with 13.51, 12.87, 6.72, 3.05 and 0.62
mmol/L of propionic, acetic, lactic, succinic, malic, citric acid, respectively after 24 hours of

fermentation. At 120" hour, the amount of organic acid decreased (propionic acid
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concentration was 14.84 mmol/L in comparation with 1.83, 2.71 and 1.27 mmol/L of
propionic, acetic, succinic, malic acid, respectively) and pH values of these samples increased
from 6.76 to 8.24. In contrast, the amount of organic acid of samples with initial pH 10
increased from 24™ hour to 96 hour of fermentation (for example, propionic acid
concentration increased from 1.48 mmol/L to 10.39 mmol/L) and pH values decreased from
9.08 to 8.44. In the other samples from 24™ hour to 120™ hour, the total amount of organic
acid decreased (for example, propionic acid concentration was from 37.79, 28.34, 24.97
mmol/L to 13.22, 11.21, 6.88 mmol/L in samples with initial pH 7, pH 8, pH 9, respectively),
and pH value increased (from 7.29, 7.46, 7.74 to 8.20, 8.46, 8.58 in samples with initial pH 7,
pH 8, pH 9, respectively). Citric and lactic acid presented only in samples with initial pH 6

after 24 and 48 hours of fermentation.
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Figure 4.10. Organic acid concentration in fermentation broth with different initial pH

4.1.3 Optimisation of exogenous riboflavin and initial pH for enhancement of
riboflavin production

Effects of exogenous riboflavin (X1) and initial pH (X2) on riboflavin production (Y) of
S. xiamenensis was investigated using Response Surface Methods (RSM). The Central
Composite Design (CCD) and results were showed in Table 4.4. The experimental set
consisting of 11 runs was carried out using different combinations of the two independent

variables. The riboflavin production was measured at 72" hour of fermentation.

60



Table 4.4. Experimental design and results of riboflavin production

Run No. X1 X2 Y
1 10 7 5.73
2 10 9 6.05
3 20 7 6.10
4 20 9 6.21
5 15 7 6.11
6 15 9 6.23
7 10 8 5.91
8 20 8 6.10
9 15 8 6.35
10 15 8 6.34
11 15 8 6.31

Xi1: exogenous riboflavin (nmol/mL), X>: initial pH, Y: riboflavin production (nmol/mL)

Second order polynomial model was applied to evaluate experimental data and
regression analysis was used. The p-value was 0.007 (p-value < 0.05) indicating the fit of the
regression model at high significant level. The coefficient of determination (R?) was 0.926
meaning that 92.6% of the variability in the response could be explained by the model (Table
4.5).

Table 4.5. ANOVA for the factorial design (R? = 0.926)

Sources of Degrees of Sum of Mean F p-value
variation freedom squares square

Regression 5 0.331 0.066 12.573 0.007
Residual 5 0.026 0.005

Total Corrected 10 0.358 0.036

The exogenous riboflavin and initial pH significantly affected the change of riboflavin
production (p-value < 0.05), while the interaction of these independent variables was not

significant (Table 4.6).

Table 4.6. Regression analysis of model

Factors Coefficient Standard error p-value Contf. int (%)
Constant 6.295 0.037 1.38x10°1° 0.096
X1 0.092 0.029 0.027 0.076
X2 0.120 0.029 0.009 0.076
Xi? -0.068 0.045 0.196 0.117
X2? -0.233 0.045 0.004 0.117
X1.X2 -0.053 0.036 0.208 0.093
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According to results of regression analysis, the following second-order polynomial

model (Eq. 4.1) was suggested to describe riboflavin production by S. xiamenensis.
Y =6.295 + 0.092X; + 0.12X, — 0.233X,>  (Eq. 4.1)

where Y is riboflavin production (nmol/mL), X; is exogenous riboflavin concentration
(nmol/mL) and X3 is initial pH value

Response surface of riboflavin production was drawn based on the regressed model
(Figure 4.11). The optimal exogenous riboflavin and pH were determined to be 18 nmol/mL
and pH 8.2, respectively. At these conditions, the predicted riboflavin production value was
6.33 nmol/L and was validated experimentally. Three experimental sets were designed and
carried out at the optimal conditions. The concentration of riboflavin was determined to be

6.26 = 0.29 nmol/mL that was very closed to the predicted value (6.33 nmol/mL).

Riboflavin production

15 16 17 18 13 20
Exogenous riboflavin

Figure 4.11. Response surface of riboflavin production in the optimal conditions

Overall, the optimal condition values were obtained as follow: initial pH 8.2; exogenous
riboflavin 18 nmol/mL; operation time 72 hours; initial bacterial cells number 10° CFU/mL

and LB fermented broth was used for the growth of bacteria.
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4.2 Engineering of hydrogel composites-based bio-anode

4.2.1 Effect of riboflavin concentration on performance of MFC

MFC1, MFC2, MFC3, MFC4 and MFC5 were set-up with hydrogel composite bio-
anode included 0, 5, 10, 15 and 20 nmol/mL riboflavin, respectively. Riboflavin identified as
the electron shuttle of Shewanella sp. (Yong et al., 2013) and played a role as a soluble redox
shuttle transferring electrons from the cells surface to the external acceptors. The absence of
riboflavin from biofilms reduced the rate of electron transport to electrode around 70%
(Marsili et al., 2008). The presence of riboflavin accelerates such process. The power density

of different MFC with hydrogel composite bio-anode was illustrated in Figure 4.12.

Power density (W/m?)

0 10 20 30 40 50 60 70 80 90

Time (hours)

Figure 4.12. Power density of MFCs with different bio-anodes in batch mode

From initiation to around 21* hour, the power density of MFC1, MFC2 and MFC3
increased constantly due to intensive metabolic activity of the immobilized bacterial cells.
The power density speedily increased in MFCs with higher riboflavin concentration (MFC4
and MFC5) in compared with control system MFCI1. In the case of MFCS5, the maximum
power density was 6.06 £ 0.15 W/m? at 36™ hour, and it was 2.7-fold higher than one (2.23 +
0.31 W/m®) in the case of MFC1. There was not a significant effect on power density when
increasing riboflavin concentration from 15 nmol/mL to 20 nmol/mL. In the end of period

(from around 50™ hour), the power density of MFC4, MFC5 was decreased rapidly.
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Meanwhile, the decrease in power density of MFC2 and MFC3 was also observed from 63
hour. It can be explained by the run out of glucose the main carbon source in the anodic
chamber. The change of glucose concentration in MFCs was illustrated in Figure 4.14

Wang et al. (2017b) showed that the presence of riboflavin in graphene/riboflavin
composite electrode as the anode with the power density output 5.3-fold higher than bare
graphite paper electrode. Flavin mononucleotide can improve electro-catalytic performance of

MFC on the anode surface and enhances current production (Lee et al., 2015).

4.2.2 Characterization of hydrogel bio-anode

4.2.2.1 Polarization curve

The performance of MFC is usually estimated by polarization curve (Pandit et al.,
2014). The polarization curves of MFCs with different riboflavin concentration were
calculated and drawn in Figure 4.13. The open-circuit voltage of MFC5 (0.33 V) was 1.94-
fold higher than MFC1 (0.17 V). The MFCI1 produced a maximum power density of 2.4
W/m?, while MFC5 got a peak at 5.82 W/m?.

In general, the decreasing external load increased the current density and decreased the
cell voltage (Nien et al., 2011). A perfect polarization curve should show the power density
rising to a peak point before dropping as the current continues to increase (Ileropoulos et al.,
2010). However, the power overshoot was observed. Here, this phenomenon was occurred in
MFC1 and MFC2 at high electrical current (52 A/m> and 62 A/m?, respectively). It was
reported that cells voltage and electrical current reduced when reduced external resistor
(Pandit et al., 2014). According to Ieropoulos et al. (2010), electrical and ionic depletion is a
result of the power overshoot phenomenon. At the lower external load, the demand of
electrons (due to the more conductive external path) exceeds the microbial rate that they can
be supplied at, the anolyte becomes depleted of electron and ions. However, increasing
riboflavin concentration in hydrogel composite bio-anode from 10 nmol/mL to 20 nmol/mL,

the overshoot was absent.
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Figure 4.13. Effect of immobilized riboflavin concentration on electric performance of MFC

4.2.2.2 Changes of riboflavin and glucose concentration

The riboflavin production increased with the present of immobilized exogenous
riboflavin in bio-anode (Figure 4.14). The riboflavin production with initial 20 nmol/mL
exogenous riboflavin get up to 46% higher than other without exogenous riboflavin after 72
hours (6.24 + 0.07 vs 4.25 + 0.38 nmol/ml). After 24 hours, glucose concentration of MFC1,
MFC2 decreased around 30 - 31% in comparison with 35 - 36% in MFC3, MFC4, MFCS5. At
85" hour, the glucose concentration was determined to be only 4% (MFC4, MFC5) and 6%
(MFC1, MFC2, MFC3) and the power density of MFC system was quite low (0.11 — 0.19

W/m?).
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Figure 4.14. Changes of riboflavin and glucose concentration in anode chamber of
MFCs with different bio-anode

4.2.2.3 Cyclic voltammetry (CV) of MFCs

Cyclic voltammetry (CV) is extensively used to consider the extracellular electron
transfer processes in MFCs. This method was used to study the catalytic and capacitive
behavior of different bio-electrodes (Pandit et al., 2014). The redox peaks were found for the
systems of bio-anode with riboflavin from 5 to 20 nmol/mL (Figure 4.15). The oxidation and
reduction peaks of all systems with bio-anode composite with riboflavin were -0.4V and -0.7
V, respectively. Besides, the area of the CV curves of bio-anode composite with riboflavin
was larger than the system with lower riboflavin. The redox peaks of bio-anode with 20
nmol/mL exogenous riboflavin were 0.05 A/m* and 0.26 A/m’, while in the case of 5
nmol/mL riboflavin were 0.07 A/m?® and 0.19 A/m>. Wang et al. (2017a) mentioned the same
result. They fabricated riboflavin immobilized graphene composites and used it as anode in
MFC with S. oneidensis MR-1 as well assessing the electrochemical activity of this anode
material by condution of CV analyses. Their result showed that no obvious redox peaks in the
CV curves of the bare graphene was observed, while the CV of graphene/riboflavin got a
redox peak at about -0.4V. Wu et al. (2016) detected riboflavin in the supernatant of
Pachysolen tannophilus culture, and they reported the redox peaks around -0.4V. This result
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affirmed that c-type cytochromes were involved in the electron transfer process (Zhang ef al.,
2017). Okamoto et al. (2012) investigated the role of c-type cytochrome in electron
conduction across biofilm of S. oneidensis MR-1. To determine the transportation of
respiratory electrons generated by microbial metabolism to distant electrodes via the redox
cycling of c-type cytochrome, cyclic voltammetry was used to scan multilayer biofilms with
the presence and the absence of lactate. With the presence of lactate, a redox peak was
observed, and the columbic area of anodic current was 4-fold larger than that of the cathodic
current. In the absence of lactate, the CV showed the lower columbic areas. Their result
demonstrated that the electron conduction property of multilayer biofilms of S. oneidensis

MR-1 was mediated by the redox cycling of outer-membrane c-type cytochrome.
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Figure 4.15. Cyclic voltammograms in MFCs with different bio-anodes

4.2.3 Set-up semi-continuous MFCs

Semi-continuous MFCs were set-up after the power density of MFCs decreased to the
low value (around 0.11 — 0.19 W/m? at 85" hour of every stage) to consider the effectiveness
of hydrogel bio-anode with the immobilization of riboflavin and S. xiamenensis. The anode

champers of MFCs were fed fresh substrate.
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Figure 4.16. Power density of MFCs with different bio-anode in semi-continuous batch
(“4” indicate the new feeding cycle)

The power density of MFC4 reached the maximum value (4.93 + 0.29 W/m?) compared
with 0.65 + 0.25 W/m?® in MFC1 after 21 hours of the second cycle (Figure 4.16). However,
the maximum values of MFCs in the second and third cycle were lower than in the first cycle.
The maximum power density in the third cycle peaked at 5.64 + 0.09 W/m? in MFC4. This
result indicated that the MFCs still maintains the ability to produce electricity if the nutrients
are available. The cycle time of MFCs takes about 80-85 hours from the feeding fresh

medium to the run out of glucose.

4.3 Engineering of bacterial cellulose-based bio-anode

4.3.1 Fabrication of bacterial cellulose based composites and bio-anode

4.3.1.1 Effect of aniline concentration

In this experimental set, ammonium persulfate (APS) or iron (III) chloride hexahydrate
(FeCl3.6H20) were used as oxidants. The concentration of aniline ranged from 0.1 mol/L to
0.25 mol/L. The molar ratio of ammonium persulfate (or iron (III) chloride hexahydrate) to

aniline was kept stable at 1:1.
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Figure 4.17. Effect of aniline concentration on the conductivity of BC/PANI composites
(a) BC/PANI/APS; (b) BC/PANI/FeCl3.6H20

As a result (Figure 4.17), the electrical conductivity of BC/PANI increased when the
aniline concentration increased. Meanwhile, use of APS as oxidant, the maximum electrical
conductivity of BC/PANI was 2.47 = 0.11 S/m at 0.2 mol/L aniline concentration, where in
the case of FeCls.6H>0 as oxidant, the maximum electrical conductivity of BC/PANI peaked
1.52 + 0.09 S/m at the similar aniline concentration. Statistical analysis of one-way ANOVA
revealed that there were no significant differences in electrical conductivity when aniline

concentration increased from 0.2 mol/L to 0.25 mol/L in both of samples.

4.3.1.2 Effect of molar ratio of oxidant to aniline

The aniline concentration using in this experiment was 0.2 mol/L. The molar ratio of
oxidant (APS or FeCl3.6H20) to aniline ranged from 0.5:1 to 2:1 with 0.5:1 stepwise.

In the case of using APS as oxidant, the maximum electrical conductivity of
BC/PANI/APS was 2.54 = 0.17 S/m at 1.5:1 of molar ratio of APS to aniline (Figure 4.18).
At ratio 1:1, the electrical conductivity was 2.46 + 0.12 S/m. There was no significant
difference in electrical conductivity when the molar ratio of APS to aniline increased from
1.5:1 to 2.0:1. In the case of using FeCls.6H>O as oxidant, the electrical conductivity peaked
at 2.0:1 of molar ratio of FeCl3.6H>O to aniline (2.13 + 0.2 S/m). However, there was no
significant difference in electrical conductivity when the molar ratio of FeCl3.6H>O to aniline

ranged between 1.5:1 and 2.0:1.
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Figure 4.18. Effect of molar ratios of oxidant to aniline on the conductivity of BC/PANI
composites (a) BC/PANI/APS/; (b) BC/PANI/FeCl3.6H,O

The aniline concentration as well as molar ration of oxidant agents to aniline were
optimized for maximal electrical conductivity of BC/PANI preparations using response
surface method (Figure 4.19). The electrical conductivity of BC/PANI composites was

strongly dependent on aniline concentration and the molar ratio of oxidant to aniline.
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Figure 4.19. Response surface of electrical conductivity of BC/PANI with aniline
concentration and molar ratio of oxidant to aniline
(a) BC/PANI/APS; (b) BC/PANI/FeCl3.6H>O

Based on the results, the maximum conductivity of BC/PANI composites could be
obtained as follow: 0.2 mol/L aniline, 1.2:1 of molar ratio of ammonium persulfate to aniline
or 1.5:1 of molar ratio of FeCl3.6H,O to aniline, 0 — 5 "C reaction temperature, and 2 hours

and 12 hours polymerization time. The conductivity of BC/PANI/APS composites obtained
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2.62 + 0.15 S/m and 2.21 + 0.11 S/m with BC/PANI/FeCl3.6H>O composites (predicted
values were 2.67 S/m and 2.29 S/m, respectively). Wang et al. (2012a) fabricated bacterial
cellulose nanofiber-supported polyaniline nanocomposites with flake-shaped morphology and
used it as supercapacitor electrodes. In their report, ammonium persulfate was used as oxidant
and aniline was as monomer for polymerization process in a mixed solvent of
dimethylformamide (DMF) and distilled water. They reported that the electrical conductivity
of bacterial cellulose/polyaniline nanocomposites was strongly dependent upon reaction
conditions. The electrical conductivity of BC/PANI nanocomposite films obtained 5.1 S/cm
with mass ration of BC/aniline as 1:10, molar ratio of ammonium persulfate/aniline as 1:1,
molar ratio of HCl/aniline as 1.2:1, volume ratio of DMF/H,0 as 1:2, reaction temperature as
0 — 10 'C, and reaction time longer than 4 hours. In other research, Miiller et al. (2012)
prepared BC/PANI using FeCl;.6H»O as oxidant. The reaction were performed in the present
or absence of HCI aqueous solution. They showed that the polymerization process denpended
on molar ratio of FeCls/aniline and reaction time. BC/PANI composites prepared with HCI

solution exhibited higher electrical conductivity (0.9 S/cm) than BC/PANI without HCI.

4.3.1.3 Effect of titanium-dioxide

The maximum electrical conductivities of BC/PANI/APS with 0.3 mol/L TiO, and
BC/PANI/FeCl3.6H20 with 0.2 mol/L TiOxwere 3.71 £ 0.2 S/m and 2.9 S/m, respectively
(Figure 4.20). The coating TiO2 greatly improved electrical conductivity of BC/PANI. The
electrical conductivity of BC/PANI/APS coating TiO> was 1.4-fold higher than sample
without coating TiO:, and 1.2-fold higher in case of BC/PANI/FeCls.6H-0.
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Figure 4.20. Effect of titanium-dioxide concentration in fabrication of BC/PANI/TiO2
composites process on its conductivity (a) BC/PANI/APS; (b) BC/PANI/FeCl3.6H,0
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4.3.1.4 Chemical structure and surface characteristics

The infrared spectra of bare BC and synthesized BC composites were determined by
FT-IR (Figure 4.21).
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Figure 4.21. FT-IR spectra of (a) bare BC; (b) BC/PANI/APS; (c) BC/PANI/TiO2/APS;
(d) BC/PANI/FeCl3.6H,0; (e) BC/PANI/TiO2/FeCl3.6H20

The FT-IR spectrum of bare BC showed broad adsorption band in the region of 3200 -
3550 cm!, which is assigned to hydrogen bond for -OH (Jahan et al., 2011; Sun et al., 2002;
Wan et al., 2019; Wang et al., 2012a). The peak at 2895 cm™ showed the aliphatic C-H

stretching vibration. In the case of BC/PANI composite, the stretching vibration of quinoid
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and benzenoid rings structure was at peak 1556 and 1470 cm!, respectively. C-O-C stretching
vibrations of the pyranose skeletal ring were at range of 1060-1030 cm™ (Wang et al., 2012a).
In addition, the bands at 1294 and 1304 cm™ correspond to the C-N in-plane ring bending
modes (Han et al., 2019; Khodamoradi et al., 2019).

The FT-IR spectra of BC/PANI/TiO2 composites showed the absorption band at 637
cm’!. This point demonstrated the interaction was formed between TiOz and hydroxyl group
of cellulose (Afsharpour et al., 2011). This result showed that the BC was sufficiently coated
by PANI and TiOx.

The surface characteristics of BC, BC/PANI and BC/PANI/TiO> were evaluated by
Scanning Electron Microscopy (SEM). Figure 4.22 showed the SEM image of bare BC and
BC/PANI at x1000 magnification.
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Figure 4.22. SEM images of (a) Bare BC, (b) BC/PANI/APS, (c) BC/PANI/TiO2/APS,
(d) BC/PANI/TiO2/FeCls.6H20

The morphologies are particularly different between bare BC and BC/PANI. In the case
of bare BC, a smooth surface with featureless morphology was observed (Figure 4.22a). In
comparison, the surface of BC/PANI was rough and covered with materials (Figure 4.22b-d).
The surface structure of BC/PANI/TiO2 showed the particles entangled with cellulose and
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PANI particles, present a much denser structure (Figure 4.22¢, d). This result was showed
that the BC coating adhered to the cellulose and formed a continuous conducting network for

the high electrical conductivity (Lv et al., 2016; Miiller et al., 2012; Wang et al., 2012a).

4.3.1.5 Fabrication of bacterial cellulose based bio-anode

S. xiamenensis cells were immobilized in BC, BC/PANI and BC/PANI/TiO;
composites. In the case of bare BC, the cell number increased until 36 hours whereupon a
stable value was observed for further 36 hours (1.2 x 10° CFU/g). After 48 hours of
immobilization microorganisms on BC/PANI and BC/PANI/TiO; electrodes had reached
their maximum cell numbers and were stable for further 24 hours (Figure 4.23). The
maximum cells number of BC/PANI/TiO; using ammonium persulphate and FeCls.6H2O as
oxidant were 1.2 x 10 CFU/g and 1.1 x 10° CFU/g, respectively. When the immobilization
process completed, the BC, BC/PANI, BC/PANI/TiO2 were covered by sodium alginate film.
The ability to immobilize microorganisms into bare BC was also described (Fijatkowski et

al., 2015).
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Figure 4.23. The number of immobilized S. xiamenensis cells (CFU/g BC) in bare BC,
BC/PANI and BC/PANI/TiO2 by adsorption-incubation method
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4.3.2 Performance of bacterial cellulose based bio-anode in MFC systems

4.3.2.1 Electrical performance

Five types of bioanodes namely bare BC, BC/PANI/FeCl3.6H>.O, BC/PANI/APS,
BC/PANI/TiO2/FeCl3.6H>2O and BC/PANI/TiO2/APS with the immobilization S.
xiamenensis were used in different MFC systems MFC6, MFC7, MFC8, MFC9,
MFCI10, respectively. The membrane was 2 %X 3 x 0.5 cm and the immobilization cell
numbers were counted to be in the range 1.1 — 1.2 x 10° CFU. The voltage in MFC
was measured with 500 Ohm external resistance and run until the output voltage
decreased to the low values. The power density of all MFC system is illustrated in
Figure 4.24. The power density rapidly increased in MFCs with BC/PANI/TiO2 anode
(MFC9 and MFC10) compared with the control system bare BC (MFC6). The power
density of MFC10 reached the maximum value (38.89 W/m?) after 8h of operation and
maintained this power density for 28h. The power density of MFC10 was 15-fold
higher than MFC6 with bare BC anode (2.57 W/m®). MFC6 got a maximum value
(7.09 W/m?) after 16 hours of operation. In the case of BC/PANI/TiO, (MFC9) using
FeCl3.6H20 as an oxidant — the power density value peaked around 23.95 - 29.30
W/m?, lower than MFC10. MFC7 and MFCS8 also showed lower power density values
in comparison with MFC9 and MFC10. The combination of BC/PANI and TiO-
contributed to the increase in power density. Taskan et al. (2013) used a Ti-TiO-
electrode to enhance the electricity generation in MFC and their research showed that
the current density achieved 15-fold higher than the carbon-based electrode. In the
same year Wu et al. (2013b) reported a fabricated MFC with a three-dimensional
nanostructure of carbon nanotube-gold-titanium-dioxide (CNT/Au/TiO2) as anode
modifier and the power density was 3-fold higher than the bare carbon paper electrode.
Indeed, conducting polymers are often used as anode materials in MFC due to the large
surface area, low cost and conductivity. For example, Szollési et al. (2017)
successfully fabricated an alginate/PANI/TiO/graphite composite with high electrical
conductivity and power density, stability in MFC. Li et al. (2012) also used modified
carbon felt electrodes with four classes of conducting polymers, specifically
polyaniline, poly(aniline aminophenol), poly(aniline-co-2,4-diaminophenol)
(PANDAP) and poly(aniline-1,8-diaminonaphthalene) (PANDAN). Their method
enhanced the power densities for both abiotic cathodes (increased by 300%) and

biocathodes (increased by 180%) compared to unmodified carbon felts electrodes.
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Figure 4.24. Power density of MFCs with different synthesized BC anode in simple batch

The polarization curve of all MFC systems was calculated and showed in. The
maximum power density of MFC10 system was 40.66 W/m? with a current density of 116.72
A/m> (Figure 4.25). Moreover, the power overshoot of MFC10 was absent. According to
Peng et al., (2013), the power overshoot in MFCs was present due to the lack of anodic
capacitance or immature biofilm on the anode electrode. These results clearly substantiate the
suitability of using BC/PANI/TiO2/APS as anode for MFC.

To consider the effectiveness of BC/PANI/TiO»/APS with immobilization of S.
Xiamenensis, semi-continuous batch was set-up after voltage output of MFC10 decreased to
near nil. The anode chamber of the MFC10 was fed with fresh substrate. The maximum
power density of each cycle peaked around 35.81 W/m? after 30" hour meaning the MFCs are
able to produce electricity when the fuel was fed (Figure 4.26). The cycle time of MFCs took

about 70-72 hours from the feeding to exhaust of glucose.
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Figure 4.25. Polarization curve of MFCs with bare BC and synthesized BC composites
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Figure 4.26. Power density of MFC with BC/PANI/TiO; in semi-continuous batch
(“}” indicate the new feeding cycle)

The CV response of MFC10 with BC/PANI/TiO2/APS composite anode was calculated
and drawn in Figure 4.27. The redox peaks were found for the systems of
BC/PANI/Ti02/APS anode. This result affirmed that c-type cytochromes were involved in the

electron transfer process (Zhang et al., 2017) and the successful fabrication of
BC/PANI/TiO2/APS was confirmed.
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Figure 4.27. Cyclic voltammetry of MFC using BC/PANI/TiO2/APS anode with potential
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4.3.2.2 Effect of exogenous iron(Ill) on the performance of MFC
The MFCs with BC/PANI/TiO2/APS with immobilization of S. xiamenensis cells was
applied. Fe(Ill) was added into anode chambers at the initiation with different concentration

from 3 mM to 12 mM.
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Figure 4.28. Power density of MFCs with different initial Fe(III) concentration

The power density rapidly increased in MFCs supplemented with different
concentrations of Fe(IIl) after the inoculation (Figure 4.28). The maximum of power density
ranged from 49.05 £ 1.24 to 51.544 £ 1.29 W/m? between 20™ hour and 40" hour in the MFC
system with 12 mM Fe(Ill) concentration. These values were 1.3-fold and 1.4-fold higher
than MFC systems with 3 mM and without Fe(IIl) concentration, respectively. The addition
of Fe(Ill) to the anode chamber (up to 9 mM) resulted increase in the electricity generation.
However, the higher concentration of Fe(IIl) did not increase the efficiency of MFCs. In our
study, the improvements in MFCs performance were negligible when Fe(III) concentrations
were higher than 9 mM. The maximum of power density in MFC with 9 mM Fe(Ill) was
around 49.28 £ 2.34 to 51.11 + 2.29 W/m?.

Leu et al. (2016) found that the current using Fe;O4-modified carbon cloth electrode as
the anode was 2-fold higher than bare carbon cloth electrode. This result verified that the
Fe;04-modifile carbon cloth electrode can enhance the current generation of MFC. In the
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other study, Kim et al. (2015) demonstrated that the presence of ferric ions in anode electrode
significantly increased power density (about 4-fold higher) of MFCs. Moreover, while Wei et
al. (2013) pointed out that the presence of ferrous sulfate in anode improved power density of
MFCs at the initiation, whereas Lin et al. (2014a) shown that the addition of FeCN in the
anode enhanced voltage output (the voltage increased 39.3% higher than without FeCN).

In the carbon cycle process, iron plays an element role in the formation routes of
pyruvate that is decarboxylated and forms thiamine pyrophosphate-enzyme complexes (Wei
et al., 2013). Additionally, the iron is the key of anaerobic bacteria metabolism and an
enzyme activator. Many authors reported that the hydrogenase activity is affected by
reduction of iron concentration (Junelles et al., 1988; Peters, 1998; Volbeda et al., 1995).
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Figure 4.29. Maximum coulombic efficiencies in MFCs with different initial Fe(III)
concentration

The CE reached 56.92 £ 1.21% of MFC with 12 mM Fe(IIl) concentration, compared to
49.71 £ 0.98% of the MFC without exogenous Fe(Ill) in anode chamber (Figure 4.29). This
result demonstrated that the supplement of exogenous Fe(Ill) into anode chamber of MFC

was effectively increase in the CE of MFCs.
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In my case, the Fe(Ill) reduction rate in MFCs elevated with the increase of initial
Fe(IIl) concentration (Figure 4.30). The maximum reduction rate (0.033 £ 0.004 mM/hour)
was detected in MFC at 12 mM of Fe(Ill) comparing with 0.021 + 0.004 mM/hours and 0.024
+ 0.003 mM/hour in MFC at 3 mM and 6 mM of Fe(Ill), respectively. However, according to
ANOVA analysis, there was not significant difference in Fe(III) reduction rate between MFC
at 9 mM and MFC at 12 mM. The ability of reduction Fe(Ill) of S. xiamenensis was reported
by Szoll6si et al. (2015). Similarly, Wu et al. (2013a) carried out the experiment with the
supplementation of different Fe(IlI) concentrations (from 3 mM to 10 mM) in MFCs using
S. oneidensis MR-1 and they reported that the maximum reduction rate of Fe(Ill) (25.0 +
0.3%) appeared in MFC at 10 mM.
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S NOVEL CONTRIBUTION

1.

The effect of exogenous riboflavin and pH on growth of S. xiamenensis and riboflavin
production were studied. Exogenous riboflavin, initial pH and bacterial cell number
were optimized for production of riboflavin by S. xiamenensis. The optimal conditions
of exogenous riboflavin concentration, initial pH and inoculated cell numbers were
initial 18 nmol/mL pH 8.2 and 10° CFU/mL, respectively in the LB fermented broth.
The fermentation should be carried out for 72 hours.

Hydrogel bio-anode of alginate/polyaniline/titanium-dioxide/graphite composites with
the immobilization of riboflavin mediator and S. xiamenensis cells was successfully
fabricated and applied in MFC. The presence of riboflavin increased the transport of
electrons from the cells to the electrode. New bio-anode improved the efficiency and
stability of MFCs. The maximum power density (6.06 + 0.15 W/m?) was obtained in
the case of MFC using hydrogel bio-anode with the immobilization of riboflavin
concentration as 15 nmol/mL and 20 nmol/mL.

The fabrication of electrical conducting composites based on bacterial cellulose was
successfully done. The effect of aniline concentration and ammonium persulfate or
iron (III) chloride hexahydrate as an oxidant was determined. The highest electrical
conductivity (2.62 = 0.15 S/m) of BC/PANI composites using ammonium persulfate
as an oxidant could be obtained when use of 0.2 mol/L aniline and molar ratio of
ammonium persulfate to aniline was 1.2:1. In the case of use of iron (III) chloride
hexahydrate as an oxidant, the electrical conductivity of BC/PANI composites was
221 £ 0.11 S/m at 0.2 mol/L aniline, and the molar ratio of iron(IlI) chloride
hexahydrate to aniline was 1.5:1. The electrical conductivity of BC/PANI can be
improved by coating with TiO»,. The electrical conductivity of TiO» coated
BC/PANI/APS was 1.4-fold higher than sample without TiO».

New bio-anode of BC/PANI/APS/TiO> composites immobilized S. xiamenensis was
fabricated and used in the MFC. This bio-anode significantly improved the power
density of MFC from 2.57 W/m? (bare BC) to around 38.89 W/m® meaning 15-fold
higher.

. The performance of MFC was improved by supplement of Fe(IIl). With 9 mM initial

Fe(III), the coulombic efficiency of MFC was 56.71 £ 1.13%, the maximum of power
density was around 49.28 + 2.34 to 51.11 £ 2.29 W/m? between 20" hour and 40"

hour. The maximum Fe (III) reduction rate was 0.031 + 0.004 mM/hour.
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6 SUMMARY

Shewanella xiamenensis DSMZ 22215 (DSMZ, Braunschweig, Germany) was used as a
main bacterium. The bacterium was grown anaerobically at 30 ‘C in Luria-Bertrani (LB)
broth. The exogenous riboflavin with different concentration (ranging from 0-20 nmol/mL)
was supplemented into LB broth to determine the effect of this component on growth and
riboflavin production by S. xiamenensis. Bacterial cells number and riboflavin concentration
was measured after 24 hours intervals. As the results, the higher initial exogenous riboflavin
concentration present, the higher riboflavin production obtained. The maximum riboflavin
production peaked at samples with exogenous riboflavin 15 nmL/mL and 20 nmol/mL after
72 hours of operation. Self-production of riboflavin by S. xiamenensis is apparent in sample
without exogenous riboflavin. Bacteria grew better in exogenous riboflavin 15 nmol/mL and
20 nmol/mL. The kinetics of riboflavin production by S. xiamenensis in the sample without
exogenous riboflavin was determined. Maximum specific cell growth rate (umax) of model
was 0.079 1/h with substrate saturation constant (Ks) was 0.15 g/L. Biomass yield (Yxs),
riboflavin yield (Yps) were calculated as 0.001 g/g, 0.003 g/g, respectively. The growth-
associated (a) and non-growth-associated (ff) product formation coefficients during riboflavin
production of Luedeking-Piret model was also determined as 3.3277 and 0.002, respectively.
These values were significantly bigger than zero, thus both growth and biomass have effects
on the product formation. In addition, the effect of pH condition was studied. LB broth with
different pH values (from pH 6 to pH 10) was used. With the alkaline pH, there was an
increase in riboflavin production. The riboflavin production at pH 9 was the highest (4.89 +
0.51 nmol/mL). The S. xiamenensis cells growth with initial pH from 7 to 9 were similar,
while they grew slowly at pH 6 and pH 10 after 24 hours of operation. Moreover, the
combined effects of exogenous riboflavin (Xi) and initial pH (X2) on riboflavin production
(Y) of S. xiamenensis was investigated. Response Surface Methods (RSM) described the
second-order polynomial equation of riboflavin production: Y = 6.295 + 0.092X; + 0.12X> —
0.233X,2, where Y is riboflavin production, X; is exogenous riboflavin and X; is initial pH
value. The optimal condition value was pH 8.2 and exogenous riboflavin 18 nmol/mL.

The application of S. xiamenensis in MFCs was carry out with the immobilization them
into hydrogel bio-anode composites. Alginate, polyaniline, titanium-dioxide and graphite was
used to fabricated hydrogel bio-anode composites with the immobilization of riboflavin
mediator and S. xiamenensis was investigated. The efficacy of using hydrogel bio-anode

composites with the immobilization of riboflavin in improving the performance of MFCs was
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outlined in this study. The presence of riboflavin enhanced the bioelectricity production in
MFCs. The maximum power density was 6.06 + 0.15 W/m? in MFCs at hydrogel bio-anode
with 20 nmol/mL riboflavin, 1.7-fold higher than in MFC without riboflavin.

In addition, the new materials using for fabrication of anode electrode was studied to
enhance the performance of MFCs. Bacterial cellulose (BC) was polymerized with aniline
and oxidant (ammonium persulfate or iron (III) chloride hexahydrate) to make BC/PANI
composites. These materials with the immobilization of S. xiamenensis was used as anode
electrode in MFCs. Moreover, the coating titanium-dioxide on BC/PANI composites was
carried out. Titanium-dioxide greatly improved electrical conductivity of BC/PANI. In the
case of using ammonium persulfate as an oxidant, the electrical conductivity of
BC/PANI/TiO2 was 3.71 + 0.2 S/m, 1.4-fold higher than the sample without coating TiO».
The using BC/PANI/TiO; as anode improved the power density of MFCs. The power density
in MFCs with BC/PANI/TiO»/APS anode peaked at 38.89 W/m?®, 15-fold higher than MFC
using bare BC anode.

To demonstrate the ability reducing Fe(IIl) of S. xiamenensis and the effect of Fe(IIl) on
MFCs using BC/PANI/TiO2/APS, Fe(Ill) was supplemented into anode chamber at the start-
up of operation with different concentration from 3 mM to 12 mM. The coulombic
efficiencies (CE) and power density of all MFC system increased with the increasing of initial
Fe(Ill) concentration. The CE reached 56.92 = 1.21% of MFC with 12 mM Fe(Ill)
concentration, compared to 49.71 + 0.98% of the MFC without Fe(IIl) in anode chamber.
Besides, the Fe(IIl) reduction rate was 0.033 £ 0.004 mM/hour and 0.021 £+ 0.004 mM/hours
in MFC at 12 mM and MFC at 3 mM of Fe(III), respectively.

In conclusion, several conditions affected the ability of riboflavin production by S.
xiamenensis, thus improving the electrochemical performance of this bacteria. New types of
bio-anodes using different hydrogel composites were successfully engineered and applied.

These bio-anodes improved significantly electric performance of MFCs.
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