DYNAMIC MODELLING OF BIOELECTROCHEMICAL ACTIVITY FOR
ANODE MICROBIAL FUEL CELLS BY GEOBACTER SULFURREDUCENS

by

NOOR FAZLIANI SHOPARWE

Thesis submitted in fulfillment of the requirements
for the degree of

Doctor of Philosophy

May 2016



ACKNOWLEDGEMENT

In the name of Allah the Most Beneficient and the Most Merciful.
Alhamdulillah, all praises to Allah The Almighty for giving me the strengths, guidance
and patience in completing my PhD. Peace and blessing to Nabi Muhammad S.A.W,
all the prophets, their families and all the Muslims. This research project would not
have been successful without help and assistance from many people. With my honor

and gratitude, | offer my recognition to all who lend me their assistance and support.

First and foremost, my deepest gratitude goes to my husband Mr. Mera Uzaini
Syaihan bin Rajam for his love, understanding, encouragement, prayers and patience
that supported me through the whole course of this study. Thank you for believing in
me, for your never ending encouragement and support, and for instilling in me the
belief that | ought to finish everything that I start. The biggest heartfelt thanks goes to
my Dad Mr. Shoparwe bin Marto and my Mum Mrs Kasminah bte Hussin and who
have always encouraged and raised to pray for my success. | would like to thank my
Siblings; Zamri, Zuraidah, Fauzi, Fauziah, Halid and Izah and Parents in Law whose
have followed me throughout every part of my PhD journey. This dissertation is also
dedicated to my lovely daughter Afreen who was born when | was pursuing my
doctoral degree. She, as well as this dissertation, are the most wonderful moment that
| have during the years of my PhD study. | could never have made it this far without

them.

I wish to express my profound appreciation and sincerest thanks to my
supervisors Dr. Suhairi bin Abdul Sata, for his keen interest, continuous support and
help, constructive suggestion and scholastic persuasions during the course of this

project and preparation of this dissertation. | feel highly privileged to extend my



genuine appreciation to my co-supervisor Associate Professor Dr. Mohammad Hekarl
Uzir for his incessant support, guidance and provided constructive comment during

my study.

I would like to express my sincere gratitude to the Dean School of Chemical
Engineering, Professor Dr. Azlina Harun, Deputy Dean of Research Postgraduate and
Networking, Professor Dr. Ahmad Zuhairi Abdullah and Deputy Dean of Academic,
Student and Alumni Affairs, Associate Professor Dr. Mohamad Zailani Abu Bakar for
their continuous support and help towards my postgraduate affairs. Also not to forget,
sincere thanks to all administrative staff and technicians at School of Chemical
Engineering, Universiti Sains Malaysia for their kindness, valuable help and co-

operation.

I would also like to extend my heartfelt appreciation to the Ministry of Higher
Education of Malaysia for providing me scholarship (My PhD) to assist my PhD
studies financially as well as the Fundamental Research Grant Scheme (FRGS)
(Account No: 6071232). Also to Universiti Sains Malaysia for its financial support via

the Postgraduate Research Grant Scheme (PRGS) (Account No: 8046005).

Last but not least, thanks to all my beloved friends especially Yasmin, Asyura,
Jusliha, Jibrail, Hatijah, Aziah, Nani, Shitah, Midah, Tariq, Hafiz, badminton group
members, other colleagues whom | am not able to address here for your sincere help,
concern, moral support and kindness. Thanks for the friendship and memories. Finally,
I would like to thank everybody who was important to the successful realization of my
PhD, as well as expressing my apology that I am not able to mention personally one
by one. | love you all !!!. @@

Noor Fazliani Shoparwe, PhD Journey (2011-2016)



TABLE OF CONTENTS

ACKNOWIEdEMENt. ... ...ttt
Table Of CONENLS. ... .oueie e e
List Of Tables. .. .uuieiii e
LiSt Of FIgUIES. ..ot einti e e e
List Of Plates. .....eni
LISt Of ADDIeVIAtIONS. ...\ vttt ettt et e
List Of SymbOIS. . ...vei e e
ADSLTAK . . oo e

A DS A . . ettt e

CHAPTER 1 - INTRODUCTION

1.1  Research Background...............cooiiiiiiiiii e
1.2 Problem Statement..........co.oiniiiiiii i
1.3 Research ObjeCtiVeS. .. .uuuieii ettt e eeee e
14 Scope of Study....ooniii
1.5 Organization of the Thesis..........coooiiiiiiiiii e,

CHAPTER 2 - LITERATURE REVIEW
2.1  Principle of Microbial Fuel Cells Technology..............c.ccoooiinnnn.
2.2 Bioelectrochemical Process in Anode Microbial Fuel Cells...................
2.2.1 Microbial ASpects........covviririiiiriiiii e
2.2.1.1 Bacterial Cell Growth, Biofilm Formation and Substrate

Utization. ....ooovee e,

Xi

Xiii

Xviii

XiX

XXi

xxiii

XXV

10

12

12

13



2.3

2.4

2.6

2.7

2.2.1.2 Bacterial Metabolism...............coooviiiiiiiiiiiiiii,
2.2.1.3 Extracellular Electron Transfer (EET) Mechanism.........
2.2.2  Electrochemical ASPeCtS.........cooviiriiiiiiiiiiiiie e
2.2.2.1 Oxidation and Reduction Processes...........................
2.2.2.2 Theoretical Electrode or Themodynamic Ideal Voltage...
2.2.2.3 Voltage LoSSeS. . oouuiiiiiii i
Operational Factors Affecting Microbial Fuel Cells Performance............
2.3.1 Biocatalyst: Geobacter sulfurreducens........................oeee.e.
2.3.2  SUDSIIALE. ...ttt
2.3.3 Design of Microbial Fuel Cells................coooiiiiiiiiiiin,
2.3.4 Types of Electrode........c.ovviiiiiiiiiiiiiii e,

2.3.5  TeMPETAtUIC. ..\ttt ettt et e aeeaeaeans

2.4.1 The Use of Polarization Curve Method in Microbial Fuel Cells...
2.4.2 The Use of Electrochemical Impedance Spectrocopy (EIS)
Method in Microbial Fuel Cells...............ccooviieiiiiie e,

2.4.3 The Use of Cyclic Voltammetry (CV) Method in Microbial Fuel

Kinetic Studies of Microbial Fuel Cells.......ooovviieniieeie i,

The First Principle Model of Microbial Fuel Cells............................

CHAPTER 3 - MATERIAL AND METHODS

3.1

(0175 0 (=) AT

26

26

28

29

33

35

35

39

40

40

41

44

49

57

59

65



3.2

Experimental Work of Anode Microbial Fuel Cells in a Batch System

3.21

3.2.2

3.2.3

3.24

3.25

3.2.6

3.2.7

3.2.8

3.2.9

Microbial Fuel Cells Design and Setup ...........cccevivviininnnn...
Chemical and Materials .............coooiiiiiiiii,
EqQUuIpment .......ooiiiiiii e
Biocatalyst......cooueiiiiiii e,
Membrane Preparation.............cvviiiiiiiiiiiiiiii e,
Electrode Preparation.............oovviiiiiiiniiiiiiiiiieieeeea,
Microbial Method and Analysis.............cccoovviiiiiiiiiiininnn...
3.2.7.1 Cell Biomass Determination..................ccceuveniveennens
3.2.7.2 Acetate Concentration Determination .................c.c.......
3.2.7.3 Cell Attachment Determination......................ooeeeuenne.
Electrochemical Methods and Analyses..................cevviiiennne
3.2.8.1 Open Circuit Voltage (OCV) Method........................
3.2.8.2 Polarization Curve Method....................coooiiiin..
3.2.8.3 Polarization Curve Model.............ccooiiiiiiiiiniinn,
3.2.8.4 Electrochemical Impedance Spectroscopy (EIS) Method.
3.2.8.5 Equivalent Cicuit Model..................coooiiiiiiiiin...
3.2.8.6 Direct Electric Current and Voltage Monitoring Method..
3.2.8.2 Cyclic Voltammetry (CV) Method......................o.e.
Experimental Studies.............oooiiiiiiiii i
3.2.9.1 The Effect of Design on the Performance of Microbial
Fuel Cells... ..o,
3.2.9.2 The Effect of Electrode Types on the Performance of

Microbial Fuel CellS....oovvnieeieeee e

Vi

74

74

75

75

77

77

81

81

86

86

87

87



3.3

3.4

3.2.9.3 The Effect of Initial Acetate Concentrations on the

Performance of Microbial Fuel Cells................oooonin.n.

Kinetic Studies of Anode Microbial Fuel Cells .......coveeeveeeeeeiiinnn...

3.3.1

3.3.2

Microbial Kinetic Studies .......uveeeeeeie el
3.3.1.1 Microbial GTOWth. .....oovereeeee e
3.3.1.2 Substrate Ut1HZation. ........ooeeeeereeeee e

3.3.1.3 Substrate Dependent and Independent Growth Kinetic

3.3.2.1 Electrode Reaction and Kinetic Rate...........................
3.3.2.2 The Peak Characterization from Cyclic Voltammograms..
3.3.2.3 The Reversibility’s Studies of Anode Electrode Reaction..
3.3.2.4 Reversible Process..........oooviiiiiiiiiiiii
3.3.2.5 Quasi-Reversible Process............cooovvviiiiiiniiiiniiiennne.
3.3.2.6 Irreversible Process...........ccooeviiiiiiiiiiiiiiiiiien,
3.3.2.7 Determination of Heterogeneous Electron Transfer Rate

CONSTANT, Ko v v oottt

Development of Dynamic Model of Anode Microbial Fuel Cells............

34.1

3.4.2

3.4.3

3.4.4

3.4.5

3.4.6

3.4.7

ASSUMPLIONS. ...ttt et e e e et e e e eeie e e eraeeeaee e e
Mass Balance...........ooooiiiiiiii
Reaction...... ..o
Rate of Reaction..........cooviiiiiiiiiiii s
Simplification of the First Principle Model...........................
Model Parameters. ........c.o.ovuiiiiiiiiiiii i

Model Parameters Estimation, Simulation and Validation .........

vii

98

98

99

100

101

102

103

105

106

109



3.4.7.1 Parameter Estimation Method and Analysis.................. 120

3.4.7.2 Simulation Method................ooiiiiiiii e, 121
3.4.7.3 Validation Method and Analysis...................coevvenne. 122
CHAPTER 4 — RESULTS AND DISCUSSION 123
O R 0 )< 074 o) P 123

4.2 Bioelectrochemical Studies of Anode Microbial Fuel Cell at Different

Operating Conditions of Batch Culture......................ooooiiiiin. 123
4.2.1 The Effect of Design on Microbial Fuel Cells Performance........ 124
4.2.1.1 Polarization Curve Studies.............cocevviiiiiiiiinan... 124

4.2.1.2 Electrochemical Impedance Spectroscopy (EIS) Studies. 130
4.2.1.3 Comparison on the Overall Performance of Single
chamber and Dual chamber Microbial Fuel Cells......... 135
4.2.2 The Effect Types of Electrode on Microbial Fuel Cells

Performance.............oooiiii i, 136
4.2.2.1 Growth Profile of Geobacter sulfurreducens and Acetate

UtIHZation. ......cooveiii e e 137
4.2.2.2 Geobacter sulfurreducens’ Cell Attachment on anode

SUITACE. .. vttt esee e, 138
4.2.2.3 Electric Current and Power Production........................ 140
4.2.2.4 Electrochemical Impedance Spectroscopy EIS

Studies. ..o e 143
4.2.2.5 Comparison on the Overall Performance of Microbial

Fuel Cells at Different Types of Electrode................... 146

viii



4.2.3 The Effect of Initial Substrate Concentration on Microbial Fuel
Cells Performance..............ooiiiiiiiiiiiiiii e, 147
4.2.3.1 Growth Profile of Geobacter sulfurreducens and Acetate
Utilization at Different Initial Substrate Concentrations... 147
4.2.3.2 Electric current and Power Production at Different Initial
Substrate Concentrations...............evvviieeinireeeennnnn.. 150
4.2.3.3 Electrochemical Impedance Spectroscopy EIS Studi........ 154
4.2.3.4 Comparison on the Overall Performance of Microbial
Fuel Cells at Different Initial Substrate Concentrations.... 156

Microbial Kinetic Studies of Anode Microbial Fuel Cell in a Batch

4.3.1 Model Fitting of Cell Suspension Growth of Geobacter
SUITUITEAUCENS. ..., 157
4.3.2 Model Fitting of Acetate Utilization.................c.oovviivieninnne. 160

4.3.3 Model Fitting for Substrate Dependent and Substrate Inhibition

4513 1 4 VA 169
4.4.1 The General Characteristics of CV Response........................ 169
4.4.2 CV Studies during the Cell Growth and Biofilm Formation....... 171
4.4.3 CV Studies at Different Scanning Rate.........................o.... 177
4.4.4 The Reversibility’s Studies...........coooiiiiiiiiiiiii, 179

4.4.5 Heterogeneous Electron Transfer Rate Constant, ko

I DIC TS ua1110%:15 (o) 1 PN 181



4.5  Simulation and Validation for Dynamic Model of Anode Microbial Fuel

CellS oo

CHAPTER 5 — CONCLUSIONS AND RECOMMENDATIONS
5.1 CONCIUSIONS . « e et e
5.2 Recommendations

REFERENCES. ...

APPENDICES

LIST OF PUBLICATIONS

184

189

189

191

192



Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 3.9

Table 3.10

LIST OF TABLES

Biocatalysts in microbial fuel cells

Comparison of microbial fuel cells performance using Geobacter
sulfurreducens as a biocatalyst from several researchers

Operating conditions and frequency range used for the EIS
studies

Operating condition, applied voltage and scanning rate used for
the CV studies

The dimension of microbial fuel cell reactor for one compartment

List of chemicals and materials used in this study

List of equipments used in this study

Impedance components and equation relationship for both
impedance and admittance

Limiting substrate dependent growth kinetic models

Substrate independent (incorporating substrate inhibition)
growth kinetic models

Diagnostic tests for cyclic voltammogram of reversible processes

Diagnostic tests for cyclic voltammogram of quasi-reversible
processes

Diagnostic tests for totally irreversible processes

Accepted ranges for standard rate constant electron transfer, ko
(cm.s?) ((Bard,2001)

Xi

Page

30

32

48

55

68

70

71

82

94

94

100

101

101

102



Table 3.11

Table 3.12

Table 3.13

Table 3.14

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9

Table 4.10

Table 4.11

Initial condition for dynamic simulation for principle model of
anode microbial fuel cells

Standard constant parameters

Parameters from experimental results

Parameters from literature

Parameter values obtained from polarization curve fitting model

Parameters value obtained from EIS for single and dual chamber
design

Parameters value obtained from EIS for graphite plate and felt

Parameters value obtained from EIS for different types of initial
concentrations

Kinetic model parameters obtained from the fitting the data of
suspended cell growth of Geobacter sulfurreducens to the
Logistic model at different initial acetate concentrations

Kinetic model parameters of cell biomass production at different
initial acetate concentrations

Predicted parameter values of substrate dependent kinetic models

Predicted parameter values of substrate inhibition kinetic models

Parameters obtained from cyclic voltammogram in Figure 4.24

Parameters obtained from cyclic voltammograms for initial
acetate concentration of 20 mM

Parameter values for determination of heterogeneous electron
transfer rate constant, ko

Xii

118

119

119

120

128

133

145

155

159

161

165

166

173

178

183



Figure 1.1

Figure 1.2

Figure 1.3

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

LIST OF FIGURES

World energy production by energy sources (DOE, 2014)

World’s marketed
(Sieminski, 2013)

energy consumption (1990-2035)

Bioelectrochemical process in microbial fuel cells

Schematic diagram of microbial fuel cells

Redox tower of respiratory chain of bacteria (Logan and
Regan, 2006b)

Schematic diagram of mechanism of electron transfer via (a)
direct electron transfer mechanism via outer-membrane
cytochromes. (b) via nanowire and (c) mediator.

Mechanism of an extracellular electron transport from cells of
Geobacter species to the anode microbial fuel cells (Du et al.,
2007)

Redox tower. These reduction potentials were obtained from
the following sources (Logan and Regan, 2006b, Schroder,
2007, Rabaey, 2010)

Several of voltage losses and internal resistance involved in
Microbial fuel cells process (Modified from Rabaey and
Verstraete (2005))

Factors affecting microbial fuel cells performances

Photographs of electrode materials used in microbial fuel cells:
(a) carbon paper; (b) graphite plate; (c) carbon cloth; (d)
carbon mesh; (e) granular graphite; (f) granular activated
carbon; (g) graphite felt; (h) reticulated vitrified carbon; (i)
carbon brush; (j) stainless steel mesh (Wei et al., 2011)

Xiii

Page

13

19

21

23

25

27

29

36



Figure 2.9

Figure 2.10

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 4.1

Figure 4.2

Figure 4.3

Triangular waveform of cyclic voltammogram

Cyclic voltammogram

Overall research methodology flowchart

Schematic diagram of the glass single chamber microbial fuel
cell connected to multi-potentiostat and computer

Schematic diagram of the glass dual chamber microbial fuel
cell, connected to a multi-potentiostat and a computer

Microbial fuel cell polarization curve showing various
potential losses (Adapted from O'Hayre et al. (2006))

Simplified Randles Equivalent Circuit Model

Modified Simplified Randles Equivalent Circuit with Warburg
Model

A plot of the peak electric current (lp) corresponding to the
square root of the potential sweep (scanning) rate, showing the
behaviors of the reversible, quasi-reversible and irreversible
phases (Pletcher et al., 2001)

Conceptual framework of key processes for modelling of
anode microbial fuel cells

Open circuit voltage recorded in; (a) a single chamber, and
(b) a dual chamber microbial fuel cell designs (The data are
representative for triplicated experiments).

Experimental and predicted value of polarization curve of
single chamber design.

Experimental and predicted value of polarization curve of dual
chamber design.

Xiv

50

50

65

68

69

76

83

84

99

104

125

127

127



Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Nyquist plot of experimental and predicted data at point 1 of
I-V curve for single and dual chamber microbial fuel cell.

Nyquist plot of experimental and predicted data at point 2 of
I-V curve for single and dual chamber microbial fuel cell

Nyquist plot of experimental and predicted data at point 3 of
I-V curve for single and dual chamber microbial fuel cell.

Growth profile of Geobacter sulfurreducens and acetate
utilization in anode compartments with graphite plate and felt
(initial acetate concentration=10 mM) (The data are
representative mean of triplicated experiments).

SEM images of (a) graphite plate and (b) graphite felt before
cell attachment and biofilm formation (1000 x magnification),
as well as (c) graphite plate and (d) graphite felt after cell
attachment (30 000 x magnification) (initial acetate
concentration=10 mM).

Electric current productions using graphite plate and felt
(initial acetate concentration=10 mM) (The data are
representative mean of triplicated experiments).

Power density production for graphite plate and felt (initial
acetate concentration=10 mM) (The data are representative
mean of triplicated experiments).

Nyquist plot of experimental and simulation data for graphite
plate and felt

Growth profile of Geobacter sulfurreducensat different initial
substrate concentrations (The data are representative mean of
triplicated experiments).

Susbtrate  utilization at  different initial  substrate
concentrations (The data are representative mean of triplicated
experiments).

XV

131

132

132

137

139

141

141

143

144

148



Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Electric current production at different initial substrate
concentrations (The data are representative mean of triplicated
experiments).

The optimum electric current production at different initial
substrate concentrations

The optimum electric current production at different initial
substrate concentrations

Nyquist plot of experimental and predicted data for different
initial substrate concentrations

Bode plot of experimental and predicted data for different
initial substrate concentrations

Model fitting results of suspended cell growth of Geobacter
sulfurreducens to the Logistic model at different initial acetate
concentrations

Model fitting results of acetate utilization

Graph of specific growth rate for substrate dependent and
independent model

Experimental and predicted data of substrate inhibition growth
Kinetic models.

(a) Potential waveform, (b) electric current-time and (c)
electric current-potential of CV experiment in microbial fuel
cells system

Typical cyclic voltammogram recorded at 100 mVs™ and
potential sweeps from -1.0 to 1.0 V of batch culture of the
Geobacter sulfurreducens in an anode microbial fuel cells (20
mM initial acetate concentration) for (a) 0 hr, (b) 48 hr, (c) 72
hr, (d) 96 hr, (e) 144 hr (f) 192 hr, (g) 212 hr and 240 hr.

Mechanism (a) before attachment and (b) after attachment, and
SEM (15000 x magnification) (a) before attachment and (b)
after attachment of Geobacter sulfurreducens on anode

XVi

151

152

153

154

155

158

160

163

165

170

172

177



Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29

Figure 4.30

Figure 4.31

Figure 4.32

surface. (Batch system: initial substrate concentration=20
mM).

Cyclic voltammograms at different scanning rate for initial
acetate concentration of 20 mM

Plot of anodic peak current (mA) versus square root of scan
rate (mV.s™1)2

Plot of cathodic peak electric current (mA) versus square root
of scan rate (mV.s1)12

Plot of anodic voltage versus log of scan rate
Plot of cathodic voltage versus log of scan rate

Simulation and validation results of the first principle model
of anode microbial fuel cells without deactivation of enzyme
model (Equation 3.99 and 3.100): (a) acetate utilization (mM),
(b) oxidized redox protein (mM), (c) reduced redox protein
(mM), (d) attached cell biomass (g.L™?) (e) suspended cell
biomass (g.L™), and (f) electric current production (mA).
(MSE for suspended cell biomass = 2.78% and MSE for
electric current generation = 22.21%).

Simulation and validation results of the first principle model
of anode microbial fuel cells with deactivation of enzyme
model (Equation 3.101): (a) acetate utilization (mM), (b)
oxidized redox protein (mM), (c) reduced redox protein (mM),
(d) attached cell biomass (g.L?) (e) suspended cell biomass
(g.L™Y), and () electric current production (mA). (MSE for
suspended cell biomass = 2.78% and MSE for electric current
generation = 5.01 %).

Xvii

178

180

180

182

183

184

185



LIST OF PLATES

Page
Plate 3.1 Single chamber microbial fuel cell reactor 66
Plate 3.2 Dual chamber microbial fuel cell reactor 67

XViil



LIST OF ABBREVIATIONS

HNQ 2-hydroxy-1,4 naphthoquinone
ATPs Adenosine Triphosphate

ATCC American Type Culture Collection
ANN Artificial neural networks

BF Biofilm compartment

BL Bulk liquid compartment

Q Charge transfer

COD Chemical oxygen demand

CA Chronoamperometry

CPE Constant phase element

Cl Controlled inoculum

CE Counter electrode

CVv Cyclic voltammetry

DCW Dry cell weight

EIS Electrochemical Impedance Spectroscopy
E Electrode compartment

ETC Electron transport chain

ECM Equivalent Circuit model

EET Extracellular electron transfer
FMN Flavin mononucleotide

FTIR Fourier transform infrared spectroscopy
FRA Frequency-response analyzer

GC Gas Chromatography

XiX



H20: Hydrogen peroxide

ADM1 IWA’s anaerobic digestion model
LSV Linear sweep voltammetry
MSE Mean squared error

NR Neutral red

ocv Open circuit voltage

POME Palm oil mill effluent

PDE Partial differential equation
PEM Proton exchange membrane
RE Reference electrode

RVC Reticulated vitrified carbon
SCE Saturated calomel electrode
SEM Scanning electron microscopy
TGA Thermogravimetric analysis
WE Working electrode

ODE Ordinary differential equation

XX



LIST OF SYMBOLS

Kred Backward heterogeneous rate constants

Lo Boundary layer thickness

X Cell Biomass

Co Initial concentration of species in bulk solution

Q Constant phase element

Kd Deactivation rate constant for reduced redox protein
D Diffusion coefficient

Dsgr Diffusion coefficient of substrate at biofilm

Cal Double layer capacitance

o Dynamic exchange electric current density rate

I Electric current

A Electrode surface area

Rext External resistance

F Faradays constant

Kox Forward heterogeneous rate constants
R Gas constant

L Inductance

W Infinite Warburg

Ki Inhibition constant

Rin Internal resistance

Mms Maintenance coefficient

Ke Mass transfer coefficient

Xm Maximum biomass concentration

XXi



Mmax Maximum specific growth rate

Ks Monod saturation constant

n Number of electron

Ra Ohmic resistance

Xox Oxidized redox protein concentration

lp Peak of electric current

Rp Polarization resistance

v Potential scan rate

Xred Reduced redox protein concentration

Ho Specific growth rate

R? Squared regression correlation coefficient

E° Standard potential of the redox couple

S Substrate concentration

Ser Substrate concentration in biofilm

T Temperature

t Time

Ys Total yield of cell biomass on substrate in bulk and
biofilm

a Transfer coefficient

Vv Voltage

Vv Volume of anode compartment

Ym Yield of oxidized redox protein

XXii



PERMODELAN DINAMIK BAGI AKTIVITI BIOELEKTROKIMIA UNTUK
ANOD SEL BAHAN API MIKROB DARIPADA GEOBACTER

SULFURREDUCENS

ABSTRAK

Sel bahan api mikrob merupakan teknologi baru yang berpotensi besar untuk
menjana elektrik daripada substrat organik dengan menggunakan mikrob dan
tindabalas bioeletrokimia. Projek penyelidikan ini telah dilaksanakan untuk
meningkatkan lagi prestasi aktiviti bioeletrokimia bagi anod sel bahan api mikrob
untuk penghasilan elektrik daripada Geobacter sulfurreducens sebagai biopemangkin.
Dalam merealisasikan kajian ini, permodelan dinamik memfokuskan bahagian anod
secara sistem berkelompok telah dibangunkan. Mekanisme bagi pemindahan elektron
secara terus daripada sel ektrasellular kepada elektrod telah diberi penekanan.
Penambahbaikan ke atas model telah dilakukan dengan mengambil kira kinetik bagi
tindabalas biokimia dan elektrod serta menggabungkan kehilangan voltan bagi sistem
tersebut. Penambahbaikan juga dilakukan dengan mengambil kira kadar penurunan
bagi aktiviti enzim dalam tindakbalas biokimia. Model matematik yang dibangunkan
membolehkan kajian dilakukan terhadap profil arus elektrik, penghasilan biojisim,
penggunaan substrat dan penurunan voltan terhadap fungsi masa. Kerja-kerja
eksperimen pada keadaan operasi yang berbeza telah dijalankan untuk mendapatkan
parameter penting dan mengesahkan model matematik. Kaedah elektrokimia telah
diaplikasikan untuk mengkaji aktiviti elektrokima bagi sistem tersebut. Lengkuk
pengutuban telah digunakan untuk mendapatkan setiap jenis penurunan voltan seperti
kehilangan pengaktifan, kehilangan Ohmic and kehilangan kepekatan. Kaedah

impedans spektroskopi eletrokimia (EIS) telah diaplikasikan untuk mendapatkan

XXiil



rintangan dalam dan rintangan pengutuban parameter. Selain itu juga, kaedah
voltammetri berkitar telah digunakan untuk menjalankan kajian kinetik elektrod bagi
sistem tersebut pada pengimbasan dan pemberian nilai voltan yang berbeza. Keputusan
yang paling optimum diperolehi daripada eksperimen menggunakan reka bentuk
kebuk tunggal, grafit lakan sebagai elektrod dan kepekatan asetat permulaan sebanyak
20 mM, iaitu menghasilkan penjanaan arus elektrik optimum iaitu 2.32 mA, rintangan
dalam iaitu 85.24 Q, kadar pertumbuhan spesifik iaitu 0.068 jam™, hasil biojisim sel
jaitu 0.0098 gsel/gasetat dan kadar pemindahan elektron heterogen untuk anod iaitu
0.0018 cm.s™* telah digunakan untuk mengesahkan model yang dibangunkan. Model
dinamik ini telah berjaya disahkan dengan data eksperimen yang memberikan min
kuasa dua ralat kurang daripada 10%. Keseluruhan kerja dalam projek penyelidikan
ini telah berjaya dilaksanakan dan membantu menangani sebahagian daripada cabaran
dalam pembangunan teknologi sel bahan api mikrob. Gabungan proses
bioelektrokimia dengan model matematik bukan sahaja telah memberi potensi yang
besar untuk meningkatkan prestasi sel bahan api mikrob malah telah membantu kita

memahami keseluruhan sistem sel bahan api mikrob.
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