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Abstract

ABSTRACT
Over the past decades, the global concerns of limited freshwater supplies due to the
excessive usage of water and increasing contamination of natural freshwater resources
have encouraged research efforts to develop alternative technologies to provide clean
water. In recent years, seawater desalination via reverse osmosis (RO) has been rapidly
growing and is arguably becoming one of the most important technologies to provide
freshwater supply. Currently, membrane fouling is debatably one of the major costs to
the seawater desalination industry typically resulting in periodic cleanings and finally in
total membrane replacement at non-regular intervals. One of the major types of RO
membrane fouling is biofouling; which is caused by bacteria feeding on assimilable
organic carbon (AOC) that are presence in seawater leading to bacterial growth on the
RO membrane. Hence, AOC can be used as an indicator for the relative biofouling
potential indicating that a good seawater monitoring system for AOC is crucial for early
detection of biofouling potential.

At present, many biosensors for the monitoring of AOC in water are available. However,
they tend to pose numerous problems such as high operation costs, inability to work
online, time consuming, labour intensive, require specific pure culture or lack of
sensitivity for early detection of biofouling potential. To overcome some of these
drawbacks, a microbial fuel cell (MFC) was proposed as a new online biosensor for the
monitoring of AOC in seawater to be used in seawater reverse osmosis (SWRO) plants.
Therefore, this thesis investigates the potential application of a marine MFC (or
potentiostat-controlled MFC, namely MEC) based biosensor for the monitoring of AOC
in seawater.
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All the MFC (or MEC)-biosensors in this study were conducted using a two-chamber
MFC equipped with a cation exchange membrane, inoculated with microorganisms from
marine sediment. Seawater was used for all the experiments. Acetate or yeast extracts
was used as electron donor in the anode. In general, results showed that MFC-biosensor
established could detect the presence of AOC under marine conditions by producing
electrochemical signals such as current peaks, coulombs output and the change of anodic
potentials. The electrochemical signals and AOC concentrations followed typical
Michaelis-Menten model, where linear correlation only applied to a certain responsive
range of low AOC concentrations and a finite maximum current were produced at
saturation conditions. Nevertheless, the detection of higher levels of AOC was not of
relevance in this study as determining the presence of low levels of AOC was the central
concern of the study.

Initially a traditional MFC-biosensor, using a fixed external resistor and ferricyanide as
catholyte, was established under marine condition. The MFC-biosensor reproducibly
generated electrochemical signals (change of anodic potential and current peak) in
response to defined AOC concentration. Although the linear correlation between
electrochemical signals (change of anodic potential and current peak) and AOC
concentrations were of satisfactory level (R2 > 0.98), the use of a simple MFC-biosensor
that was continuously operating at a constant anodic potential was not practical or
reliable. Moreover, the use of ferricyanide as catholyte required regular replacement.

It is important to control the anodic potential for accurate detection of current changes
and the prevention of “false alarms”. To overcome the problems described above, a
potentiostat-controlled marine MFC-biosensor (namely MEC-biosensor) was operated at
a negative anodic potential (-300 mV (vs Ag/AgCl)) and produced useful signals within
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14 days after inoculation. Results showed the electrochemical signals produced from the
MEC-biosensor had sufficient reproducibility (standard deviations of 3 – 5 %) and could
be of high precision (i.e. the AOC concentrations and electrochemically signals
generated were highly correlated with R2 > 0.99).

The response of the MEC-biosensor should be rapid and highly sensitive towards AOC.
By applying different anodic potentials, the performance of a MEC-biosensor could be
optimised. The use of a positive anodic potential (+250 mV (vs Ag/AgCl)) lead to a
faster establishment (2 - 4 times faster) of anodophilic bacteria, and a lower detection
limit (2.5 µM of acetate) of the marine MEC-biosensor compared to the MEC-biosensor
operated at negative anodic potentials (-250 mV (vs Ag/AgCl)), traditionally used in
MFC. DNA analysis revealed that operating a MEC-biosensor at a higher anodic
potential not only improved its performance but also altered the anodophilic biofilm
communities. Electrochemically active bacteria such as from Shewanellaceae,
Pseudoalteromonadaceae, and Clostridiaceae families were only present in the positive
anodic potential MEC-biosensor while strictly anaerobic bacteria from the families of
Desulfuromonadaceae, Desulfobulbaceae and Desulfobacteraceae were only present in
the negative anodic potential MEC-biosensor.

It is well-known that response of a MFC is suppressed by dissolved oxygen. Dissolved
oxygen is generally saturated in seawater and the use of a positive anodic potential for
the MEC-biosensor only helps the MEC-biosensor to tolerate low concentration of
dissolved oxygen. For practical application of the MEC-biosensor, it is essential to
overcome the aforementioned problem to allow accurate monitoring of AOC in seawater
under oxygen saturated condition. A hexacyanoferrate (HCF(III))-adapted anodophilic
biofilm was developed to detect low levels of AOC in oxygen saturated seawater.
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As the HCF(III) was found to enable the development of an adapted biofilm that
transferred electrons to HCF(III) rather than oxygen, the marine MFC-biosensor
developed could, in principle, work in the presence of oxygen.

Although the signal suppression by the dissolved oxygen in a MFC-biosensor could be
overcome by adapting anodophilic biofilm with HCF(III), the use of an external redoxmediator would hinder the MFC-biosensor’s practical application as it would need to be
added constantly to maintain its concentrations. It was important to develop an
alternative that enabled AOC monitoring in real plants using fully oxygenated seawater.
An electrochemical deoxygenation cell was developed to remove dissolved oxygen from
seawater prior to AOC detection using a MEC-biosensor. Using appropriate cathodic
potentials (- 800 mV (vs Ag/AgCl)) in an electrochemical cell enabled a sufficiently fast
dissolved oxygen removal without causing undesired reduction reactions that could lead
to interference with the signal production of the MEC-biosensor. The coupling of an
electrochemical cell with the MEC-biosensor has allowed real-time AOC monitoring in
oxygen-saturated seawater.

Overall, it can be concluded that the MFC (or MEC)-biosensor can be effectively used
as an online, rapid, and sensitive biosensor for the detection of AOC in seawater. The
developed MFC-biosensor can be used as an early warning system that provides early
detection and awareness of biofouling potential in seawater and to monitor the
effectiveness of pre-treatment processes in seawater desalination plants that are based on
reverse osmosis. A good AOC monitoring system could potentially assist in minimising
biofouling which leads to potential savings on frequent cleaning of the RO membrane
and replacement of RO membrane at an irregular interval. Nevertheless, further process
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optimisation and pilot scale trials in real RO systems is needed prior to making such
biosensor available.
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Abstract
Microbial fuel cells (MFCs) are thought to be a promising technology for electricity
production from a variety of materials and can be advantageously combined with
applications in wastewater treatment. However, there are a number of limitations of
using MFCs for power generation and restrict its real world application. In the last
years, there has been a growing amount of work on utilising MFCs as a type of
biosensor, which focused on biological oxygen demand (BOD) measurements. The
chapter discusses a number of recent achievements and applications of microbial fuel
cell (MFC) based biosensors for BOD measurement. The scope and aims of the thesis
is presented in Section 1.2.
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1.1

Literature Review

1.1.1

Introduction

Biological Oxygen Demand (BOD) test is a widely applied parameter especially in
environmental laboratories analysing wastewater, food, compost, sludge and soil
samples. It is used to quantify the degree of organic contamination in natural waters
as well in the wastewater monitoring process. Traditionally, BOD measures the
amount of oxygen used by microorganisms to oxidise organic compounds in a water
(or sludge) sample incubated for 5 days (BOD5) at a constant temperature (usually
20°C) (Greenberg and Eaton, 1991). BOD5 serves as an indicator for organic
pollution that can be degraded biologically in water samples. This universal method
for estimating biodegradable organics in various types of samples (i.e. wastewater
samples and aquatic objects) has the advantage of being inexpensive with no costly
equipment. However, a major drawback of BOD5 is the prolonged incubation time (5
days test period). This prevents its use for control processing where real-time
monitoring where fast feedback is required (Riedel et al., 1993). The other
disadvantage being the measurement variability in certified laboratories reaches 20 %
due to the inconstancy of the microbial populations sampled (Guyard, 2010) . Hence
BOD5 testing does not appear to be the most suitable tool for real-time environmental
monitoring.
Due to worldwide application of the BOD5 method, numerous types of BOD
biosensors have been developed.

This chapter intends to review the recent

achievements and applications of microbial fuel cell (MFC) based biosensors focused
on BOD measurements.
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1.1.2

Biosensors

1.1.2.1

Basic Features of Biosensors

Since the first description of a biosensor for glucose detection using membraneentrapped bio-components (Clark and Lyons, 1962), interest in biosensors has grown
substantially. A biosensor is a device that incorporates an element that interacts with
an analyte plus a physical transducer which converts the bio-recognition event into a
signal that can be measured electrochemically, mechanically, acoustically or optically
(Belkin, 2003; Cunningham and Austin, 1999; Lei et al., 2006). The measured signal
can then be correlated with the analyte concentration.
Biological recognition elements such as antibodies, microorganisms, organelles,
tissues and cells from higher organisms have been used in the fabrication of
biosensors (Lei et al., 2006). Enzymes are the most commonly used recognition
element due to their unique specification and sensitivity (D'Souza, 2001). However,
the purification of enzyme is costly, time consuming and labour intensive. Hence,
microorganisms with specific enzyme activity have been widely adopted as
recognition elements as they can be mass produced through cell culturing and have
better viability and stability (Byfield and Abuknesha, 1994).
Microbial-based biosensors can be based on optical or electrochemical measurement
detections. The microbial-based optical biosensors are usually based on the detection
of fluorescent, luminescent, colorimetric, or other optical signals (Borisov and
Wolfbeis, 2008; Jiang et al., 2006; Jin et al., 2009; Watts et al., 1994), which were
produced by the interaction between the microorganisms and substances. Optical
sensing techniques enable a biosensor to monitor multiple analytes simultaneously by
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correlating the optical signals with the concentration of target compounds (Brogan
and Walt, 2005). This technique usually requires genetically engineered
microorganisms in which a reporter gene is fused with an inducible gene. In the
presence of a target analyte, the inducible gene is activated and consequently activates
(“turn on”) or represses (“turn off”) the expression of a reporter gene (Borisov and
Wolfbeis, 2008). The microbial-based electrochemical biosensors usually are based
either on amperometry, potentiometry or conductometry signals (Ding et al., 2007;
Lei et al., 2006; Liang et al., 2013; Velling and Tenno, 2009) are especially
progressive due to the high sensitivity inherent to the electrochemical detection and
the possibility to miniaturise the required instrumentation to provide compact and
portable analysis devices.

1.1.2.2

Microbial Electrochemical Biosensors

Microbial electrochemical biosensors have been widely applied for the detection of
BOD. The majority of BOD electrochemical biosensors primarily utilised Clark-type
dissolved oxygen (DO) sensor consisting of a silver anode with gold or platinum
cathode as an electrochemical transducer, and a membrane containing immobilised
microorganisms as a biological recognition element (Liu et al., 2013; Velling and
Tenno, 2009; Wang et al., 2009). As the substrate (target compounds) diffuses into
the Clark-type DO sensor, the respiration rate of the immobilised microorganisms’
increase and the oxygen concentration in the sensor decreases. The unused oxygen
penetrates through a gas permeable membrane and is reduced on a cathode of the
oxygen electrode. The strength of current is directly proportional to the amount of
oxygen reduced on the electrode. Hence, the current generated can be correlated with
the concentration of the substrate.
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Such biosensors generally give good correlation between signal and BOD
concentration with short response time. However, there are a few disadvantages; an
electrochemical transducer is required, immobilization procedures are labour
intensive and time consuming, electrolytes needs regular replacement, the anode
surface of the DO probe needs regular cleaning as well as poor operational stability
(Liu et al., 2013; Velling and Tenno, 2009; Wang et al., 2009).

1.1.3

Microbial Fuel Cells

1.1.3.1

Fundamental of Microbial Fuel Cells

In the last decade, microbial fuel cell (MFC) has been proven to be a convenient BOD
biosensor showing major advantages, such as minimal maintenance requirements and
a long operational stability, in comparison with other type of biosensors (Chee et al.,
2005; Hyun et al., 1993). A MFC is a device that converts chemical energy from
biodegradable substrates into electrical energy by electrochemically active
microorganisms (namely anodophilic bacteria) (Bond et al., 2002; Du et al., 2007;
Logan, 2008; Logan et al., 2006; Logan and Regan, 2006; Min and Logan, 2004;
Rabaey et al., 2005). Anodophilic bacteria (e.g. Geobacter species and Shewanella
species) are capable of transferring electrons from reduced compounds to an electron
acceptor (e.g. solid electrode) under anaerobic condition. These anodophilic active
bacteria are commonly found in different anaerobic environments such as wastewater
(Min and Logan, 2004), ground water aquifers, fresh water and marine sediments
(Bond et al., 2002; Reimers et al., 2006).
Generally, MFCs consist of two compartments, anode (anaerobic) and cathode
(aerobic), which is physically separated by an ion exchange membrane (Figure 1.1).
The ion exchange membrane (i.e. cation exchange membrane (CEM), proton

	
  

6	
  

Chapter 1: Literature Review and Aims

exchange membrane (PEM) and anion exchange membrane (AEM)) selectively
allows ion to migrate between the two compartments. In the anode, anodophilic
bacteria oxidise organic carbon (e.g. acetate as the electron donor) and generate
electrons and protons (Grzebyk and Poźniak, 2005; Rabaey and Verstraete, 2005)
(Equation 1.1). The reactions in the cathode compartments are typically reduction of
oxygen (Equation 1.2) or ferricyanide (Equation 1.3) (or electrolysis of water if a
potentiostat used (Equation 1.4)). All the equations are under standard condition (pH
7, 1 atm pressure, 298 K).

Anode: CH3COO- + 4 H2O è 2HCO2- + 9 H+ + 8 e-

(Equation 1.1)

Cathode : O2 + 4 H+ + 4 e- è 2 H2O

(Equation 1.2)

Cathode: Fe(CN)63- + e- è Fe(CN)64-

(Equation 1.3)

Cathode: 2H2O + 2e- èH2 + 2OH-

(Equation 1.4)

The cations migrate from anode to cathode through the membrane and the electrons
pass through an external electrical circuit (e.g. a resistor or potentiostat). The electron
flow through the electricity circuit generates a measurable current, which is
proportional to the microbial biodegradation activity and organic substance
concentrations, allowing the BOD of a sample to be measured.

Typically, there are two main types of MFCs:
a) mediated, where electron transport systems are achieved through the use of
additional of artificial redox mediators. The redox mediator is used as a way to
transport electrons between the oxidative microbial metabolism and the anode
surface; and
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b) non-mediated, where bacteria are able to transfer electrons by direct contact
with the electrode via membrane associated cytochromes without the addition
of artificial mediators. This type of MFC will be the main focus in this
chapter.
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Figure 1.1: Schematic drawing of the basic features of microbial fuel cell (MFC) and
microbial electrolysis cell (MEC).

1.1.3.2

Microbial Fuel Cells Configurations and Design

There are many different configurations that are suitable for MFCs. Dual chambered
MFCs with an aqueous cathode are widely used. It consists of two chambers that are
separated by an ion exchange membrane, usually CEM. The membrane allows
protons or other cations to pass between the chamber but do not allow organic
substances in the anode and electron acceptor in the cathode to migrate (Cheng et al.,
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2008). Aside from two-chamber MFCs, a single-chamber MFC (SCMFC) with an air
cathode was proposed by Di Lorenzo et al (2009). Its main advantage being that
neither aeration, recycling, nor chemical regeneration of catholyte is required
compared to the dual chamber configuration.
To be effective, the anode material must be conductive, stable (physically and
chemically) as well as biocompatible. Electrically conductive carbon graphite
available as granule, felt, plate, and rod has been extensively used as anode. Liu and
colleagues (2010) found that using carbon felt as anode produced 40 % higher current
density compare to those found using graphite rod as it has a larger microbiallyaccessible surface to enhance the formation of electrochemically active biofilm.
Ferricyanide (K3(Fe(CN)6) is commonly used as electron acceptor in the cathode
chamber to offer a stronger and a more stable cathodic reaction. However, the use of
K3(Fe(CN)6) is impractical as it required regular replacement. In addition, the
diffusion of K3(Fe(CN)6) across the CEM into the anode chamber would potentially
interfere with the activity of anodophilic bacteria. Oxygen is an alternative to
ferricyanide as an electron acceptor for a MFC due to its high redox potential, low
cost, easy availability, and sustainability. However, its low solubility and slow kinetic
of oxygen reduction on graphite leads to large overpotential, (e.g. cathode shows low
performance). In order to increase the oxygen reduction rate, Platinum catalysts are
used for dissolved oxygen or open-air cathodes (Liu et al., 2004; Reimers et al.,
2001).
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1.1.3.3

Microbial Fuel Cells for Electricity Generation and
Wastewater Treatment

In earlier studies, the main focuses of research in MFCs were limited to simultaneous
organic waste treatment and power generation. Diverse sources of wastewater and
organic compounds have been successfully used for power generation in laboratorysale MFCs (Herrero-Hernandez et al., 2013; Liu et al., 2010; Liu et al., 2005; Luo et
al., 2012; Mohanakrishna et al., 2010; Nam et al., 2010; Wang et al., 2011).
Nonetheless, there are a number of limitations with using a MFC for organic waste
treatment and power generation.
For instance:
a) wastewater sources contain complex organic compounds, which requires an
additional step (such as fermentation process) to breakdown complex organic
compounds to simple organic compounds thus allowing for direct utilisation
by electricigens. This additional step commonly results in decreased of
columbic efficiency as some of the electrons that are presence in the organic
compounds were utilised during fermentation; and
b) wastewater generally contains high concentration of BOD and low buffer
capacity. When high BOD wastewater is fed into an anode compartment of a
MFC, organic carbon in the wastewater will be oxidise and leads to
acidification in the anode over time; which will eventually terminate the
organic oxidation and current generation. Circulating with either a basic or
buffer solution (ammonium/ammonia) can overcome acidification of anolyte
(Cheng et al. 2008). This process is both costly and impractical for large-scale
wastewater
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processes.

Table 1.1: Summary of the performance of MFC-biosensors used for the determination of organics.

Calibrant

Inoculum

Technology

Mean of
Measurement

Membrane

Time
required

Detection range

Correlation

Resistor /
Potentiostat

Literatures

Wastewater

Starch processing
wastewater

Two-chamber
MFC

Current and
coulomb

CEM

30 min 10 h

LOD = 2.58 ppm 0 206 ppm BOD

Coulomb
R2 = 0.999

Resistor

Kim et al.,
(2003)

Wastewater

Starch processing
wastewater

Two-chamber
MFC

Current and
coulomb

CEM

N/A

Current 10 - 50 mg
O2/L COD Coulomb 0
- 400 mg O2/L COD

Current
R2 = 0.98
Coulomb
R2 = 0.999

Resistor

Gil et al.,
(2003)

Surface water
and synthetic
wastewater
with glucose
and glutamate

River sediment

Two-chamber
MFC

Current

CEM

N/A

N/A

N/A

Resistor

Kang et al.,
(2003)

Synthetic
wastewater
with glucose
and glutamate

River sediment

Two-chamber
MFC

Current

CEM

1h

2 - 10 mg/L BOD

R2 = 0.989

Resistor

Moon et al.,
(2005)

Two-chamber
MFC

Current

CEM

5 min

50 - 100 mg/L BOD

R2 = 0.989

Resistor

Moon et al.,
(2004)

Two-chamber
MFC

Current

CEM

1h

20 - 100 mg O2/L BOD

N/A

Resistor

Chang et al.,
(2004)

Synthetic
Enriched culture
wastewater
of electrochemical
with glucose
active bacteria
and glutamate
Synthetic
wastewater

	
  

Activated sludge
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with glucose
and glutamate
Synthetic
wastewater
with glucose
and glutamate

6 - 12 h

GGA
LOD = 5 mg/L
GGA 8 - 240 mg/L
BOD

Voltage
R2 = 0.984
current
R2 = 0.984

Resistor

Hsieh and
Chung, (2014)

CEM

6 - 12 h

Real wastewater 28-240
mg/L BOD

N/A

Resistor

Hsieh and
Chung, (2014)

Current

CEM

10 min

LOD =0.16 mg/L BOD
0 - 3.52 mg/L BOD

R2 = 0.994

Potetiostat
at positive
AP

Quek et al.,
(2014b)

Two-chamber
MFC

Current

CEM

10 min - 2
h

LOD =0.64 mg/L
Linear BOD 0 - 10.88
mg/L

R2 = 0.994

Potentiostat
at negative
AP

Quek et al.,
(2014a)

Two-chamber
MFC

Current

CEM

N/A

N/A

N/A

Resistor

Chang et al.,
(2005)

Anaerobic sludge

Two-chamber
MFC

Current and
voltage

CEM

Real
wastewater

Thermicola
carboxydipila,
Pseudomonas
aeroginosa,
Ochrobactrum
intermedium,
Shewanella
frigidimarine,
Citrobacter
freundii and
Clostridium
acetobutylicum

Two-chamber
MFC

Current and
voltage

Seawater with
acetate

Marine sediment

Two-chamber
MFC

Seawater with
acetate

Marine sediment

Synthetic
wastewater
with glucose
and glutamate

Activated sludge

	
  

12	
  

Seawater with
acetate

Marine sediment

Two-chamber
MFC

Current and
coulomb

CEM

20 min – 2
h

COD =0.32 – 5.12
mg/L

R2 >0.96

Potentiostat
at positive
AP

Cheng et al.,
(2014)

Glucose

Anaerobic sludge

Single-chamber
MFC

Cell potential

PEM

3 - 5 min

LOD = 0.025 g/L
1- 25 g/L

R2 = 0.9914

Resistor

Kumlanghan et
al., (2007)

Synthetic
wastewater
with glucose

Anaerobic sludge

Single-chamber
MFC

Current and
coulomb

CEM

40 min – 2
h

50 - 350 mg/L COD

Current
R2 = 0.97,
coulomb
R2 = 0.93

Resistor

Di Lorenzo et
al., (2009)

Synthetic
wastewater
with acetate

Anaerobic sludge

Single-chamber
MFC

Current

PEM

2.8 min

3 - 164 mg COD/L

R2 = 0.98

Resistor

Di Lorenzo et
al., (2014)

Wastewater

Wastewater

SubmersedMFC

Current

PEM

30 min to
10 h

17 - 78 mg O2/L BOD

R2 = 0.996

Resistor

Peixoto et al.,
(2011)

10 - 250 mg/L BOD

Acetate
R2 = 0.9715,
Glucose
R2 = 0.983,
Wastewater
R2 = 0.988

Resistor

Zhang and
Angelidaki,
(2011)

Synthetic
groundwater
with acetate

	
  

Wastewater

SubmersedMFC

Current

10 - 40
min

N/A
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Synthetic
wastewater

Anaerobic sludge

Wall jet MFC

Cell potential

N/A

Resistor

Liu et al.,
(2011)

VFA

Anaerobic
digester sludge

Two-chamber
MFC

Current and
cyclic
voltammetry

CEM

N/A

Potentiostat

Kaur et al.,
(2013)

Acetate

Geobacter
sulfurreducens

Membrane-less
column MFC

Current

Membraneless

3 - 10 h

LOD = 0.5 mM
0- 2.3 mM

R2 = 0.92

Resistor

Tront et al.,
(2008a)

Lactate

Shewanella
oneidensis

Membrane-less
column MFC

Current

Membraneless

6 - 12 h

LOD = 6 mM,
0 - 41 mM

R2 = 0.9

Resistor

Tront et al.,
(2008b)

Synthetic
wastewater
with acetate

Mixture of
aerobic and
anaerobic slduge

Coulomb

Membraneless

20 h up to
1280
mg/L, 5h
up to
320mg/L

Membrane-less
column MFC

32 - 1280 mg/L, 32 320 mg/L

R2 = 0.97 up to
1280 mg/L, R2
= 0.99 up to
320mg/L

Potentiostat

Modin and
Wilén, (2012)

Synthetic
wastewater
with acetate

Activated sludge

MFC with
tubular
membrane
reactor

Current

Single tubular
ultrafiltration
membrane

5 days

100 - 1000 mgCOD/L

R2 = 0.97

Potentiostat

Wang et al.,
(2014)

Synthetic
wastewater
with acetate

Activated sludge

MFCs with
ANN

Coulomb

CEM

8h

LOD = 5 mg/L
0 - 200 mg/L COD

Current
R2 = 0.941
Coulomb

Resistor

Feng and
Harper, (2013)

PEM

N/A

N/A

2 - 4 h for
Acetate
current, 3
5 - 20 mg/L,
- 5 min
Butyrate 5 - 40 mg/L
using CV Propionate 5 - 40 mg/L
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R2 = 0.99

and surface
water
Synthetic
wastewater
MFCs with
with acetate
Activated sludge
ANN
and surface
water
CEM = Cation Exchange Membrane
PEM = Proton Exchange Membrane
N/A = No Data available in original work
LOD = Lower detection limit	
  

	
  

Current and
coulomb

CEM

19 - 30 h
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50 - 200 mg/L COD

Coulomb
R2 = 0.78,
Current
R2 = 0.83

Resistor

Feng et al.,
(2013)
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1.1.3.4

Microbial Fuel Cells for Organic Measurement

In the last decade, MFC-biosensor studies focused on BOD measurements have
grown extensively due to the mechanical and electronic simplicity of the system, an
external transducer is not required and the presence of organics is immediately
recorded as the change in electrical output response from the system (Stein et al.,
2012). As mentioned above, there are multiple limitations to use a MFC with samples
containing high concentration of BOD. Hence, it is more effective to use MFC for
low BOD concentration. Detailed relevant organic MFC-biosensors reviewed in this
chapter are summarized in Table 1.1.

In general, with mature anodophilic-biofilm, the concentration of the organic
compound is directly proportional to the rate of electrons transferred onto the anode.
Electron transfer rate can be measured from the current and the amount of electrons
can be measured as charge/total Coulomb produced (obtained by integrating the
current over time). However, this only becomes a partial truth when the microbial
substrate utilization rate reaches a saturation level (Vmax) with increasing substrate
concentration (S) in accordance with typical Michaelis-Menten model (Equation 1.5).
Thus, the correlation between current and BOD concentration is only linear at a
certain responsive range of low BOD concentrations.

! =   

!!"# !

(Equation 1.5)

!! !!

where S is the substrate (acetate) concentration, V is the rate of substrate degradation and Ks is the
substrate half-saturation constant.
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1.1.4

Practical Applications

1.1.4.1

Application in Wastewater

A dual-chamber MFC-biosensor, developed by Kim and co-worker (2003) using
wastewater as a source of BOD shows linearity between BOD of synthetic wastewater
with the total Coulombs but only up to 206 mg/L of BOD, which can be explained by
Monod growth kinetics. These authors showed that wastewater obtained from a starch
processing plant was able to colonise the anode and that operational stability could be
maintained for up to 5 years. The major drawback of this method is the detection of a
sample with high BOD concentration takes too long. For instance, the response time
for a sample with 206 mg/L BOD was about 10 hours. The excessive response time
could be reduced by varying the operating conditions of the MFC-biosensor such as
by a) reducing the anolyte volume (Moon et al., 2004), b) reducing the resistance
between the anode and cathode (Gil et al., 2003; Moon et al., 2004) and c) increasing
the dissolved oxygen supply in the cathode in order to allow maximum reduction in
the cathode (so that the oxygen reduction in the cathode is not a limiting factor) (Gil
et al., 2003).
Change et al. (2004) proposed to use a two-chamber MFC-biosensor which was
assayed with an oxygen-saturated solution as an oxidant at the cathode to monitor
wastewater. Glucose and glutamate were used in the synthetic wastewater samples as
calibrant. In the continuous system, the presented results showed that BOD between
20 and 100 mg/L can be measured based on a linear relationship while BOD up to
200 mg/L can be measured by increasing the hydraulic retention time (HRT) (i.e. by
lowering the organic feeding rate) or by diluting the anolyte. A major drawback for
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this proposed method is the long start-up period once the MFC is inoculated with
activated sludge (i.e. 1 month).
Modin and Wilen (2012) designed a potentiostat-controlled membrane-less MFCbiosensor for measuring BOD in wastewater. The use of a potentiostat to control the
potentials of a MFC has several advantages such as no external resistor is needed,
current production and eventually microbial activity can be boosted as well as easing
the difficulty in operating a MFC-biosensor at a constant anodic potential. The
absence of a membrane was proposed as a way to avoid anolyte acidification.
A single-chamber MFC (SCMFC)-biosensor where anodophilic bacteria were
retained in a compartment separated from the cathode compartment with a PEM.
Replaceable anaerobic consortium was used for continuously analysing of glucose by
Kumlanghan and co-workers (2007). The benefit of using a SCMFC is that no
catholyte pumping was required as a humidified cathode replaces the cathode
chamber in the presence of air. Even though the response of this SCMFC-biosensor
was linear against concentration of glucose up to 25 g/L, however, it was surprising
that the response to a glucose concentration was similar at different kinds of
electrolyte solution in the cathode, being: distilled water; 100 mM sodium chloride;
and 50 mM phosphate buffer with 100 mM NaCl. The bacteria in the anode chamber
was replaced after each analysis was beneficial as the response time reduced to
around 3 – 5 minutes and the limit of detection was low (0.025 g/L) with high
reproducibility. Conversely, the constant replacement of bacteria in the anode
compartment is impractical for real-world application. Using a similar setup, a
SCMFC-biosensor inoculated with anaerobic sludge was studied using synthetic
wastewater containing glucose as the calibrant as well as real wastewater (i.e.
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wastewater obtained form wastewater treatment system) (Di Lorenzo et al., 2009).
The response time of a typical; SCMFC-biosensor was longer than responses obtained
by a two-chamber MFC by Chang et al. (2004) ~ 60 minutes, and Moon et al. (2004)
5 minutes. In Di Lorenzo et al., (2009) studies, the response time was initially long
(4.5 – 13.75 h) but was reduced to 40 minutes after total anolyte volume is reduced by
75 %; the smaller reactor also gave coulombic efficiencies nine times greater than the
larger reactor. When the SCMFC-biosensor was fed with real wastewater, the system
showed a linear relationship between COD values and current output (R2 = 0.93)
which demonstrated the possibility of the practical application of this type biosensor.
Further, Di Lorenzo et al (2014) investigated the use of a small-scale SCMFCbiosensor by layer-by-layer 3D printing technology for synthetic wastewater
containing acetate. The linear detection range was two-fold reduced, the sensitivity
was higher and the response time was faster than those found in their previous study
(Di Lorenzo et al., 2009). The enhanced detection limit and response time is probably
due to differences in the anodic chamber size and configuration, electrode material
and the increase of electrode surface to volume ratio in the small-scale SCMFCbiosensor.
Hsieh and Chung (2014) proposed a two-chamber MFC-biosensor inoculated with a
mixture of six bacterial strains (Thermincola carboxydiphila, Pseudomonas
aeroginosa, Ochrobactrum intermedium, Shewanella frigidimarina, Citrobacter
freundii and Clostridium acetobutylicum) that were capable of degrading complex
organic compounds and surviving toxic conditions to measure BOD in real
wastewater. The MFC-biosensor was able to measure BOD concentrations below 240
mg/L in real wastewater samples but calibration curves were not presented. The
drawback of the proposed method is the labour intensive steps of isolating six strains
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of bacteria for immobilisation in the anode chamber. In addition, it is impractical to
isolate particular strains of bacterial as inoculum in a MFC-biosensor as it is likely
that the communities will change overtime when real wastewater samples is used.
The electrical signal production of a MFC-biosensor has been shown to be reduced or
completely suppressed by the presence of electron acceptors (e.g. dissolved oxygen),
which would be used as an alternative electron acceptor by bacteria rather than by the
anode since oxygen is the most favorable electron acceptor due to its redox potential.
For an accurate BOD measurement, the inhibitory effects cause by the presence of
these types of electron acceptors should be removed from the samples. Traditionally,
dissolved oxygen in water samples can be removed by inert gas purging. However,
soluble electron acceptors such as nitrate are difficult to be removed from wastewater
samples. The addition of respiratory inhibitors (i.e. cyanide and azide) in the synthetic
wastewater stops the consumption of oxygen or nitrate, which allows the organic
measurement under oxygen or nitrate rich wastewater (Chang et al., 2005). While the
use of respiratory inhibitors has shown to be beneficial for the accurate BOD
measurement, these respiratory inhibitors would need to be maintained at constant
concentrations in the MFC, which would limit the device’s practical application for
continuous operation.
Artificial neural networks (ANNs) are data-driven mathematical models that are used
to map the relationship between input and output data that allows users to a develop
relationships between MFC, output metrics and secondary operating metrics. It was
proposed that a MFC-biosensor integrated with ANN could address problems that
may affect MFC signals such as water chemistry (e.g. pH, redox potential) and
pollutant bioavailability (Feng and Harper, 2013; Feng et al., 2013). In these studies,
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the chemical oxygen demand (COD) concentration correlated better with total
Coulomb (peak area) rather than current (peak height). The authors showed that using
an ANN with a MFC-biosensor allowed accurate interpretation of electrical signals
across a wide range of substrate concentrations for synthetic and field water samples
measurement. However, this process required sophisticated data-driven mathematical
model and required extensive data collection from laboratory-scale and field
experiments.
A bio-cathode MFC-biosensor integrated with tubular membrane was constructed for
COD real-time monitoring (Wang et al., 2014). The authors showed that strict control
of anode potential was important to obtain a stable baseline current. The signals
produced had a linear relationship with COD up to 1000 mg/L. However, the current
peak detection took 5 days and total coulomb measurement took 10 days. The
capability of high COD detection is probably due to the installation of tubular
conductive membrane as anode with a large surface area.

1.1.4.2

Application in Seawater

Recent works presented potentiostat-controlled MFC-biosensors for detecting low
concentration of organic in seawater using acetate as calibrant (Quek et al., 2014a;
2014b). The marine MFC-biosensors showed good correlations between the trace
amount of organics and the electrochemical signals. The authors showed that by
controlling the anodic potential at a constant positive value (i.e. 250 mV vs Ag/AgCl)
(Quek et al., 2014b) the MFC-biosensor was four times more sensitive and the startup time of the anodophiic bacteria was twice as fast than those obtained at a negative
anodic potential (i.e. -300 mV vs Ag/AgCl) (Quek et al., 2014a). Results in the study
showed that the MFC-biosensor operated at a positive anodic potential could tolerate
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the presence of low concentration of dissolved oxygen (Quek et al., 2014b). As it was
shown that the signal production from trace amount of organic carbon was suppressed
at dissolved oxygen higher than 2 mg/L, authors from the same group then developed
a MFC-biosensor with hexacyanoferrate-adapted anodophilic biofilm under marine
condition (Cheng et al., 2014). Hexacyanoferrate was found to enable the
development of an adapted biofilm that transferred electrons to hexacyanoferate
rather than oxygen. The MFC-biosensor displayed the ability to detect traces of
organic in non-deoxygenated seawater with the additional of mediator. However, the
additional of mediator would hinder the MFC-biosensor’s practical application, as it
would need to be added constantly to maintain its concentrations.

1.1.4.3

Application in Anaerobic Digestion

Anaerobic digestion (AD) is an efficient and versatile biological approach to convert
organic waste treatment into biogas. Among the process parameters, volatile fatty
acids (VFA), particularly acetate, propionate and butyrate are the key indicator of
bacteria stress if present in high concentrations. The lack of reliable process dynamic
information and robust online sensors is one of the major problems for the operation
of AD system. To achieve more stable and efficient operation, there are increasing
demands on advanced monitoring and control of AD system using reliable sensors.
A wall-jet MFC-biosensor was developed for the monitoring of the AD process using
anaerobic sludge as inoculum (Liu et al., 2011). The MFC-biosensor was installed in
the recirculation loop of an up-flow anaerobic fixed-bed reactor. The signal produced
from the MFC-biosensor had good correlation (cell potential) with online
measurement of gas flow rate and offline analysis of COD over 6 months. Results
suggest that the signal produced by the MFC-biosensor can reflect the dynamic
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variation of AD. It also showed as a promising tool for monitoring and controlling
AD.
Instead of monitoring the AD process, Kaur et al. (2013) used three MFC-biosensors
enriched with anaerobic sludge with acetate, propionate and butyrate to monitor VFA.
It was found that the butyrate supplemented MFC-biosensor was sensitive to all
acetate, propionate and butyrate but MFC-biosensors supplement with acetate and
propionate were only sensitive to acetate and propionate respectively. Two methods
were proposed to discriminate the VFA including coulomb generation and cyclic
voltammetry (CV). The authors found that the correlation between VFA concentration
and coulomb generation showed good linearity up to 10 mg/L for acetate, 20 mg/L for
butyrate and between 20 to 50 mg/L for propionate. The oxidation and reduction
peaks obtained from each VFA during CV scans were very distinct in shape. The
responses obtained from CV scans were more rapid (i.e. 1 – 2 minutes) while
coulomb generation gave a slow response (i.e. about 20 hours) indicate that it is
unlikely to use coulomb for rapid or frequent online measurements of concentrations
and species of VFA. The MFC-biosensor was then modified to improve its
performance to monitor VFA (Kaur et al., 2014). Modification of the anode with
natural polymers polyacrylamide with neutral red and conductive polymer poly pyrole
with positive functional groups has successfully improved the voltage output, start-up
time, current production, stability and recovery rate of the MFC-biosensor for VFA
monitoring.

1.1.4.4

Application in Groundwater Monitoring

Membrane-less flow-through MFC-biosensors were proposed for monitoring of in
situ groundwater where Geobacter sulfurreducens (Tront et al., 2008a) and
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Shewanella oneidensis (Tront et al., 2008b) was inoculated in the anode chamber to
monitor acetate and lactate, respectively. A potentiostat was used in both of the
studies during the start up period to provide appropriately reduced conditions at the
anode and to reduce anodophilic bacteria formation time. Tront et al. (2008a, 2008b)
showed high reproducibility in the current output and a linear regression
demonstrating a high degree of correlation between current generation to acetate
(Tront et al., 2008a) and lactate (Tront et al., 2008b) concentration. Tront and
colleagues (2008a, 2008b) have shown the potential for further development of the
membrane-less flow-through MFC-biosensor for real-time monitoring of in situ
groundwater. The main drawbacks of the proposed system are the long response time
and the need to use pure culture as the anodophilic bacteria, therefore indicating that
the biosensor can only detect very narrow substrate spectrum.

1.1.4.5

Application in Surface Water

Kang and co-worker (2003) evaluated the use of oligotrophic microbes, inoculated
with river sediments from surface waters for a rapid determination of low BOD values
in surface water. These authors showed that the oligotrophic MFC-biosensor had high
operational stability, good reproducibility but no information on response time,
detection range and calibration curves were presented. The same type of oligotrophic
MFC-biosensor was used for rapid determination of low BOD values for the
continuous monitoring in synthetic wastewater using glucose and glutamate as the
calibrant (Moon et al., 2005). The response time related to a concentration change of
2 mg/L BOD was about an hour and the oligotrophic MFC-biosensor showed high
correlation (R2 = 0.989) between the different strength of synthetic wastewaters.
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1.1.4.6

Submersible

Microbial

Fuel

Cells

for

Organic

Measurement
Most of the existing studies on MFC-biosensors are surface applicable systems. A
submersible MFC (SUMFC), where the anode and an air-cathode were immersed in
an anaerobic reactor, was first reported by Min and Angelidaki (2008) to generate
electricity from wastewater. Since then, the SUMFC was proposed as an in situ BOD
biosensor (Peixoto et al., 2011; Zhang and Angelidaki, 2011). Peixoto et al. (2011)
investigated a SUMFC for online and in situ monitoring of BOD in domestic
wastewater. The SUMFC was enriched using domestic wastewater and has shown a
good linear relation between the organic carbon content of the domestic wastewater
and current density but could take up to 10 hours response time when BOD
concentrations higher than 78 mg/L BOD. In the same year, Zhang and Angelidaki
(2011) proposed a similar system for real time BOD and microbial activity
monitoring in groundwater. These authors modified the cathodic chamber to a
polycarbonate cathodic chamber completely independent of the anode, having on one
side a electrode membrane assembly, prepared of a Nafion membrane hot pressed to a
Toray paper electrode containing platinum catalysts (Zhang and Angelidaki, 2011).
The produced current was measured between this and a Toray anode after bacterial
colonisation period (i.e. 2 months). The main downsides of this method are the long
start-up time, the use of fragile Toray electrodes and the air must be continuously
bubbling to the cathode. These authors showed that the SUMFC in their study had a
higher detection range and required shorter response time compared to those obtains
by Peixoto and co-worker (2011). This might due to the different calibrant used.
Peixoto et al. (2011) used real wastewater containing a mixture of different types of
organic compounds as calibrant while Zhang and Angelidaki (2011) used artificial
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groundwater which only containing easily biodegradable compounds (i.e. acetate and
glucose).

1.1.5

Conclusion of Literature Review

Although many types of microbial biosensors have been developed, relative few have
been used for in situ monitoring or subjected to commercialisation. Another limitation
impacting the widespread use of microbial biosensors is the inherent difficulty of
maintaining cell viability and activity in complex environments that may be lack of
nutrients and/or contain inhibitory compounds. Viability/activity can be overcome by
having disposable microbial biosensors and by using appropriate calibration solutions
to determine the concentration of organic in sample.

This chapter identified the MFC-based biosensor designed to measure or to estimate
the BOD parameter, used as an indicator for the biodegradability of an organic matter.
The latest advances show that the measurement of biological signals is reliable and
robust. Nevertheless, the research issues should focus on the biological aspect of these
systems in order to find a compromise between the standardisation of the inoculum
and environmental diversity. MFC-biosensors are able to help monitoring water
quality. More frequent measurements can be done if the biosensors are cost-effective,
simple, provide rapid answer, automated, are on-site for real-time monitoring and
could withstand harsh environments. MFC-biosensors are still a competitive
technology, which would benefit from further research and improvement.	
  

1.2

Aims and Scopes of the Thesis

Biofouling of reverse osmosis (RO) membranes is one of the most serious problems
encountered for seawater desalination. It causes significant decline of permeate flux,
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requires frequent cleaning of membrane, membrane deterioration, compromised water
quality and elevated energy requirement which lead to increase in operational cost.
The biofouling of the membranes is commonly due to bacterial growth that is
supported by the organics termed “assimilable organic carbon” (AOC) in feed water.
Hence, AOC monitoring can be used as an indicator of the relative biofouling
potential of feed water. There are numerous methods for AOC measurement that are
available. However, these methods can be labour intensive, time-consuming,
requiring pure bacterial culture or are not sensitive enough for early detection of
biofouling.

Biosensors based on the principle of microbial fuel cell (MFC) have been applied for
biological oxygen demand (BOD) detection in wastewater samples. MFC-biosensors
have long term-stability and can be used for continuous online wastewater quality
monitoring. Recent studies on MFC-biosensors are for detecting organic substrates in
wastewater, groundwater and supernatant of anaerobic digestion. To date, the reported
MFC-biosensors could not detect low AOC levels, are oxygen sensitive and have not
extensively investigated under marine conditions. The possibilities of using a MFC as
a biosensor under marine condition, ideally online and automatic, and provides
sensitive, reproducible and rapid signals to low level of AOC in seawater, have to be
investigated.

The overall aim of this thesis is to investigate the application of a marine MFCbiosensor for detection and monitoring of AOC that is present in seawater and hence
as an indicator for biofouling potential of seawater.
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Chapter 2 aims at establishing a traditional MFC-biosensor (operated at a negative
anodic potential) from marine sediment in a traditional two-chamber MFC using
external resistor in the external electrical circuit and using ferricyanide as catholyte.
In order to determine whether the traditional MFC-biosensor can be used to
monitoring organic under marine condition, the response (electrochemical signals) of
the MFC-biosensor to organic concentrations in seawater were tested. The
reproducibility and correlation between the electrochemical signals and organic
concentrations was also investigated.

It is difficult to operate a MFC-biosensor continuously at a constant anodic potential
using an external resistor in the electrical circuit and the use of ferricyanide as
catholyte it is impractical to replace catholyte regularly as it is non-renewable. Hence,
Chapter 3 aims at developing a potentiostat-controlled marine microbial fuel cell
(namely MEC)-biosensor.

The main performance criteria of biosensors are sensitivity, reproducibility, detection
limit, correlation between the signals and organic concentrations, and recovery time.
These criteria may be influence by the variation of anodic potentials of a MECbiosensor. In Chapter 4 and Chapter 5, two different anodic potentials, a positive
and a negative, are investigated for improving the overall performance of the MECbiosensor. The effects of the anodic potentials on the microbial communities were
also studied.

The most fundamental drawback of a typical MFC is the presences of dissolved
oxygen in the anode that will completely suppresses the metabolic activity of
electrochemically active anodophilic bacteria and hence signal formation. Aerobic
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bacteria are known to prefer external redox-mediator (such as potassium
hexacyanoferrate) as an electron acceptor rather than oxygen when both are present.
Henceforth, Chapter 6 aims to develop a MFC-biosensor that is tolerant to dissolved
oxygen and sensitive to low concentration of AOC in seawater by adding an external
redox-mediator (hexacyanofferate) to the anodophilic biofilm.

Additional of external redox-mediator may not be suitable for practical application as
they are highly toxic and would need to be added constantly to maintained its
concentrations. Therefore, rather than using external redox-mediator to overcome the
signals suppression by dissolved oxygen in a MFC-biosensor, it is crucial to develop a
method to completely remove dissolved oxygen from seawater and does not interfere
with the measurements of low concentrations of AOC and for practicality, avoiding
any chemical addition. Hence, Chapter 7 introduces a novel approach for online
monitoring of AOC in oxygenated seawater by coupling an electrochemical cell for
dissolved oxygen removal with a MEC-biosensor.

Finally, Chapter 8 discusses the points of improvement that are needed to apply the
MFC-biosensor (or MEC-biosensor) and its possible further applications.
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The following is a modified version of the published paper: Quek, S.B., Cheng, L. and
Cord-Ruwisch, R. (2015) Microbial Fuel Cell Biosensor for Rapid Assessment of
Assimilable Organic Carbon under Marine Conditions. Water Research, 77, 64-71.
doi:10.1016/j.watres.2015.03.012.
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Abstract
The development of an assimilable organic carbon (AOC) detecting marine microbial
fuel cell (MFC) biosensor inoculated with microorganisms from marine sediment was
successful within 36 days. This established marine MFC was tested as an AOC
biosensor and reproducible microbiologically produced electrical signals in response
to defined acetate concentration were achieved. The dependency of the biosensor
sensitivity on the potential of the electron-accepting electrode (anode) was
investigated. A linear correlation (R2 > 0.98) between electrochemical signals (change
in anodic potential and current peak) and acetate concentration ranging from 0 to 150
µM (0 – 3600 µg/L of AOC) was achieved. However, the present biosensor indicated
a different-linear relation at somewhat elevated acetate concentration ranging from
150 to 450 µM (3600 - 10800 µg/L of AOC). This high concentration of acetate
addition could be measured by coulombic measurement (cumulative charges) with a
linear correlation. For the acetate concentration detected in this study, the sensor
recovery time could be controlled within 100 minutes.
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2.1

Introduction

Biofouling of reverse osmosis (RO) membranes used for seawater desalination is one
of the most serious problems in seawater desalination. It causes significant decline of
flux, requires frequent cleaning, and leads to elevated energy requirement. As a result,
membranes are frequently replaced (Azis et al., 2001). At present, the industry is
subject to biofouling occurring without being able to monitor or predict the tendency
of intake ocean water that causes biofouling.

A good biofouling monitoring/prediction system is necessary and crucial for the
development and optimization of efficient anti-biofouling strategies. The information
acquired from the biofouling monitoring system should be ideally on-line, and
automatic (Klahre and Flemming, 2000). Current biofouling monitoring systems are
acting as early warning tools by measurement of intake water quality, including total
direct cell counts (TDC) (Jeong et al., 2012), silt density index (SDI) (Alhadidi et al.,
2011; Hammes and Egli, 2005) and the biofilm formation rate (BFR) (Van der Kooij,
1992) prior to RO. Another patent (Ho et al., 2004) introduced methods for
monitoring and controlling biofouling in membrane separation systems using
fluorogenic agents, which react with bacteria to give fluorescence signal. By using
fluorometers to measure the amount of fluorescence signal in the feed stream, the
retentate and permeate, changes in the fluorescence signal can represent the extent of
biofouling (Lee and Kim, 2011). These methods are time-consuming (may take an
hour to several days), offline and typically manual laboratory testing, and therefore
they are not suitable for early detection of biofouling potential of feed water.
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As the biofouling of the membranes is commonly due to bacterial growth, which is
supported by organics in feed water (seawater), biofouling can also be predicted by
monitoring low levels of organic substrates in feed water that can serve as a bacterial
food source termed “assimilable organic carbon” (AOC) (Hambsch and Werner,
2000). Therefore, AOC monitoring in the feedwater of RO plants is a suitable method
for the prediction of its biofouling potential.

Methods for determining AOC exist in the fresh water and drinking water industry as
biochemical oxygen demand (BOD) measurement. The BOD is a measure of the
quantity of oxygen consumed by microorganisms to oxidize the organic matter in a
sample of water during a period of 5 or 7 day incubation at 20 °C (BOD) (Bourgeois
et al., 2001; Greenberg et al., 1992). The method is not suitable for rapid or online
testing. In recent year, biosensors have demonstrated great potential to be an
alternative to the conventional analytical method for BOD measurement. The main
advantages of biosensors are the potential for rapid or online results, the portability
and miniaturization (Rodriguez-Mozaz et al., 2006). Various BOD biosensors have
been reported based on different mechanisms including monitoring dissolved oxygen
(Jia et al., 2003; Trosok et al., 2001; Wen et al., 2008), measuring intensity of
luminescence of luminescent bacteria (Borisov and Wolfbeis, 2008; Hambsch and
Werner, 2000; Van der Kooij, 1992), and photo-catalysis of sample (Elman et al.,
2008).

With the discovery of microbes to transfer electrons to an electrode, not only can
electricity be made from organic substances (Cheng et al., 2008) but also can the
current be used to sense the presence of organic substances. A biosensor based on the
microbial fuel cell (MFC) principle, a device that converts chemical energy to
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electrical energy, has been reported (Liu et al., 2011). In general, microorganisms
grown on the surface of an anode electrode oxidize organic matter in the solution
under anaerobic condition and transfer electrons to the anode electrode, which
eventually pass through an external circuit to a cathode electrode. The flow of
electrons through the circuit is proportional to the amount of organic material
oxidized and can be quantified as a current. The anode chamber of a MFC needs to be
kept anaerobic as the presence of dissolved oxygen can completely suppress the
metabolic activity of electrochemically active bacteria and hence the current
production (Liu et al., 2005). This is due to the dissolved oxygen being the preferred
electron acceptor in a typical MFC.

Biosensors based on the principal of MFCs have been applied for fast BOD detection.
As the current is already a measured signal, MFC-biosensors do not need a transducer
to translate the signal to an electrical signal, which is commonly required by other
biosensors based on photocatalysis or luminescence detection (Peixoto et al., 2011).
The MFC-based sensors have long-term stability (Gil et al., 2003; Kim et al., 2003)
and can be used for continuous on-line water quality monitoring (Chang et al., 2004).
However, as reported by previous research works, the measuring time (i.e. response
time and sensor recovery time) varies significantly from 1 hour up to several hours
(Chang et al., 2004; Kang et al., 2003; Kim et al., 2003).

To date, the available methods of the MFC based biosensors could not detect very low
AOC (less than 32 mg O2/L as BOD5 equivalent to 12 mg/L of AOC) levels (Modin
and Wilén, 2012; Peixoto et al., 2011) and have not been demonstrated to be
applicable under marine condition. The aim of the present study is to explore whether
a marine biosensor based on MFC can be developed and gives reproducible and rapid
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signals to low levels of AOC in seawater (~100 µmol/L (~1200 µg/L of AOC) of
dissolved organic matter or less than 5 mg/L BOD) such that the foundation of a
biofouling sensing technology for seawater reverse osmosis (SWRO) plants is
established.

2.2

Materials and Methods

2.2.1

Marine-Microbial Fuel Cell Biosensor

2.2.1.1

Bacterial Inoculum and Growth Medium

The biofilm for the biosensor in the anodic compartment originated from marine
sediment at Coogee Beach, Coogee, South Fremantle, Western Australia. The
sediment was mixed with real seawater (obtained from the same location) with a
weight ratio of 1 to 5 followed by continuously stirring for 24 hours. After settling for
2 hours the supernatant with OD600 value of about 0.2 was collected and used as
inoculum for the marine anodophilic biofilm. Seawater (salt concentration of
approximately 35000 ppm) obtained at the same location was used as anolyte. In RO
plants, suspended solids that are present in the feed-water will be removed by ultrafiltration. Therefore, this study utilized real seawater with no suspended solids (OD600
< 0.01) to demonstrate the applicability of this method in industry.

For the first 36 days yeast extract solution was periodically added (ca. every 7 - 10
days) to the anolyte (50 mgL-1 final concentration) as bacterial growth supplement. In
the cathodic compartment, the catholyte contained 100 mM potassium ferricyanide
(K3Fe(CN)6), Sigma-Aldrich, Inc., purity ca. 99%) and 150 mM sodium chloride. The
catholyte was renewed periodically to maintain a stable cathodic potential.

	
  

35	
  

Chapter 2: Microbial Fuel Cell Biosensor for Rapid Assessment of Assimilable Organic Carbon
under Marine Conditions

	
  

2.2.1.2

Microbial Fuel Cell Sensor Set-up

A two-chamber MFC (made of transparent Perspex) was used in the present study
(Figure 2.1). The compartments of the fuel cell (anode and cathode) having equal
dimension of (14 cm x 12 cm x 1.88 cm) were physically separated by a cation
selective membrane (CMI-6000, Membrane International INC.) with a size of 168
cm2. Both chambers were filled with conductive graphite granules (EI Carb 1000,
Graphites Sales, Inc., Chagrin Falls, OH, USA), about 2-6 mm in diameter. A variable
resistor box was used to set a specific desired external resistance manually. To
facilitate electrical connections, the graphite granules were attached to graphite rods
(5 mm diameter) by direct insertion of the rods into the granules. The potentials of the
electrodes were measured against a saturated Ag/AgCl reference electrode (BASi,
MF-2079), which was placed inside the anodic compartment.
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Figure 2. 1: Schematic diagram of the computer-feedback controlled traditional graphite filled twochamber MFC using external resistor in the electrical circuit with seawater as anolyte and ferricyanide
as catholyte, acetate as AOC fed into anolyte in the present study.
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2.2.2

Microbial Fuel Cell Sensor Operation

2.2.2.1

Start-up Procedure

The anodic chamber (as described in Section 2.1.2) of the MFC sensor was inoculated
with 50 mL of inoculum (prepared according to the procedure described above) and
200 mL of seawater containing 50 mgL-1 yeast extract and 10 mM of acetate to
enhance the growth of anodophilic biofilm. The cathodic compartment was filled with
150 mL of catholyte (as described above). The MFC was operated in a fed-batch
mode with both catholyte and anolyte continuously re-circulating over the cathodic
and anodic compartments, respectively. A 100 mL bottle (total anolyte volume of 250
mL) was connected in the anolyte-circulating loop for pre-mixing of acetate addition
and anolyte prior to introducing to anodic compartment. During the start-up procedure
the external resistor was set at 220 Ω.

After the anodophilic biofilm had been successfully established (indicated by a high
steady current (> 3 mA) production), the anodic compartment of the MFC was
drained out to remove old anolyte and re-filled with fresh seawater.

2.2.2.2

Acetate Detection Procedure

A 5 mM of sodium acetate was used as a stock solution and specific amounts of
acetate (as stated in the results section) were fed into the anolyte via a septum-sealed
injection port to test for electrical signal production. Concentrations of acetate stated
in the results section indicate the final acetate concentrations in the anolyte. In the
current study acetate was only used as a preliminary substrate to establish a proof of
concept. As a model substrate acetate is commonly present and also the key biological
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breakdown product from more complex organic substances, which represent readily
AOC and can be utilized by the marine anodophilic bacteria.

2.2.3

Control and Monitoring

Control and monitoring of the biosensor was partly automated. The anolyte and
catholyte were maintained at room temperature and ambient atmospheric pressure.
The anode was kept under anaerobic conditions. The anodic potential (AP), cell
potential (potential differences between anode and cathode) and pH were monitored
continuously using LabVIEWTM 7.1 software interface with a National InstrumentTM
data acquisition card (DAQ). All data was logged every 30 seconds into an Excel
spreadsheet with a computer. The pH of the anolyte was strictly controlled at 7.2 ±
0.2 by automatically dosing NaOH (1 M).

In experiments where acetate was added to test the response of the biosensor,
automated acetate dosing was implemented using a computer feedback-controlled
peristaltic dosing pump. The external resistance was adjusted from 5 to 220 Ω as
stated in the experiments. The steady AP and/or baseline current were used as the
reference set point in the LabBIEWTM feedback control program.

2.2.4

Determination of Current and Cumulative Charges and
Coulombic Efficiency

The electron (acetate addition) flow, from anode to cathode in microbial fuel cells is
proportional to the rate of acetate oxidation by the bacteria and the electrons obtained
from acetate oxidation can be retrieved as current. The current was calculated from
the cell potential and external resistance using Ohm’s law (Current (mA) = Cell
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potential (mV) / Resistor (Ω)). Cumulative charges were obtained by integrating the
electrons transferred by the biofilm as current throughout the detection period (Cheng
et al., 2008). The coulombic efficiency was calculated from the electrons extracted
from the substance for conversion into electricity versus that in the starting organic
materials (Logan et al., 2006).

Steady state was defined as no changes in anodic potential (AP) (± 10 mV) and
current (± 0.05 mA). The recovery time was defined as the time required for the AP
drops to the initial level after the depletion of acetate. The signals (AP and/or current
peak) obtained from acetate addition were calculated by subtracting the
background/steady state value.

2.3

Results and Discussion

2.3.1

Marine-MFC Biosensor Startup

Initially, previous published MFC (Cheng et al., 2008) were exposed to increasing
concentrations of sodium chloride in order to adapt the established freshwater biofilm
slowly to marine conditions. The MFC responded to acetate addition until salt
concentrations of about half of marine concentration, but at higher salt concentration
the response became increasingly faint such that at marine salt concentrations, no
signal could be obtained (data not shown).

It was concluded that a marine

anodophilic biofilm had to be developed from scratch using ocean water and sediment
as inoculum.

A marine-MFC was set up as described above and operated over 36 days for
establishment of a marine biofilm that could respond to the addition of organic
substances. The lowering of potential and development of current was caused by the
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metabolism of the bacteria. During these period, due to the growth of anodophilic
marine bacteria, the current generated by the bacteria in the presence of acetate
increased steadily from day 2 (0.5 mA) and stayed steady at about 3.3 mA after 25
days of operation (at external resistor of 220 Ω) (data not shown).

The MFC was then tested for its response (change in current or AP) to low
concentrations of acetate addition. Spikes of 150 µM acetate were added to the anodic
chamber (Figure 2.2) after the AP and current had stabilised at the steady state for at
least one hour.
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Figure 2. 2: Response of the anodic potential (______) and current flow (------) of a freshly established
(after 36 days) marine MFC-biosensor to two identical acetate additions (150 µM). The marine-MFC
was operating at room temperature and pH was maintained at 7.2 ± 0.2 at resistor of 56 Ω.

As only acetate was added, it could be assumed that the signal output was directly
related to the acetate consumed. Results show that the established marine-MFC
responded to 150 µM acetate addition by an increase in current and decrease in AP.
Over short periods of time when biomass fluctuations are negligible, a repeat injection
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of acetate resulted in a reproducible response (variability less than < 5 %) in both the
AP and current, suggesting a good reproducibility of acetate detection in real
seawater. Apart from the change in AP and current peak, there is another electrical
signal that can be derived from Figure 2.2 for the response of acetate addition, which
is the cumulative charge (e.g. 15 and 16 C for each acetate addition respectively). It
was conceivable that any of these signals obtained from MFC-biosensor could be
used to detect acetate spikes reproducibly.

2.3.2

The Effect of Different Steady AP on Acetate Detection

In order to achieve a sensitive and quick response from the MFC-biosensor, the
electron transfer from the bacterial cells to the anode must be very efficient, which
requires a suitable anodic potential (Cheng et al., 2008). Therefore, it is worthwhile to
test which steady APs allow the established MFC-biosensor to give the strongest
response to low acetate concentrations. Steady APs between -200 and +200 mV (vs
Ag/AgCl) were used by adjusting the external resistance between 5 and 220 Ω. As
expected the use of larger resistors resulted in lower steady APs. The MFC-biosensor
was initially operated in the absence of acetate (i.e. starvation) for 1 hour before the
addition of 33 µM of acetate (Figure A.1).

In general, a low steady AP (e.g. 0 mV (Ag/AgCl) with 150 Ω) gave a greater
response (change in AP) to the addition of acetate (Figure 2.3). However, if the
potential was less than -220 mV (vs Ag/AgCl), the response was reduced and not
detectable (Figure A.1). Although a significant change in signal (i.e. AP) is
preferable, a shorter recovery time is also important to enable frequent online testing.
Other than the change of AP (potentiometric), the MFC-biosensor can generate other
types of electrochemical signals such as current (amperometric or coulometric)
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(Figure 2.3). At a higher AP (+220 mV), with a smaller resistor the size of the current
signal (current peak) was typically higher resulting in a faster depletion of the spiked
organic carbon (acetate) and shorter recovery time (Figure 2.3), which will be
beneficial for frequent and rapid online testing.
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Figure 2. 3: Effect of initial anodic potential on acetate detection (n = change of anodic potential,l =
current peak,  = cumulative charges, and ¿ = recovery time) after the addition of a fixed amount (33
µM) of acetate. The marine-MFC was operating at room temperature and pH was maintained at 7.2 ±
0.2. Recovery time is too long to be show in this figure (> 18 hours) at -220 mV.

It has been shown that additions of acetate to MFC result in a reproducible amount of
coulombs produced by the bacteria (Cheng et al., 2008). In order to obtain the total
amount of coulombs produced here the current peak was integrated. As a result, the
response only becomes available when all acetate is used. This coulometric signal
(cumulative charges) analysis is reproducible as long as the coulometric efficiency for
different samples is constant. Arguably it would be the optimum method of
quantification if all of the reducing power of the AOC were quantitatively used in
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producing the signal. The coulometric signal analysis indicated that the value of
cumulative charges increases with decrease in the steady APs (Figure 2.3). For the
same amount of acetate added, the difference in the cumulative charges reflected
variable coulombic efficiency, which was increased with decrease in APs (Figure
A.2).

With the same amount of acetate addition, all the electrochemical signals are varied at
different steady APs suggesting that for each steady AP, a specific correlation curve
between signal and acetate concentration is required.

2.3.3

Signal Production at Various Acetate Concentrations

The results above demonstrated that steady AP between 0 and +220 mV (Ag/AgCl)
enabled clear detection of acetate concentrations down to level of 33 µM. To
investigate which starting steady AP is suitable for low acetate detection, acetate
concentration ranging from 0 to 110 µM were added to the MFC-biosensor at 3
different steady APs of +200, +50, and 0 mV controlled by an external resistor of 10,
56 and 150 Ω, respectively (Figure 2.4).
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Change of Anodic Potential (mV vs
Ag/AgCl)
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Figure 2. 4: Comparison of a) potentiometric, b) amperometric, c) coulometric and d) coulombic
efficiency for response of the marine MFC sensor to a series of acetate concentrations. Responses were
recorded after establishing a steady state AP of about +200 (l), +50 (n) and 0 (p) mV by using an
external resistor of 10, 56 and 150 Ω, respectively

Overall, both electrochemical signals, the change of AP and current peak, increased
linearly with acetate concentrations with a reasonable high coefficient of
determination (R2 > 0.98), irrespective of the steady APs (Figure 2.4a and 2.4b). This
indicated that for the detection of low levels of acetate the APs between 0 and +200
mV are suitable.

The coulometric signal was poorly related to the acetate concentration (Figure 2.4c).
A constant stoichiometric relationship would be expected between acetate used and
total current produced, which is widely accepted as coulometric efficiency in MFCs
(Chang et al., 2004; Cheng et al., 2008). However, in the current study, the
coulometric efficiency varied relating to the added acetate concentration (Figure
2.3d), and where extremely low concentrations of acetate were tested the coulometric
efficiency was very low. These low coulometric efficiencies obtained are inline with
previously reported findings in MFC based biosensors (Di Lorenzo et al., 2009) and
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were probably due to low levels of electromotively active oxidation-reduction
products (Schröder, 2007).

From fundamental considerations, the correlation between current peak and acetate
concentration only holds true if the reaction was of first order. However, this is
known to be not the case for microbial or enzyme based reactions when the substrate
concentration is elevated and saturation behavior sets in. To evaluate this expected
deviation from linearity higher doses of acetate were tested (Figure 2.5 and Figure
A.3). Results showed that between 150 to 450 µM (high concentration) of acetate the
amperometric and potential measurement were indeed no longer linear with respect to
acetate concentration.
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Figure 2. 5: Response of the a) potentiometric, b) amperometeric and c) cumulative charges to various
acetate additions increasingly (0 - 500 µM). The marine-MFC was operating at room temperature and
pH was maintained at 7.2 ± 0.2 at resistor of 10 Ω. The arrows indicated acetate addition.

The amperometric and potential responses followed typical Michaelis-Menten model
(Equation 2.1). This model predicts that the rate of substrate (here acetate)
degradation is approximately proportional to the substrate concentration. However,
the linearity does not exist at high concentrations of substrates as a maximum acetate
oxidation rate (Vmax) is achieved at saturating substrate concentrations. As the
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amperometric measurement is a representation of the acetate oxidation rate (via
current production) a Michaelis-Menten relationship between current and acetate
concentration is expected, which has been demonstrated in a larger scale freshwater
microbial fuel cell (Cheng et al., 2008).

! =   

!!"# !

(Equation 2.1)

!! !!

where S is the substrate (acetate) concentration, V is the rate of substrate degradation and Ks is the
substrate half-saturation constant.

This current finding is in line with work by Tront et al. (2008a) and Cheng et al.
(2008), which indicated a linear correlation only applied to a certain responsive range
of low acetate concentrations and a finite maximum current would be produced at
high acetate concentration (saturation conditions). In contrast to potentiometric or
amperometric measurements, the coulometric measurement gave more linear
responses for the higher acetate concentration (150 to 450 µM) (Figure 2.5c), which
allowed the coulombic measurement to be a more promising signal measurement for
high concentrations of acetate detection compared to using current peak as detecting
signal.

To what extent a combination of different measurements can be applied over a broad
range of concentrations could be the subject of further studies. Furthermore as it is of
interest to the SWRO plants to determine the presence of low levels AOC the linearity
of biosensor response at higher levels may not be of relevance. The possibility of
dilution when the biosensor response is out of range is an option.
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With continued operation of the MFC-biosensor, its reliability and response were
improved. After 80 days of operation, the detection limit (signal to noise ratio > 5) of
the described MFC sensor was improved detecting less than 10 µM acetate (less than
240 µg/L of AOC) at steady APs from about 0 to 120 mV (Figure A.4).

2.3.4

Limitations and Future Work

The effect of competing electron acceptors present in the marine water, such as
oxygen, on electric signal generation was tested. As expected from the fact that
anodophilic bacteria of the Geobacter sp. type are strict anaerobes (Logan et al.,
2005), the presence of oxygen completely inhibited signal production by the
established marine MFC-biosensor (data not shown). This means that for the purpose
of ocean organic pollutant detection, deoxygenation of the feed solution prior to
measurement is necessary. In order to eliminate the effect of the deoxygenating
process on the downstream MFC-biosensor measurement, oxygen removal using
reducing agents (e.g. sodium sulfite, hydrazine) is not recommended. However, inert
gas purging or electrochemical reduction could be utilised to remove dissolved
oxygen without disturbing the AOC detection.

There are some points that must be taken into consideration when using this marine
MFC-biosensor to detect AOC in seawater. The biosensor in this study was developed
using acetate as sole carbon source. Although the present biosensor responded
(current production) to complex organic (i.e. yeast extract) and some organic acids
(i.e. butyrate acid, arginine, glycine and taurine), the response was not as “strong” as
that observed for acetate (data not shown). This is not surprising since the current
MFC-biosensor having been adapted to acetate only. It is established that in anaerobic
environments such as anaerobic digesters fermentation reactions of other organic
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substances such as carbohydrates, fats, and proteins lead to acetate as the predominant
organic metabolite. Hence acetate was used to validate, standardize and estimate AOC
in seawater.

It is clear that further work is required to evaluate the long-term stability of the
described MFC-biosensor and its capacity for detecting complex organics that
commonly appear in polluted marine water. Previous studies have shown that
anodophilic bacteria are able to metabolize a variety of compounds if the cell is
adapted to the specific compound (i.e. chitin (Rezaei et al., 2009), glucose (Kim et al.,
2000), cellulose (Catal et al., 2008), phenol (Luo et al., 2009) and landfill leachate
(Gálvez et al., 2009). The adaptation of the sensor to complex biological substances
will be investigated in a following paper.

There might be interference caused by the source of seawater, in particular if it
contains contaminants that may inhibit bacterial activity. However by using
interfering compounds containing seawater for the generation of standard curves of
AOC, interference could possibly be limited. Further, the biosensor described may be
utilized as an indicator of microbial inhibitors by comparing to the signals obtained
from a defined amount of acetate in the presence and absence of microbial inhibitors.

2.4

Conclusions

This paper presents a MFC-biosensor established for marine conditions indicating a) a
strong linear relationship between trace amounts of acetate (10 to 150 µM) and
electrochemical signals, b) rapid measurement (within 5 minutes using current peak at
low acetate concentration), and c) reproducible signals. This marine MFC-biosensor
method can be effectively used as an indicator for biofouling potential in seawater
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reverse osmosis system. However, further work on dealing with the presence of
oxygen in seawater and in-situ testing is needed prior to making such a sensor
available for online seawater AOC monitoring.
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Abstract
Biofouling of reverse osmosis (RO) membranes is one of the most serious problems
encountered for seawater desalination. This problem is commonly associated with a
significant decline in flux, elevated energy requirement and increased cost of
operation. As the biofouling of the membranes is due to bacteria growing on the
membrane, which is supported by assimilable organic carbon (AOC), a good AOC
monitoring system is essential and crucial for RO biofouling prediction. This study
focuses on the development of a new biosensor that is online, robust and allows
accurate quantification of AOC concentrations in seawater based on a microbial
electrolysis cell (MEC) principle. The biosensor is based on the quantification of the
current generated by bacteria in the presence of AOC. The biosensor response to
AOC was rapid (within 10 minutes) and sensitive (detection limit = 10 µM acetate) in
seawater samples. The results reproducibly showed a linear relationship between trace
amounts of AOC and electrochemical signals (R2 > 0.99). The MEC based biosensor
developed can be effectively used as an online and rapid measure of AOC
concentrations and hence as an indicator for biofouling potential of influent seawater
prior to RO membrane.
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3.1

Introduction

Membrane biofouling occurs from the accumulation of bacteria on the membrane
surface, and is by far the most problematic type of fouling in seawater desalination by
RO. Biofouling leads to significant decrease in permeate flux, elevated energy
requirement, the need for regular chemical cleaning, membrane deterioration,
decreased water production, compromised water quality, and increased cost of
operation (Matin et al., 2011).

Membrane biofouling depends on many factors. These include the presence of
microorganisms, oxygen availability, water temperature and most importantly the
concentration of assimilable organic carbon (AOC) that are present in seawater
(Voutchkov,

2010).

In

RO

desalination

plants,

suspended

solids

(e.g.

microorganisms) that are present in the feed water will be removed by ultra-filtration.
AOC is one of the main food sources for bacterial communities in the biofilms and
hence it is often used as an indicator of the relative biofouling potential of feed water.
Numerous biochemical oxygen demand (BOD) based techniques have been
considered to enable the quantification of AOC such as BOD5 (Bourgeois et al.,
2001), modified bioassay (Kaplan et al., 1993), optical fiber (Lin et al., 2006),
bioluminescence (Broers, 2004; Weinrich et al., 2009) and flow-cytometric
enumeration (Hammes and Egli, 2005). However, these methods can be labor
intensive, time consuming, need a pure culture, or are not sensitive enough for early
detection of biofouling potential. Therefore a critical need exists for a better AOC
monitoring and measurement tools for predicting biofouling.
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In the recent years, microbial fuel cell (MFC) based biosensors, which use the
principle of electron transfer caused by oxidation of organic matter by bacteria, have
demonstrated great potential to determine the concentration of organic carbon (Di
Lorenzo et al., 2009; Chang et al., 2004; Kim et al., 2003). Recent work has
demonstrated this principle of AOC measurement for marine conditions at
concentrations sufficiently low to detect AOC levels encountered in typical ocean
water (Kim et al., 2007). Traditional MFCs, use an external resistor in the external
electrical circuit (Di Lorenzo et al., 2009; Chang et al., 2004; Kim et al., 2007).
However, these MFCs are difficult to operate continuously at a constant anodic
potential (AP) over a long-term due to deterioration of the catholyte (e.g.
ferricyanide) and the lack of control over the AP. Furthermore, ferricyanide used as
catholyte within traditional MFCs is not only toxic but is also non-renewable. An
alternative is to use a microbial electrolysis cell (MEC) where a potentiostat is used to
control the AP.

The aim of the present study is to develop a MEC based biosensor that is a) sensitive
to trace amounts of organic matter in the ocean (~ 100 µmol/L dissolved organic
carbon), b) rapid and c) online to be used as an early warning system for biofouling
potential.

3.2

Material and Methods

3.2.1

Marine-Microbial Electrolysis Cell Biosensor

3.2.1.1

Bacterial Inoculum and Growth Medium

The biofilm for the biosensor in the anodic compartment originated from marine
sediment at Coogee Beach, Coogee, South Fremantle, Western Australia. The

	
  

55	
  

Chapter 3: Detection of Low Concentration of Assimilable Organic in Seawater prior to Reverse
Osmosis Membrane using Microbial Electrolysis Cell Biosensor

	
  
sediment was mixed with real seawater (obtained from the same location) with a
weight ratio of 1 : 5 followed by continuously stirring for 24 hours. After settling for
2 hours the supernatant with OD600 value of about 0.2 was collected and used as
inoculum for the marine anodophilic biofilm. Seawater obtained at the same location
was used as anolyte and catholyte. In RO plants, suspended solids that are present in
the feed-water will be removed by ultra-filtration. Therefore, this study utilized real
seawater with no suspended solids (OD600 < 0.01) to demonstrate the applicability of
this method in industry.

For the first 10 days yeast extract solution was periodically added (ca. every 5 days)
to the anolyte (50 mgL-1 final concentration) as bacterial growth supplement. The
catholyte was renewed periodically.

3.2.1.2

Microbial Electrolysis Cell Sensor Set up

A two-chamber MFC (made of transparent Perspex) was used in the present study
(Figure 3.1 and 3.2). The chambers (anode and cathode) of the fuel cell having equal
dimension (9 cm x 6 cm x 1cm) were physically separated by a cation selective
membrane (CMI-6000, Membrane International INC.) with a size of 59.4 cm2. Both
chambers were filled with conductive graphite granules (EI Carb 1000, Graphites
Sales, Inc., Chagrin Falls, OH, USA) about 2-6 mm in diameter. A potentiostat was
used to control the anodic potential. To facilitate electrical connections, two graphite
rods (5 mm diameter and 10 mm length) were connected by conductive wire to the
potentiostat’s anode and cathode, respectively. The graphite rods were then inserted
into the granules of the respective anode and cathode chamber. The potentials of the
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electrodes were measured against a saturated Ag/AgCl reference electrode (BASi,
MF-2079) placed inside the anodic chamber.

Figure 3. 1: Photo of the microbial electrolysis cell set-up used in this study.

	
  
	
  
	
  
	
  
	
  

b) Two-Compartment Reactor
a) Cathode compartment

c) Anode compartment

Figure 3. 2: Photos of the two-compartment reactor with the anode and cathode compartments shown
(ion-exchange membrane is not shown).
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3.2.2

Microbial Electrolysis Cell Sensor Operation

3.2.2.1

Start-Up Procedure

The anodic chamber (as described in Section 3.2.1.2) of the MEC sensor was
inoculated with 50 mL of inoculum (prepared according to the procedure described
above) and 60 mL of seawater containing 50 mgL-1 yeast extract and 10 mM of
acetate. The cathodic chamber was filled with 110 mL of catholyte (as described in
Section 3.2.1.1). The MEC was operated in a fed-batch mode with both catholyte and
anolyte continuously re-circulating via the cathodic and anodic compartments
respectively. The MEC was maintained at –300 mV (vs Ag/AgCl) throughout this
study, otherwise where stated in the experiments.

After the anodophilic biofilm had been successfully established (indicated by a steady
current (> 1 mA) production), the anodic chamber of the MFC was drained to remove
utilised anolyte and re-filled with fresh seawater.

3.2.2.2

Acetate Detection Procedure

Specific concentrations of sodium acetate (as stated in the results section), which
represent readily AOC and are utilized by the marine anodophilic bacteria, were fed
into the anolyte via a septum-sealed injection port to test for electrical signal
production.

3.2.3

Control and Monitoring

Control and monitoring of the biosensor was partly automated. The anolyte and
catholyte were maintained at room temperature and ambient atmospheric pressure.
The anode was kept under anaerobic conditions. The anodic potential (AP), cell
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potential (potential differences between anode and cathode) and pH were monitored
continuously using LabVIEWTM 7.1 software interface with a National InstrumentTM
data acquisition card (DAQ). All data was logged every 30 seconds into an Excel
spreadsheet using LabVIEWTM 7.1. The pH of the anolyte was controlled at 8 ± 0.2
manually using 1 M sodium hydroxide.

In experiments where acetate was added to test the response of the biosensor,
automated acetate dosing was implemented using a computer feedback-controlled
peristaltic dosing pump. The steady baseline current was used as the reference set
point in the LabVIEWTM feedback control program.

3.2.4

Determination of Current and Cumulative Charges

The electron (acetate addition) flow, from anode to cathode in microbial fuel cells is
proportional to the rate of acetate oxidation by the bacteria. The electrons obtained
from acetate oxidation can be retrieved as current using the potentiostat. Cumulative
charges were obtained by integrating the electrons transferred by the biofilm as
current throughout the detection period (Cheng et al., 2008).

The steady state was defined as no changes in current (± 0.1 mA) over a period of 10
minutes. Recovery time was defined as the time required for the AP to return to the
initial level after the depletion of acetate. The signal (current peak) obtained from
acetate addition was calculated by subtracting the steady state value from the current
value after the addition of acetate.
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3.3

Results and Discussion

3.3.1

Marine-MEC Biosensor Startup

Our previous laboratory study found that a traditional MFC could be developed as a
biosensor under marine conditions, and responded to the addition of low
concentration of organic substances (acetate). To investigate to what extent a
potentiostat can be used to operate a marine-MEC, a MEC was inoculated with a
marine inoculum (as described in Section 3.2.1.2) and operated over 14 days for the
establishment of a marine biofilm that could respond to the addition of organic
substances (acetate) (Figure 3.3).

Over this period, the AP was maintained at -300 mV (vs Ag/AgCl). The current
generated by the bacteria in the presence of acetate increased steadily over the first 14
days after inoculation (Figure 3.3) indicating the growth of anodophilic marine
bacteria and suggesting that a potentiostat can be used to develop a MEC biosensor.
This result is in accordance with previous studies reporting the use of potentiostats for
the development of MECs (inoculated with the effluent of active acetate fed MFCs),
where bacterial growth was recorded as changes in current (Aelterman et al., 2008).
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Figure 3. 3: Development of current generation of the anodophilic marine biofilm after inoculation
over a period of 14 days. MEC biofilm was saturated with 10 mM acetate. The marine-MEC was
maintained at -300 mV (vs Ag/AgCl) and operating at room temperature and pH was maintained at 8 ±
0.2.

3.3.2

Marine-MEC Biosensor Responsiveness

3.3.2.1

Reproducibility

The results above showed that the potentiostat controlled marine biofilm in the MEC
was successfully established. One of the main performance criteria of biosensors is
the reproducibility of their response to a given concentration of substrate. Therefore it
is important to test the signal reproducibility of this MEC-biosensor. The response of
the MEC-biosensor can be quantified from detecting the oxidation of AOC by
anodophilic bacteria as current. The maximum current (peak height) and peak area
could be used as amperometric and coulometric signals, respectively.

In order to investigate the reproducibility of the biosensor, three identical AOC spikes
(39 µM of acetate) were added to the anodic compartment (Figure 3.4) after the
current had stabilized at the steady state (Figure 3.4).
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Over short periods of time when biomass fluctuations are negligible, the MECbiosensor generated reproducible responses (Figure 3.4). The calculated standard
deviations for amperometric and coulometric signals were <5 % and <3 %,
respectively. From the low standard deviations, one could assume that the response
obtained was accurate and can be directly related to acetate concentration.
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Figure 3. 4: The response the MEC-biosensor to three identical AOC additions (39 µM acetate). The
marine-MFC was operating at anodic potential of -300 mV, room temperature and pH was maintained
at 8 ± 0.2.

3.3.2.2

Standard Curves, Recovery Time and Detection Limits

The results above demonstrated that the biosensor had sufficient reproducibility to
warrant further development. In order to determine the correlation between the signals
(amperometric and coulombic) and acetate concentrations, a low range of acetate
concentrations (0 – 170 µM) was introduced to the anodic compartment of the
biosensor (Figure 3.5). The acetate concentrations and signals generated for both
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amperometric and coulometric were highly correlated with R2 values of > 0.99
(Figure 3.3) suggesting that the biosensor can be of high precision.

For all tested concentrations, the current peaks (amperometric peak signal) reached
the maximum level within the first 10 minutes. By contrast, the coulometric signals
could be obtained only after the peaks completed, which required between 10 minutes
to 2 hours depending on the AOC concentrations. The lowest detection limit of the
described biosensor was 10 µM acetate. In comparison to other microbial organic
substrate determination methods, the method in this study is more sensitive, quicker
(range from 5 – 20 hours (Modin and Wilen, 2012), and does not require pure culture
(e.g. bioluminescence-based test that required Pseudomonas fluorescens P17 of
Spirillum sp. Strain NOX (Weinrich et al., 2009)).

It was also observed that at acetate concentrations ranging from 220 to 400 µM, the
amperometric signals were no longer linear to the acetate concentration. This result is
not surprising as in principle, the acetate oxidation rate is expected to be correlated to
the acetate concentrations via Michaelis-Menten kinetics, showing a finite maximum
current would be produced at acetate saturation conditions (Kim et al., 2007; Cheng et
al., 2008; Tront et al., 2008a; Fang et al., 2003).
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Figure 3. 5: The response a) amperometric and b) coulometric of MEC-biosensor as a function of
acetate concentration (range 0 – 170 µM) in seawater.

3.3.3

Increasing Sensitivity and Reducing Recovery Time

Applying different APS could affect MFCs performance but this has not been widely
studied. Previous studies showed that a MFC acclimated to high AP produced higher
current (30 % more) than a MFC acclimated to a lower AP (Modin and Wilen, 2012).
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For maximum power production the AP should be as low and the cathode potential as
high as possible of a MFC (Cheng et al., 2008). In this study, the MEC is not used for
obtaining electrical energy output but to detect low levels of AOC. The AOC
sensitivity of the biosensor was further investigated by setting up and acclimatise a
MEC-biosensor at a high AP of +250 mV (vs Ag/AgCl) (as described in Section
3.2.1.2).

At a higher AP (+250 mV), a shorter recovery time was achieved, in comparison to
those obtained at lower AP (-300 mV) (Figure 3.6). A shorter recovery time is
important to enable online AOC monitoring. The higher AP (+250 mV) also
improved the sensitivity of the biosensor to a level of about 2.5 µM acetate while the
linearity of the response was not compromised (R2 > 0.99) (data not shown). This
result indicates that higher AP could be beneficial to detect AOC using MECbiosensor.
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Figure 3. 6: Comparison of the recovery time and the sensitivity of two different anodic potential, -300
and +250 mV (vs Ag/AgCl), as a function of acetate concentration.

	
  

65	
  

Chapter 3: Detection of Low Concentration of Assimilable Organic in Seawater prior to Reverse
Osmosis Membrane using Microbial Electrolysis Cell Biosensor

	
  

3.4

Limitations of the MEC-Biosensor

Acetate was used in this study as the model AOC as it is often used as model organic
species in the water industry (Wang et al., 2011) and it is the major breakdown
product from more complex organic substances. While this biosensor had been
acclimated to acetate, the response to other organic compound, such as glucose, was
also tested. The signals obtained with glucose (33 µM) was lower than those obtained
with acetate (33 µM) (data not shown). This is not surprising as the MEC was solely
acclimated to acetate. Preliminary experiments with adaptation of the MEC to
complex organic substrates (yeast extract) showed that acclimation enhanced the
signals strength generation and will be described elsewhere. Other authors also
demonstrated that a MFC biofilms are able to metabolize a variety of complex organic
substrates after an adaptation period (Kim et al., 2000; Rezaei et al., 2009; Luo et al.,
2009; Zhang et al., 2009; Vrouwenvelder et al., 2010).

There are some points that must be taken into consideration when using this biosensor
to quantify AOC in seawater. In this study, seawater was deoxygenated with nitrogen
gas bubbling, as the dissolved oxygen present in seawater will primarily have an
impact on the ability to accurately measure low AOC concentration in a MEC. The
effect of dissolved oxygen on MEC should be further investigated in future studies.
Parameters such as temperature and alternative organics could also be the subject of
further study. The response of the biosensor should also be evaluated with real
seawater instead of a model AOC.
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3.5

Practical Implications

The costs related to biofouling are generally comprised of a) additional energy costs,
b) additional chemical cleaning and c) decrease of membrane life due to excessive
cleaning/treating the membrane. Early biofouling warning enables preventive
measures to be taken, either by pre-treatment optimising or preventive membrane
cleaning. The potential savings of an early warning of biofouling are estimated to be
10 – 20 % of the annual membrane replacement, chemical costs, and energy costs
(Vrouwenvelder et al., 2010).

The MEC-biosensor developed in this study can quantify AOC concentration in
seawater rapidly. Real-time measurement of the AOC concentration in feed water
with a robust MEC-biosensor as described here may provide simple early warning
signals when the AOC concentration exceeds a set point, enabling corrective
measures to avoid RO membranes fouling.

3.6

Conclusions

In comparison to previously developed methods, the MEC-biosensor developed in the
current study provides real time detection. The biosensor was in continuous operation
for over 3 months indicating reliability. The response of the marine MEC-biosensor
was rapid (within 10 minutes using amperometric signal), sensitive (detection limit
=10 µM of acetate) and showed a linear relationship between the trace amounts of
acetate and electrochemical signals (R2 > 0.99) at AP of -300 mV (vs Ag/AgCl). A
higher AP shortens the recovery time and improved the sensitivity of the biosensor.

This biosensor could for example be used a) as an early warning of biofouling
potential in seawater, b) to optimise and select the appropriate pre-treatment method
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when high AOC concentration is detected in seawater and c) to monitor the
effectiveness of pre-treatment processes and d) change the intake water from
elsewhere (e.g. beach well) if available.
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CHAPTER 4: BIO-ELECTROCHEMICAL SENSOR FOR
FAST ANALYSIS OF ASSIMILABLE ORGANIC CARBON
IN SEAWATER

The following is a modified version of the published paper: Quek, S.B., Cheng, L. and
Cord-Ruwisch, R. (2014) Bio-Electrochemical Sensor for Fast Analysis of Assimilable
Organic Carbon in Seawater. Journal of Biosensor Bioelectronic, 5 (152), 2 – 5. doi:
10.4172/2155-6210.1000152
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Abstract
A microbial electrolysis cell (MEC) based biosensor for the determination of
assimilable organic carbon (AOC) in seawater was developed by establishing an
anodophilic marine biofilm on the surface of an electrode poised at +250 mV (vs
Ag/AgCl) rather than the traditionally used potentials of about -300 mV (vs
Ag/AgCl). A linear correlation (R2 > 0.99) between electrochemical signals (peak
current) and acetate concentration ranging 10 to 55 µM was achieved. Using the
positive anodic potential enabled the rapid establishment of the electrochemically
active anodophilic biomass within a period of less than 8 days, a higher of sensitivity
(0.017 mA/µM acetate added) and a lower detection limit (2.5 µM acetate, 0.16 mg
O2/L of biological oxygen demand (BOD)), compared to the negative anodic
potential. Further, it was shown that this bio-electrochemical AOC sensor could
tolerate the presence of low concentrations of dissolved oxygen. The established
potentiostat controlled MFC-biosensor could be used for the purpose of online water
quality monitoring for seawater desalination plants prone to biofouling of RO
membranes.
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4.1

Introduction

In the past few decades, clean water supplies have become a lot more critical due to
the excessive usage and increasing contamination of natural water sources. In recent
years, reverse osmosis (RO) has become an important technology to provide clean
water from seawater. It is reported that membrane-based seawater desalination
accounts for about 44 % of the installed capacity of water desalination in the world
(Fritzmann et al., 2006).

Biofouling is referred to as the deposition and growth of bacterial biofilms on
membranes, which is a universal phenomenon occurring in membrane water
purification process. Biofouling has been reported as a serious problem for seawater
RO systems (Abd El Aleem et al., 1998), which introduces an additional hydraulic
resistance, increases the feed channel pressure drop, and enhances concentration
polarization. This causes significant deterioration in the performance and efficiency of
the RO membranes.

The presence of organic pollutants in seawater is one of the main causes of RO
membrane biofouling. The attached bacterial cells produce exopolymers and multiply
by the uptake of soluble organics from the feed water. Therefore, monitoring the
nutrient content, such as assimilable organic carbon (AOC) one of the main food
sources for the bacteria, in the feed water is important to predict the biofouling
potential of a particular seawater and enable possible measures to minimise
biofouling.

Several methods have been reported to quantify AOC in wastewater or seawater. The
techniques based on the biochemical oxygen demand (BOD) detection are widely
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used, such as traditional BOD5 test requiring a 5-day off-line laboratory incubation
making it not suitable for a fast and online monitoring system (Greenberg et al.,
1992). Recently, other types of BOD biosensors based on measuring the change in
dissolved oxygen (DO) by a suspended or immobilised microbial biomass were
reported (Riedel et al., 1998; Liu et al., 1999). Mediator modified BOD tests also
gained interest because of the much faster analysis time (Nakamura et al., 2008;
Jordan et al., 2010; Pasco et al., 2011; Jordan et al., 2013). The test bacteria would
reduce

the

mediator,

which

can

be

detected

photospectrometically

or

electrochemically. However, those methods are not designed for online measurement,
as regular sample harvesting is required.

In a MFC, microorganisms growing on the surface of anode electrode generate an
electrical current by transferring electrons from the oxidation of organic matter
present in the solution through an electrical circuit to a cathode electrode (Logan et
al., 2006; Pant et al., 2010; Peixoto et al., 2011). No transducer is needed to convert
the measured signal to an electrical signal because the measured signal is already an
electrical current. The current study aims at developing a potentiostat-controlled
MFC-based (namely MEC) AOC biosensor and optimising it for the detection of low
AOC in seawater. The potentiostat control of the anode is expected to provide greater
accuracy than the use of traditional MFC.
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4.2

Material and Methods

4.2.1

Marine Microbial Electrolysis Cell Biosensor

4.2.1.1

Bacterial Inoculum and Growth Medium

The bacterial inoculum was extracted from ocean sediment, collected from Coogee
Beach, Coogee, South Fremantle, Western Australia. The sediment was mixed with
seawater with a weight ratio of 1 to 5 followed by continuously stirring for 24 hours.
After settling for 2 hours the supernatant with OD600 value of about 0.2 was collected
and used as inoculum for the establishment of the marine anodophilic biofilm.
Seawater was used as anolyte (working electrode compartment) and catholyte
(counter electrode compartment). In RO plants, suspended solids that are present in
the feed-water will be removed by ultra-filtration. Therefore, this study utilised real
seawater with no suspended solids (OD600nm< 0.01) to demonstrate the applicability of
this method in industry. Yeast extract solution was periodically added (ca. every 2 - 5
days) to the anolyte (50 mg/L final concentration) as bacterial growth supplement.

4.2.1.2

Microbial Electrolysis Cell Biosensor Set up

A two-chamber MEC (made of transparent Perspex) was used in the present study.
The compartments of the fuel cell (anode and cathode) having equal dimension of (9
cm x 6 cm x 1 cm) were physically separated by a cation selectively exchange
membrane (CMI-6000, Membrane International INC.) with a size of 59.4 cm2. Both
chambers were filled with conductive graphite granules (EI Carb 1000, Graphites
Sales, Inc., Chagrin Falls, OH, USA) of about 2-6 mm in diameter. As current
collectors, two graphite rods (3 mm diameter and 10 cm length) were inserted into the
anodic and cathodic chambers, which acted as the working and counter electrodes,
respectively. A potentiostat was connected to the electrodes and was used to maintain
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the anodic potential. The potentials of the electrodes were measured and controlled
against a saturated Ag/AgCl reference electrode (BASi, MF-2079) placed inside the
anodic chamber.

4.2.2

Microbial Electrolysis Cell Biosensor Operation

4.2.2.1

Start-up Procedure

The MEC was operated in a fed-batch mode with both catholyte and anolyte
continuously re-circulating over the cathodic and anodic compartments, respectively.
The anodic chamber (as described in Section 4.2.1.2) was inoculated with 100 mL of
seawater containing 50 mL of the inoculum (prepared according to the procedure
described above), 50 mg/L yeast extract and 10 mM acetate. A 10 mL bottle was
connected in the anolyte-circulating loop for pre-mixing of acetate addition and the
anolyte prior to introducing to the anodic compartment. The cathodic compartment
was filled with 50 mL seawater as the catholyte (Section 4.2.1.1).

After the anodophilic biofilm had been successfully established (indicated by a steady
current production), the anodic compartment was flushed with fresh seawater to
remove all suspended biomass.

4.2.2.2

Acetate Detection Procedure

For calibration purposes specified concentrations of sodium acetate, which represents
readily assimilable organic carbon, were added into the anolyte-circulating loop via a
septum-sealed injection port. The anode was controlled at different potentials ranging
from -250 mV to +600 mV (vs Ag/AgCl) using a potentiostat.
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4.2.3

Control and Monitoring

The anolyte and catholyte were maintained at room temperature. The anodic
compartment was kept under anaerobic conditions unless stated elsewhere. The
anodic potential, current and pH were monitored continuously using LabVIEWTM 7.1
software interfaced with a National InstrumentTM data acquisition card (DAQ).

Control and monitoring of the biosensor was automated and online. In the
experiments of testing the response of the biosensor to acetate additions, automated
acetate dosing was implemented using a computer feedback-controlled peristaltic
dosing pump. The online interpretation of a “steady anodic potential” and/or baseline
current were used as the reference set point in the LabBIEWTM feedback control
program.

4.2.4

Analytic Methods

The current production, which is with mA level and proportional to the rate of acetate
oxidation by the anodophilic bacteria, can be retrieved by the potentiostat. Cumulative
charges were calculated by integrating the electrons transferred by the biofilm as
current throughout the detection period (Cheng et al., 2008). The signals (current peak
and cumulative charges) obtained from the acetate addition were calculated by
subtracting the background values. Steady state was defined as no changes in current
(± 0.1 mA). The recovery time was defined as the time required for the current returns
to the original level after the depletion of acetate.
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4.3

Results and Discussion

4.3.1

The Development of Marine-MEC Biosensor and The
Effect of Anodic Potentials

Ideally, a rapid start-up of MEC-biosensor is desired for practical applications. In the
current study, the biosensor was ready to be used after operating the inoculated anodic
compartment at a fixed potential of +250 mV (vs Ag/AgCl) for about 7 days. This
start-up time was about 2 to 4 times faster compared to that needed when using
negative anodic potential conditions (data not shown). This finding is in line with
previous studies, which demonstrated that a higher anodic potential increased the
growth rate of anodophilic bacteria, resulting in faster microbial colonisation and
quicker start-up of MFCs (Finkelstein and Leonard, 2006; Wang et al., 2009; Zhang
et al., 2013; Boghani et al., 2013). The enhanced bacterial growth rate at positive
anodic potential is probably due to the greater available energy (Finkelstein et al.,
2006; Wang et al., 2009; Zhang et al., 2013). Moreover, it has also been suggested
that at positive anodic potentials, the positive charged electrode surface can enhance
the adhesion of bacteria with negative charged cell membranes (e.g. Geobacter)
(Cheng and Logan, 2007).

In the current study, the MEC operated at +250 mV anodic potential resulted in an
about 2-fold higher current peak and cumulative charges compared to results obtained
at -250 mV anodic potential (Figure 4.1). This finding is consistent with previous
published works, which has demonstrated that anodophilic bacteria produce higher
currents at higher anodic potentials due to the faster substrate oxidation rate
(Busalmen et al., 2008; Wagner et al., 2010; Wei et al., 2010; Cercado et al., 2013).
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Figure 4. 1: Effect of anodic potential (-250 and + 250 mV (vs Ag/AgCl)) on the responses of the
MEC-biosensor to the acetate addition (50 µM).

4.3.2

Standard Curves and Detection Limits

The reliability of the established MEC-biosensor and the correlation between the
signal production and acetate concentration were tested at +250 and -250 mV anodic
potentials. The peak current values (maximum current minus background current)
were plotted against the acetate concentrations (Figure 4.2) revealing a linear
relationship with high R2 values (> 0.99) for both tested anodic potentials. However,
the sensitivity (mA/µM acetate added) and detection limits were improved by 4 and 2
times respectively at +250 mV anodic potential (Figure 4.2 and Figure 4.3). The
lowest detection limit was based on a signal-to-noise ratio of 3 (Lin et al., 2004). The
use of an even higher anodic potential up to +400 mV did not improve detection limit
(2.5 µM acetate, 0.16 mg O2/L BOD equivalent) (Figure 4.3).

From fundamental considerations, the linear correlation between current peak value
and acetate concentration only holds true if the acetate oxidation reaction is of first
order with respect to the acetate concentration. However, this is known to be not the
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case for microbial or enzyme based reactions when the substrate concentration is
increased and saturation behavior sets in. In those higher concentrations, dilution of

Current Peak (mA)

seawater prior to detection might be necessary.
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Figure 4. 2: Correlation between acetate concentrations and current peak at different anodic potentials,
-250 and +250 mV (vs AgAgCl).
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Figure 4. 3: The lowest acetate concentration that can be detected by the established MEC-biosensor at
different anodic potentials.
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4.3.3

Sensitivity to Dissolved Oxygen

In typical MFC, the presence of oxygen completely suppresses the metabolic activity
of electrochemically active anodophilic bacteria and hence signal formation
(Ringeisen et al., 2001). This would possibly be a critical problem for the application
of the biosensor in the real desalination plant as the MEC-biosensor should also be
able to operate in the presence of dissolved oxygen (DO). In order to overcome this
outcompeting effect of oxygen over the anode as electron acceptor by the bacteria, the
anode potential was increased to a level that is higher than the redox potential of
oxygen (about +80 mV (vs Ag/AgCl) considering the effect of overpotential) (Kim et
al., 2008). Then, the biosensor was tested for its response (current generation) to the
addition of low concentration of acetate (20 µM) in the presence of DO (0 to 3 mg/L)
(Figure 4.4).
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Figure 4. 4: Current production from the addition of 20 µM acetate at different fixed anodic potentials
(-250 to + 600 mV (vs Ag/AgCl) in the absence and presence of various dissolved oxygen
concentrations (0, 1.5, 2 and 3 mg/L)
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In the presence of low DO concentrations (< 2 mg/L), the anodic biofilm produced
current production at high anodic potentials from +150 to +600 mV (vs Ag/AgCl) but
not at anodic potentials lower than +100 mV (vs Ag/AgCl). This suggests that the
anodophilic biofilm that had been enriched during the 7 days of operation at +250 mV
was able to transfer electrons to the positive electrode in the presence of low dissolve
oxygen (< 2 mg/L). However, the reduced current peak (3-fold lower) associated with
the oxygen consumption (data not shown) suggested that a portion of the acetate was
used for the aerobic respiration at positive anodic potentials. The observation that at
low oxygen concentrations and high potentials the anode is used simultaneously with
oxygen suggests that the flow of electrons to either oxygen or anode is of competitive
nature. Using potentials higher than +250 mV did not further eliminate the interfering
effect of oxygen. This result suggests that the anodic potential is an important factor
in collecting electrons from microbial organics oxidation as it can influence the
“attractiveness” of the anode compared to oxygen. The more positive redox potential
of a terminal electron acceptor (i.e. higher anodic potential), the higher energy gains
for a microorganism.

As the signal production from AOC was suppressed at DO concentrations higher than
2 mg/L, the elimination of DO from seawater is still necessary for the practical
applications of the biosensor. The combination of an electrochemical online oxygen
removal with the sensor described here is currently in progress in our laboratory.

4.4

Conclusions

The sensitive and accurate online monitoring of low levels of organic pollutant (i.e.
AOC) in seawater is essential to predict the biofouling potential of the feedwater to
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RO desalination plants. The use of positive anodic potentials for development of the
anodophilic biofilm and operation is of advantage compared to the traditionally
negative anodic potentials used as it allows a faster development of the sensor biofilm
and improved signal quality.

In the current study acetate was only used as a preliminary substrate to establish a
proof of concept and optimise the sensor performance under the well-controlled
conditions. In the further, we plan to improve this sensor by testing complex organics
and develop a disposable-type anode for the real application.
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Cheng, L., Cord-Ruwisch, R. and Skillman, L. (Submitted to Biotechnology Letter)
Marine Biofilms Characteristics under Different Anodic Potentials in Acetate-Fed
Microbial Electorlysis Cell-based Biosensors.
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Abstract
Two identical Microbial Electrolysis Cell (MEC) based biosensors were inoculated
with marine sediment and operated at two different anodic potentials (-300 and +250
mV vs Ag/AgCl). The MEC-biosensor operated under positive anodic potential
conditions was found to have electrochemically active microbial communities on the
anode, such as members from Shewanellaceae, Pseudoalteromonadaceae, and
Clostridiaceae

families,

However,

members

from

Desulfuromonadaceae,

Desulfobulbaceae and Desulfobacteraceae families were only found in the negative
anodic potential MEC-biosensor, which were strictly anaerobic. The positive anodic
potential MEC-biosensor has shown several advantages, including faster start-up,
significantly higher maximum current production, improved assimilable organic
carbon (e.g. acetate) detection limit by 5 times, and tolerance of low dissolved
oxygen, compared to those obtained from the negative anodic potential MECbiosensor.
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5.1

Introduction

Membrane biofouling in seawater desalination reverse osmosis (SWRO) plants is
caused by growth of marine bacteria on the RO membrane, growth is supported by
assimilable organic carbon (AOC) present in the feed water. Due to the common
occurrence of membrane fouling, an accurate and sensitive AOC monitoring system is
needed for biofouling prediction.
In recent years, microbial fuel cell (MFC) based biosensors have demonstrated its
potential to monitor the concentration of AOC in seawater (Quek et al., 2014a;
2014b). MFCs generally consist of two chambers including an anodic chamber and a
cathodic chamber separated by an ion exchange membrane. In the anodic chamber,
bacteria oxidise organic matter under anaerobic conditions and transfer the electrons
towards a cathode through an external circuit resulting in current production (Logan
et al., 2006). The current generated represents the rate of oxidation of organic matter
by the anodophilic bacteria on the anode. The correlation between the current and
organic concentration is linear within a range of low AOC concentrations (Chang et
al., 2004; Di Lorenzo et al., 2009; Modin and Wilén, 2012; Quek et al., 2014a) for a
fixed population of bacteria.
The bacterial diversity in MFCs have been found to vary, containing only a few
dominant microorganisms in some studies (Jung and Regan, 2007; Kim et al., 2007)
or very diverse populations in other studies (Chae et al., 2009), due to differences in
operational parameters such as anodic potential (AP). Long-term operation of MFCs
under different APs can affect MFC microbial diversity which in turn affects its
performance such as signal output, internal resistance and mass transfer limitations
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(Aelterman et al., 2006; Kiely et al., 2011; Srikanth et al., 2010; Torres et al., 2009;
Wang et al., 2009).
The main performance criteria of biosensors are sensitivity, reproducibility, detection
limit, correlation between the signals and organic concentrations, and recovery time.
These criteria may be influenced by the variation of APs and the microbial
populations in the anode of a MFC-biosensor. To date, there are limited studies on
how the change of APs in a marine MFC-biosensor would affect the microbial
communities and its performances. Henceforth, this study aimed to investigate the
characteristics of the marine potentiostat-controlled MFC (namely MEC)-biosensors
that were operated under positive and negative APs, +250 and -300 mV (vs Ag/AgCl)
respectively.

5.2

Materials and Methods

5.2.1

Marine Microbial Electrolysis Cell Biosensor

5.2.1.1

Setup

Two identical MEC-biosensors were prepared. The cathodic and anodic chambers
were physically separated by a cation exchange membrane (CMI-7000, Membrane
international Inc.). Each chamber was filled with conductive graphite granules (EI
Carb 1000, Graphites Sales Inc, Chagrin Falls, OH, U.S.A.) with internal anolyte and
catholyte volumes of 100 mL as described in Quek et al. (2014b).
The electrodes of the MEC-biosensors were connected to a potentiostat to control the
AP at a) -300 mV or b) +250 mV (vs Ag/AgCl) throughout the whole experiment.
The potentials of the electrodes were measured and controlled against a saturated
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Ag/AgCl reference electrode (BASi, MF-2079). The pH of the anolyte, AP, cell
potential and current was monitored continuously using LabViewTM 7.1 software
interface with a National InstrumentTM data acquisition card (DAQ).

5.2.1.2

Inoculum

Marine sediment from Coogee Beach, Coogee, South Fremantle, Western Australia
was used as inoculum for the biosensor. Filtered seawater obtained at the same
location was used as anolyte and catholyte. Details operation and monitoring of the
MEC-biosensor set up were described in previously published paper (Quek et al.,
2014b).

5.2.2

Microbial Electrolysis Cell Biosensor Operation

5.2.2.1

Operation and Evaluation

The anodic chamber (as described in Section 5.2.1) of the MEC-biosensor was
inoculated with 50 mL of the inoculum, prepared according to the procedure
described in Quek et al. (2014b), and 50 mL of seawater containing 0.05 g/L yeast
extract and 10 mM of acetate. Yeast extract were added every two days. The cathodic
chamber was filled with 100 mL of seawater and was replaced every 4 - 6 weeks. The
MFC was operated in a fed-batch mode with both catholyte and anolyte continuously
re-circulating via the cathodic and anodic compartments respectively.

After the anodophilic biofilm had been successfully established (indicated by a steady
current generation under saturated organic condition), the old anolyte was drained out
and the anodic compartment was re-filled with fresh seawater.
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5.2.2.2

Control and Monitoring

The rate of electron flow from anode to cathode in MEC is proportional to the
oxidation rate of the added AOC by the anodophilic bacterial biofilm. The electrons
obtained from the AOC oxidation can be retrieved as current using a potentiostat. The
cumulative charges were obtained by integrating the electrons transferred by the
biofilm as current throughout the detection period (Cheng et al., 2014; Quek et al.,
2014a; 2014b).

The steady state was defined as no changes in current (± 0.01 mA) over a period of 10
minutes. Recovery time was defined as the time required for the anodic potential (AP)
to return to the initial level after the depletion of the added AOC. The signal (current
peak) obtained from organic addition was calculated by subtracting the steady state
value from the current value after the addition of AOC.

5.2.3

Microbial Composition Analysis

Total DNA was extracted from the biofilm associated with the carbon cloth anodes
using the Power Soil DNA analysis extraction kit (MO-Bio, California, USA)
according to manufacturer instructions. For each extraction, extraction blanks were
included to check for naturally occurring background microbial populations
introduced by reagents, operators and consumables. For pyrosequencing, partial
fragments of the 16S rRNA gene were amplified using universal bacterial fusion
primers (Hamady et al., 2008) as previously described (Coghlan et al., 2012). Each
primer pair contained a unique and sample-specific combination of barcodes to allow
deconvolution of the sequencing data during the bioinformatics analysis and PCR
amplicons were generated in triplicate and pooled. Each PCR reaction was carried out
in a 25 µL total volume including: 4 µL of template DNA, 2.5 mM MgCl2 (Fisher
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Biotec, Aus), 1× Taq polymerase buffer (Fisher Biotec, Australia), 0.4 µM dNTPs
(Astral Scientific, Australia), 0.4 mg BSA (Fisher Biotec, Australia), 0.4 µM of each
primer, and 1.25 µL of AmpliTaq Gold DNA polymerase (Life Technologies USA).
The thermocycling steps used for the PCR were: 95°C for 5 minutes, followed by 40
cycles of 95°C for 30 s, 54°C 30 s, 72°C for 30 s, and a final extension at 72°C for 10
minutes (Corbett Research, NSW, Aus). After amplification, the amplicons were
purified using the Agencourt AMPure XP system (Beckman Coulter) and DNA
concentration was estimated by ethidium bromide gel electrophoresis to obtain
approximately equimolar concentrations of each DNA sample, prior to emulsion
PCR. Bead: template ratios for the emulsion PCR were determined by qPCR (Bunce
et al., 2011), prior to sequencing by a GS Junior System (Roche). The sequencing
output files were processed as previously described (Coghlan et al., 2012). BLAST
searches for related 16S rRNA gene sequences from the database were conducted
through Yabi (Hunter et al, 2012) and the files were imported into the programMEtaGenome ANalyzer (MEGAN version 4.62.1) (Huson et al., 2007) for taxonomic
assignment, using the following lowest common ancestor parameters: min score of
65, top percent of 5, and min support of 1.

5.3

Results and Discussion

5.3.1

Start-Up Current Densities of MEC-Biosensor at Different
Anodic Potentials

Two MECs inoculated with marine inoculum were operated at AP of -300 and +250
mV (vs Ag/AgCl), respectively. Over a period of two weeks, the current generated by
the bacteria in the presence of saturating concentrations of acetate (5 mM) increased
steadily and reached a maximum level (Figure 5.1), suggesting the establishment of
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MECs was complete. The maximum current achieved in the positive MEC-biosensor
was double that of the MEC-biosensor at -300 mV, which also required a two times
longer start-up period. This finding is in line with previous studies, where MECs
acclimated at high AP results in faster MEC start-up (Boghani et al., 2013; Finkelstein
and Leonard, 2006; Wang et al., 2009; Zhang et al., 2013).
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Figure 5. 1: Development of the anodophilic marine biofilm of the MEC-biosensors at -300 and +250
mV (vs Ag/AgCl) anodic potentials.

From a thermodynamic perspective, the possible energy gain for the bacteria can be
calculated using the following Equation 5.1:

ΔG°’ = - nF (E°’acetate - E°’anode)

(Equation 5.1)

Where ΔG°’ denotes the Gibbs free energy at pH 7 and 25°C, n is the number of electrons involved, F
is the Faraday constant (96485 Cmol-1e-1) and E is the standard potential of the electron donor (-496
mV vs Ag/AgCl for acetate) and anode.

	
  

89	
  

Chapter 5: Marine Biofilms Characteristics under Different Anodic Potentials in Acetate-Fed
Microbial Electrolysis Cell-based Biosensors

	
  
The theoretical energy gains for the anodophilic bacteria are -151 and -576 kJ per
mole of acetate at the anode potentials of -300 and +250 mV (vs Ag/AgCl)
respectively which means the lower the AP, the less energy per electron transferred is
available for growth and cell maintenance. Hence, the quicker start-up and the higher
maximum current production in the positive MEC-biosensor is probably due to the
positive anode providing a greater amount of energy available for bacterial growth
and maintenance (Finkelstein and Leonard, 2006; Zhang et al., 2013).

5.3.2

Influence of AP on MEC-Biosensor Performance

5.3.2.1

Correlations, Detection Limits and Response Time

The results above showed that both the MECs were successfully established at
positive and negative APs, +250 and -300 mV (vs Ag/AgCl) respectively. The
performance of the MEC-biosensors including the correlation between the signal
production and acetate concentration, the detection limit and response time were
evaluated (Table 5.1). The added acetate concentrations and signals generated were
highly correlated for both of the MEC-biosensors, indicating that they can be of high
precision regardless of the AP. However, the higher AP resulted in a lowering of the
detection limit (signal-to-noise ratio of 3) by 5 times and a shortening of response
time by 2 times compared to the lower AP. This indicates that the higher AP allows
the anodophilic bacteria to utilise the anode as an electron acceptor to oxidise
organics at a higher rate (Aelterman et al., 2008; Modin and Wilén, 2012; Quek et al.,
2014b).
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Table 5.1: Summary of the performances of the two MFC-biosensors operated at -300 and +250 mV
(vs Ag/AgCl).

Maximum Current
Measuring Range

mA
µM of Acetate
R2
Correlation
(Current Peaks)
LDC
µM of Acetate
Minutes
(Current Peak)
Response Time for
LDC
Minutes
(Coulomb)
* LDC - Lowest Detecting Concentration

Anodic Potentials (vs Ag/AgCl)
- 300 mV
+ 250 mV
1.654
2.795
0 - 170
0 – 100
0.990

0.994

10

2.5

10

5

20

10

There are numerous advantages in operating MEC-biosensor at positive AP.
However, if the AP is too high, other reactions such as water electrolysis could occur
and lead to additional current production, which will interfere with the AOC
detection. In addition, it has been shown that the increasing of AP will increase the
performance (i.e. sensitivity, detection limit and recovery time) of a MEC-biosensor
up to some extent, and beyond that the performance is maintained (Quek et al.,
2014b).

5.3.3

Comparison of Anodes Microbial Community Composition

Operating the MEC-biosensor at a positive AP enhanced biosensor performance
likely due to the development of the anodophilic biofilm compared to operating the
MEC-biosensor at a negative AP. To investigate how the long-term operation of
MEC-biosensors at positive (+250 mV) and negative (-300 mV) APs would affect the
microbial community, the mature anodophilic biofilms from the anodes of the MECbiosensor were assessed using 16S rRNA gene sequence analysis (Table 5.2). The use
of acetate (rather than a complex feed) as the substrate minimized the growth of other
fermentative bacteria, and the majority of bacteria that developed were involved in the
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process of electron transfer to the anode. Even though the two MEC-biosensors were
only fed with a single substrate (i.e. acetate), analysis revealed the microbial
communities of the two anodes were diverse probably as the inoculum was mixed
cultures from marine sediment (Chae et al., 2009; Jung and Regan, 2007; Zhang et al.,
2014). There was an unexpected dominance of microbes in the positive MECbiosensor such as Tenericutes that are not known to have exoelectrogenic activity
(Table 5.2).
Both MEC-biosensors were predominated colonised by Gram-negative bacteria. The
different APs did not appear to differentially select Gram-positive/negative bacteria.
This contradicts previous studies which suggested Gram-positive bacteria (negatively
charged bacteria) were dominant when positive potential was applied to the electrode
due to the increased surface charge (Rabaey et al., 2007; Srikanth et al., 2010).
Electrochemically

active

bacteria

such

members

of

the

Shewanellaceae,

Pseudoalteromonadaceae, and Clostridiaceae families were only present in the
positive MEC-biosensor. The presence of bacteria from these families correlated with
significantly higher maximum current, higher sensitivity and lower detection limit
evident with the positive MEC-biosensor, DNA sequences from members of the
Caulobacteraceae, Desulfuromonadaceae, Desulfobulbaceae, Desulfobacteraceae
families were only obtained from the negative MEC-biosensor.
In a typical MEC, the presence of dissolved oxygen (DO) in the anode completely
suppresses current production (Ringeisen et al., 2007). The presence of low
concentration of DO (up to 2 mg/L) at the anode did not completely suppress the
current production in the positive MEC-biosensor although it was three times lower.
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However, the current was completely suppressed in the negative MEC-biosensor (data
not shown). This could be due to:
a) The presence of bacteria of the Shewanellaceae family in the positive MECbiosensor which have been shown to generate current in MECs under both
anaerobic and aerobic conditions (Biffinger et al., 2007),
b) The positive AP may correspond to more oxidised environments (e.g.
microaerobic) and therefore develop more oxygen tolerant bacteria,
c) There are 5 times more obligate anaerobic bacteria from the families of
Desulfovibrionaceae in the positive MEC-biosensor than the negative MECbiosensor,
and/or
d) The presence of strictly anaerobic bacteria from the families of
Desulfuromonadaceae, Desulfobulbaceae and Desulfobacteraceae in the
negative MEC-biosensor. These groups utilise electron acceptors (i.e. sulphur
and ferric) that have lower standard potential (i.e. -470 and -125 mV vs
Ag/AgCl).
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Table 5.2: Anodic bacterial communities for MEC-biosensors operated at anodic potentials of +250
mV and -300 mV (vs Ag/AgCl) characterized by different phyla.

Class

α-Proteobacteria

γ-Proteobacteria

δ-Proteobacteria

Bacteroidetes
Firmicutes
Tenericutes
Others

Family
*most abundance

+250 mV
Number of
reads

%

-300 mV
Number of
reads

%

Rhodobacteraceae

29

9.18

43

22.75

Caulobacteraceae
Hyphomonnadaceae

0
26

0.00
8.23

30
18

15.87
9.52

Alteromonadaceae

34

10.76

16

8.47

Shewanellaceae
Pseudoalteromonadaceae
Oceanospirillaceae
Desulfuromonadaceae
Desulfovibrionaceae
Desulfobulbaceae
Desulfobacteraceae
Bacteroidetes
Cytophagaceae
Clostridiaceae
Tenericutes
Others

47
11
15
0
16
0
0
26
11
16
41
44
316

14.87
3.48
4.75
0.00
5.06
0.00
0.00
8.23
3.48
5.06
12.97
13.92
100

0
0
12
5
2
3
1
13
5
1
0
40
189

0.00
0.00
6.35
2.65
1.06
1.59
0.53
6.88
2.65
0.53
0.00
21.16
100

There was no evidence of Geobacteraceae in either of the MEC-biosensors biofilm
communities. This is unexpected as previous reports suggest that bacteria from
Geobacteraceae are a) primarily classified as electrochemically active bacteria in
sediment MECs (Bond et al., 2002), b) commonly predominate acetate fed MEC
biofilm (Kiely et al., 2011), and c) are necessary for successful MEC operation
(Torres et al., 2009). This study indicates that bacteria from Geobacteraceae are not
required and other bacterial species, can generate current.

	
  

94	
  

5.4

Conclusion

Long-term operational of MEC-biosensors at different AP alter the anodophilic
biofilm communities and resultant power output and performance. The use of positive
AP to develop microbial communities has several key benefits a) shorten the startup
time, b) increase the performance (i.e. sensitivity, detection limit and recovery time)
and c) encourage the growth of electrochemically active bacteria in a MEC-biosensor.

	
  
	
  
	
  
	
  
	
  

	
  

95	
  

Chapter 6: Hexacyanoferate-Adapted Biofilm Enables the Development of a Microbial Fuel Cell
Biosensor to Detect Trace Levels of Assimilable Organic (AOC) in Oxygenated Seawater

	
  

CHAPTER 6: HEXACYANOFERATE-ADAPTED BIOFILM
ENABLES THE DEVELOPMENT OF A MICROBIAL FUEL
CELL BIOSENSOR TO DETECT TRACE LEVELS OF
ASSIMILABLE ORGANIC (AOC) IN OXYGENATED
SEAWATER
The following is a modified version of the published paper: Cheng, L., Quek, S.B. and
Cord-Ruwisch,

R.

(2014)

Hexacyanoferrate-Adapted

Biofilm

Enables

the

Development of a Microbial Fuel Cell Biosensor to Detect Trace Levels of
Assimilable Organic Carbon (AOC) in Oxygenated Seawater. Biotechnology and
Bioengineering, 111(12), 2142-2420. doi: 10.1002/bit.25315
PhD Candidate, Soon Bee Quek is not the main author of this paper but contributed
to experimental design, data processing and writing.

	
  

96	
  

Chapter 6: Hexacyanoferate-Adapted Biofilm Enables the Development of a Microbial Fuel Cell
Biosensor to Detect Trace Levels of Assimilable Organic (AOC) in Oxygenated Seawater

Abstract
A marine microbial fuel cell (MFC) type biosensor was developed for the detection of
assimilable organic carbon (AOC) in ocean water for the purpose of online water
quality monitoring for seawater desalination plants prone to biofouling of RO
membranes. The anodophilic biofilm that developed on the graphite tissue anode
could detect acetate as the model AOC to concentrations as low as 5 µM (320 µg/L of
AOC), which is sufficiently sensitive as an online biofouling risk sensor. Although
the sensor was operated at a higher (+200 ± 10 mV) than the usual (-300 mV) anodic
potential, the presence of oxygen completely suppressed the electrical signal. In order
to overcome this outcompeting effect of oxygen over the anode as electron acceptor
by the bacteria, hexacyanoferrate (HCF(III)) was found to enable the development of
an adapted biofilm that transferred electrons to HCF(III) rather than oxygen. As the
resultant of the reduced HCF(II) could readily transfer electrons to the anode while
being re-oxidised to HCF(III), the marine MFC-biosensor developed could be
demonstrated to work in the presence of oxygen unlike traditional MFC. The
possibility of operating the marine MFC-biosensor in batch or continuous (in-line)
mode has been explored by using coulombic or potentiometric interpretation of the
signal.
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6.1

Introduction

Seawater desalination by reverse osmosis (RO) has become a common technology as
a result of the lack of consistent freshwater supply in many cities (Baker, 2004). One
of the main technical problems of seawater RO plants is membrane fouling leading to
shortened membrane lifetime and causing increased power requirements for the
desalination plant.

It has been estimated that the largest contribution to membrane fouling is attributed to
the activity of marine bacteria (Matin et al., 2011) that feed on organic contaminants
in the feedwater and establish bacterial biofilms on the membrane surface. Next to the
use of physical and chemical pre-treatments to control biofilm development, it is also
useful to be able to monitor the potential of biofilm build-up by sensing the
concentration of assimilable organic carbon (AOC) in the feed water. Knowledge
about the levels of such degradable organic contaminants allows the plant operator to
develop an efficient anti-biofouling strategies, or if applicable to draw feedwater from
somewhere else. Such information on AOC should ideally be acquired on-line, insitu, non-destructively, in real time, representatively, accurately, reproducibly, and
automatically (Van der Kooij, et al., 2010).

Techniques utilized for monitoring biofouling include detection of biofilm formation
(e.g. biofilm formation rate (BFR) (Van der Kooij, 1992)), system performance
analysis (e.g. pressure drop, oxygen uptake, permeate flux etc. (Saad, 2004; Brouwer
et al., 2006), and the analysis of the feed water. Many different physical, chemical,
and biological parameters have been utilized to identify the intake feed water quality.
Total direct cell count (TDC) enables an estimate of cells that contribute to biofilm
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formation or mere physical deposition of cells (Holm-Hansen et al., 1966). The ATP
(intracellular adenosine-tri-phosphate) content is a more involved method that reflects
on the overall level of active biomass (Hobbie et al., 1977). As most RO plants use
effective pre-filtration to remove cellular material, the above measurements are not
relevant to most of the industry. Instead the direct measurement of assimilable organic
carbon (AOC), substances that could promote microbial growth and leading to
biofouling has been the focus of recent research (Nguyen et al., 2012).

For the detection of biodegradable organic substances in wastewater the method
of Biochemical Oxygen Demand (BOD) is being widely used (Bourgeois et al., 2001;
Eaton and Franson, 2005). Traditional BOD tests require a 5-day off-line laboratory
incubation (BOD5) making it not suitable for a fast and online monitoring system.
Recently, other types of BOD biosensors were based on measuring the decrease in
dissolved oxygen (DO) by a suspended or immobilised microbial biomass when
exposed to the test solution (Chee et al., 1999; Liu et al. 2000; Riedel et al., 1998;
Sangeetha et al., 1996). These methods require a sensitive dissolved oxygen (DO)
electrode and are limited by the low solubility of oxygen in water (8.84 mg O2/L at 1
atm, 20 °C).

Alternatively, some research works have been conducted using mediators (artificial
electron acceptors) instead of oxygen as electron acceptor (Jordan et al., 2010; Jordan
et al., 2013; Nakamura et al., 2007; Pasco et al., 2000). The test bacteria would reduce
the mediator, which can be detected photospectrometically or electrochemically. For
example, Nakamura et al. (2007) have developed a highly sustainable BOD biosensor
using eukaryote, Saccharomyces cerevisiae, coupled with two mediators, ferricyanide
and menodione. However, those methods are not designed for on-line measurement,
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as regular sample harvesting is required.

Microbial fuel cells (MFC) are devices in which microbial biofilms on a conductive
electrode (anode) generate an electron flow from the oxidation of AOC (Logan et al.,
2006; Pant et al., 2010). MFCs have been proposed as online biosensor for continuous
determination of BOD (Chang et al., 2005; Kumlanghan et al., 2007; Pasco et al.,
2004). The reactions (with acetate as the organic BOD) occurring in the anode and
cathode compartments can be expressed as Equations 6.1 and 6.2:

Anode (acetate): CH3COO- + 4H2O è2HCO3- + 9 H+ + 8e-

(Equation 6.1)

Cathode (ferricyanide): Fe(CN)63- + e-èFe(CN)64-

(Equation 6.2)

By measuring the voltage across the external resistor, the current flowing in the
system can be calculated using Ohm’s law. Ideally, the current or number of electrons
(cumulative charges) transferred in the MFC is correlated to the amount of BOD
oxidised and can be used to calculate the initial BOD concentration. Such a
correlation between cumulative charges and BOD concentration can only be obtained
by batch-feeding the organics to the anodophilic biofilm. Current represents the
oxidation rate of organic substrates by the bacteria attached to the anode, which under
substrate limitation condition, according to the well-known phenomenon of Monod
growth kinetics (Modin and Wilén, 2012), would be expected to be correlated to the
substrate (BOD) concentration. Hence, to obtain direct BOD estimations from current
readings, very low BOD levels are needed, which is exactly the case for the low AOC
levels in seawater.

In previous extensive studies, MFC-biosensors for BOD detection were developed for
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detecting organic substrates in wastewater (Di Lorenzo et al., 2009), groundwater
(Ling et al., 2003) and anaerobic digestion liquid (Liu et al., 2011). There are limited
numbers of published works for utilising MFC-biosensor for the detection of trace
amount of organic matters in seawater. Desired characteristics of a MFC-biosensor
for the prediction of biofouling potential on the RO membrane are:

a) sensitive to trace amounts of organic matter in the ocean (~100 µmol/L
dissolved organic carbon (Taki and Suzuki, 2001), or less than 5 mg/L BOD
(Chen et al., 2008)),

b) a good representation of the biofouling biofilm by the microbial population on
the anode of the MFC (i.e. marine bacteria biofilm rather than defined cultures
of bacteria or yeast cells),

and

c) tolerant to saturated concentrations of dissolved oxygen.
In particular, the last point is not readily implementable because it is well known that
electron flow in conventional MFCs is suppressed by dissolved oxygen (Bond et al.,
2003; Liu et al., 2005; Ringeisen et al., 2007, Shukla et al., 2004).

The current study aims to develop a MFC based AOC sensor that addresses the above
three points by using a marine biofilm enriched on the MFC anode and optimising it
for the detection of extremely low AOC in the presence of dissolved oxygen levels
typically encountered in ocean water. Acetate was used as the model substrate as it is
universally present and also it is the key biological breakdown product from more
complex organic substances.
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6.2

Materials and Methods

6.2.1

MFC-Biosensor Design and Inoculation

The MFC-biosensor was comprised of cathodic and anodic compartments with same
dimension (9 cm × 6 cm x 1 cm), separated by a cation selective membrane (cross
section area: 54 cm2) (CMI-6000, Membrane International INC). The cathode
compartment was filled with 50 g of conductive graphite granules (EI Carb 1000,
Graphites Sales, Inc., Chagrin Falls, OH, USA), of about 2-4 mm in diameter. The
anode was made of 54 cm2 knitted carbon cloth (C-TEX 100, MAST Carbon
Advanced Products Ltd), of about 70 g/m2 in density and 1100 m2/g in surface area
(data provided by the manufacturer). As a collector for external wire connections, the
graphite granules and carbon clothes were connected to graphite rods (5 mm
diameter), which were connected via an adjustable resistor. The potentials of the two
electrodes were measured against a saturated Ag/AgCl reference electrode (BASi,
MF-2079), which was placed inside the anodic compartment.

The bacterial inoculum (100 mL) was extracted from ocean sediment (OD600 value of
about 0.2), collected from Coogee Beach, Coogee, South Fremantle, Western
Australia.

6.2.2

MFC-Biosensor Start-up

The MFC-biosensor was established under a batch mode. The anodic compartment
was continuously circulated with 100 mL of the bacterial inoculum at a flow rate of
100 mL/min. The growth medium consisted of 0.5 g/L marine broth (BD DifcoTM)
and 5 mM sodium acetate in real sea water and was replaced periodically.
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The cathodic chamber was continuously circulated with 250 mL of 100 mM
potassium hexacyanoferrate (HCF(III)) (Sigma-Aldrich, Inc., purity ca. 99%). The
catholyte was renewed periodically to maintain a stable cathodic potential of about
220 ± 5 mV (vs Ag/AgCl). The voltage difference between the anode and cathode
electrodes was measured across a fixed resistance with 22 Ω, if not otherwise
specified. During the start-up period, the anodic potential was about +200 mV (vs
Ag/AgCl).

To adapt the MFC biomass to HCF(III) the established MFC was operated for two
weeks in the presence of 200 µM acetate (added daily) and 200 µM HCF(III). In order
to prevent the accumulation of bio-products in the biosensor, the anolyte was replaced
regularly with fresh seawater (Coogee Beach, South Fremantle, Western Australia).

6.2.3

MFC-Biosensor Operation and Evaluation

The MFC-biosensor was continuously operated in the presence HCF(III) at room
temperature (20 ± 2 °C) for four months. The anodic potential, cell potential (potential
difference between anode and cathode), dissolved oxygen (DO) and pH of the anolyte
were monitored continuously using LabVIEWTM 7.1 software interface with a
National InstrumentTM data acquisition card (DAQ) as described previously (Cheng et
al., 2008). The pH of the anolyte was strictly controlled at 7.5 ± 0.2 by periodically
dosing NaOH (1 M). Organic substrates detection: Specified concentrations of various
types of organic substrates, including sodium acetate (5 to 80 µM), glucose (20 µM),
sucrose (20 µM), L-glutamic (20 µM), L-Methionine (20 µM), L-Arginine (20 µM),
L-Aspartic acid (20 µM), L-Ascorbic (20 µM) and β-Alanine (20 µM), were added
into the anodic circulation loop to test for responses of the MFC-biosensor by
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measuring the change in current or cell voltage. The external resistance was adjusted
from 22 to 5 Ω.

Effect of the mediator (HCF(III)) on oxygen suppression: In order to test the effect of
HCF(III) on the signals production of MFC in the presence of saturating
concentrations of dissolved oxygen, HCF(III) was added to specified concentrations
(0.2 to 0.8 mM) into the anodic compartment. The response of the sensor to the
acetate addition was evaluated by adding acetate into the aerated anodic compartment.
The aeration was conducted via an air pump with an airflow rate of about 1 L/min and
the dissolved oxygen monitored online by using a polarographic oxygen electrode
(Mettler-Toledo, Ltd) with detection limit of ± 0.1 mg/L.

6.2.3.1

Continuous Flow (In-line) Mode of Operation

Apart from the measurements mentioned above, the established MFC was also
operated in continuous flow mode to detect the AOC (i.e. acetate) pollutant. The
continuous mode operation was done by passing a series of prepared seawater feed
solutions (0.5 to 2 L), containing different concentrations of acetate (0 to 80 µM),
through the anodic compartment once (without recirculation). The flow rate was
about 25 mL/min (hydraulic retention time (HRT) = 2 min). As the continuous flow
system contained saturated DO (> 6.5mg/L), 0.4 mM HCF(III) was added in the feed
solutions to overcome the toxicity of the dissolved oxygen.

6.2.4

Analytical Methods

The current (I, mA) was calculated according to the Ohm’s law, I = V / R, where V is
the cell voltage (mV) and R is the external resistance (Ω). The signals of cell voltage
or current peak were adjusted by subtracting the background/steady state values in the
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absence of acetate. The cumulative charges (i.e. total coulombs) were calculated by
integrating the electrons transferred through the external resistance as current
throughout the detection period (Cheng et al., 2008). The coulombic efficiency (CE)
(Equation 6.3) was calculated from the total electrons extracted from the substance for
conversion into electricity versus that in the starting organic materials (Logan et al.,
2006).

!"% =

!!
!!

×100 =

!
! !"#

!!

×100

(Equation 6.3)

Where !! is the total Coulombs calculated by integrating the current overtime, calculated as
!! =

!
!"# .
!

!!   is the theoretical accumulated charge (Coulombs) that can be produced from the total

substrate input.

The HCF(III) concentration was determined by measuring the optical density of
HCF(III) solution at 420 nm (Appleby and Morton, 1959). A series of HCF(III)
standard solutions were prepared by adding specific concentration of HCF(III) into
micro-filtered (0.45 µm) seawater. A standard curve indicated that in a range between
0.01 and 1 mM concentration, a linear relationship (R2 = 0.9996) between the HCF(III)
concentration and the optical density (OD) was obtained (Equation 6.4). The presence
of reduced HCF(II) up to 10 mM did not interfere significantly with the readings at
420 nm the HCF(III) concentration determination.
CHCF(III) (mM)=1.1267×OD420 – 0.0116 (R2=0.9996)
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6.3

Results and Discussion

6.3.1

Performance of Mediator Free and Mediator (K3Fe(CN)6)
Adapted Marine MFC-Biosensor

A microbial fuel cell was set up and operated for two months with an anodic potential
of about +200 mV (Section 6.2.2), which is significantly higher than the potential
normally used for MFC for the purpose of electricity production. The use of +200
instead of -300 mV (vs Ag/AgCl) of anode was expected to enable better tolerance to
dissolved oxygen. After setup and reproducible current production was obtained, the
MFC described (Section 6.2.3) was tested for its ability to detect step changes of
acetate concentration in the absence of oxygen (Figure 6.1a). Acetate concentrations
down to levels of about 10 µM were reproducibly detected. To be useful for real
seawater applications, the MFC-biosensor should also operate in the presence of
dissolved oxygen. However, when the anodic compartment was aerated, the presence
of dissolved oxygen completely suppressed signal production. This observation of the
MFC failed to produce current in the presence of oxygen is in line with other previous
findings (Bond et al., 2003; Liu et al., 2005; Ringeisen et al., 2007, Shukla et al.,
2004).

The presence of oxygen immediately stopped the current flow and initiated a bacterial
oxygen consumption, which showed that oxygen was the preferred electron acceptor
of the system. The current biofilm has been developed at substantially higher anodic
potential (+200 mV (vs Ag/AgCl)) than what is normally used for MFC (-300 to -400
mV (vs Ag/AgCl)). The electrolytic oxygen reduction by the electrode at this high
anodic potential is negligible. Therefore, any oxygen consumption in the anode
compartment can be explained by the respiration of the biomass.
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Studies with suspended aerobic bacteria have observed that aerobic bacteria prefer
potassium HCF(III) as electron acceptor over oxygen when both are present. High
concentrations of HCF(III) (> 40 mM) enabled aerobic bacteria to reduce HCF as the
preferred electron acceptor over oxygen, which is soluble to only about 0.25 mM
(Bonetto et al., 2010; Liu et al., 2010). Similarly Yoshida et al. (2000) demonstrated
that equally high concentrations HCF(III) functioned as mediator for electron
shuttling between aerobic Pseudomonas suspensions and an electrode, even in the
presence of low concentrations of dissolved oxygen.

In order to compete with oxygen as the preferred electron acceptor in the above
experiment, 0.2 mM of HCF(III) was added into the anodic compartment. However,
oxygen still prevented effective electron transfer of the anodophilic biofilm to the
anode (data not shown).

After about two-weeks of operation in the presence of 0.2 mM HCF(III), MFC
seemed to have adapted to the preferential use of HCF(III) as electron acceptor: the
MFC-biosensor started to produce clear and reproducible signals (e.g. 2 mV cell
potentials with 20 µM acetate addition) within one hour, in the presence of oxygen
(Figure 6.1b). This suggested that it is possible to determine low levels of AOC in
oxygen-saturated seawater without the need for an additional process of oxygen
removal.

In the presence of HCF(III) as mediator, a decrease in oxygen concentration was still
observed, suggesting the usage of a proportion of the AOC for aerobic respiration.
Yoshida et al. (2000) also found that even in the presence of 40 mM HCF(III), oxygen
consumption by Pseudomonas fluorescens continued. This might be the reason why a
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lower current peak (about 50%) was obtained in the presence of oxygen (Figure 6.1b).
Nevertheless elimination of oxygen was not needed, as reproducible standard curves
could be obtained (Figure 6.1b).
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Figure 6. 1: a) Responses to the addition of traces of acetate by the established marine MFC-biosensor
in the absence and b) the presence of HCF(III) (0.2 mM) after 2 weeks of adaptation. (Solid line: cell
voltage (solid arrows: acetate addition); dash line: dissolved oxygen (solid arrows: start aeration, dash
arrows: stop aeration)).
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6.3.2

Comparison of Current Production to Initial Acetate
Concentration

In order to test the reliability of the sensor signals, the peak current (5 Ω external
resistance) values (maximum current minus background current) obtained from
acetate spiking were compared against the acetate concentration (Figure 6.2).
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Figure 6. 2: Correlation of peak current with the acetate concentration added for different HCF(III)
concentrations in the marine MFC-biosensor. Concentrations of HCF(III) (mM) were 0.8 (squares), 0.4
(triangles) 0.2 (diamonds) and 0 (spheres). Dissolved oxygen was > 6 (open symbols) and 0 mg/L
(closed symbols). Results show averages of triplicate measurements.

The relationship between current peak values and acetate concentrations was linear
(Figure 6.2). Higher current peaks were obtained with higher concentrations of
acetate. The presence of dissolved oxygen completely suppressed current production
when the HCF(III) was absent (Figure 6.2). With increasing concentrations of
HCF(III) current production was enhanced, resulting in higher sensitivities (current
change per micromole of acetate added) and lower detection limits of the MFC	
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biosensor (Table 6.1, Figure 6.2). The detection limit was found to be 5 µM (acetate),
equivalent to 0.32 mg/L BOD. The minimum concentration was established by using
a signal-to-noise ratio of between 3 or 2:1, which is generally considered acceptable
for estimating the detection limit (FDA, 1996).

Table 6.1: Effect of HCF(III) on the correlation between acetate concentration and
current peak production under anaerobic and aerobic anodic conditions (n=3).
HCF(III)
concentration
(mM)

Dissolved
oxygen
(mg/L)

Sensitivity
(µA/µM
acetate)

Detection limit
(µM acetate)

Linearity Equation

R2

0

0

2.2

10

Y=0.0022x + 0.0557

0.897

n.d.
3.1
1.8
7.5
5.5
8.0
7.1

n.d.
10
20
5
5
5
5

n/a
Y=0.0031x + 0.0517
Y=0.0018x + 0.0078
Y=0.0075x + 0.0496
Y=0.0055x + 0.0652
Y=0.008x + 0.0342
Y=0.0071x + 0.0213

n/a
0.962
0.862
0.992
0.985
0.990
0.997

0
>6
0.2
0
0.2
>6
0.4
0
0.4
>6
0.8
0
0.8
>6
n.d.= not detectable; n/a= not applicable.

6.3.3

Total Coulombic Charges and Coulombic Efficiency

It has been demonstrated that same amount of acetate addition leads to a reproducible
amount of total coulombic charges generated by anodophilic bacteria (Cheng et al.,
2008). In order to calculate the total amount of coulombs produced here, the current
was integrated from the beginning to the end of the peak. The coulometric signals
were linearly related to acetate concentration (Figure 6.3a). Similar to the
amperometric measurement, the sensitivity and detection limit improved when the
HCF(III) was added (Figure 6.3a).
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Figure 6. 3: Effect of added HCF(III) concentrations on a) total produced coulombic, charges
coulombic efficiencies of the marine MFC-biosensor in the absence b) and presence c) of dissolved
oxygen. Results are the averages of triplicates. Concentrations of HCF(III) (mM) were 0.8 (squares),
0.4 (triangles) 0.2 (diamonds) and 0 (spheres). Dissolved oxygen was > 6 (open symbols) and 0 mg/L
(closed symbols).
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The coulombic efficiency represents the ratio of total coulombs transferred to the
anode to the stoichiometrically expected coulombs (electron equivalents) for complete
substrate oxidation. For a MFC-biosensor operating in the presence of oxygen a high
coulombic efficiency is desirable to obtain strong electrical signals.

In the current study, the coulombic efficiency was relatively constant for different
acetate concentrations, which is in line with previous findings (Cheng et al., 2008),
but depended strongly on the added HCF(III) concentration and DO level (Figure 6.3b
and 6.3c). In the absence of HCF(III) coulombic efficiencies were very low with <1
% in the presence and <10 % in the absence of oxygen. The generally low coulombic
efficiencies (<10 % in the absence of oxygen) in MFC based biosensors were also
observed in previous reports (Di Lorenzo et al., 2009), and were attributed to low
levels of electromotively active oxidation-reduction products (Schröder, 2007).

The HCF(III) addition could significantly enhance the coulombic efficiency (Figure
6.3a and 6.3b). For example, in the presence of a high concentration of HCF(III) (>
0.8 mM), a dramatic increase in coulombic efficiency from 0 to about 40 % (with
oxygen present) was observed (Figure 6.3c).

Compared to the peak current, which depends on the rate of microbial oxidation of
AOC (Tront et al., 2008a), the advantage of using total coulombic charges as a
measurement parameter is that it is stoichiometrically related to the amount of organic
carbon oxidized and hence a true indicator of the reducing power or feed value (e.g.
calorific fuel value) of AOC present. Hence it would be expected to also give a
meaningful response from a mixture of AOC compounds of different degradability, as
they are present in ocean water. By contrast the determination of current peak could
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give low readings for more slowly degradable compounds (e.g. polymerized
molecules such as peptides or polysaccharides).

6.3.4

Responses to Other Organic Substances

For the purpose of scientific reproducibility, the sensor described here had been
accustomed to the degradation of acetate as the model AOC. Acetate is used as model
organic species in the water industry (Wang et al., 2011) and for MFC (Cheng et al.,
2008). The reason is that acetate is not readily fermented or converted to other
metabolites while more complex organics (carbohydrates, fats, proteins) are
ultimately broken down to acetate under anaerobic conditions (Chen et al., 2008).

Although the marine MFC-biosensor had been acclimated to acetate only, the
response to other organic compounds commonly found in polluted seawater (Bright
and Fletcher, 1983; Kaiser and Benner, 2009; Ogawa and Tanoue, 2003) was tested
using a batch-feeding mode (Fig. 4). No signal was produced from L-glutamic, LAspartic acid, L-Methionine and β-Alanine (data not shown) and only a faint signal
was obtained from L-Arginine (Figure 6.4).

This is not surprising since the

anodophilic biofilm was acclimated to acetate. The response to L-Ascorbic acid and
the sugars glucose and sucrose (Figure 6.4) could be caused by chemical reduction or
fermentation respectively. After adaptation periods, MFC biofilms have been shown
to be able to metabolize a variety of compounds (Luo et al., 2009; Galvez et al., 2009;
Rezaei et al., 2009; Ren et al., 2008; Kim et al., 2000). Such an adaptation to different
substrates by a shift in microbial population would not be feasible with traditional
MFC-biosensors using single strain of bacteria. Single strains MFC can metabolize a
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narrow substrate spectrum and also have a limited long-term stability, as the
immobilised pure strain would be increasingly overgrown by native marine species.
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Figure 6. 4: Response of acetate adapted marine MFC-biosensor to more complex organic substances
(DO> 6 mg/L, HCF(III) = 0.4 mM, external resistance = 5 Ω).

6.3.5

Electron Flow to Different Electron Acceptors

The previous experiments show the anodic current production can benefit from the
addition of HCF(III) mediator, which indicates a different preferential electron

	
  

115	
  

Chapter 6: Hexacyanoferate-Adapted Biofilm Enables the Development of a Microbial Fuel Cell
Biosensor to Detect Trace Levels of Assimilable Organic (AOC) in Oxygenated Seawater

	
  
pathway to the HCF(III). In order to test the affinity of the anodiphilic biofilm to
different electron acceptors (i.e. oxygen and HCF(III)), and the direct transfer to the
anode, the electron transfer rates to various types of electron acceptors were
quantified. The electron transfer rate was calculated as the amount of electrons
transferred per hour.

Figure 6.5 shows the oxygen uptake rate (OUR), current production and HCF(III)
consumption of the MFC-biosensor. In the absence of HCF(III) and the presence of
oxygen and saturated concentrations of acetate, the oxygen consumption rate was 11.5
mg/L/hour, equivalent to 144 µmol e-/hour (100 mL of anodic compartment), which
was 4-times faster than the rate of the electron transfer to the anode (0.96 mA
equivalent to 36 µmol e-/hour).
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Figure 6. 5: Effect of HCF(III) addition to the acetate saturated marine MFC-biosensor on biofilm
oxygen uptake and current production. a) Profiles of DO (triangle), current (square) and HCF(III)
concentration (circle). Arrows indicate: 1 5 Ω and aeration, 2 1 MΩ, 3 aeration stopped, 4 addition
of 1 mM HCF(III), 5 5 Ω and aeration. b) Electron transfer rates to HCF(III) (circle), oxygen
(triangle) and anode (square).

The addition of about 1 mM HCF(III) into the anode compartment immediately
caused HCF(III) reduction and stopped oxygen consumption. This find ing is
surprising as most previous research suggested a 100-times higher concentration of
HCF (III) was required to outcompete oxygen ((Liu et al., 2010; Pasco et al., 2000;
Yoshida et al., 2000). The rate of electron flow to HCF(III) was about 5 times higher
(700 µmol e-/hour) than to oxygen (Figure 6.5a and 6.5b). The reason why the marine
MFC-biosensor described here had a high affinity for HCF(III) could lie in the fact
that our culture was enriched in the presence of HCF(III) as electron acceptor.
Attempts to isolate the enriched HCF reducing bacteria are underway and will be
published separately.
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The oxygen consumption gradually resumed to the previous level when about 95% of
HCF(III) was reduced to HCF(II), which showed that the inhibition of oxygen
consumption by HCF(III) was not due to the cyanide effect on the terminal oxidase as
proposed by other authors (Chang et al., 2005), but caused by HCF(III) outcompeting
oxygen for electrons liberated by the acetate oxidizing biofilm.

After > 95 % of HCF(III) was reduced, the current flow was resumed by changing the
external resistor from 1 MΩ to 5 Ω. A four-times higher current production was
obtained compared to that in the absence of HCF(III), suggesting that HCF(II) readily
transferred electrons to the anode (+200 mV vs Ag/AgCl) (Figure 6.5b). However, the
electron flow (calculated from current) from HCF(II) to the anode was about 4-times
slower (155 µmol e-/hour) than the electron flow from the acetate oxidizing biofilm to
the HCF(III) (1 mM). This suggested that the rate limiting step in the HCF mediated
electron transfer from biofilm to the anode was the anodic oxidation of HCF(II) rather
than biological reduction of HCF(III).

Those bacterial strains that were enriched under the peculiar conditions of providing
acetate as electron donor and HCF(III) as electron acceptor seemed to display a clear
preference to using HCF(III) over oxygen. Anaerobically respiring bacteria such as
iron-reducing bacteria are known to generate ATP from using anodes and also from
using mediators such as humic substances (Straub et al., 2001). Hence it can be
assumed that also the reduction of the mediator HCF(III) leads to the production of
ATP (HCF(III) respiration). To what extent such HCF(III) based respiration could be
a more effective respiration than oxygen respiration could be elucidated by future
studies testing whether the ATP yield per mol of NADH in HCF(III) respiration is as
high as that of oxygen.
	
  

118	
  

Chapter 6: Hexacyanoferate-Adapted Biofilm Enables the Development of a Microbial Fuel Cell
Biosensor to Detect Trace Levels of Assimilable Organic (AOC) in Oxygenated Seawater

6.3.6

Continuous Flow Mode

As an alternative to the above described batch mode of operation, a continuous flow
through mode may be more applicable for the implementation of the marine MFCbiosensor in-line with the seawater desalination process. As coulombic measurements
are only suitable for batch operation, the reliability of cell voltage or current
measurements needed to be tested in continuous flow mode.

During continuous flow trials, the DO of feedwater always stayed above 6.5 mg/L and
the HCF(III) concentration was kept at 0.4 mM. Stepwise increases in acetate
concentration in the inflow lead to corresponding increases in current or cell voltage.
Even though the reducing power of the supplied acetate only allows partial reduction
of the HCF(III), reproducible responses were obtained. The cell voltage signal could
be amplified by using larger external resistances, however it required longer response
times (more than one hour) to reach the steady state (Figure 6.6). Under open-circuit
conditions the response time was longer than 5 hours (data not shown).
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Figure 6. 6: Cell voltage (thick line) and current (thin line) responses of the marine MFC-biosensor to
step changes in acetate concentration of the inflow under continuous flow mode. Small resistors (5 Ω)
and large resistors (1000 Ω) amplify the current and cell voltage signals respectively.

6.4

Conclusions

This current study showed hexacyanoferrate-adapted anodophilic biofilm enables
the development of a MFC-biosensor to detect trace levels of AOC in nondeoxygenated seawater. As the hexacyanoferrate (HCF(III)) was found to enable the
development of an adapted biofilm that transferred electrons to HCF(III) rather than
oxygen, the marine MFC-biosensor developed has been demonstrated to work in the
presence of oxygen. The sensitivity and the detection limit of the sensor system can
certainly be improved by improving the HCF(III) concentration. The MFC-biosensor
containing HCF(III) adapted-anodophilic biofilm that developed on the graphite tissue
anode has shown sufficient sensitivity for the purpose of online seawater quality
monitoring. In the current study acetate was only used as a preliminary substrate to
establish a proof of concept and evaluate the sensor performance under the wellcontrolled conditions. However the mixed microbial consortium used is expected to

	
  

120	
  

Chapter 6: Hexacyanoferate-Adapted Biofilm Enables the Development of a Microbial Fuel Cell
Biosensor to Detect Trace Levels of Assimilable Organic (AOC) in Oxygenated Seawater

be dynamic and adapt to other, more complex organic substances. Application of the
marine MFC-biosensor in seawater desalination plants, which are prone to biofouling
of RO membranes, would assist operators to make quick corrective actions prior to a
membrane biofouling occurrence.
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CHAPTER 7: IN-LINE DEOXYGENATION FOR ORGANIC
CARBON DETECTIONS IN SEAWATER USING A
MARINE MICROBIAL FUEL CELL-BIOSENSOR
The following is a modified version of the published paper: Quek, S.B., Cheng, L. and
Cord-Ruwisch, R. (2015) In-line Deoxygenation for Organic Carbon Detections in
Seawater using a Marine Microbial Fuel Cell-Biosensor. Bioresource Technology,
182, 34 - 40. doi:10.1016/j.biortech.2015.01.078
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Abstract
Assimilable organic carbon (AOC) is a key predictor for membrane biofouling in
seawater desalination reverse osmosis (SWRO). Microbial fuel cells have been
considered as biosensors for the detection of biodegradable organics. However, the
presence of dissolved oxygen (DO) is known to completely suppress the signal
production (i.e. current) of a typical MFC. This study describes AOC detection in
normal oxygenated seawater by coupling an electrochemical cell for DO removal with
a MFC-biosensor for AOC detection. The electrochemical deoxygenation for oxygen
removal caused no interference in the AOC detection. A linear relationship (R2 =
0.991) between the AOC concentration and current production from the MFCbiosensor was achieved. The coupling of an electrochemical cell with a MFCbiosensor can be effectively used as an online, rapid and inexpensive measure of
AOC concentrations and hence as an indicator for biofouling potential of seawater.
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7.1

Introduction

Seawater reverse osmosis (SWRO) has been a widely applied technology for
producing fresh water. One of the main challenges for successful operation in SWRO
is membrane biofouling (Matin et al., 2010). Membrane biofouling involves the
growth of microorganisms into a biofilm on the membrane surface, which leads to
significant increase in cost of operation in SWRO treatment. Membrane flux decline,
increase in pressure drops in the RO modules, increase in salt passage.

Controlling and identifying biofouling is rather challenging as it depends on various
factors. There are numerous indirect measurement techniques to assess the fouling
potential of feed-water. Traditional fouling potential of a membrane is measured
using silt density index (SDI) and modified fouling index (MFI). These methods
predict particulate fouling but are not predictive for bio/organic-fouling caused by
organic adsorption or biological growth on the membrane surface. Specifically,
soluble assimilable organic carbon (AOC) present in seawater is highly influential to
the development of membrane biofouling (Chien et al., 2007). AOC is one of the
main food sources for bacteria to proliferate and hence it is more appropriate to be
used as an indicator of the relative biofouling potential of feed-water (Jeong et al.,
2013). Other attempts at AOC tests such as biochemical oxygen demand BOD5
(Bourgeois et al., 2001; Clesceri et al., 2005), modified bioassay (Lechevallier et al.,
1993), optical fiber (Lin et al., 2006), bioluminescence (Weinrich et al., 2011) and
flow-cytometric enumeration (Hammes and Egli, 2005) can be time consuming, need
an appropriate reference organisms, and are costly with a long turn-around time for
results. Hence, a critical need exists for a quick and reliable measurement of AOC in
seawater.
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Recent work from our research group has demonstrated that microbial fuel cell
(MFC) based biosensors can detect low concentration of AOC under marine
conditions in the absence of oxygen (Quek et al., 2014a; 2014b). MFC-biosensor has
been proven to be a convenient organic biosensor showing major advantages over
many other types of biosensors given the mechanical and electronic simplicity, not
only for its construction but also when signal acquisition and electronic requirements
of the system are taken into consideration. MFC-biosensors have been shown to be
convenient organic biosensors showing major advantages over other types of
biosensors given the mechanical and electronic simplicity. Also the online signal
acquisition and electronic requirements of the system are simple and rapid. In
previous studies, MFC-biosensors for organic detection were developed for detecting
organic substrates in anoxic waters such as wastewater (Di Lorenzo et al., 2009),
groundwater (Tront et al., 2008a; 2008b) and anaerobic digestion liquid (Kaur et al.,
2013). The use of MFC-biosensors for the detection of low concentration of AOC in
marine environments is of industrial interest as it can be used in prediction and
possible control strategies of bio-fouling SWRO plants. The current study focuses on
the development of a MFC-biosensor for detecting low concentration of AOC under
real world SWRO plant conditions, which includes the presence of oxygen, a known
inhibitor of MFC-biosensors.

A typical MFC-biosensor consists of an anodic chamber (anaerobic) and a cathodic
chamber separated by a cation exchange membrane. The active anodophilic bacteria
oxidise organic carbon in the anodic chamber and generate electrons and protons.
Electrons are then passed to the cathodic chamber through an external circuit and thus
current is generated. However, the presence of dissolved oxygen (DO) in the anodic
chamber can completely suppress the metabolic activity of electrochemically active
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anodophilic bacteria and hence the current productions (Liu et al., 2005; Ringeisen et
al., 2007). This is quite understandable as the typical anodophilic bacteria such as
Geobacter sp are strict anaerobes (Bond and Lovley., 2003; Lin et al., 2004). In order
to obtain an accurate AOC measurement by MFC, it is mandatory to completely
remove DO. It is also important to develop a DO removal method that does not
interfere with the highly sensitive measurements of low concentrations of AOC
measurement. Numerous physical and chemical approaches for fresh water
deoxygenation have been developed, such as a) physical methods (i.e. inert gas
purging), which have inherent deficiencies of being bulky, costly and inflexible in
operation (Tan et al., 2004) , and b) chemical reducing agents (i.e. hydrazine) (Moon
et al., 2000), which are highly toxic and likely to modify organic species present.
Therefore, these methods are not suitable for AOC analysis. The electrochemical
deoxygenating method has been described as a possible method for deoxygenation of
fresh water (Pedrotti et al., 1994; Tamminen et al., 1996; Vuorilehto et al., 1995). The
advantages of this method are high efficiency (> 99.5 % DO removal) and low
interference with the sample.

The aim of the current study is to develop an online low AOC detection system for
oxygen-saturated seawater by combining a suitably designed electrochemical oxygen
removal cell with a potentiostat-controlled microbial fuel cell (namely MEC)biosensor.
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7.2

Material and Methods

7.2.1

Marine-Microbial Electrolysis Cell Biosensor Setup

A two-chamber MEC-biosensor physically separated by a cation exchange membrane
(CMI-7000, Membrane international Inc.) filled with conductive graphite granules (EI
Carb 1000, Graphites Sales Inc, Chagrin Falls, OH, U.S.A.) with internal anolyte and
catholyte volumes of 100 mL was set up as described in Quek et al. (2014b). A
potentiostat was connected to the biosensor was used to control the anodic potential
(AP). The DO, pH, AP and cell potential were monitor continuously using
LabViewTM 7.1 software interface with a National InstrumentTM data acquisition card
(DAQ). The pH was monitored during batch and continuous operation of the MFCbiosensor and no detectable pH change was recorded from individual tests. This
suggests that a pH controlling device is needed for MFC designed for electricity
production (Cheng et al., 2008), but will not be necessary for the real world usage of
the described biosensor. Marine sediment from Coogee Beach, Coogee, South
Fremantle, Western Australia was used as inoculum for the biosensor. Filtered
seawater obtained at the same location was used as anolyte and catholyte. Details
operation and monitoring of the MEC-biosensor set up were described in our previous
paper (Quek et al., 2014b).

7.2.2

Microbial Electrolysis Cell Biosensor Operation

7.2.2.1

Operation and Evaluation

The anodic chamber (as described in Section 7.2.1) of the MEC-biosensor was
inoculated with 50 mL of the inoculum, prepared according to the procedure
described in Quek et al. (2014a) and 50 mL of seawater containing 0.5 gL-1 yeast
extract (YE). YE was added every two days. The cathodic chamber was filled with
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100 mL of seawater and was replaced every 4 - 6 weeks. The MEC was operated in a
fed-batch mode with both catholyte and anolyte continuously re-circulating at a flow
rate of 5 mL/min via the cathodic and anodic compartments respectively. Where
different operation modes were used, this is specified in the results section. The MECbiosensor was maintained at +250 mV (vs Ag/AgCl) throughout this study.

Approximately 5 days after start up, the MEC-biosensor gave responses to YE
addition. The old anolyte was drained out and the anodic compartment was re-filled
with fresh seawater. During batch mode, the anolyte was replaced every 3 – 5 days.
As indicated in previous research (Cheng et al., 2014; Quek et al., 2014a), a short
period (several minutes) of oxygen exposure has no effect on the sensitivity and
performance of the MEC-biosensor operated at positive AP of +250 mV (vs
Ag/AgCl).

7.2.2.2

Organic (YE) Detection and Analyses Procedure

Specific concentrations of YE, which represented mixed AOC and were utilized by
the marine anodophilic bacteria, were fed into the anolyte. The total COD of YE
measurement was conducted according to the American Public Health Association
(2005). A standard curve was drawn for different YE concentrations between 0 mg/L
and 600 mg/L which resulted in a linear correlation with R2 of 0.994 and a conversion
factor of 0.64 mg COD/L per mg YE/L (data not shown).

7.2.2.3

Control and Monitoring

The rate of electron flow from anode to cathode in microbial fuel cells is proportional
to the rate of organic oxidation by the anodophilic bacterial biofilm. The electrons
obtained from the organic oxidation are transferred to the anode and generate a
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current that is recorded by the potentiostat. To quantify the total electrons flown
(charges transferred to the anode) the electron flow was integrated over the detection
period. The cumulative charges were obtained by integrating the electrons transferred
by the biofilm as current throughout the detection period (Cheng et al., 2014; Quek et
al., 2014b; 2014a).

The steady state was defined as no changes in current (± 0.005 mA) over a period of
10 minutes. Recovery time was defined as the time required for the anodic potential
(AP) to return to the initial level after the depletion of AOC. The signal (current peak)
obtained from organic addition was calculated by subtracting the steady state value
(due to maintenance respiration of the anodophilic bacteria) from the current value
after the addition of AOC.

7.2.3

Deoxygenation Methods (Electrochemical Cell)

Deoxygenation was carried out in a cell made of transparent Perspex, namely
electrochemical cell. It was divided into two equal compartments (4.5 cm x 3 cm x 20
cm) separated by a cation exchange membrane with a surface area of 60 cm2. Each
compartment was packed with 300 g of conductive graphite granules of about 2-4 mm
in diameter. The anodic compartment of the oxygen removal cell was continuously
circulated with 1000 mL of seawater at a flow rate of 5 mL/min. DO and pH of the
influent and effluent of the catholyte was monitored with a DO probe (Mettler
Toledo) and pH probe using LabViewTM 7.1 software interface with a National
InstrumentTM data acquisition card (DAQ). The total volume of the cathode bed of the
oxygen removal cell was 200 mL. For batch experiments, the cathodic (oxygen
reducing) compartment was continuously circulated with 300 mL of seawater at a
flow rate of 5 mL/min. The seawater was circulated until > 99.9 % DO removed by
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the electrolysis cell. The DO removal from seawater was conducted at an
electrodialysis cell and achieved by applying the oxygen reduction reaction on the
electrode. Therefore, no organic matter is needed to consume the DO. In all
experiments saturated oxygen (DO > 8.0 mg/L, at pH 8.2 ± 0.2) seawater flowed
through the cathode compartment.

A potentiostat was used to control the cathodic potential, ranging from -800 mV to 200 mV (vs Ag/AgCl), of the cell. To facilitate electrical connections, two graphite
rods (5 mm diameter and 8 mm length) were inserted into the anodic and cathodic
graphite beds and connected to the counter- and working- electrodes of the
potentiostat, respectively. The potentials of the electrodes were measured against a
saturated Ag/AgCl standard reference electrode placed inside the cathodic chamber.
As a comparison, the DO removal from seawater was also conducted through
bubbling nitrogen gas until the DO value was less than 0.1 mg/L. No stirring was used
because the mixing caused by the passage of the nitrogen was considered sufficient to
keep the seawater well mixed. Nitrogen was allowed to escape via a small vent hole.
A schematic diagram of the computer-feedback controlled electrochemical cell
coupling with a MEC-biosensor in continuous mode in the present study is shown in
Figure 7.1.
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Figure 7. 1: Schematic diagram of the computer-feedback controlled electrochemical cell coupling
with a MEC-biosensor in continuous mode in the present study.

7.3

Results and Discussion

7.3.1

Operation of the Marine MEC-Biosensor without Oxygen
Removal

In early studies, MFCs were mainly focused on power generation. For maximum
power production, the anodic potential of a MFC is negative and the cathode potential
positive (Cheng et al., 2008). In this study, the MEC is not used for obtaining
electricity output but to be used as a biosensor to detect low levels of AOC by using a

	
  

131	
  

Chapter 7: In-line Deoxygenation for Organic Carbon Detections in Seawater using a Marine
Microbial Fuel Cell-Biosensor

	
  
potentiostat which typically keeps the cathode more negative than the anode. Our
previous laboratory study found that the use of a positive anodic potential (i.e. +250
mV) for a MFC-biosensor instead of the traditional negative anodic potential of
around -300 mV

a) could shorten the start-up time (the current peak reached a steady state in the
MEC during organic saturation) by 2 to 4 times (Quek et al., 2014b),

b) resulted in a 2-fold stronger electrical signal production (current peak and
cumulative charges) from the addition of low concentrations of organic
substrates (acetate) (Quek et al., 2014a),

and

c) increased the tolerance to low concentrations of DO (< 2 mg/L) (Quek et al.,
2014b).

In this study a MEC-biosensor acclimatised to YE was set up (as described in Section
7.2.1) and operated for 10 weeks at AP of +250 mV (vs Ag/AgCl). When
reproducible current production was obtained, the biosensor was tested for its ability
to respond to changes of low YE concentrations at different DO (0, 1.5 and 8 mg/L)
(Figure 7.2).
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Figure 7. 2: Effect of dissolved oxygen on the correlation of current peak with the YE concentrations
(0 – 50 mg/L) added in the marine MEC-biosensor at anodic potential of +250 mV (vs Ag/AgCl).

The addition of small YE spikes caused increases in current leading to a current peak
typically within a few minutes, which is in line with the previous results of acetate
detection (Quek et al., 2014a). The current peak values were plotted against the YE
concentrations under various DO (0, 1.5 and 8 mg/L). Results show that high DO (< 8
mg/L) completely suppressed the signal, while at DO less than 1.5 mg/L, current
signals were obtained. This result is in accordance with previously published results
where anodophilic bacteria cultivated at a positive electrode potential of about +250
mV were not completely inhibited by the presence of low DO (Quek et al., 2014b).
This is in contrast to observations made with anodes operated at the typical negative
potentials of -300 to -400 mV used for MEC for the purpose of power production.

The current peaks obtained in the presence of low DO (< 1.5 mg/L) were about 3-fold
lower than that obtained in the absence of DO, which is probably due to a portion of
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YE being used for aerobic respiration. This oxygen consumption by anodophilic
biofilms developed at high potentials of +250 rather than -300 mV vs Ag/AgCl has
been described earlier (Cheng et al., 2014; Quek et al., 2014b). Under both conditions,
the correlation between the signal production and YE concentration was linear with
high R2 values of 0.99 and 0.98 respectively (Figure 7.2).

The signal production was completely suppressed at DO concentrations higher than 2
mg/L indicating that for practical applications, there is a need to eliminate DO from
seawater to enable accurate detection of low AOC concentration using the MFCbiosensor. Previous studies showed that the signals suppression by the DO (act as
alternative electron acceptors) can be overcome by adding an external redoxmediator, such as potassium hexacyanoferate (HCF (III)) (Cheng et al., 2014), azide
and cyanide (Chang et al., 2005). However, these redox-mediators would need to be
maintained at constant concentrations in the MFC, which would limit the device’s
practical application for continuous operation.

7.3.2

Efficiency of Dissolved Oxygen Removal in Seawater using
a Electrochemical Cell

Dissolved oxygen removal using electrolysis cell has been described for freshwater
(Vuorilehto et al., 1995). In this study, an electrochemical cell was set up as described
in Section 7.2.3 to test its capability to remove DO from seawater.

The

electrochemical reaction of oxygen reaction can be expressed as follows (Equation
7.1):

O2 + 2 H2O + 4 e- à 4 OH- (E0 = 178 mV vs Ag/AgCl)
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7.3.2.1

Effect of Cathodic Potential

In order to achieve a fast DO removal for a frequent (or continuous) and rapid online
AOC detection, the electrochemical DO removal cell must be designed to remove
oxygen completely without generating other by-products such as hydrogen or
modified organic or inorganic compounds. According to electrochemical theory, the
kinetics of an electrochemical reaction is affected by the applied voltage. The
reduction reaction proceeds faster when a more negative potential is applied (Crow
1988). In the current study, the DO removal efficiency was tested at different cathodic
potentials varying from -800 to -200 mV (vs Ag/AgCl). Cathodic potentials were
chosen to be higher than -800 mV (vs Ag/AgCl) in order to avoid the undesired side
reaction, such as electrochemical proton reduction to hydrogen gas (Equation 7.2)
(Weast et al., 1983).

2 H2O + 2e-

"
!#
!
!!

2 H2 + 2 OH- (E0 = -1050 mV vs Ag/AgCl)

(Equation 7.2)

Results indicate that DO could be removed completely from seawater at all tested
cathodic potentials (Figure 7.3a). As expected the rate of oxygen removal was related
to the cathodic potential with the fastest rate obtained at – 800 mV (vs Ag/AgCl)
(Figure 7.3b).
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Figure 7. 3. a) Time course of oxygen removal in seawater at four different cathodic potentials
between -800 and -200 mV (vs Ag/AgCl) and b) the oxygen removal rate at different cathodic
potentials using the electrochemical cell under batch mode operation.

7.3.2.2

Current as Dissolved Oxygen Indicator

The results above demonstrated the electrochemical cell operated at cathodic potential
between -800 and -200 mV (vs Ag/AgCl) enabled complete DO removal in seawater.
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Theoretically, the electrochemical oxygen reduction reaction accepts electrons from
the cathode of the cell enabling an actual current flow. As a consequence, oxygen
depletion would be signaled by the current approaching zero. If after oxygen
depletion the current approaches zero, this would suggest that no other significant
reduction reaction is occurring. The current recorded during electrochemical oxygen
reduction was recorded over time (Figure 7.4).
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Figure 7. 4: Current production (dots) during the removal of dissolved oxygen at cathodic potential
(lines) between – 800 and -200 mV (vs Ag/AgCl) under batch mode operation.

In general the results showed that the current decreased with decreasing DO.
Although a linear relationship has not been achieved in the current cell (data not
shown) it clearly shows that the current production decreased to 0 mA when DO
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concentration was approaching depletion (Figure 7.4). Potentially the relationship
between DO and current output could be used to verify online that DO is approaching
zero without requiring a DO probe in the system. The advantage of using a “mild
reduction process” with a voltage no lower than -800 mV is that it specifically
reduced oxygen only, as can be seen from the fact that the current trended towards
zero as oxygen was being depleted. This suggests a low risk of reducing other species,
which could otherwise lead to interference. The fact that YE detection was not altered
(data not shown) by the oxygen reduction step confirms this absence of interference.

7.3.3

Electrochemical DO Removal Cell Places In-line with
MEC-Biosensor

7.3.3.1

Batch mode

The aim of this experiment is to couple the electrochemical cell with a MECbiosensor to monitor AOC in seawater. Hence, it is crucial to test if during DO
removal the electrochemical cell destructs or modifies dissolved organic matter in
seawater in a way that interferes with the signal production of the biosensor. To test
this, oxygen-saturated artificial seawater spiked with specific concentrations of YE
was added into the cathodic compartment of the described electrochemical cell. The
deoxygenated seawater was then fed into the anode compartment of the MECbiosensor. Reproducible standard curves were obtained with linear relationships
between current peak values and YE concentrations (Figure 7.5). The results showed
that there was no significant difference in signal production from the biosensor after
DO removal using the electrochemical cell when compared to the control in which
oxygen was removed by nitrogen gas purging. This indicates that DO removal using
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the electrochemical cell had no significant interference on AOC bio-detection and that
it can be to coupled successfully with the MEC-biosensor.
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Figure 7. 5: Correlation between maximum peak current with the yeast extract concentration added for
two different oxygen removal methods; (u) nitrogen purging and ( ) electrochemical -800 mV (vs
Ag/AgCl).

7.3.3.2

Continuous Flow mode

As an alternative to the above described batch mode operation (Section 7.3.3.2), a
continuous-flow operation mode may be more desirable and appropriate for
applications of in-line AOC monitoring. Results above showed that the removal of
DO is time-dependent. In a continuous flow mode, it is important to determine how
fast the electrochemical cell removes oxygen from seawater without losing its
deoxygenation efficiency.
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To test up to what seawater flow rates the electrochemical cell could effectively
deoxygenate, the effluent equilibrium DO concentration was recorded for different
flow rates along with the current. When the DO at the effluent of the electrochemical
cell was constant, the DO and the current obtained from the MEC-biosensor were
recorded (Table 7.1). As expected, the DO removal efficiency and current obtained
from the biosensor was dependent on the flow rate. Figure 7.4 shows the results of
batch mode operation, and Table 7.1 of continuous mode operation. During batch
mode operation, the total catholyte volume was 300 mL (1.5 times more than of the
cell volume) hence it took longer to get all DO removed.

Table 7.1: Electrochemical cell outflow dissolved oxygen in seawater coupled with biosensor at
various flow rates during continuous flow mode operation. The cathodic potential of the
electrochemical cell was maintained at -800 mV (vs Ag/AgCl). The inflow seawater was oxygensaturated, contained 16 mg/L of COD at pH 8. Average of three replicates.

Flow Rate
(mL/min)

pH in the
outflow

HRT*
(min)

4.7
8.6
42.55
6.7
8.5
29.85
12.5
8.5
16.00
15
8.3
13.33
20
8.2
10.00
*HRT = Hydraulic Retention Time

Current
Produced in the
electrochemical cell
(mA)
- 0.21
- 0.46
- 0.53
- 6.07
- 10.13

Dissolved
Oxygen in the
Outflow
(mg/L)
< 0.00
< 0.00
< 0.00
0.12
0.5

COD signal
from
biosensor
(mA)
0.2 ± 0.002
0.197 ± 0.015
0.198 ± 0.01
0.17 ± 0.005
0.17 ± 0.004

This particular electrochemical cell was able to remove DO from the feed solution at
flow rates up to 12.5 mL/min, which was an adequate flow to provide the sensor with
deoxygenated seawater. Once the maximum flow rate (12.5 mL/min) for the
electrochemical was determined, the combination of the electrochemical cell with the
biosensor was tested for realistic AOC determination. For this purpose, a series of DO
saturated seawater feed solution supplemented with different concentrations of YE
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was passed through the electrochemical cell (for DO removal) and subsequently
through the anodic chamber of the MFC-biosensor (for AOC detection).

A step-wise change in YE concentrations in the inflow leads to corresponding
changes in current from the MFC-biosensor (Figure 7.6a). The relationship between
the current peak values and YE concentrations was also linear (Figure 7.6b),
demonstrating the effective AOC detection by a combination of two electrochemical
devices. The addition of small YE spikes caused increases in current leading to a
current peak typically within a few minutes for batch operation. As expected, under
continuous feeding conditions using step increases in feed composition a long lasting
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Figure 7. 6: a) Responses of the marine MEC-biosensor to changes in YE concentration (0 – 75 mg/L)
of the inflow and b) correlation between YE concentration and current peak under continuous flow
mode after oxygen removal via the electrochemical cell at -800 mV (vs Ag/AgCl).
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7.3.4

Limitations

Long-term stability of a biosensor is crucial for practical application, especially for an
online analytical method. For the MEC-biosensor, the long-term stability was
evaluated by determining the signal production of the sensor with injection of YE
over a number of months without requiring replacement of the electrode material. A
natural drift in the amount of active biomass on the electrode can be accounted for by
using calibration solutions of known AOC (e.g. in the form of acetate).

However, for the electrochemical oxygen removal cell, the long-term operation could
lead to the build-up of biomass that could affect the seawater AOC leading to
potential interference in the AOC detection by the MEC-biosensor. The presence of
oxygen and AOC will likely develop an aerobic biofilm on the graphite of the long
term. This may need to be controlled by regular cleaning or replacement of the
cathode of the oxygen removal cell.

7.4

Conclusion

The results of this study demonstrate that AOC detection in seawater is possible by
the seamless combination of an electrochemical cell with the MEC-biosensor. The
combined device could be readily mounted in line of industrial SWRO plants. The
two-stage device allows AOC monitoring in practical applications for real-time
monitoring. Warning signals of “high AOC” could be used for example for
redirecting the inflow of seawater to another pretreatment step.
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Abstract
Overall, this thesis has explored the potential of microbial fuel cell (MFC)-biosensor
for the monitoring of assimilable organic carbon (AOC) in seawater. However, there
are several factors that can be optimise before the MFC-biosensor can be used in the
real world. This final chapter discusses the potential improvement of the MFCbiosensor and it’s prospective future research and its potential applications.
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8.1

Further Research

8.1.1

Optimising MFC-biosensor

8.1.1.1

Cathode

In this thesis, anode was the central focus for exploration and investigation for
assimilable organic carbon (AOC) detection using the MFC-biosensor while cathode
reactions were neglected to some extent. It is generally thought that the cathodic
reactions are only important in a MFC for power generation. However, previous
studies showed that cathodic reactions could highly impact the response time and
detection range of AOC concentrations of a MFC-biosensor. For instance, an aircathode MFC has shown to be able to improve the performance (current production)
of a MFC-biosensor by increasing the dissolved oxygen supply in order to allow
maximum reduction in the cathode (i.e. oxygen reduction is not a limiting factor) (Gil
et al., 2003). Modifying the cathode in terms of electrode materials and its design
could also potentially improve the sensitivity, detection range of AOC concentrations
and detection limit of the developed MFC-biosensor. Therefore, a further research on
cathode of a MFC-biosensor is encouraged.

8.1.1.2

Anode

One of the factors that can optimised the sensitivity and response of the MFCbiosensor is temperature but was not studied. The change in temperature might help in
increasing the current production by a) assisting bacterial attachment to the electrode,
b) increasing the conductivity of the electrolytes as shown by Arrhenius laws
(Larminie and Dicks, 2003) and c) improving the electrochemical reactions based on
Butler-Volmer equation (Bard and Faulkner, 2001). Hence, it is worthwhile to
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determine what is the optimum temperature to operate the MFC-biosensor developed
in this study.

Improvement of the sensitivity of a mediator-less MFC-biosensor may also be
possible by influencing the thickness and structure of the bacteria biofilm in the
anode. Theoretically, bacteria that are located at a close proximate to the electrode are
bacteria that have exoelectrogenic activity. Bacteria that grow on top of these
electrochemically active bacteria “right” might not have the capability in
exoelectrogenic activity. These non-electrochemically active bacteria (“wrong”
bacteria) can lower the diffusion rate of AOC onto the “right” bacteria (leading to a
long response time) and AOC may be oxidised by the “wrong” bacteria preventing the
AOC to reach the electrochemically active bacteria. Improvement of sensitivity could
therefore focus on limiting the biofilm thickness. Three-dimensional (3D) printing of
microscopic bacterial communities technique that has been rapidly growing in the
recent years could be used to trap a thin layer of anodophilic bacteria on the electrode
(anode). However, if an external soluble redox mediator is used, the thickness of the
anodophilic biofilm could be ignore. This is because soluble redox mediators can be
used to facilitate transport of electrons between the oxidative microbial metabolism
and the anode surface. The choice of redox mediators used is important to enhance the
production of current in a MFC-biosensor as redox mediators such as methylene blue
and potassium ferricyanide are effective mediator compounds though safranine O
interfered with electron flow in MFC. Most researchers agree that additional of
mediators is not possible, impractical to large-scale operation and is not cost effective.
The MFC-biosensor developed in this study is relatively small which indicate that
only small amount of mediators is needed and therefore cost and additional of large
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amount of mediator is not an issue. Hence, the use of redox mediators in a MFCbiosensor could be an interest of further studies.

8.1.1.3

Operation Mode

Operation of the MFC-biosensor could affect the exposure of anodophilic bacteria to
AOC and thus increasing the sensitivity of the MFC-biosensor. According to
preliminary experiments, the electrochemical signals obtained under an open circuit
operation increased the sensitivity of the MFC-biosensor. During an open circuit, the
electrons generated by the anodophilic bacteria (from AOC oxidation) are not able to
flow and would accumulate in the anode chamber (“charging”). As the MFCbiosensor is not controlled by a potentiostat, the anodic potential decreases. After a
defined time, the circuit is re-connected to allow electrons to flow at a maximum rate
(“discharging”). The flow of electrons (current) and the change of anodic potential
can be measured and recorded as well as used as electrochemical signals. As the
MFC-biosensor is computer-based, it is easy to change the operational mode from
“charging” to “discharging” and recording the electrochemical signals produced. The
possibility of increasing the sensitivity of the MFC-biosensor by obtaining signals
under an open circuit operation followed by closed circuit operation could be an
interest of further studies.

8.1.1.4

Algae Toxin

There is growing evidence that algae are one of the major causes of operational
problems in SWRO plants as some species of algae cause problem when they produce
toxins. Algae toxins (i.e. Saxitoxin, Brevetoxin, Olcadaic acid and Domonoic acid)
may cause damage to the RO membrane but more importantly, these toxins are
known to cause illness/mortalities to humans when ingested and it is very dangerous
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if algal toxins pass through the RO membrane and into the desalination product.
Hence, it is important for the MFC-biosensor to detect algae toxin in seawater prior to
the reverse osmosis membrane in desalination plant and the desalination product. The
focus of this study has always been on the positive correlation of signals of MFCbiosensor with AOC, thus, it is also essential to investigate the possibility of the
MFC-biosensor being able to differentiate AOC concentration with algal toxin to
prevent MFC-biosensor from sending “false” warning to the plant operator.

8.1.1.5

Higher Molecular Weight Biopolymers

The signals obtained from MFC-biosensor reflect the concentrations of the dissolved
organic substances, which are assimilated/metabolized by anodophilic bacteria. Only
easily biodegradable compounds are assimilated and detected by the biosensor within
the short measurement time of the biosensor. Investigation on the possibility of the
MFC-biosensor to detect higher molecular weight compounds is crucial as it may
cause irreversible flux loss on the RO membrane. One of the main types of high
molecular weights compounds that are commonly present in seawater is algal-organic
matter (AOM), which comprises transparent exopolymer particles (TEP) (Villacorte
et al., 2009), that are highly sticky acid polysaccharides and glycoproteins (Passow
and Alldredge, 1994).

During algal blooms, greater concentrations of TEP are present. These TEP can
squeeze into spaces between algal mass on the surface of the membrane and
significantly restrict flow through the cake layer. TEP helps to condition RO
membranes by providing sticky surface where bacteria can attach to the surface easily
and feed on the biological nutrients from feed water or degrade TEP and use them as
food. It is known that complex organic compounds like TEP are hard to degrade
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especially under anaerobic condition. Hence, it is unlikely that the MFC-biosensor is
able to detect TEP. Applying pretreatment prior to the MFC-biosensor is one option
to allow the biosensor to detect TEP.

Chemical addition is a common pretreatment step used to breakdown large molecules
to smaller molecules but this pretreatment step is unpractical and there might be
possible problems caused by the release or treatment of these compounds which
might affect the response of the MFC-biosensor. A recent study (Charles et al., 2013)
proposed an electrolysis method to enhance sludge hydrolysis to increase	
   the	
   level	
  
biodegradability	
   of	
   sludge. It is worthwhile investigating the electrolysis method as
a pretreatment to breakdown AOM and/or TEP to smaller molecules prior to detection
using the MFC-biosensor.

8.1.2

Practical Applications

8.1.2.1

Real-Time Monitoring

	
  
Real-time screening system is critical to allow immediate action to be taken. The
MFC-biosensor developed in this study is useful in understanding the impact of
desalination pretreatment process on the formation and removal of biodegradable
organic matter. The MFC-biosensor can be placed after pretreatment processes to
ensure that pretreatments are effective and at the product side to warrant quality of the
desalination product (Figure 8.1).
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Figure 8. 1: Schematic flow diagram of the SWRO process with the MFC-biosensor placed in line as
an AOC monitoring.

	
  
The MFC-biosensor can lead to cost-effective, simple and sustainable screening tool
that provides real time, in-situ and continuous screening of biodegradable pollutants
not only in seawater but also in different water sources. For instance, the MFCbiosensor can be used as a) an early warning system in the distribution system of
drinking water for the detection of contaminant and b) monitoring of organic of the
discharge of wastewater treatment plants.

The MFC-biosensor can lead to cost-effective, simple and sustainable screening tool
that provides real time, in-situ and continuous screening of biodegradable pollutants
not only in seawater but also in different water sources. For instance, the MFCbiosensor can be used as a) an early warning system in the distribution system of
drinking water for the detection of contaminant and b) monitoring of organic of the
discharge of wastewater treatment plants.
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8.1.2.2

Arsenic Monitoring

Arsenic is known to cause many serious health problems and has been a global
concern due to the toxicity and carcinogenicity of various arsenic species. There are
various methods that are available to determine arsenic such as those that are based of
hydride generation combined with atomic absorption spectrometry, atomic
fluorescence spectrometry or inductively coupled plasma mass spectrometry.
Although all of these methods provide high performance, they are labour intensive
and costly. A new arsenic monitoring method that is cheap, sensitive, reliable, rapid
and automatic is needed.

It is known that strong oxidant derived from hydrogen peroxide can rapidly oxidise
arsenic into arsenate (Guan et al., 2009). Therefore, coupling of a MFC-biosensor
and a chemical cell to be a potential tool for arsenic monitoring. A potentiostat can be
used to control the potential of the chemical cell to generate strong oxidant (in the
cathode) while iron can be used as an anode in the chemical cell. Arsenic is converted
into arsenate by strong oxidants and combined with the by-product of iron where
electron is produced. To ensure detection of arsenate using the MFC-biosensor,
Bacillus selenitireducens which is an arsenate respiring bacterium (Switzer et al.,
1998), can be used as inoculum in the MFC-biosensor. The prospective of using the
MFC-biosensor coupled with a chemical cell for arsenic monitoring can be
investigated.

It is known that strong oxidant derived from hydrogen peroxide can rapidly oxidise
arsenic into arsenate (Guan et al., 2009). Hereby, it is proposed of coupling of a
MFC-biosensor and a chemical cell to be e a potential tool for arsenic monitoring. A
potentiostat can be used to control the potential of the chemical cell to generate strong
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oxidant (in the cathode) and using iron as an anode in the chemical cell. Arsenic is
converted into arsenate by strong oxidants and combined with the by-product of iron
where electron is produced. To ensure detection detecting arsenate using the MFCbiosensor, Bacillus selenitireducens which is an arsenate respiring bacterium (Switzer
et al., 1998), can be used as inoculum in the MFC-biosensor. The prospective of using
the MFC-biosensor coupled with a chemical cell for arsenic monitoring can be
investigated.

8.1.2.3

Online Monitoring of Real-Time Biofouling on RO
Membrane.

Other than using the developed MFC-biosensor as a tool to monitor AOC in seawater,
the MFC-biosensor could potentially be used for in situ monitoring of biofouling on
the RO membrane. Embedding the MFC-biosensor on the RO membrane can help in
monitoring of biofouling on the RO membrane. The increase of current production
from the MFC-biosensor could indicate bacterial growth on the RO membrane (e.g.
no current production indicate no biofouling).
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Figure A. 1. Effect of different stable anodic potentials on the change of anodic potential after the
addition of a fixed amount (33 µM) of acetate. The marine-MFC was operating at room temperature
and pH was maintained at 7.2 ± 0.2.	
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Figure A. 2. Effect of anodic potentials on coulumbic efficiency of the MFC-biosensor. The addition
of a fixed amount (33 µM) of acetate. The marine-MFC was operating at room temperature and pH was
maintained at 7.2 ± 0.2.
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Figure A. 3. Response of the anodic potential (
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) and current flow (---------)to various acetate

additions increasingly (0 - 500 µM). The marine-MFC was operating at room temperature and pH was
maintained at 7.2 ± 0.2 at resistor of 10 Ω. The arrows indicated acetate addition.

Minimum Acetate Detected
(µM )

	
  
16
14
12
10
8
6
4
2
0
210

185

137

120

-3

Average Stable Anodic Potential (mV vs Ag/AgCl)

	
  
Figure A. 4. Effect of steady anodic potential on acetate detection limit by using change of anodic
potential as response.
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