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Abstract

This thesis focuses on the development and evaluation of the
performance of cell-based biosensor systems for organic matter through the detection
of biochemical oxygen demand (BOD). The first development was a sensor system
for monitoring an anaerobic process for the treatment of high BOD levels in
wastewater samples from a factory processing concentrated rubber latex. The
amperometric cell-based biosensor based on flow injection analysis was investigated
using mix cultures from activated sludge of a concentrated rubber latex factory as
biological sensing element and oxygen electrode as a transducer. The sensor showed
wide linear ranges, between 2.0-25 and 5.0-60 mg ™', and the limit of detection was
found to be 0.20 mg 17\, The sensor analysis time was around 10-15 min. The
repeatability was observed with relative standard deviation of 3.9% and stability was
over a period of 15 days (RSD of 0-6.7%). Good agreement between the results from
biosensor method and standard method was obtained with a percentage difference of
less than 10%. An anaerobic reactor treatment process was investigated by continuous
feeding wastewater sample at flow rates 10, 20, 40 and 80 m] day™' (30 days for each
flow rate 120 days in total). At 10 ml day™' the highest efficiency was obtained with
percentage of COD and BOD reduction up to 97%. This treatment process showed
good efficiency for high strength wastewater. The BOD biosensor was successfully
applied to off-line and on-line monitoring of the anaerobic reactor treatment process.

The second study was to develop a biosensor based on a single-
chamber microbial fuel cell in which anaerobes were retained in the anode
compartment separated from the cathode compartment by a proton exchange
membrane, In the sensor a replaceable anaerobic consortium was used for analyzing

biodegradable organic matter, The anaerobes acted as biocatalysts in oxidizing
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organic matter and transferring electrons to the anode. The biocatalysts were renewed
for each sample analysis by replacing the old anaerobic consortium with an equal
amount of fresh one. Glucose standard solution was used as the target substrate. To
obtain the maximum sensor output, the MFC-based sensor system was optimized
 using an 800 Ohm resistor as the load to the external electric circuit and 25 mM
phosphate buffer with 50 mM NaCl as catholyte in the aerobic compartment. The
temperature of anaerobic compartment was maintained at optimal 37 ‘C. The cell
potential across the electrodes increased with increasing loading of glucose. The
sensor response was linear against concentration of glucose up to 25 g 1I'!. The
detection limit was found as 0.025 g '\, The microbial fuel cell with replaceable
anaerobic consortium could be used as a biosensor for on-line monitoring of organic
matter,

The third project was a simple microbial fuel cell for BOD analysis of
wastewater using Saccharomyces cerevisiae to degrade the substrates. The MFC used
a simple salt bridge to replace a more expensive proton exchange membrane (PEM)
and pencil graphite carbon as the electrodes. Glucose standard solution was used as
the substrate. The proposed system showed linear range between 8.0-100 mg 1" and
the detection limit was at 0.50 mg I"'. The repeatability of the MFC was tested with
the standard glucose solution producing a relative standard deviation of 14.7% for 30
samples tested over a period of 5 hours. The sensor response time was around 3.0 — 10
min. This MFC biosensor system can satisfactorily determine the BOD of several
types of wastewater. The salt bridge was very simple to prepare and much cheaper

than a PEM, However the salt bridge has to be freshly prepared.
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The Relevance of the Research Work to Thailand

The purpose of this Doctor of Philosophy Thesis in Chemistry

_ (Analytical Chemistry) is to develop and evaluate the performances of BOD cell-

based biosensors to analyze samples and to validate the results with the BODs
standard methods.

The developed BOD cell-based biosensor system can be applied for
fast detection of BOD in wastewater samples. These systems can detect analyte with
accuracy, good repeatability, using very short analysis time and no additional
chemical is needed. Moreover, it is suitable for environmental on-line monitoring and
process control. This will be useful for the evaluation of wastewater quality in
Thailand.

The anaerobic treatment reactor can be applied to reduce BOD of
wastewater from the rubber latex factory. This treatment process showed good
efficiency for high strength wastewater, Thus it is possible that the anaerobic reactor
can be applied to treat other wastewaters.

These techniques will be useful for the quantitative analysis of
wastewater in environmental by several governmental and private organizations in
Thailand which are the Ministry of Industiry, the Ministry of Education and the

Ministry of Science, Technology and Environmental.
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CHAPTER 1

Introduction

1.1 Background and Rationale

Wastewater generated by a variety of industries some of which
contains high level of organic compounds. These include food processing (Nakhla ef
al., 2006), latex rubber (Rakkoed ef al., 1999; Anotai ef al., 2007), pet food (Liu'et al.,
2004; Kurian et al., 2006) and bulk drug (Ganggagni Rao et al., 2005). The discharge
of such wastewater without prior {reatment will have adverse effect on the
environment, To prevent the release of harmful waste its treatment and monitoring
before being discharged are necessary. The content of organic matter in wastewater is
normally evaluated in terms of biochemical (biological) oxygen demand (BOD)
which is one of the most widely used and important parameters for the estimation of
water quality. The BOD standard method (BODs) to evaluate water quality requires
the incubation of wastewater sample for 5 days at 20+1 °C in the dark. The
determination of the oxygen consumption in the water is done at the end of the 5 days
period by titrimetric method (APHA, 1992), Therefore, this standard method has the
disadvantages of long analysis time and also requiring experience and skill to get
reproducible results (Liu and Mattiasson, 2002). Due to its long analysis time, the
wastewater needs to be retain, incurring much inconvenience, cost and space.
Therefore, an alternative method which can rapidly determine BOD is necessary in
order to overcome these disadvantages of the BODs test. One promising method is
biosensot.

A biosensor is an analytical device incorporating biological material,
biologically derived material or biomimetic intimately associated with or integrated
within a physicochemical transducer or transducing microsystem, which may be
optical, electrochemical, thermometric, piezoelectric or magnetic (Turner, 1999).
Advantages of biosensors that are often cited are low cost, portable and simple-to-
operate analytical tool (Mehrvar and Abdi, 2004). Biosensors for BOD determination

have been developed using enzyme (Reiss ef af., 1998) and cells (Chee ef al., 1999;
1




Liu et al., 2000). The limitation of enzyme-based BOD biosensor is its suitability for
determining BOD of wastewater containing one or only a few types of macro-

molecules (Reiss et al.,, 1998). This limitation can be overcome by cell-based

biosensor since cells can generally degrade several types of molecules (Wang ef al.,

Cell-based biosensors developed for the measurement of BOD are

generally based on respiratory activity of microorganisms, The response is usually
detected as the change in concentration of dissolved oxygen (Liu and Mattiasson,
2002). This type of BOD biosensor has been applied to determine BOD in several
types of wastewater such as dairy (Rastogi ef al., 2003; Tan and Wu, 1999), food
processing (Liu ef al., 2000; Qian and Tan, 1998), pharmaceutical (Tan and Wu,
1999), distillery and tannery (Rastogi ef al., 2003). However, very few of these
sensors were applied for online monitoring of BOD during the wastewater treatment
process, for example the monitoring of the effluent from-a municipal wastewater
treatment plant (Vaiopoulou ef /., 2005). Since in Southern Thailand one of the most
important industries is rubber and its wastewater contains high concentration of
organics matter (Rakkoed ef al., 1999). Therefore, one of the aims of this thesis is to
develop a cell-based BOD sensor and apply it for the monitoring of BOD during a
treatment process of wastewater from concentrated rubber latex factory.

Fast determination of BOD has also recently been determined by
microbial fuel cell (MFC). MFC is a device that converts chemical energy to electrical
energy with the aid of the catalytic reaction of microorganisms (Jang et al., 2004).
The generated electric current output increases when the microorganisms oxidized
substrate. The analyte concentration can then be measured from the generated current.
The microbial fuel cell has an advantage over the oxygen electrode biosensor that it
has long-term stability (Kim et af., 2003). Therefore, another part of the thesis is
devoted to the development of this MFC,

For the biological recognition part of the BOD biosensors a wide
variety of microorganisms have been employed and the spectrum of substrates that
can be measured depends on the types of microorgamisms (Liu and Mattiasson, 2002).

Therefore, microorganism(s) that can degrade a wide range of substrates would be




preferred. These microorganisms can be single-culture or mix culture and this is also

another subject that has been investigated in this work.

1.2 Objectives of the research

performance of the cell-based biosensor technique for determination of organic
matters in wastewater, use the BOD biosensor to monitor BOD during wastewater
treatment and validate the results with standard method. To reach these objectives
three subprojects using the cell-based biosensor were carried out as follows;

1. Microbial BOD sensor for concentrated rubber latex factory wastewater treatment
monitoring where mix cultures from the concentrated rubber latex factory activated
sludge was used as biological sensing element and oxygen electrode as a transducer.
This system was applied to monitor the effluent of an anacrobic reactor used during
the treatment process of wastewater from concentrated rubber latex factory.

2. Microbial fuel cell biosensor for fast analysis of biodegradable organic matter
based on a single-chamber MFC separated by a proton exchange membrane where an
anaerobic consortium was used to analjfze biodegradable organic matters.

3. A simple microbial fuel cell for BOD analysis of wastewater using yeast to degrade
the substrates and a simple salt bridge to replace a more expensive proton exchange

membrane and pencil graphite carbon as the electrodes.

1.3 Benefits

It is expected that these cell-based biosensor techniques, with their
several advantages i.c.: simple to construct, low cost, high stability, accuracy and
precision and short analysis time, will become an alternative approach to detect

organic matter in the environment,




CHAPTER 2

Cell-based Biosensor

2.1 Biosensor

A biosensor is an analytical device incorporating biological material,
biologically derived material or biomimetic intimately associated with or integrated
within a physicochemical transducer or transducing microsystem (Turner, 1999). The
biological sensing element is responsible for the selective recognition of the analyte,
generating the physicochemical signal monitored on the transducer and, ultimately,
the sensitivity of the device. Many types of biological sensing element have been
studied such as enzymes, organelles, whole cells or organisms and slices of animal or
plant tissue. Another patt of the sensor, a transducer serves to transfer the signal from
the output domain of the recognition system to, mostly, the electrical domain,
Detection principles commonly used in biosensor are electrochemical, optical,
thermometric and piezoelectric (Collings and Caruso, 1997; Rogers, 2006; Turner,
1999; Thévenot ef al., 1999).

Figure 2.1 represents the principle of the operation of a biosensor.
Analyte is first reacted with the biological sensing element such as enzyme, antibody,
receptor and cell etc, which is connected to a suitable transducer such as
electrochemical, optical, thermometric and piezoelectric etc. The transducer converts
the biological signal into a measurable response such as current, potential or
absorption of light through electrochemical or optical means, which can be further
amplified, processed and stored for later analysis. The signal can result from a change
in protons concentration, release or uptake of gases, light emission, absorption and so
forth, brought about by the metabolism of the target compound by the biological
sensing element (Lei ef al., 2006).




Analyte Biological sensing  Transducer Response
element

Figure 2.1 Schematic diagram of a biosensor. Analyte is reacted with the biological
sensing element connected to a suitable transducer that converts the

biological signal into a measurable response.

Biosensors have been applied in several fields, for example in process
monitoring and control, medical, food and environmental monitoring (Yang and
Bashir, 2008; Arya ef al., 2008; Song et al., 2008; Rivas ef al., 2007, Wang et dl,
2005). Based on the reaction of the biological sensing element biosensors can be
divided into two types, affinity and catalytic biosensors. Affinity biosensors are based
on binding interactions between the immobilized sensing elements and the analytes of
interest (Mattiasson, 1984; Taylor, 1991). Biological sensing elements in affinity
biosensors include for example an antibody receptor and a single stranded DNA
(Dong and Chen, 2002; Luppa et al., 2001).

Affinity biosensor can be divided into two main categories; label-free
(direct) and labeled (indirect). Label-free affinity biosensors measure the change in
physical properties produce directly by the bind of affinity pair reaction. On the other
hand, labeled affinity biosensors require a label on one of the biomolecules to produce
a change in the property to be measured in a secondary reaction. Affinity biosensors
have been used for detection of antigens, antibodies, proteins, DNA fragments and
heavy metal ions (Igbal et al.,, 2000; Djellouli er al., 2007; Corbisier ef al,, 1999).
Advantages of affinity biosensor are high sensitivity and selectivity but disadvantages

are the troubles derived of regenerated electrode surface and cross-reactivity which is




often desirable in order to determine different congeners of the same family
(Rodriguez-Mozaz et al., 2004; D’Orazio, 2003; Berggren ef al., 2000)
The other type, catalytic biosensors are based on the detection of the

change of solution property, consumption of substrate or the products of the

 convertion reaction of substrate by the biological sensing element. Changes cause by |

the catalytic reaction is detected by electrochemical, piezoelectric, optical and
calorimetric transducers (D’Orazio, 2003; Thévenot er al, 1999). The biological
sensing elements in this category can be enzyme (mono or multi enzyme), whole cells
(microrganisms, such as bacteria, fungi, eukaryotic cells and yeast), cell organelles
and plant or animal tissue slice (Davis et al., 1995; Dong and Chen, 2002; Gerard ef
al., 2002; Luppa ef a¢f, 2001; D’Orazio, 2003). Enzymes are suitable biological
sensing elements because of their specificity and wide range of enzyme available, but
the enzymes employed are generally expensive and unstable. To overcome this
problem many cell-based biosensor has been developed.

Cell-based biosensor can be classified according to the different types
of cells used for the biosensor construction. The most common are microbial
biosensors that employ bacteria or yeast cells as biological sensing element (Baronian,
2004), mould (Baronian, 2004), tissue (Sidwell and Rechnitz, 1985; Lima et al., 1997),
fungi (Weitz er al., 2002) and others types have also been studied.

2.2 Microbial biosensor

Microbes have a number of advantages as biological sensing materials
in the fabrication of biosensors. They are present everywhere and are able to
metabolise a wide range of chemical compounds. Microorganisms have a great
capacity to adapt to adverse condition and to develop the ability to degrade new
molecules with time. Microbes are also amenable for genetic modifications through
mutation or through recombinant DNA technology and serve as an economical source

of intracellular enzymes (D’Souza, 2001)

2.2.1 Natural microbes
The earlier microbial biosensors used the respiratory and metabolic

functions of the microorganisms to detect a substance that is either a substrate or an




inhibitor of these processes (Lei ef al, 20006). To detect the substrate of
microorganism’s respiratory metabolic activity the reduction of dissolved oxygen is
usually measured as in the case of BOD (Kim and Kwon, 1999; Liu ef al., 2000} and
glucose (Choi et al., 2003). On the other hand, the inhibition of bacterial respiration

relies on the detection of the decrease of oxygen consumptlon 1ateFmexaranes,the .

use of Trichosporon cutaneum to monitor anionic surfactant in river water (Nomura et
al., 1998) and Thiobacillus ferrooxidans for the automated monitoring of KCN, Na;S,
and NaNj3 in water samples (Okochi ef al., 2004),

Cells have been used both in a viable or non-viable form. For viable
cells pure culture has been investigated to determine several types of substrate such as
biosensor for glucose (Niessen ef al., 2004; Choi ef al., 2003), lactate (Kim ef al,
2002), BOD (Kim and Kwon, 1999; Chee er af, 1999; Konig ef al., 2000), p-
nitrophenol (Lei et al.,, 2002) and dichlorophenol (Tizzard ef al., 2004). Advantages
of using pure culture are rapid, good stability, repeatability and selective. However,
when a wide range of substrate nced to be digested such as in the determination of
BOD mix cultures and activated sludge are more useful.

Viable-mixed cultures bacteria have been used to determine BOD (Jia
et al., 2003) and the results showed that the biodegradable substrate spectrum could
be expanded. Activated sludge collected from wastewater pond have also been
applied for BOD determination (Liu and Mattiasson, 2002; Liu ef al., 2000; Rastogi ef
al., 2003) and showed that it can be used to detect complex substrates in wastewater
samples. It is rapid, simple, cost-effective with good repeatability and stability,

In addition to the use of viable cells, non-viable cells such as heat-
killed, are sometimes employed. Heat-killed cells are generally investigated for their
enzyme-cofactor systems which are sufficiently active to. catalyse the substrates, For
example, heat-killed bacteria were used to determine BOD of wastewater samples
(Tan and Wu, 1999; Qian and Tan, 1998). Main advantages are the long stability,

good repeatability and very convenient to store the sensor with out nutrients supply.

2.2.2 Genetic engineered cell
Recently, genetically engineered microorganisms have also been

widely applied (Cai and Dobow 1997; Corbisier ef al., 1999; Sakaguchi ef al., 2003;




Islam ef al, 2005). Cells can be genetically altered to achieve fluorescence or
biocluminescence when in contact with a targeted substance. Several genetically
engineered bacteria have been developed to detect a wide range of analytes. For

examples chromated copper arsenate (Cai and DuBow, 1997), heavy metal (Corbisier

....et a], 1999) o BOD (Sakaguchl 9 g[l 2003) The advantages ofusmgthe SR

genetically engineered bacteria are rapid and high sensitivity but it can be unstable.

2.3 Tissue biosensor

Tissue biosensors are based on the use of a slice of animal or plant
tissue as biological sensing element. The tissue which contains high activity of the
enzyme can be placed on the transducer surface. The enzyme will catalyze the
conversion of substrate that is to be detected. Tissue-based biosensors have
advantages such as low cost, simplicity of construction, and do not need cofactors for
enzyme regeneration, It has been developed for application in food, agriculture,
biotechnology, medicine, environmental studies and the military. Both plant and

animal tissues have been investigated.

2.3.1 Plant tissues

The first tissue biosensor was made from banana pulp acting as a
source of a polyphenol oxidase enzyme for sensing catecholamine (Figure 2.2)
(Sidwell and Rechnitz, 1985). Several plant tissues are still widely studied because
they are simple to prepare. These include the use of potato (Jpomoea batatas (L.)
Lam.) as a source of peroxidase for determining hydroquinone in cosmetic creams
(Vieira et al., 2000). Avocado tissue (Persea americana) was developed as a source
of polyphenol oxidase for the chronoamperometric determination of paracetamol in
pharmaceutical formulations (Eatibello-Filho et al, 2001). Polyphenol oxidase
enzyme, present in the fibers of palm tree fiuit (Livistona chinensis) tissue, was also
proposed to determine epinephrine in pharmaceutical samples (S.Felix ef al., 2000).
Mushroom (dgaricus bisporus) tissue containing alcohol oxidase activity was
developed as a biosensor to determine ethyl alcohol (Akyilmaz and Dinckaya, 2000).
This type of tissue was also used to detect phenolic compounds through the inhibition

of polyphenol oxidase activity (Topeu et al., 2004). Spinach (Spinacia oleracea)







tissue that contains an oxalate oxidase enzyme was used to determine oxalate in urine
(Sezginturk and Dinckaya, 2003) and a glycolate oxidase enzyme in spinach leaf
tissue was used to determine glycolic acid (Zhu et al, 2004). Soybean tissue

containing urease enzyme was developed to determine urea levels in urine sample

(Qin et al., 2000). Green bean (Phaseolus vulgaris) tlssue,as a source of perox1dase, -

was used to determine caffeic acid in white wine samples (Fernandes ef al., 2007)

%~ ELECTRODE

BANANA GAS PERMEABLE
SLICE MEMBRANE

-

DIALYSIS MEMBRANE

Figure 2.2 The physical construction of a banana tissue electrode (Sidwell and
Rechnitz, 1985)

The advantages of plant tissue biosensor include short response times,
low cost, simple and with no requirement for a co-factor for enzyme reactivation
(Lima et al., 1997; Sidwell and Rechnitz, 1985). Tissue-based biosensors have their
own drawbacks. Their lifetime is comparatively short, and the reproducibility is not
good (Sidwell and Rechnitz, 1985; Vieira ef al., 2000; S.Felix ef al., 20006, Eatibello-
Filho ef al., 2001; Mei er al., 2007).
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2.3.2 Animal tissues
Animal tissues have also been applied in the detection of some

analytes, although not as much as plant tissue. Recent applications are the liver tissue

of pig. It contained urate oxidase and this was used to detect uric acid (Wu et al,,

| 2005) Pommekldneytlssue contamlng oc-.hj;drox.y acid .oxi.d.ase.hés a.lso”bee.n used to
determine lactic acid (Wu et al,, 2005). The advantages of animal tissue biosensors
are similar to plant tissue, i.e. low cost, and simplicity of construction but they often
suffer from problems of long response times, low sensitivity (Wu et al,, 2005; Wu ef
al., 2005).

2.4 Others

Several biosensors have employed some other biological sensing
elements such as some fungi and moulds. For examples, the fungus Aspergillus ustus
was used to determine tannic acid (Zhao er al., 1998) and Aspergillus niger was used
to detect hydrogen peroxide (Frebort ef al.,, 2000). The advantages of fungi are that
often they will metabolise environmental compounds not metabolised by other
biological sensors, they are suitable for use in the field, yield rapid results are simple
to make but often loose their sensitivity quickly on storage (Zhao et al.,, 1998; Frebort
et al., 2000).

2.5 Detection principle

Suitable transducing systems can be adapted for sensor assembly
depending on the nature of the interaction with the biological detector and analyte.
The physical transducers vary from electrochemical, spectroscopic, thermal,
piezoelectric and surface acoustic wave technology (Gerard er al.,, 2002). The most
common transducers in cell-based biosensor are optical and electrochemical

transducer and these will be reviewed here.

2,51 Optical transducer
The change of optical properties during interaction of the biocatalyst
with the target analyte can be monitored by UV-vis absorption, bio- and chemi-

luminescence, reflectance or fluorescence. The developments of whole cell optical
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biosensors are mainly based on the detection of bicluminescence, fluorescence and

the change of cell’s color during the reaction.

2.5.2 Bioluminescence

~ Bioluminescence is associated with the emission of light by living
microorganisms. The bacterial luminescence {fux gene has been widely used as a

reporter either in an inducible or constitutive manner (Lei ef al., 2006). The intensity

of bioluminescence has to be linked to the concentration of the analyte.

Bioluminescent microbial biosensors have been extensively investigated for the

detection of heavy metals (Tibazarwa er al, 2001; Tom-Petersen e al, 2001),

nutrients (Schreiter er al,, 2001), halogenated organic acids (Tauber et al., 2001), and

phenolic compounds (Philp ef al, 2003; Tiensing et al, 2002). Advantages of

bioluminescence include its rapid response with high sensitivity but methods to link

the induction of the bioluminescence to the analyte can become complicated.

2.5.3 Fluorescence

Fluorescence spectroscopy has also been used as a reporter system in
biosensors. Fluorescence biosensors have been prepared using the green fluorescence
protein- and O;-sensitive fluorescent material. In the former case the bioluminescent
reporter /ux gene, or the gfp gene coding for the green fluorescent protein (GFP), are
fused to the host gene that allows for reporter activity to be examined in individual
cells (Lei ef al., 2006). When a target compound passes through the cell membrane
and binds to a regulatory protein this then activates transcription of the reporter gene,
and subsequent translation of the reporter mRNA results in the production of a
spectroscopically active reporter molecule as depicted in Figure 2.3, Detection of
reporter molecules is most often achieved with standard colorimetry, fluorometry, or
luminometry, so that the instrument response is related to the analyte ¢ concentrations

(Wells et al., 2005).
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Figure 2.3 Generalized mode of bioreporter response to a target compound

(Wells et al., 2005).

The GFP-based microbial biosensor has been applied to investigate
analytes such as arsenite (Wells e al., 2005), toluene (Casavant ef al., 2003) and N-
acyl homoserine lactones (Burmolle et al., 2003). This type of biosensor can detect
very low concentrations of analyte but modification of the cell that contains and
produces the fluorescence is a complicated process.

In addition to the use of the green fluorescent protein, other fluorescent
materials have been used in the construction of microbial biosensors., Recently, fiber-
optical microbial sensors for determination of BOD have been reported (Dai ef al.,
2004; Chee et al., 2000).

This technique has many advantages as it is free of maintenance
requirements, it shows a long-term stability, no calibration drift occurs, and it can
detect very low concentrations of anlyte but it can give low reproducibility (Chee et

al., 2000).

2.5.4 Colorimetric biosensor
A biosensor based on a color change of cells has also been investigated.
In the presence of toxins produced by microbial pathogens, the reporter cell

undergoes a visible dose-dependant color change (Lei ef af., 2006). Some compounds
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have been detected using colorimetric biosensor. For example, determination of
organophosphates based on recombinant of Escherichia coli cells expressing

organophosphorus hydrolase (OPH) on the cell surface that were immobilized in low

melting temperature agarose on a nylon membrane and attached to a bifurcated fiber-

~ optic bundle for light absorption detection of the products of enzyme-catalyzed
organophosphate hydrolysis. The OPH-expressing E. coli cells catalyzed the
hydrolysis of organophosphorus pesticides to form stoichiometric amounts of
chromophoric products that absorb light at specific wavelengths (Mulchandani ef al.,
1998). A colorimetric biosensor has advantages such as being very simple, low cost
and high selectivity but they normally requires high concentrations of analyte and has

low sensitivity (Mulchandani et al., 1998; Lei ef al., 2006).

2.5.5 Electrochemical transducer
Four types of electrochemical transducers are used in microbial

biosensors that is, amperomeitric, potentiometric, conductometric and fuel cell.

2.5.5.1 Amperometric transducer

Amperometry is the determination of the intensity of the current
crossing an electrochemical cell under an imposed potential. This intensity is a
function of the concentration of the electrochemically active species in the sample.
Oxidation or reduction of a species is generally performed by a working electrode,
and a second electrode acts as a reference. During electrolysis, the working electrode
may act as an anode or a cathode (Canh, 1993). Amperometric cell-based biosensor
operates at fixed potential with respect to a reference electrode.

Clark-type oxygen electrode is the most widely used amperometric
transducer. It is used to measure dissolved oxygen change due to cell respiratory as

shown in Figure 2.4,
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Figure 2.4 Respiration activity measurement using oxygen electrode (Karube and
Nakanishi, 1994)

There are two types of the Clark-type oxygen electrodes polarographic
and galvanic electrodes. A polarographic oxygen electrode consists of platinum (Pt)
cathode and a silver (Ag) anode both immersed in the saturated potassium chloride
solution, and for the membrane, a Teflon membrane is used (Figure 2.5(a)). A suitable
polarization voltage between the anode and cathode selectivity reduces oxygen at the

cathode, as shown in equation (2.1):

Cathode : O, +2H,0 — 40H~ @
Anode : 4Ag +ACI™ — 44gCl + 4e” '
These chemical reactions result in a current that is proportional to the

dissolved oxygen concentration (Karube and Nakanishi, 1994).

Voltage is applied between the two electrodes so that the threshold
diffusion current for oxygen is generated there. The oxygen which has passed through
the membrane is reduced with the cathode. A reduction current in proportion to the

dissolved oxygen is generated, and then the dissolved oxygen is measured,
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A galvanic oxygen electrode is configured as shown in Figure 2.5(b).
The cathode uses a noble metal (Ag), and the anode uses a base metal (Pb). For the

electrolyte, a potassium hydroxide solution is used. For the membrane, a highly

oxygen-permeable Teflon membrane is used. Therefore, it is a self driven electrode

~ and dose not need an extemally supplied voltage. The reactions are as follows in

equation (2.2);

Cathode: O, +2H,0 +4e” — 40H™

2.2
Anode : 4Pb +60H™ — 2PbO,H™ +2H,0 +4e” ¢-2)

Oxygen which has passed through the membrane is reduced with the
working electrode. A reduction current in proportion to the concentration of the

dissolved oxygen is generated, and then the dissolved oxygen is measured.
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Figure 2.5 Principle of oxygen electrode. (a) Polarographic type (b) Galvanic type
(Modified from Karube and Nakanishi, 1994)

The galvanic electrode is very simple and economical but it has

disadvantages since it shows a slower response time and a shorter stability than a
polarographic electrode (Karube and Nakanishi, 1994).

Oxygen clectrode has been used with cell-based biosensor to detect

several compounds (Table 2.1} such as polycyclic aromatic hydrocarbon (PAH)
(Konig er al., 2000), sulfuric acid (Dubey and Upadhyay, 2001), ethanol(Reshetilov et
al., 2001; Tkac ef al,, 2002; Rotariu et al, 2004; Akyilmaz and Dinckaya, 2005),

Vitamin Bl(Akyilmaz et al, 2006), L-lysine amino acid (Akyilmaz et al, 2007),
surfactants (Taranova et al, 2002), xylose (Reshetilov et al, 1997), Choline
(Stoytcheva et al,, 2000), benzene (Lanyon ef al, 2005), methanol, ethanol and
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formaldehyde (Gonchar ef al., 1998), phenolic compounds (Timur ef a/., 2004; Timur
et al., 2004), fructose (Heim ef al., 1999), p-nitrophenol (Mulchandani ef al., 2005),
total sugar (Tkac ef al., 2000), biochemical oxygen demand (BOD) (Liu ef al., 2000;

Chan et al, 2000; Chen ef al, 2002; Jia et al, 2003), amino acid, metal ions,

~ polyphenols, glucose and ascorbic acid (Tai ef af., 1996).

A Clark-type oxygen electrode has also been used to determine
hydrogen peroxide. In this case HzO; is catalyzed by catalase from the bacteria to
produce HyO and O, The increase of O, detected by the oxygen electrode is
proportional to the concentration of H,0;. This sensor has advantages such as long
terms stability and high selectivity (Tai et af., 1996),

In additional to the conventional oxygen electrode, a miniaturized
oxygen electrode based on thick-film screen-printing has also been developed (Figure
2.6). The thick-filin screen-printing technique was used to print the platinum-working
electrode, Ag/AgCl reference electrode and platinum auxiliary electrode of the
amperomeiric oxygen electrode on an inert substrate and potential was polarized at -
900 mV (Heim er al, 1999), carbon pastes electrodes have used to detect phenol
(Mulchandani ef al., 2005}, graphite electrodes also have used to measure total sugar
(Tkac ef al., 2000).The detail of cell-based biosensor using oxygen electrode as the

transducer is summarized in Table 2.1.
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Figure 2.6 (a) Screen-printed flow-through sandwich electrode; 1= substrate (upper
Electrode), 2= conducting wire and soldering wire, 3= surface of the electrode
(e.g. Pt, Au or graphit), 4= flow channel, 5= surface of the lower electrode, 6=
conducting wire and soldering wire, 7= substrate; (b)-(e) Same electrode

design in another representation (Heim ef al,, 1999).

2.5.5.2 Potentiometric transducer

In potentiometry the difference in potential between two electrodes
immersed in a solution is measured. One of the electrodes probes the solution, while the
other serves as a reference. The potentiometric measurements includes an ion-selective

electrode (ISE), a reference electrode and a potential-measuring device (Figure 2.7)
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Figure 2.7 Schematic diagram of an electrochemical cell for potentiometric

measurements (Wang, 2000).

Ion-selective electrodes (ISE)s are mainly membrane-based devices,
consisting of a selectively permeable ion-conducting materials, that separates the sample
from the inside of the electrode. The potential of ISE reflects the unequal distribution of
the analyte ions across the boundary, is generally monitored relative to the potential of a
reference electrode. Since the potential of the reference electrode is fixed, and the activity
of the ion in the inner solution is constant, the measured cell potential reflects the
potential of the ISE, and can thus be related to the activity of the target ion in the sample

solution. The response of the ISE should be equation (2.3).
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E=K +(2.303£J10ga,. (2.3)
z,F

i

Where FE is the potential, and z; and «; are the ionic charge and activity,

respectively. The constant X includes all samples —independent potential contributions, N

which depend upon various factors (Wang, 2000).

In a cell-based biosensor, a cell consuming analyte generates a change in
potential resulting from ion accumulation or depletion and the signal is correlated to the
concentration of the analyte. Several types of potentiometric cell-based biosensors have
been studied. These include chloride and bromide electrodes with ion selective AgX-
/Ag>S membranes in combination with an Ag/AgC1 reference electrode to determine
chlorinated and brominated hydrocarbons (Peter ef al., 1996), a pH sensitive field effect
transistor (FET) contained either one or two FETs produced using a p-type silicon wafer,
with Tay0s as the pH-sensitive gate insulator to determine glucose (Resheﬁlov et al,
1996). Another example is a chloride ion selective electrode based on a Ag;S-AgCl
membrane and a reference electrode for monitoring trichloroethylene (T'CE) in batch and
continuous modes in wastewaters (Han e af., 2001; Han ef ¢l., 2002). In this case the
potentiometric oxygen e¢lectrode consists of a platinum electrode as redox indicator
electrode and an Ag/AgCl electrode as reference electrode to detect sucrose (Rotariu ef
al., 2002), or a potentiometric oxygen electrode to determine ethanol (Roftariu ef al,
2004).

For potentiometric cell-based biosensors the logarithmic relationship
between the potential generated and analyte concentration, allows for the detection of a
wide range of concentrations of analytes However, this method requires a very stable

reference electrode, and this may be a limitation of these transducers (Lei ef al,, 2006),

2.5.5.3 Conductimetric transducer
Conductivity measurements are made primarily to determine the
concentration of a solution or to determine the relative amount of a salt in an aqueous

solution. The principle employed is that of electrolytic conduction, in which the charge
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catriers ate provided by ionization, When a current flows through a volume of a solution,
the soluble inorganic compounds in the solution will partially or completely separate into
cation (positively charged ions) and anion (negatively charge ions). The ionizing current

originates from two electrodes, a cathode and an anode. The cation will migrate to the

~ cathode, at which they combine with the clectrons of the current source to form hydrogen

or metal atoms. The anions will migrate to the anode, at which the form neutral atom or
molecules and liberate their electrons, which then flow to the current source (Norton,
1982),

When the potential is applied across two electrodes, which are immersed
in a solution, the current flowing through the circuit will be a function of the applied
voltage and the resistance of the solution. This resistance, the reciprocal of conductance,
in turn, is a function of the nature of solvent (water, and hence a constant factor, in the
case of aqueous solution), of the number of ions present, and of the ion mobility (Norton,
1982; Mello and Kubota, 2002).

The conductivity measurement is given by the measurement of the
conductance of the liquid solution between two electrodes. The most applications of
conductimetric biosensors are based on the principle of changes in conductivity of the
medium when microorganisms metabolize uncharged substrates, such as carbohydrates,
to intermediates, such as lactic acid. The amount of the charged metabolite that
accumulates is directly proportional to the growth rate of the organism and is easily
quantifiable (Mello and Kubota, 2002). A conductimetric biosensor for the detection of
acrylonitrile using Rhodococcus ruber was also developed. An ionic ammonium acrylate
was produced from the non-ionic acrylonitrile results in a proportional increase in
conductance (equation (2.4)), used to ascertain the acrylonitrile concentration of the

solution (Roach ef /., 2003).
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Nitrilase
CH:=—=CH ——— CH==CH
+2 H20
CN C— ONH
Acrylonitrile Ammonium gcrylate

2.4

Chiorella vulgaris microalgae was used as a bioreceptor conductometric
electrodes for alkaline phosphatase activity (APA) analysis. This sensor was used for the
detection of toxic compounds, namely cadmium ions, in aquatic habitats. The detection
of the local conductivity variations caused by algae enzymatic reactions could be
achieved. The inhibition of C. vulgaris microalgaec APA in presence of cadmium ions
was measured. The principle of operation of such biosensor is based on the following

reaction (equation (2.5)) (Chouteau ef al., 2004):

phosphatase

Substrate—""I s product + PO;” (2.5)

In addition, Escherichia coli sensors were used to investigate the effect
chloride, nitrate, and sulphate species. The effect of changing salinity and nitrate
concentration on the response of E. coli to 3,5-dichlorophenol and mercuric chloride was
determined. The conductivity sensor proved robust enough to enable it to be used for
repeat measurements (Bhatia es al, 2003). The advantage of the conductrimetric
transducer is its extremely sensitive conductance measurements and high stability but the
detection of solution conductance is non-specific (Chouteau er al.,, 2004; Roach ef al.,

2003; Lei et al., 2006).
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2.5.5.4 Fuel cell
Fuel cells are galvanic cells, in which the free energy of a chemical
reaction is converted into electrical energy (via an electrical current) and involves the use

of an anode, a cathode, with a supporting electrolyte medium to connect the two electrode,

- and an external circuit to detect the electricity (Hobson et al.,, 1996; Carrette ef al, 2001).

A microbial fuel cell (MFC) is a device that converts chemical energy to
clectrical energy with the aid of the catalytic reaction of microorganisms (Jang ef al,
2004). A microbial fuel cell is obtained through microorganisms in the form of metabolic
intermediaries or as the final product of the microorganism’s respiration.

A MFC system normally consists of an anode compartment with a
negative electrode and a cathode compartinent with a positive electrode (Figure 2.8). Two
compartments are normally separated by a proton exchange membrane (PEM). In the
anode compartment microorganisms oxidize substrate, e.g. oxidation of glucose results in
generating electrons and protons (Gizebyk and Pozniak, 2004). The generated protons
migrate from the anode compartment to the cathode compartment through the PEM. The
produced electrons are transferred to the anode and then pass through an external electric
circuit to the cathode, where they reduce oxygen to form H,0. The reactions at the anode

and cathode are:

Anode: CiH Oy + 6 H O —-LE208050 o 600, 4 24H " +24e”
Cathode : 4H" + O, + 4¢” ——2H,0

(2.6

The flow of electrons through the circuit forms a measurable current, The
overall reaction requires the metabolism of a biodegradable organic matter to carbon
dioxide and water with electricity as a product (Jang ef al., 2004; Bennetto, 1990; Kim

and Park, 2004).
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Oxidized

fuel € : < Oxidant
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L d
fuel | 3 » Reduced
C.H..O0./ H.O =3 oxidant
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microorganisms
CGHﬁoﬁ +6H2° — 6002 "‘24“‘ +24e' 02 + 4H+ + 46‘ e 2H20

Figure 2.8 Schematic diagram of a microbial fuel cell. The microorganisms oxidize
substrate in anode compartment to generate electrons and protons. The
generated protons migrate to the cathode compartment through the PEM. The
produced electrons are pass through the cathode, where thes’ reduce oxygen to
form H,0.

Many types of feedstock have been used as the substrate for MFC, such as
starch (Niessen ef al., 2004), glucose (Bennetto, 1990; Yogishita ef al., 2003; Niessen ef
al., 2004), lactate (Kim ef al., 2002), cysteine (Logan et al., 2005) and wastewater (Gil et
al., 2003).

Mediators have also been used to enhance the electron transfer (Figure
2.9). MFC-based sensors have the advantage that they have long-term stability (Kim er
al., 2000; Pasco ef al., 2004) and can be used continuously for on-line monitoring in
particular for wastewater (Chang ef of., 2004; Kim ef al., 2000). More details are shown
in Table 2.2
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Figure 2.9 The principle of microbial fuel cell with the mediator. The microorganisms
oxidize substrate with mediator in anode compartment to generate electrons
and protons. The generated profons migrate to the cathode compartment
through the PEM. The produced electrons are pass through the cathode, where
they reduce oxygen to form H,O.




Table 2.2 Summary of microbial fuel cell biosensor
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Microorganism Analyte Reference Melcleisastor Mediator
Clostridium spp. Starch Niessen ef al., 2004 v
| Escherichiacoli | Glueose | Bemnetto, 1999 | ..

Escherichia coli Glucose Niessen ef al., 2004 N

Synechocystis sp. Ghucose Yogishita ef af,, 2003 N

Gluconobacter oxydans | Glucose Lee ef al, 2002 N

Shewanella spp. Cysteine Logan et al., 2005 N

Activated sludge BOD Chang et al,, 2004 ¥
(Azide and cyanide)

Proteus velgaris BOD Pasco et al., 2004 +
(ferricyanide)

Proteus velgaris Mono-and Kim ef al,, 2000 N

disaccharides (thionin)

2.6 Immobilization methods

Immobilization methods are an important step in the development of

biosensors. It not only helps to achieve the required close proximity between the

biological sensing element and transducer, but also to stabilize the biological sensing

element for reuse (D’Souza, 2001). The aim of immobilization method is to produce a

thin film of immobilized biologically active material on or near the transducer surface.

The immobilization of cell-based biosensors can be divided into chemical or physical
methods (Lei et al., 2006).
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2.6,1 Chemical methods
The chemical methods of cells immobilization compose of covalent

binding and cross-linking.

The immobilization of microorganisms by covalent binding can be
achieved through covalent bonds between functional groups on the cell surface such as
amines, carboxylic acids or sulphydryl groups and the transducer such as an amine,
carboxylic, epoxy or tosyl derivative (Cohen, 2001; Lei et al, 2006) (Figure 2.10).
During the immobilization process cells are exposed to harmful chemicals and harsh
reaction condition, and this may damage the cell membrane and decrease the biological
activity or affect the cell’s viability. Therefore, this method has not been used

successfully for the immobilization of viable cells (D’Souza, 2001; Lei ef al., 20006).

Microorganisms

Covalent binding
agent

Figure 2,10 Immobilization of microorganisms on transducer surface by covalent

binding.

2,6.1.2 Cross-linking

Cross-linking involves bridging between functional groups on the outer
membrane of the cells by multifunctional reagents such as glutaraldehyde and cyanuric
chloride, onto the transducer surface (Lei ef al., 2006) (Figure 2.11), Many types of

chemicals have been used such as gelatine and glutaraldehyde (Akyilmaz ef af,, 2007},
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and egg white foam with glutaraldehyde (Marolia and D’Souza, 1999). The method is
relatively easy to perform, however, cell viability and/or the cell membrane biomolecules

can be affected by the cross-linking agents.

Microorganisms

Figure 2.11 Immobilization of microorganisims on transducer surface by cross-linking,

2.6.2 Physical methods

Physical immobilization includes adsorption and entrapment
2.6.2.1 Adsorption

Physical adsorption involves van der Waals forces, ionic binding or
hydrophobic forces. In early work, immobilization by adsorption was used successfully
to couple proteins to various solid substrates, including derivatized glass, plastics and
silicone rubber (Catt et al., 1970).

The adsorption of cells is based on electrostatic interactions between the
charged support or electrode and cells (Figure 2.12). Several types of supported matrices
have been used such as a GI/A chromatographic paper (Lobanov et al,, 2001; Reshetilov
et al, 2001; Bhatia et al, 2003; Guliy et al, 2003; Emelyanova ef al, 2002),
acetylcellulose membranes (Dubey and Upadhyay ef af, 2001) and
polytetrafluoroethylene (PTFE) membranes (Han ef al., 2002).




32

The supported matrices

Microorganisms

Figure 2.12 Immobilization of microorganisms on the supported matrices by adsorption.

The main advantage of the adsorption method is that it is a simple method
that can be performed under mild conditions. However, biological sensing elements
immobilized through adsorption exhibit a certain degree of reversibility, and with few
exceptions, the forces involved in the binding are not very strong so it gives poor stability

because of desorption of cells (Liu and Mattiasson, 2002; Lei ef al., 2006).

2.6.2.2 Entrapment

Immobilization of microorganisms by entrapment can be achieved by
either retention of the cells in close proximity to the transducer surface using dialysis or
filter membrane or in chemical/biclogical polymers/gels (Lei et al, 2006). The
entrapment of cells in polymer matrices is the most extensively studied method of cell
immobilization (Kabube and Nakanishi, 1994; Liu and Mattiasson, 2002).

Gel entrapment methods mainly use gelation mechanisms to entrap cells
into a porous polymetic structure, allowing transport of substrates and products but
restraining the cells, Natural monomers are usually brought to gelation by either cooling
and/or contact with a solution that contains different ions (Gerbsch and Buchholz, 1995).

Several gel matrices have been used such as alginate (He ef al., 2004; Adinarayana ef al.,
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2004; Sohn ef al., 1995), K-carrageenan (Held er al., 2002), agarose (Tammeveski et al.,
1998), and collagen (Medina., 2001). Among these entrapment of cells in alginate gel is
popular because it is simple, low cost and very suitable for immobilization of viable cells.

Alginate, is a major structural polysaccharide of marine brown algae, and

 contains B-D-mannopyranosyl uronate and a-L-gulopyranosyl uronate in regular (1-4)-

linked sequences. The alginate structures can be jonically linked by divalent ions such as
calcium (Kierstan and Coughlan, 1985). This process is reversible and counteracted by
chelating agents such as citric acid or EDTA. The chemical and macroscopical structures
are presented in Figure 2,13. It usually forms in bead gel as shown in Figure 2.14, There
have been several studies on the composition of alginate and their suitability for cell

immobilization (Kierstan and Coughlan, 1985; Gerbsch and Buchhholz, 1995).

Na-Alginate Calciumchloride

+ CaCl,

SEM-Image
Ca-Alginate

J 00— o

Figure 2.13 Calcium alginate: chemical and macroscopical structure (Gerbsch and

Buchhholz, 1995).
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Synthetic polymers can also be brought to gelation by a wide range of
chemical or photochemical reactions. Polyacrylamide, cryopolyacrylamide (Guliy et al.,
2003) and poly(carbamoyl)sulfonate (Chan er al, 2000) have been used for cell

entrapment. This polymer is very simple to use (Chan et al., 2000; Guliy ef al., 2003)

Microorganism

Porous polymer
matrices

Figure 2.14 Immobilization of microorganisms in the porous polymer bead by

entrapment,

For membrane entrapment used in biosensors the principle is the
separation by membranes. Cells are enclosed on the transducer surface using dialysis or
in chemical/biological polymers/gels such as a filter membrane (Yano ef al,, 2001), or
nucleopore membrane (Bhatia e al, 2003). Figure 2.15 shows the preparation of an
entrapped microorganism membrane. A Clark-type oxygen electrode consists of a Teflon
membrane, a platinum cathode, an aluminium anode and saturated a potassium chloride
electrolyte. The microorganism immobilized on the membrane is placed on the Teflon
membrane and fixed in place using a bored cap or a dialysis membrane/ O-ring (Karube

and Suzuki, 1990).
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'Q'-ring

Diatysis
membrane

O Tellonmembrang

Oxygen electrode

-,
O ‘O-ring
(&)

:<

Figure 2.15 The preparation of a membrane with entrapped microorganism (Karube and

Suzuki, 1990).

The advantages of entrapment immobilization are that the process is very
simple and low cost but their disadvantage is the additional diffusion resistance offered

by the entrapment material, which will result in lower sensitivity and detection limits (Lei

et al., 20006).

@ Microbe-immaobitized
membrane
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2.7 Applications of cell-based biosensor
Cell-based biosensors have a potential for continuous use and application

in several fields such as environment monitoring, food analysis and clinical chemistry.

o B

The major application of cell-based biosensors is presently applied in the
environmental field. For instance, many substrates in wastewater samples have been
determined including toxicants such as metal, alkanes, aromatic compounds, polycyclic
aromatic hydrocarbons (PAHs), phenolic compounds (Nandakumar and Mattiasson,
1999), chlorophenol (Riedel ef al., 1995}, cyanide (Tkebukuro et al., 1996) and especially
the organic matter that contributes to BOD (Karube and Nakanishi, 1994; Liu and
Mattiasson, 2002; D’Souza, 2001). The advantages of these sensors are simplicity, low
cost, good sensitivity, low detection limit and good correlation with the standard method.
For the determination of toxic substances or to specifically monitor only one compound,

it is necessary to adapt the selectivity of the biosensor before use.

2.7.2 Food analysis

Cell-based biosensors have been applied to the food industry for many
objectives such as quality control, monitoring nutritional status and quality assurance.
For example, a microbial biosensor based on immobilised yeast, Saccharomyces
cerevisiae, using a potentiometric oxygen electrode has been developed to determine the
amount of sucrose in soft drinks, Comparing results from the biosensor with those from a
colorimetric spectrophotometric method produced a good correlation (Rotariu ef al,
2002). A similar cell-based biosensor was also developed by the same research group fo
analyze cthanol in alcoholic beverages. The advantage of these biosensors is their
construction simplicity, low cost and low detection limit but there were few applications

in food analysis since it may be the cause of contaminant (Lei ef al., 2006).
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2.7.3 Clinical chemistry
Cell-based biosensors have also been used in clinical chemistry to
determine and monitor substrates in blood or blood serum. For instance, a lactate

biosensor has been developed using yeast Hansenula anomala to determine lactate in

~ blood and blood plasma. Although this sensor gave a good reproducibility and good |

correlation to results from a spectrophotometric test but it required a long response time

(Racek and Musil, 1987)




CHAPTER 3

Cell-based biosensors for BOD

Biochemical oxygen demand (BOD) is an impottant parameters in water
quality control. It defined as the oxygen required by aerobic microbes to metabolise
organic wastes over 5 days at 201 °C, and this is the standard method for detecting the
amount of biodegradable organic material in water. The conventional BOD test has
certain benefits such as being universally applicable to most wastewater samples, and,
furthermore, no expensive equipment is needed. It has, however, the limitation of being
time-consuming, and consequently it is totally unsuitable for online process monitoring.
Thus, it would be advantageous to develop an alternative method that was still
universally applicable but could circumivent the weakness of the conventional BOD test
(Liu and Mattiasson, 2002). BOD biosensor is usually developed to reduce analysis time
where microbial cells are the preferred sensing element. Rapid determination of BOD
could be achieved by cell-based biosensor and this has been the subject of a number of
review articles (D’Souza, 2001; Liu and Mattiasson, 2002; Lei ef al,, 2006). Table 3.1
shows summary of recent cell-based biosensors which will be described in more detail in

this chapter.

38
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3.1 Biological sensing elements
Many types of microbial cells have been applied for the development of

BOD biosensors. They can be pure or mix cultures as well as genetically engineered.

Pure microbial cultures often originate from a single strain isolated from
the activated sludge of a wastewater treatment process that normally operates to treat the
target sample (Kim and Kwon, 1999; Yoshida ef o/, 2001; Kim and Park, 2001; Chee e¢
al., 2005). It can also be obtained from laboratory strains or from culture collections
(Catterall er al., 2001).

Several pure microbial cultures have been used for the BOD biosensor
such as Trichoporon cutaneum (Sohn et al., 1995; Murakami ef al., 1998, Catterall et af.,
2001), Arxula adeninivorans (Chan ef al., 1999; Lehmann ef al., 1999; Chan et al., 2000),
Pseudomonas putida (Chee et al., 1999; Chee ef al., 1999; Chee ef al., 2000; Catterall et
al., 2001; Chee er ., 2001; Morris ef al,, 2001; Chee ef al., 2005; Chee ef al., 2007),
Pseudomonas  fluorescens (Yoshida ef al,2000; Yoshida ef al,2001), Bacillus
licheniformis (Catterall et al., 2001; Lin et al., 2006), Serratia marcescens LSY4 (Kim
and Kwon, 1999), Candida parapsilosis (Konig ef al., 2000), Sphingomonas
yanoikuyae Bl (Konig et al., 2000), Escherichia coli (Morris et al., 2001), Klebsiella sp.
(Kim and Park, 2001), Bacillus subtilis (Tammevesk et al., 1998; Kwon et al., 2005),
Shewanella putrefaciens (Kim et al., 2002), Saccharomyces cerevisiae (Nakamura et al.,
2007; Nakamura ef af., 2007; Nakamura ef a/,, 2007) and Yeast (Chen ef al., 2002).
Advantages of pure culture BOD biosensors are good reproducibility for wastewater that
has a fairly constant composition and ability to measure low BOD values (Sakaguchi ef
al., 2003; Chee ef al, 1999; Chee et al, 2000). Disadvantages are their short stability,
low sensitivity, a need for purification steps for the culture and wastewater with a
limited number of components because one organism will have only a limited metabolic

potential (Kim and Kwon, 1999; Kim and Park, 2001; Chee ef ai., 2005).
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3.1.2 Mix cultures
Mixed cultures can be derived from activated sludge itself, other natural
microbial consortia or those formed artificially. Examples of mixed cultures employed in

BOD biosensors are Exiguobacterium marius, Bacillus horikoshii and Halomonas marina

~(Chen ef al, 2008), Bacillus licheniformis, Dietzia maris and Marinobacter marinus

(Jiang et al, 2006), Enterobacter cloaca, Citrobacter amalonaticus, Pseudomonas
aeruginosa, Yersinia enterocolitica, Klebsiella oxytoca, FEnterobacter sakazaki and
Serratia liquefaciens (Rastogi ef al., 2003), microbial consortium (Rastogi ef al., 2003)
and a mixed culture of nitrifiers (Konig ef al,, 1999). In some applications the mix
cultures from activated sludge were used without identifying the type of cells, Since the
composition of an activated sludge consortium could be very difficult to determine.
However, they will metabolise many substrates (Sakai ef al.,, 2001; Rastogi ef al., 2003;
Liu et af,, 2000; Liu ef al, 2004; Liu ef af,, 2004; Liu et al,, 2004; Chang ef al., 2004;
Chang et al., 2005; Kim ef al., 2003; Kim ef al., 2004; Gil et al., 2003; Kang et al., 2003;
Kwok et al, 2005; Kumlanghan ef a/.,, 2007; Kumlanghan et al,, 2008). BOD sensors
based on mixed cultures have a good detection capacity for a wide substrate spectrum,
high sensitivity, fast response time, long stability (Lin and Mattiasson, 2002; Rastogi et
al., 2003) but can be difficult to maintain and reproduce

Some reports have compared the differences between pure and mixed
culture by studied the responses of each pure cultures and the responses from the mixture
of the pure cultures that have been tested such as Trichoporon cutaneum with Bacillus
subtilis (Jia et al., 2003), Bacillus licheniformis, Dietzia maris with Marinobacter
marinus (Lin et al., 20006), Bacillus licheniformis, Trichoporon cutaneum, Pseudomonas
putida with Proteus vulgaris (Catterall et al, 2003). A pure culture was generally
reported to give better reproducibility compared to a mixed culture but the mixed culture
gave results that were in better agreement with the BODs value, were more stable and had
a better detection limit and response time (fia et al,, 2003; Lin ef al., 2006; Catterall et al,,
2003).
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3.1.3 Thermally killed cells
BOD biosensors using thermally killed cells have also been reported such
as with Bacillus subtilis (Qian and Tan, 1998; Qian and Tan, 1998; Qian and Tan, 1999)

and BODseed (Cole-Parmer E-05466-00), a commercial microbial preparation from

~ activated sludge. Their BOD; sensing characteristics were compared with those of a

living cell sensor and the conventional APHA 5-day BOD measurement using the same
BODseed microbial system (Tan and Wu, 1999; Tan and Lim, 2005). The thermally
killed cells sensors had a good reproducibility and stability and it can be simply stored in
buffer solution at room temperature without regular additions of nutrients and food as
would be required for living cell biosensors but had a much shorter linear range (Qian
and Tan, 1998; Qian and Tan, 1999; Tan and Lim, 2005). However, poor sensing of
wastewater containing soluble starch could be due to high mass transfer resistance of the
membranes, biofilm and the cell wall particularly for the thermally killed cells (Tan and
Wu, 1999).

3.1.4 Genetically engineered cells

Some BOD sensors based on genetically engineered cells have been
investigated. For example, Escherichia coli containing lux A-E genes from Vibrio fischeri
(E. coli HB 101) (Sakaguchi er al., 2003) has been applied to measure and detect organic
pollution due to biodegradable substances in various wastewaters. However, the system
based on the bioluminescence of recombinant E. coli HB 101 cells could not determine

from BOD values over 250 ppm.

3.2 Measuring principal

Most BOD cell-based biosensors rely on measuring the respiratory activity
of the cells using a suitable transducer (D’Souza, 2001; Liu and Mattiasson, 2002; Lei et
al., 2006). Sensors based on a respirometric principle include the use of an oxygen
electrode (Suzuki, 2000; Liu et al, 2004, Renneberg ef al, 2004), carbon dioxide
analyzer (Vaiopoulou ef al, 2005), and an optical transducer (Chee et al, 2000).
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Microbial fuel cells have also been investigated as another detection method for BOD
(Kwok ef al., 2005; Kim ef al., 2003).

3.2.1 Oxygen electrode

Many types of Oxygen clestiodes tave beendeveloped o BOD

measurement. The Clark-type oxygen electrode was the first and is still the most widely
used transducer to measure dissolved oxygen (Sohn ef af., 1995; Tammeveski et al., 1998;
Qian and Tan, 1998; Qian and Tan, 1998; Qian and Tan, 1999; Tan and Wu, 1999;
Lehmann ef ¢/, 1999; Kim and Kwon, 1999; Chan et al., 1999; Liu ef al., 2000; Kim and
Park, 2001; Catterall er al., 2001; Chen er al., 2002; Catterall ef al,, 2003; Rastogi et al.,
2003; Rastogi ef al., 2003; Liu ef al., 2003; Rastogi ef al., 2003; Jia ef al., 2003; Liu ef al.,
2004; Liu et al., 2004; Liu et al., 2004; Chee et al., 1999; Chee et al., 1999; Chee et al.,
2001; Tan and Lim, 2005; Chee ef al., 2005; Chee ef al., 2007; Kumlanghan ef a/., 2008).
A Clark-type probe that normally used for cell-based BOD sensor (Figure 3.1) consists of
a platinum cathode as the working electrode, a silver anode as the reference electrode,

and 0.1 M potassium chloride (KCl) electrolyte (Liu er al., 2000).
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Cathode ¢P1) Anode (Ag}
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Figure 3.1 A Clark-type oxygen electrode (Liu ef /., 2000),
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_ Dialysis membrane
Rubber O-ring

An immobilised mixed culture of microorganising

Other oxygen electrodes have also developed and used with BOD
biosensors. These include a oxygen microelectrode (Konig ef al., 1999; Sakai et al., 2001;
Mortis et al., 2001; Catterall er al., 2003), thick film oxygen electrode (Chan et al., 1999;
Chan et al.,, 2000), oxygen electrode tip (Yoshida et a/, 2000) the BOD sensor chip
fabrication as shown in Figure 3.2 (Konig er al, 2000; Yoshida ef al., 2001) and the
screen printed electrode as shown in Figure 3.3 (Karube er al., 2001). These developed
oxygen electrodes (Figure 3.2, 3.3) have shott response times, are simple to make at low
cost and therefore suitable as disposable sensors but they need a long recovery time
(Konig et al., 1999).




51

Platinum contadt pad
1. Membrane

deposition 1 & 41— slicon dioxide

2 Encapsulalioﬁm

Epoxy resin
Miorebial membrane

Platinum electrode

" Small opening= .
' ! active sensor surface
2.5 mm Silicon (edge length 120 pm)

Figure 3.2 Photograph (A) and schematic drawing (B) of sensor chip and containment
electrode (Konig er al., 2000).
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Figure 3.3 Schematic diagram of the disposable BOD sensor chip (Karube ef al.,, 2001).
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3.2.2 Carbondioxide analyzer
The principle of the microbial BOD biosensor was based on the
determination of CO; concentration in the off gas produced by microbial respiration

activity during the degradation of organic compounds. The respiration activity of

* microbial population (CO; concentration in the off gas) was related to the extent of the

current organic pollution (BOD). Consequently, continuous monitoring and control of
wastewater {reatment plant performance becomes feasible converting on-line data of CO,

measurements to current BODs values (Vaiopoulou ef al., 2005),

3.2.3 Optical detection
Optical cell-based biosensors have been developed by measuring
fluorescence and luminescence intensities, Normally the intensity, related to oxygen

concentrations, obeys the Stern-Volmer equation. (equation (3.1));

I
1=Ky 0] 3.1)

where Iy and 7 are the fluorescence intensities in the absence and presence of oxygen
respectively, Kgy is the so-called Stern—Volmer constant and [O3] is the concentration of
oxygen (Chee ef al., 2000). In some cases the intensity was represented by the output
voltage of the photomultiplier tube (PMT). The Stern—Volmer equation becomes
(equation (3.2)):
Vo=V,
V-V,

=1+Kgl0,] (3.2)

where I and V are the output voltage of the PMT in the absence and presence of oxygen,
respectively, ¥r the PMT output voltage produced by ‘false’ light, Ksy is the Stern—

Volmer constant and [O;] is the concentration of the oxygen (Kwok et al., 2005).
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- Thus fluorescence and luminescence intensities can be used to determine
the O, concentration during microbial respiration activity. Several the fluorescence (Chee
et al., 2000, Lin ef al., 2006; Jiang ef al., 2006) and luminescence (Kwok et al,, 2005;
Nakamura ef al, 2007) cell-based BOD sensors have been developed with high

 sensitivity. Optical cell-based BOD sensors can have their sensitivity improved usinga

fiber optic transducer (Chee ef al.,, 2000; Kwok et al., 2005; Lin et al.,, 2006), a charge
coupled device (CCD) camera and photomultiplication counter (Sakaguchi ef al,, 2003).
The repeatability of the optical fiber biosensor, however, was lower than the one of a
previously described oxygen probe (Liu ef af., 2000; Liu ef al., 2004). This may be due to
in optical fiber the shorter light wave has a large of scattered loss by Rayleigh Scattering
(Chee et al., 2000).

3.2.4 Microbial fuel cell

Microbial fuel cells (MFCs) can be used as transducers in biosensor
systems. They convert chemical energy to electrical energy with the aid of the catalytic
reaction of microorganisms (Jang et al, 2004)., The first microbial fuel cell BOD
biosensor used the hydrogen produced by Clostridium butyricum immobilized on the
electrode (Karube ef al., 1977). Following this publication, several types of MFC-based
BOD biosensors have been developed such as MECs detecting electron transfer (Pasco ef
al., 2004; Chang ef al., 2005) and mediator-less MFCs (Chang et al., 2004; Moon ef al.,
2004; Kang ef al., 2003; Kim et al., 2003; Gil et al,, 2003; Kumlanghan et al., 2007). A
proposed schematic diagram of the mediator-less microbial fuel cell is shown in Figure
3.4. In this case the electron transfer from the bacterial cells to the electrode also depends
on physical contact between the cells and the electrode (Kim et al., 1999). The MFCs-
based sensors have the advantages that they have long-term stability (Kim ef al., 2003)
and can be used continuously for on-line wastewater monitoring (Chang et al,, 2004).
However, the measuring time of the MFCs-type BOD sensors are quite long, e.g. 60 min
(Chang et al., 2004),' 1 hour (Kang et al., 2003) and 30 min to 10 hour (Kim ef al., 2003),
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when compared to other BOD biosensors 5-10 min (Chee ef al., 2005; Chee et al., 2007),
15 min (Catterall et al., 2003).
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Figure 3.4 A proposed schematic diagram of the mediator-less microbial fuel cell.
Bacterium can transfer electrons to the electrode without addition of a
mediator. The electrochemical activity is believed to be due to the direct
electron transfer from the electron carriers located on the cell surface, possibly

outer membrane cytochromes, to the electrode (Kim er al,, 2002).

3.3 Immohilization

The use of immobilized cells has been a very important step in the
development of cell-based biosensors. Microorganisms can be immobilized on either a
transducer or a support matrix. Several methods have been used for immobilizing

microbes such as adsorption and entrapment (Chan ef o/, 2000; Sohn et al., 1995).

3.3.1 Adsorption
Adsorption of cells is based on electrostatic interactions between the

charged support or electrode and cells. Cells were immobilized by physical adsorption,
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using for examples, Whatman GF/A chromatographic paper (Reshetilov et al,, 2001),
porous cellulose nitrate membrane (Chee ef ¢l., 1999), membrane (Chee ef al., 2000) and
biofilm at the surface of electrode that make microbial clumps loosely associated with the

electrode as shown in Figure 3.5 (Gil et al., 2003).
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Figure 3.5 Schematic of a BOD microbial fuel cell. (1) Oxidation of fuel, (2) electron
transfer from the microbial cells to the electrode, (3) electric load in the circuit,
(4) Proton supply into the cathode compartment, and (5) Oxygen supply and
reduction at the cathode.

The advantage of the adsorption method is that it is a simple method that
can be performed under mild conditions. However, cells immobilized through adsorption
exhibit a certain degree of reversibility, and with few exceptions, the forces involved in
the binding are not very strong so it gives poor stability because of continued desorption

of cells (Liu and Mattiasson, 2002; Lei ef al., 2000).

3.3.2 Entrapment
Entrapment method of cells for BOD sensor can be achieved by either

retention of the cells in close proximity to the transducer surface using dialysis or filter

membrane or in chemical/biological polymers/gels (Lei ef al., 2006). The immobilization
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of cell in membrane retention is the most widely studied method. Cells are enclosed on
the transducer surface using dialysis membrane (Liu ef af., 2000; Liu ef al., 2003; Liu et
al., 2004; Liu et al., 2004; Liu et al., 2004), teflon membrane (Kim and Kwon, 1999;
Kim and Park, 2001; Rastogi ef a/., 2003), PTFE membrane (Chee ef al., 1999)or an ion

~ exchangeable polysiloxane (Chen ef al, 2008). Although there are several reports on

BOD biosensors based on this electrode, this type of biosensor has disadvantages, such as
the intrinsic limitation of oxygen solubility in aqueous solution and the short-term
stability and calibration drift due to the lysis of bacteria (Liu and Mattiasson, 2002; Kang
et al., 2003).

Gel entrapment methods mainly use gelation mechanisms to entrap cells
into a porous polymeric structure, allowing transport of substrates and products but
restraining the cells. Several gel matrices have been used such as alginate (Sohn ef al.,
1995; Karube ef al.,, 2001; Kumlanghan et al., 2008), agarose (Tammeveski ef al., 1998),
poiy(carbamoyl)sulfonate pre polymer (Chan er al, 2000). Among these entrapment
methods the use of alginate gel is popular because it is simple, low cost and cells remain
viable., In fact most immobilization methods for microbes originally did use gel
enfrapment methods because it has many advantages such as being simple, low cost and

able fo be produced with a high biomass concentration (Gerbsch ef al., 1995).

3.4 Performance of BOD cell-based biosensors

BOD cell-based biosensors normally produce a linear response with good
response time and reproducibility and are stable. The linear range of BOD biosensors
differs widely from 0.035-1.4 mg 1" (Kong ef al, 1999) up to 700 mg 1" (Liu ef al,
2004). The different ranges of the sensor signals are due to the sensor fabrication, type
and density of cell preparation. BOD sensors with a high cell density biofilm are
generally more sensitive in sample analysis but have a narrow linear range such as 0.035-
1.4 mg 1" (Konig ef al., 1999), 0.25-10 mg "' (Chee er al., 1999) and 0-10 mg "' (Chee et
al., 2007). The different linear ranges are generally obtained for different composition of

the organic content of the sample. For examples, natural water generally has low BOD
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value and a sensor with the linear range in the lower concentrations, although narrow, can
definitely be applied such as river water (1.5-6.0 mg 1) (Chee et a/., 2001), 1.0-10 mg 1"
(Chee et al., 2000)) and seawater (0.30-40 mg 1" (Jiang ef al., 2006), 1.2-40 mg I'"' (Chen

ef al., 1999)). In the case of wastewaters with high BOD value a widely linear range such

e up toSOOmg i (Chanetal, 1999), 40_390mg11 (Lehmanne{ a], 1999)1sprobab1y B

mote useful.

For the response time of sensors for one measurement, it has been reported
to be between 100 s up to 10 hours (Chan ef al.,, 2000; Kim ef /., 2003). The response
depends on the type of transducer and the substrate concentration and composition in the
sample (Liu and Mattiasson, 2002; D’Souza, 2001). In the case of transducer, the
fluorescence intensity transducer was operated between 3.2-50 min to get the response
(Jiang et al., 2006; Lin ef al., 2006). Oxygen electrodes can obtain response between 5
min up to 1 hour (Lehmann ef al, 1999; Catterall et «l, 2001), Microbial fuel cells
response times can range from 2 min up to 10 hour (Kim ef al,, 2002; Kim et af., 2003).
Furthermore, the response time also depends on the substrate concentration and
composition in the sample because more time will be spent for a sample with a higher
concentration of substrates. High strength wastewaters need longer analysis time than
domestic wastewater (Catterall et al.,, 2001). For examples, industrial and chemical
wastewater required 45-60 min (Tan and Wu, 1999) whereas it takes only 2-15 min for
the natural water analysis time (Chee ef al., 1999; Chee et al,, 2001).

In the case of repeatability, which is the standard deviation of a tested
sensor, it was reported to be in the range of £2.0 to +15.0% depending on the type of cell
and wastewater sample. The repeatability of previously reported pure culture is about
2.0 % (Kim et al., 2001; Lin et al., 2006) while the mix cultures varies between 2.0-8.4%
(Konig er al, 1999, Lin er al, 2006). The BOD sensor using activated sludge had
repeatability varying from 4.7-15.0% (Liu ef al., 2000; Liu ef al., 2004) depending on the
applied wastewater samples (Liu et al., 2000).

Stability is also a desired property of the sensor. The operational stability

of BOD biosensors has been reported to be in the range of between 10 hours up to 5 years
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(Liu ef al, 2000; Kim ef al, 2003). Normally cell-based biosensors give long term
stability but it depends on several factors such as the immobilization method, type of cell
and transducer (Karube and Nakanishi, 1994; Liu and Mattiasson, 2002; ID’Souza, 2001).

For example, in the case of immobilization method, the stability of the BOD sensor based

~ on adsorption varies between 50 hours to 134 days (Qian and Tan, 1998; Kim and Park,

2001) and entrapment varies between 0.50 hours to 1 years (Lin et al., 2006; Chen et al.,
2008),

3.5 Types of real samples

BOD measurements using cell -based biosensors have been used on
several types of water samples including natural and wastewater. Many sources of natural
water have been investigated such as seawater (Lehmann ef al., 1999; Jiang ef al., 20006,
Lin et al., 2006; Nakamura ef al., 2007; Chen ef al.,, 2008), lake water (Jia et al., 2003),
pond water (Catterall er al, 2003), surface water (Kang ef al, 2003) and river water
(Chee et al,, 1999; Chee et al., 1999; Chee et al,, 2000; Chee et al., 2001; Chee et al,
2005; Chang et al.,, 2005; Chee ef al, 2007; Nakamura et al., 2007; Nakamura et al,
2007). The sensor systems developed for the detection of BOD in this type of water need
to be able to measure at low BOD values. Some of these biosensor have LOD < 1.0 mg I'!
(Chee et al., 1999, Chee et al., 2000; Chee et al., 2001; Chee et al., 2004; Chee ef al.,
2005).

Several types of wastewater sample have also been tested such as
domestic wastewater (Chan et al., 2000; Catterall et al.,2001; Sakagichi et al.,, 2003; Jia
et al., 2003; Catterall et al,2003; Kwok et af, 2005; Tan and Lim, 2005), municipal
wastewater (Konig ef al., 1999; Tag ef al., 2000; Liu et al., 2000; Sakai ef al., 2001), food
industrial wastewater (Murakami ef &/, 1998; Qian and Tan, 1998; Liu ef al., 2000; Sakai
et al,, 2001; Yoshida er al.,, 2000; Yoshida et al.,, 2001; Kim and Park, 2001; Chen ef al,,
2002; Gil er al., 2003; Rastogi ef al,, 2003; Rastogi et al., 2003; Catterall et a/,,2003; Tan
and Lim, 2005), starch industrial wastewater (Reiss et al, 1998), tannery industrial

wastewater (Rastogi er «f, 2003; Rastogi ef al, 2003), pulp and paper industrial
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wastewater (Rastogi ef al., 2003), distillery industrial wastewater (Rastogi ef al., 2003;
Rastogi et al,, 2003), industrial wastewater (Lehmann et al., 1999; Riedel ef al.,, 1990;
Sakagichi et a/,, 2003; Kumlanghan et al,, 2008), wastewater from the refectories and the
toilets of university building (Sohn ef ¢f., 1995), wastewater in coastal {(Chan ef al., 1999),

 offluent from microbial hydrolysis of sugar leaves (Liu ef al., 2004; Liu ef al, 2004),

glucose or glutamic acid standard solution (Qian and Tan, 1998; Kumlanghan ef al., 2007)
and artificial or synthetic wastewater (Kang et al., 2003; Chang et al., 2004; Kwok ef al.,
2005). The wastewaters have wide range of BOD values that depend on origin of
wastewater.

Cell-based biosensors have also been developed to monitor wastewater
treatment processes (Lehmenn ef al., 1999; Liu ef al., 2003; Liu et al., 2004; Vaiopoulou
et al., 2005). For example, Arxula adeninivorans sensor was used to monitor the BOD of
a sewage treatment plant, as shown in Figure 3.6 (Lehmenn ef al., 1999).

The BOD cell-based biosensor systems that have been developed to
monitor the performance of the treatment process showed that it could be applied for the
on-line system (Liu ef al., 2004; Liu ef al., 2003; Liu et ai., 2004; Vaiopoulou ef al., 2005;

Kumlanghan et al., 2008) with short analysis time.
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Figure 3.6 Flow diagram of the Sewage Treatment Works. The figure shows the sample

collection spots for BOD monitoring (Lehmenn ef al., 1999).

Another example to monitor the BOD of wastewater both off-line in a
laboratory and on-line in a wastewater treatment plant is shown in Figure 3.7, The
sensors can be used to monitor different types of wastewater rapidly without pretreatment,
and it can also be used for active process control. The sensor of Vaiopoulou er al. (2005)

produced good agreement with the BODs method and the rapid cell based biosensor.
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Figure 3.7 Schematic of the biosensor on-line in a wastewater treatment plant
(Vaiopoulou ef al., 2005).




CHAPTER 4

Performance Criteria

For every analytical method, it is important to characterize its response.
The factors to be evaluated depend on the purpose of the method (Taverniers ef af., 2004).
In this case the performance criteria of the biosensor need to be evaluated. Some of the

important performance criteria are listed as follows.

4.1 Linear range

The linearity of the response is the ability of the method to produce
consistent test results that are directly proportional to the analyte concentration within the
concentration range between the upper and lower levels of the analyte concentration that
have been demonstrated to produce a linear response (Swartz and Krull, 1997). Linearity
should be evaluated by visual inspection of a plot of signals as a function of analyte
concentration or content, To obtain linearity between assays and sample concentrations,
the test data may have to be subjected to a mathematical transformation prior to the
regression analysis (FDA, 1996). The linearity of a biosensor can be determined by
plotting the response change vs. the analyte concentration or the response change vs. the
logarithm of the analyte concentration (Thévenot ef af., 1999; 2001). The correlation

coefficient, y-intercept and slope of the regression line should be determined (FDA,

1996).

4.2 Sensitivity

Sensitivity is a significant characteristic in all scientific disciplines that
have to do with measurements. Sensitivity is defined, from the viewpoint of a measuring
instrument, as the change in the response of a measuring instrument divided by the

corresponding change in the stimulus (Danzer, 2007). In analytical chemistry, the
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sensitivity S44 of the analytical procedure (of the determination of an analyte A} is
defined as the change in the measured value divided by the corresponding analytical

value (analyte amount or concentration, respectively) as shown in equation (4.1):

e
S, =24 4.1
iy 4.1}

Ay,

A

In case of a linear calibration function, the sensitivity becomes §,, =

and corresponds to the slope b of the calibration straight line (Figure 4.1(a)). If the
calibration function is a curved line, then the sensitivity will vary according to the analyte

amount or concentration as shown in figure 4.1(b) (Danzer, 2007).

Ya 32%

e » o v e e

<
-
=

Xp,
Figure 4.1 Sensitivity in the case of a calibration straight line (a) and a curved calibration

function (b) (Danzer, 2007).

4.3 Limit of detection

The limit of detection (LOD) is defined as the lowest concentration of

analyte in a sample that can be detected, though not necessarily quantitated (Swartz and
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Krull, 1997). There are several methods to evaluate LOD (Long and Winefordner, 1982;
Miller and Miller, 1993; Taverniers ef al., 2004; FDA, 1996). The L.OD described in this
thesis is based on the signal-to-noise ratio and the standard deviation of the blank (Swartz

and Krull, 1997; FDA, 1996). Determination of the signal-to-noise ratio is performed by

comparing measured signals from samples with known low concentrations of analyte

together with those of blank samples and establishing the minimum concentration at
which the analyte can be reliably detected by exceeding the standard deviation of the
blank signal. The LOD corresponds to that signal where the ‘signal to-noise ratio’ is 2:1
or 3:1 (Taverniers ef al., 2004)

The limit of detection based on the standard deviation of the blank was
also studied to measure the magnitude of the analytical background response which is
performed by analyzing an appropriate number of blank samples and calculating the
standard deviation of these responses (Swartz and Krull, 1997; FDA, 1996). Blank

injection was performed 20 times then mean values of the blank response, X, and

standard deviation (S, ) were calculated by (4.8) and (4.9).

Iy

S,

X, =4 (4.8)

s, =127 4.9)

In defining the smallest detectable signal (X, ), IUPAC state that
X, =X, +kS, (4.10)

where & is a numerical factor chosen in accordance with the confidence level desired and

the accepted value is 3 at a confidence level of 99.86%, S, is the standard deviation for

20 times of injections. C; was then obtained as a function of X, as follows
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C, _(X, =X, (4.11)

where m is the analytical sensitivity, and C, is the smallest concentration that can be

.. detected with reasonable. certainty for a given analytical procedure. Becausethe mean.. ... . ... .

blank reading, X, is not always 0, the signal must be corrected for background. Equation

(4.12) was obtained after substitution of equation (4.10) into (4.11).

_ Ky
m

C, (4.12)

4.4 Repeatability

The definition of repeatability is the same for electrochemical biosensors
as for any other analytical devices. Repeatability is a measure of the scatter or the drift in
a series of observations or results performed over a period of time. It is generally
determined for the analyte concentration within the usable range (Thévenot ef al., 1999;
2001), In this thesis, repeatability of the celi-based biosensor system was the standard
deviation of the sensor tested under the same conditions. For BOD measurement, the
accepted repeatability between replicate determinations should be at least 4: 15 % (the

relative standard deviation, % RSD) (Liu ef al., 2000).

4.5 Stability

The operational stability of a biosensor response may vary considerably
depending on the sensor geometry, method of preparation, as well as on the applied
receptor and transducer. Furthermore, it is strongly dependent upon the response rate-
limiting factor, e.g. an external substrate or requirement for inner diffusion or rate of a
biological recognition reaction. Finally, it may vary considerably depending on the
operational conditions (Thévenot ef al., 1999; 2001).

For operational stability determination, it is recommended that

consideration be given to the analyte concentration, the continuous or sequential contact
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of the biosensor with the analyte solution, temperature, pH, buffer composition, presence
of organic solvents, and sample matrix composition. The operational stability of the
system presented in this thesis was primarily related to the stability of the cells which

wete both pure cultures and mixed cultures.




CHAPTER S

Microbial BOD sensor for monitoring treatment of wastewater

_ from __a_ rUbber ]atex mdustry

5.1 Introduction

Rubber industry is one of the most important industries in Southern Thailand and
it usually generates large quantities of wastewater containing high concentration of
organic matter, suspended solids and nitrogen (Rakkoed ef al., 1999). Thus, treatment of
this wastewater under controlled conditions is a necessary first step in preventing the
release of harmful wastes to the environment. Any treatment process requires monitoring
and one of the most widely used and important parameter for the estimation of water
quality is biochemical oxygen demand (BOD). The standard BOD method (BODs) is a
measure of the amount of dissolved oxygen which is required for the biochemical
oxidation of the organic compounds in five days from the time when microorganisms are
inoculated into the water sample (APHA, 1992). Many local authorities demand that the
BOD of wastewater released into any natural body of water must not exceed their
designated BOD value. The major drawback of the standard method is the 5-day
measurement time. In reality, the wastewater with a higher BOD than the limit could
have been discharged to the environment long before the test result was known.
Therefore, BODs is not a suitable parameter for any form of active intervention for
environmental monitoring and process control.

To overcome the problem, fast determination of BOD can be achieved by
applying a biosensor-based method. Most BOD biosensots rely on the measurement of
the respiratory activity of cells using a suitable transducer and this has been a subject of
several recent reviews (D’Souza ef al., 2001; Liu and Mattiasson, 2002; Lei at al,, 2000).
Recent reports include the use of an oxygen electrode (Suzuki, 2000; Liu et al., 2004b;
Renneberg er al, 2004), carbon dioxide analyzer (Vaiopoulou ef al, 2005), and an
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optical transducer (Kwon ef al., 2005). The microbial fuel cell has also been investigated
as another detection method for BOD (Kim et af., 2003; Kumlanghan et al., 2007). For
cell-based systems many microbial strains have been used as biological sensing elements

including both pure and mixed cultures (Liun and Mattiasson, 2002). Mixed cultures

involve microbial consortia c.g. those from activated sludge treatments (Liu and

Mattiasson, 2002; Vaiopoulou ef al., 2005; Rastogi er al., 2003; Liu et al., 2000). The
advantage of BOD sensors based on mixed cultures is their good detection capacity for a
wide spectrum of substrates (Liu and Mattiasson, 2002). Since the oxygen electrode is
simple to use and economical, a BOD sensor based on an activated sludge consortium in
combination with an oxygen electrode was considered in this study.

Wastewater obtained from industry processing concentrated rubber latex
with a high organic content and generating malodor when discharged into the receiving
water was selected for the study. Wastewater in this industry in Southern Thailand is
generally treated in waste stabilization ponds (WSP) (Rakkoed et al., 1999), by aerated
lagoons and by an activated sludge processes (Boonrecongkaow ef al, 2002). These
treatments have good removal efficiency but still generate malodor. To our knowledge
this wastewater has not yet been treated with an anaerobic reactor, a close system that
may help solve the malodor problem. In addition methane generates from the reactor can
also become a useful by product (Parawira ef al.,, 2004; Bjornsson ef al., 2004a). Some of
the developed BOD biosensors have been applied successfully to monitor anaerobic
processes such as the monitoring of the intermediate products of a two-stage anaerobic
reactor (Liu et al, 2004) and the BOD of effluent from a wastewater treatment plant
(Vaiopoulou et al., 2005). Therefore it would be an advantage if we could develop and
apply such a BOD sensor to monitor an anaerobic treatment process for the wastewater
from the concentrated latex process.

The objective of this work was to evaluate the possibility of monitoring an
anaerobic treatment process for wastewater from a concentrated latex processing plant
using a BOD-sensor with a sensor constructed with a mixed culture obtained from the

treatment ponds at the factory. Finally the constructed microbial sensor was applied for
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off-line and on-line tests of real wastewater samples from that latex processing plant and
from various other industrial activities in the region. The BOD values obtained from the
mictobial sensor were compared with those obtained from the conventional BOD:s

analyses.
5.2 Materials and methods
* 5.2.1 Biosensor system

5.2.1.1 Cell-based biosensor

Figure 5.1(a) shows the BOD cell-based biosensor flow injection system.
Aerated carrier buffer, 100 mM Tris-HCI pH 7.00, was continuously pumped (peristaltic
pump, Gilson, France) through a small reactor column (30 mm length x 3.0 mm inner
diameter), containing a consortium of immobilized cells, and then through a flow cell
before being sent to waste. Dissolved oxygen in the carrier solution was measured by a
Clark-type oxygen electrode (YSI Incoporated, Yellow Springs Instrument Co. Inc., USA)
to obtain the baseline. The oxygen electrode was placed inside a chamber in the middie of
a water insulation jacket used to control the temperature of the oxygen electrode (30 °C).
When a sample of wastewater (500 pl) was injected by means of an injection valve (VICI
Valco Europe, Switzerland) and then flowed through the reactor the cbncentration of
dissolved oxygen decreased because oxygen was consumed by the immobilized cells
during the degradation of organic matter. The response was recorded on a chart recorder
(Ross Recorders, USA). The change in concentration of dissolved oxygen is related to the

metabolic degradation of organic matter in the water by the immobilized mixed culture.
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Figure 5.1 Schematic diagram of the system used for on-line monitoring of an anaerobic

reactor consist of (a) BOD biosensor system (b) an anaerobic reactor,

5.2.1.2 Microorganisms

Activated sludge was collected from a wastewater treatment pond of a
rubber latex factory and was stored at 4.0 °C until it was used. Fifteen millilitres of
activated sludge were mixed with 150 m! of wastewater from the rubber latex factory ina
500 ml flask and the mixture was cultivated at room temperature on a rotary shaker (HL
instruments, Thailand) at 150 rpm for 24 hours, The cells were harvested by
centrifugation (15 min, 860 % g) (Dupont Instruments, USA), washed twice by
resuspending in 10 ml of saline solution (0.90% w/v NaCl (Carlo Erba, France)) and

centrifuged under the same conditions. Approximately 10 g of wet weight cells were
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obtained from each cultivation, This constituted the mixed culture later used for

constructing the biosensor.

5.2.1.3 Immobilization

. Cells vere enuapped maCa-alglnate gelaccmdmg e

described by Thavarungkul et al. (1991). Sodium alginate (Fluka AG, Switzerland), 0.30
g, in 10 ml saline solution was stirred for 15 min to obtain a thick uniform solution,
mixed with the appropriate amount of cells (see later) and stirred for another 10 min to
obtain a uniform mixture. A peristaltic pump was used to pump the mixture at a flow rate
of 4.0 ml min™ through an auto pipette tip (0.50-10 pl AxyGen,Inc., USA) into an
Erlenmeyer flask containing 0.10 M CaCly (Merck, Germany}) stirred at 400 rpm while a
gentle suction was applied at the neck of the flask using a water pump. The formed gel
beads with entrapped mixed culture of microbes were then sieved to obtain the selected
size fraction (see later). They were allowed to stabilize overnight in 0.10 M CaCl, at 4.0
°C. After washing with 0.10 M Tris-HCI buffer pH 7.0 containing 10 mM CaCl; 0.70 g of
the beads were packed into a reactor (30 mm length x 3.0 mm inner diameter). When not

in use the reactor was kept in 0.10 M Tris-HCI buffer pH 7.0 with 10 mM CaCl, at 4.0 °C.

5.2.1.4 Calibration solution

The stock solution used to calibrate the biosensor system was a synthetic
wastewater according to the recipe of OECD (Organisation for Economic Cooperation
and Development) (OECD, 1984), This was prepared with distilled water and contained
7.5 mg I peptone(Merck, Germany), 5.5 mg 1! beef extract(Merck, Germany), 1.5 mg It
urea (Riedel-de Haen, France), 0.35 mg I NaCl (Carlo Erba, France), 0.20 mg !
CaCly.2H,0 (Merck, Germany), 1.4 mg I KoHPO4 (AnalaR, England), 0.10 mg I
MgS04.7H,0 (J.T. Baker Inc., USA), 75 mg I! D-glucose (Riedel-de Haen, France) and
75 mg 1" glutamic acid (Merck, Germany) (Liu ef al., 2000). The BODs of this synthetic

wastewater was 160 % 5.0 mg 1" (n = 30). Calibration solutions were obtained by diluting
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this stock solution with Tris-ICI buffer. BOD value of each calibration solution was

tested by the standard BODs method (n = 3).

5.2.1.5 Optimization

* Parameters affecting the performances of the system were optimized and

these are summarized in Table 5.1. OECD synthetic wastewater with BOD values of
between 0.50-15 mg 1" were used in the optimization process. Initial conditions were a
flow rate of 0.50 ml min", gel bead size 1.00-1.75 mm with the amount of cells 3% w/v,
100 mM Tris-HCI buffer pH 7.00 containing 10 mM CaCl, was the carrier buffer.
Optimization was done by changing one parameter and keeping others constant. When an
optimum value was obtained it was used to optimize the next parameter. The optimum
conditions were considered to be those that produced a good balance between sensitivity

(slope of the calibration curve) and analysis time.

Table 5.1 Optimized parameters and values for the BOD biosensors

Parameter Value
Sample volume (ml) 0.50, 1.0, 1.5, 2.0
Flow rate (ml min™) 0.10, 0.20, 0.30, 0.40, 0.50

Gel bead size (diameter-mm)  0.50-1.00, 1.00-1.75, 1.75-2.00, 2.00-2.75, 2.75-3.00,
3.00-3.50, 3.50-3.75
Tris-HCI Buffer

pH 5.0,5.5,6.0,65,7.0
Concentration (mM) 25,50, 100, 150
Calcium chloride (mM) 5.0, 10, 15, 20, 25, 30, 35, 40

Amount of microorganisms in 1.0, 5.0, 7.0, 10, 15, 20

alginate solution (%w/v)
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5.2.1.6 Conventional BOD method
BODs of the OECD synthetic wastewater and all wastewater samples were
determined by the Standard BODs Method (APHA, 1992) describes in the appendix of
this chapter.

5.2.1.7 Real samples
The BOD of real samples was determined by the biosensor under optimum

conditions. Calibration of the system was done prior to the measurement using the OECD
synthetic wastewaters. The calibration curve was prepared by plotting the dissolved
oxygen change versus corresponding BOD values (mg 1), Samples were then injected
into the system, The change in dissolved oxygen of each sample was used to calculate the
BOD value from the calibration equation.

A total of 31 wastewater samples were collected from wastewater ponds
of several types of industries. These include eleven samples from a rubber latex factory,
one each from two hospitals, three from a transportation company, three from a car spare
parts manufacturer, four from a car wash company, three from a colour manufacturing
firm, three from a fish processing factory and two from an animal feed factory.

All samples were stored at 4 °C until they were tested by the BOD
biosensor and compared with the BODs standard method. The analysis of each sample
was carried out in triplicate. Solid particles were removed from all samples by filtration
before analysis (Whatman diameter 185 mm, Particle Retention 11 pm, Whatman

International Ltd Maidstone England).

5.2.2 Anaerobic reactor

A lab-scale glass reactor with an effective volume of 0.50 L (4.0 cm
internal diameter) was used for the treatment of wastewater (Figure 5.1(b)). The reactor
contained 400 ml of a 0.50-1.0 cm diameter Poraver® glass carrier (Dennert Poraver
Gmbh, Germany) used as a support, Sludge (300 ml) from a treatment pond at a rubber

latex factory was passed through a sieve with a pore size of 0.50 mm and used as the
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inoculum for the anaerobic reactor. The sludge was adapted for a period of two months
by feeding with 1.0 ml of anaerobic medium once a day. The concentrations of nutrients
in the medium were: D-glucose 10 g "', NH,C1100 g I, NaCl1 10 g I"', MgCL.61L,0 10 g
', CaCL.2IL0 5.0 g 1!, K;HPO, 152.6 g I, 50 ml NaHCO; 52 g I, FeCl.4H,0
NiCl,.6H;0 91.6 mg I, NaySeO3.5H,0 100 mg 1, ZnCly 50 mg 1, MnCl,.2H,0 41 mg
l", CoCly.6H,O 50 mg l'], EDTA 500 mg ', The reactor was operated at ambient
temperature (30-37 °C), sealed at the top with a rubber stopper to maintain anaerobic
condition. The first two months were only devoted to the microorganisms growth to
attach to the support and start multiplying. Then, wastewater sample was continuously
fed from the bottom to the top of the reactor using a peristaltic pump (Micro tube pump
MP-3, EYEL 4, TOKYO PIKAKIKAJ CO, LTD, Japan) where flow rates at 10, 20, 40
and 80 ml day™' were investigated, 30 days for each flow rate 120 days in total. These
flow rate correspond to hydraulic retention times (HRT, the average time a liquid
medium that continuously flows through a reactor stays within the reactor (IUPAC, 1997))
of approximately 50, 25, 12 and 6 days, respectively. Continuously during this operation
the liquid in the reactor was also recirculated at a constant flow rate of 20 ml day™ from

the top to the bottom of the reactor (Figure 5.1(b)).

5.2.3 The monitoring system
The performance of the anaerobic reactor with respect to reduction of
BOD of concentrated wastewater from an industry processing concentrated latex was

investigated.

5.2.3.1 Characteristics of wastewater
The latex industry wastewater used in the experiments was collected and

stored at 4 °C until used. The characteristics of the wastewater, i.e., BOD, COD, pH,
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suspended solids and total dissolved solids, before and after treatment by the anaerobic

reactor were analysed.

5.2.3.2 Off-line BOD monitoring analysis

The BOD content in wastewater was monitored prior to and after
treatment. The Influent was wastewater from the rubber latex factory and the effluent is
treated wastewater that came out from the anacrobic reactor after treatment (Figure
5.1(b)). These two samples were collected once a day, every day during the 120 days of
running the anaerobic reactor. They were stored at -20 °C until analysis. Before storage
the influent was filtered through a filter paper to remove suspended solids.

Influent and effluent samples of the anaerobic reactor operated at
Hydraulic Retention Times (HRTs) of 50 to 6 days were analyzed for their BOD using
standard method (BODs) (APHA, 1992) and biosensor (off-line Figure 5.1 at position 1).

5.2.3.3 On-line BOD monitoring analysis

The proposed on-line system for measuring BOD was also applied to test
the effluent from the reactor outlet during the first 60 days. Running buffer and effluent
were pumped through a three way valve (Figure 5.1 at position 2) into a mixing coil. A
dilution factor between 17 and 54 times can be adjusted by varying the flow rates of
effluent and running buffer lines. These dilution factors can be used to automatically
dilute sample that have BOD values between 180-300 mg I'' to fall within the linear
range of the biosensor system (see 5.3.2.1). The diluted sample passed though the
sampling loop of the injection valve where 1.0 ml was collected and injected into the
biosensor system. The response was used to calculate the BOD using a calibration curve
of standard solutions. BOD values obtained from this on-line biosensor system were then
compared with off-line values obtained from both the off-line biosensor system and the
BOD:; standard method. This online analysis was tested during the operation of the
anaerobic reactor at flow rates of 10 and 20 ml day™ (HRT of approximately 50 and 25
days), once a day (n=3).
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5.3 Results and discussion

5.3.1 The biosensor system

To optimize ecach operating condition (Table 5.1) four concentrations of

 synthetic wastewater with BOD values of between 0.50 and 15 mg I were tested and the -

sensitivities (slopes) of the calibration curves of different tested values were compared.

The one that gave the highest sensitivity was chosen as the optimum value.

5.3.1.1 Sample volume

The effect of sample volumes was investigated between 0.50 and 2.0 ml to obtain
the highest sensitivity with short analysis time. Each sample volume was tested with five
concentrations of synthetic wastewater with BOD between 0.50 and 4.0mgl"'. The sample
volume of 1.0 ml gave the highest sensitivity (Figure 5.2) with the analysis time between
25 and 30 min. At 1.5 and 2.0 ml the analysis time were longer with lower sensitivity.

Therefore a sample volume of 1,0 ml was chosen for further experiment.
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Figure 5.2 The effect of sample volume on the sensitivities of BOD calibration curve.
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5.3.1.2 Flow rate
In a flow injection analysis system, flow rate of the sample is one of the
parameters that can affect the response. For each flow rate four concentrations of

synthetic wastewater with BOD between 1.0 and 4.0 mg I'" were tested and the flow rate

of 020 ml min” gave the best sensitivity (Figure 5.3). At higher flow rate lower

responses and sensitivities were obtained. This was probably because the microbe had
less contact time with the wastewater sample and substrates might not incorporate into
the immobilized cells, hence, less reaction (Ikebukuro et al., 1996). On the other hand,
the lower flow rate of 0.10 ml min™ gave broad peaks and the analysis time was very
long, 30 and 35 min, This is because at very slow flow rate these is more dispersion of
the injected sample into the carrier buffer, and this will dilute the concentration of the

analytes, provide a broad peak and longer analysis time.
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Figure 5.3 The effect of flow rate on the sensitivities of BOD calibration curve.
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Different gel bead sizes were obtained by vary the flow rate of the

alginate-cells mixture passing though the pipette tip during the immobilization process.

Bead size was found to be dependent upon the flow rate of the fed alginate solution, The

effect of various bead sizes was studied (Table 5.1). For each gel bead size four

concentrations of synthetic wastewater with BOD between 3.0 and 15 mg I were tested.

The results showed that bead size 1.0-1.75 mm gave the highest sensitivity (Figute 5.4).
In the case of bigger bead sizes (1.75-2.00, 2.00-2.75, 2.75-3.00, 3.00-3.5 and 3.50-3.75

mm), low responses and sensitivity are probably due to less surface area. On the other

hand for smaller size (0.50-1.0 mm.), gel beads were tightly packed so it is difficult for

the sample to pass through.
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Figure 5.4 The effect of gel bead size on the sensitivities of BOD calibration curve.
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5.3.1.4 pH of buffer solution

pH can affect the activity of cells, i.e. they can become inactive at too high
or too low pH (Han et al,, 2002; Jia et al,, 2003). The effect of the pH of 100 mM Tris-
HCI buffer with 10 mM CaCl; was investigated between pH 5 and 7. For each pH five

The sensitivity increased with the pH and gave a maximum at pH 6.5 and then decreased
(Figure 5.5). This may be because pH 6.5 is closed to the concentrated rubber latex

factory wastewater of 6.3+0.40 where these cells live.
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Figure 5.5 The effect of pH of buffer solution on the sensitivities of BOD calibration

curve,

5.3.1.5 Buffer concentration

The effect of ionic strength on the response can be investigated by study
the effect of difference concentrations of buffer solution (Wu et al,, 2004; Wu ef al,
2005). Four concentration of Tris-HCI buffer were investigated. For each concentration
four concentrations of synthetic wastewater with BOD between 1.0 and 15.0 mg 1" were

tested. At 50 mM, the highest sensitivity was obtained (Figure 5.6). This may be due fo

concentrations of synthetic wastewater with BOD between 1.0 and 5.0 mg 1" were tested. |
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ionic strength or ionic concentration in the buffer solution effect to cell’s activity (Tan
and Qian, 1997). The observation that the mechanism for bacterial attachment differs
when the electrolyte concentration is changed which has been reported previously in

studies of the effects of different ionic strengths on bacteria adhesion (Zita and

~ Hermansson, 1994). Moreover, Moghadam and coworkers (2005) investigated the effect

of ionic strength on settling of activated sludge. Showed that reversible increased with
adhesion of bacteria to a surface increased with increasing electrolyte concentration and
finally reached 100 mM. Our results agree well with this finding result, indicating that

there are similar mechanisms involved in the maintenance of an activated sludge.
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Figure 5.6 The effect of buffer concentration on the sensitivitics of BOD calibration

curve.

5.3.1.6 Calcium chloride in buffer solution

Calcium chloride has a significant effect on the gelling behaviour of
alginate (Adinarayana ef al., 2004). However, it is an inorganic salt which can also affect
the activity of immobilized microorganisms (Jia ef a/., 2003). Therefore, the effect of the
calcium chloride concentrations in buffer solution was investigated. Four concentrations

of synthetic wastewater with BOD between 1.0 and 4.0 mg I were tested, The sensitivity
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of the BOD biosensor first increase with CaCl, concentration reaches a maximum at 20

mM and then decreased (Figure 5.7).
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Figure 5.7 The effect of CaCl, concentration on the sensitivities of BOD calibration

curve,

5.3.1.7 The amount of microorganisms

As the magnitude of the sensor signal is related to the amount of
biological sensing element (Reshetilov ef al.,, 2001), the dependence of signal amplitude
on the amount of immobilized microorganisms need to be studied. The effect of the
amount of microorganisms was investigated at 1.0, 5.0, 7.0, 10, 15 and 20% w/v wet
weigh of microorganisms per volume of alginate solution. Six concentration of synthetic
wastewater with BOD between 0.5 and 15.0 mg 1" were tested. The results showed that
the sensitivity of the biosensor increased with the amount of microorganisms and 15%
w/v gave the highest sensitivity (Figure 5.8). At 20% w/v, the permeability of dissolved
oxygen may have been limited, because the density of the cells in the beads was too high

(Soha ef al., 1995).
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Figure 5.8 The effect of the amount of microorganisms flow rate on the sensitivities of

BOD calibration curve.

Optimum conditions of all parameters are summarized in Table 5.2

Table 5.2 Optimum values of biosensor operating conditions.

Parameter Optimum
Sample volume (ml) 1.0
Flow rate (ml min™) 0.20
Gel bead size (diameter-mm) 1.00-1.75
Tris-HC] Buffer
pH 6.5
Concentration (mM) 100
Calcium chloride (mM) 20

Amount of microorganisms in alginate solution 15

(Yow/v)




83

5.3.2 Performance characteristics of the BOD biosensor system
Using the obtained optimum conditions (Table 5.2) performance

characteristics of the BOD biosensor were studied,

T e o o

The collected sludge was cultivated at different time interval over a 3
months period. Each cultivated mixed culture was used to prepare gel beads for one
column. In total 17 different columns were prepared and tested in the biosensor system.
The responses of the biosensor system were investigated using OECD standard
wastewater with BOD values in the range 1.0 to 100 mg I'!. The linear ranges were
between 2.0-25 and 5.0-60 mg 17 (Table 5.3). Since preparation conditions were the same
the difference in the sensitivity and linear range of each column can only be attributed to
the different activity of the mixed culture in each preparation. Hence system calibrations,
using standard solutions, were generally performed before sample analysis. Average peak
height from 20 blank injections was used to calculate the limit of detection (LOD) using
the ITUPAC method (S/N >3) (Long ef al., 1983) and was found to be 0.20 mg I, The

analysis time was around 10-15 min.
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Table 5.3 Summary of the linear range and limits of detection (LOD) for 17 different

columns in the biosensor system,

Linear equation Linear ) 1
Column P R LOD (mgl™)
y(mV),x(mgl") range
1 y= (2.504+0.37)x-(2.26+0.76) 2.0-35 0.9889 | 0.18
2 y=(2.53+0.11)x-(2.49+0.85) 2.0-35 0.9989 | 0.18
3 y=(2.59+£0.17)x-(2.24+0.12) 2.0-35 0.9961 {0.19
4 y=(3.24+0.81)x-(12.63+5.30) 5.0-60 0.9959 | 0.19
5 y=(3.28+0.82)x-(13.88+5.31) 5.0-60 0.9947 {0.19
6 y= (3.31+0.78)x-(14.89+5.06) 5.0-60 0.9936 ]0.19
7 y=(3.264+0.93)x-(12.28+6.03) 5.0-60 0.9917 | 0.19
8 y=(3.09+1.06)x-(1.99+0.54) 3.0-30 0.9805 | 0.20
9 y=(2.88+0.75)x-(6.41£3.69) 3.0-30 0.9848 | 0.19
10 y=(1.63+£0.21)x-(1.30+£0.76) 3.0-30 0.9907 |0.19
11 y= (0.98+£0.07)x-(1.404+1.67) 2.0-50 0.9946 | 0.22
12 y=(1.11£0.27)x-(9.17£1.25) 2.0-25 0.9820 | 0.20
13 y=(1.854£0.24)x-(2.56+1.10) 2.0-25 0.9884 | 0.21
14 y= (1.85+0.51)x-(2.56+0.78) 2.0-25 0.9984 {0.19
15 y=(0.98+0.07)x-(1.40+0.67) 2.0-50 0.9946 |0.19
16 y=(0.91+£0.12)x-(1.28+0.56) 2.0-50 0.9946 | 0.19
17 y=(111£0.27)x-(9.17£1.25) 5.0-30 0.9820 | 0.19
5.3.2.2 Repeatability

The repeatability of the sensor was studied by injecting 1.0 ml of 5.0
mg 1! BOD of OECD synthetic wastewater standard solution 20 times over 15 hours, In
this time the sensor gave a fairly constant response, (43.5 £ 1.7 mV), during the testing
period with a relative standard deviation of £+ 3.9 % (Figure 5.9). The repeatability of
some previously reported BOD sensors varies from £2.4% to +10% for the single-strain

sensors (Liu and Mattiasson, 2002) and +1.3% to £12.4% for multi-strain based sensors
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The operational stability of previously reported biosensors varied widely
depending on the sensor configuration, the microbes used, the immobilization method
and the operational conditions (Liu and Mattiasson, 2002). The stability can be about a
week (Liu et al., 2004b), a month (Renneberg ef al., 2004; Kwon ef al., 2005) or up to a

few months (Vaiopoulou ef al., 2005). For our system the sensor can be applied forat

least 15 days. If a longer operation time is required changing the column containing the

immobilized cells is quite straightforward.
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Figure 5.10 The stability of the sensor (n=3) showing the responses to 1.0 ml of
5.0 mg 1" BOD of OECD synthetic wastewater.
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5.3.3 Estimation of BOD in samples of different origin
Wastewater samples from different origin were analyzed by the BOD
biosensor and BODs standard method. The results are shown in Table 5.4. While there

was good agreement between values from the biosensor and BODs-methods for samples

~ from the rubber latex factory (number 1-11), it was clear that analytical results on

samples from other sources showed pronounced differences between the two methods.
These differences are possible to explain when considering the fact that the biosensor is
constructed from a mixed culture that has been growing in one of the treatment ponds at
the factory. The mixed culture thus has adapted to that specific wastewater. However,
other wastewaters may contain chemicals that the cells are not adapted to deal with and
therefore, the short analysis time used for the biosensor is not sufficient for degradation
to take place. Therefore, larger differences are observed between the biosensor response
and that from the longer incubation, the BODs. It is also possible that some
macromolecules might be in the samples and the cells need longer time for digestion. To
test this hypothesis some chemicals used at these other factories from where wastewater
was collected were added into the wastewater from concentrated rubber latex production
and tested with both methods. The results in Figure 5.11 confirm that in the presence of
molecules normally not present in the concentrated latex wastewater BOD values
obtained from biosensor were lower than those from the BODs-analysis since in the latter

the microbes have longer time for metabolizing these compounds.
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Table 5.4 Comparison of BOD values estimated by biosensor and the BODs standard

method (APHA, 1992) for wastewater samples (n=3) of different origin. Percentage
difference is calculated from (biosensor-BODs)*100/BOD:s,

Biosensor BOD;
~{ Number_{ Sample .| (mgt! Amg Yy o

1 rubber trap pondi 5306 5606 -5.4
2 rubber trap pond?2 640+ 10 70046 -8.6
3 rubber trap pond3 810+6 880+ 10 -8.0
4 rubber trap pond4 9240+ 6 1,000 £ 0 -0.0
5 aerobic pond| 1,120+ 6 130+ 6 -0.88
6 aerobic pond2 239046 2,500+ 6 -4.4
7 acrobic pond3 3970+ 6 4,200+ 10 -5.5
8 stabilization pondl 4,260+ 6 4,300+ 10 -0.93
9 stabilization pond} 4,030+ 6 4,200 % 100 -4,0
10 stabilization pond 1 4,120+ 6 4,230+ 10 -2.0
11 stabilization pond1 4,140 %6 4,200+ 6 -1.4
12 Hospitall 6.48 + 0.03 6.60 = 0.08 -1.8
13 Hospital2 1.68+0.02 |2.0+£0.1 -16
14 car transport|! 20.00+£0.08 | 251 -20
15 car transport2 194402 20.5+£05 -5.3
16 car transport3 19.5+04 254 1 -22
17 a car spare paris! 19.7+£0.2 25%1 -21
18 a car spare paits2 21.0£0.2 2541 -16
19 a car spare parts3 19.54+0.3 2442 -17
20 car wash company! 19.5+0.3 23.5+0.5 -17
21 car wash company?2 20,04 0.5 24.8 £ 0.7 -19
22 car wash company3 19.5+0.3 249+0.5 -22
23 car wash company4 22,8+40.2 25+ 1 -8.8
24 color manufacturing] | 4.6+0.2 50+ 0.5 -8.8
25 color manufacturing2 {4.6+0.3 540 -7.6
26 color manufacturingd3 | 22.9+ 0.1 46.0 £ 0.1 -50
27 instant food product! | 10.6 0.5 12+£2 -12
28 instant food product2 | 14.0+ 0.1 21+1 -33
29 instant food product3 | 53 &1 63 +2 -15
30 animal feed factoryl 20.7+ 0.3 26+3 -20
31 animal feed factory2 13+ 1 17£2 -19

% Difference |
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Figure 5.11 Comparison of BOD values (n=3) from BOD;s and Biosensor from 5 mg I
BOD of OECD synthetic wastewater with and without (blank) added

chemicals.

5.3.4 The anaerobie reactor

Wastewater was collected from a factory where the main production is
concentrated latex. In the process field latex is centrifuged to separate two fractions of the
latex from each other, i.e. the upper cream phase and the lower skim phase. The cream
phase, concentrated latex, contains about 60% rubber content. Although the skim phase is
mainly aqueous (serum) it still contains as much as 10% rubber material (Rippel ef al.,
2003). The small rubber content in the skim phase is coagulated by acid then goes
through several steps to remove the water inside, Then it is either pressed to produced the
skim block or creep through a pair of driven rolls to create the skim crepe
(Wongniramaikul, 2006). The combined wastewater from the two processes generally
contains high level of suspended solid, from the concentrated latex process, as well as
high level of BOD;s and COD, mainly from the skim crepe process due to the high

content of organic constituents in the serum (Wongniramaikul, 2006). The wastewater is
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also contaminated with different kind of impurities including rubber fragments and
chemicals. The efficiency of the anaerobic reactor was investigated and during the 120
days of operations BOD, COD and pH were tested daily while suspended solids and total
dissolved solids were tested every 5-6 days. The characteristics of the performance of the

~ bioreactor are summarized in Table 5.5,

Table 5.5 Performance of the anaerobic reactor.

Hydraulie Organic COD BOD removal efficiency (%)
Flow rate Retention Loading removal
aah Time(HRT) | Rate(OLR)yield | efficiency | Diosensor |  BOD;
(day) (2COD I'd™) (%) (%) (%)

0.01 50 02 9542 96.1 £0.2 {96202
0.02 25 0.4 87+4 954+03 [953+03
0.04 12 0.8 807 91.5+0.5 {91.4+0.5
0.08 6 1.6 4117 47+3 47+3

5.3.4.1 BOD monitoring system

5.3.4.1.1 Off-line monitering

A total of 240 samples, 120 influent samples and 120 effluent samples (30
samples per each flow rate) were tested. Influent samples were analyzed after diluting the
samples 50-200 times. A hundred and twenty effluent samples from the reactor when
operated at flow rates of 10 to 80 ml day™ were also analyzed after proper dilution, BOD
values of the influent samples from both the BODs standard method and biosensor were
shown in Figure 5,12(a). BODs and biosensor gave BOD values in the range of 6,070-
6,430 mg 1" and 5,820-6,090 mg I, respectively. Between day 1 and 120, effluent
samples were also analyzed off-line. The results showed that analyses using BODs and
biosensor gave BOD in the range of 220-3,480 mg I and 200-3,300 mg 1", respectively
(Figure 5.12(b)). The anaerobic bioreactor showed efficient BOD-reduction at high HRT
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(low flow rate) (Figure 5.12(¢)). Percentage differences between results from the off-line
biosensor and the BOD;s standard method for influent and effluent samples were -5.2 £1.6
and -4.4 +2.2%, whereas % difference of previously reported biosensors varied in the
ranges of 0.10-27.30% (Tan and Lim, 2005), 2.2-9.0% (Jia e a/., 2003) and 0.10-43.00%

 Rastogieal, 2003, R
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Figure 5.12 BOD values from BODs standard method and biosensor methods. Biosensor
results in (a) and (b) were analysed off-line. Percentages BOD reduction are

shown in (¢) where the data were plotted at 5 day intervals.
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5.3.4.1.2 On-line monitoring
For the off-line system, samples have to be manually collected, diluted
and injected to the biosensor system. When the biosensor system is applied for on-line

monitoring of the anaerobic treatment process, the samples are automatically loaded.

~ This was done by connecting the biosensor system to the effluent of the treatment process

using a three-way valve (Figure 5.1). The effluent samples were automatically diluted
with buffer solution in a mixing coil (Figure 5.1(a) at position 2). Since the dilution factor
of the system was limited by the tube size and the speed of the pump it could only be
between 17 and 54 times. Therefore, it can only be used with wastewater with not so
high BOD and this system might be suitable for the determination of BOD which is less
than 300 mg I”'. The on-line system was used to analyze 30 effluent samples per each
hydraulic retention time (HRT) when the reactor was operated at HRT approximately 2.5
and 50 days. The BOD;s and biosensor gave BOD values in the range of 220-300 mg It
and 200-290 mg I, respectively.

A regression line was used to compare between biosensor (off-line) versus
BOD;s and biosensor (off-ling) versus biosensor (on-line). The comparison between
biosensor (off-line) and BODs (Figure 5.13(a)) shows that the values obtained from the
biosensor ate about 5.0% less than the BODs. This is because the short analysis time of
the biosensor (10-15 min) cannot assimilate some hard to degrade compounds while the
BOD; standard method has a much longer incubation time. For the comparison between
BOD from biosensor operated off-line and on-line, the results show practically the same

values (Figure 5.13(b)).
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Figure 5.13 Regression line to compare between (a) biosensor (off-line) and BODs, (b)

between biosensor {(off-line) and biosensor (on-line).

5.3.4.2 Determination of COD

The influent and effluent samples were collected once a day, analyzed for

COD and the results were calculated in terms of %COD reduction as shown in Figure
5.14. At a low flow rate of 10 ml day” (HIRT approximately 50 days) the percentage
COD reduction was constant at 97% for the first 20 days and decreased slightly to about
90% after that. When the flow rate was increased to 20 mi day” (HRT approximately 25
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days) the percentage of COD reduction decreased to 85% during the first few days and
increased to a stable vatue around 87%. At 40 ml day™ (HRT approximately 12 days)
initially there was no change in percentage of COD reduction. It remained around 87%

for 10 days and then decreased slightly to be around 75%. At 80 ml day' (HRT

“approximately 6 days), percentage of COD decreased rapidly from 75% to 21%. From

the results it shows that the studied lab scale reactor can operate sufficiently at HRTs
down to 25 or maybe 12, but not at HRT of 6 days where reactor performance is
influenced both by the ability of the organisms to deal with the substrate fed to them, and

also with potential risk of wash-out of the reactor.
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Figure 5.14 Percentage COD reduction of the anaerobic reactor at different flow rates of

influent,

5.3.4.3 Determination of pH
pH of the wastewater was around 6.3 before treatment and it raised to

almost 8.0 after passage through the anaerobic reactor (Figure 5.15). When the influent
passes through the reactor the various acids are degraded by the microbes resulting in the

decrease of these acids (Wongniramaikul, 2006) and hence the increase in pH. This is in
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agreement with other previous investigations where the treated wastewater gave an

increase in pH (Rakkoed ef al., 1999; Kaewyod, 1997; Anotai et al., 2007).
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Figure 5.15 pH of effluents of the anacrobic reactor at different flow rates of influent.

5.3.5 Other characteristics of wastewater

Suspended solids (SS) and total dissolved solids (TSD) of influent and
effluent samples were also analyzed. As shown in Table 5.5 SS of raw wastewater is
5,500 + 120 mg 1", Most of the suspended solids came from the latex process. A possible
minor source could be the release during the skim crepe process, a by-product from the
production of the concentrated latex when acid was added to coagulate the rubber particle
(Wongniramaikul, 2006). After treatment the reduction of SS in the wastewater depended
on the hydraulic retention times used (Table 5.5). That is, with the anaerobic reactor the
rubber particles could be separated from the liquid and this contributed to reduce the
content of suspended solids. Total dissolved solids (TDS) were also reduced by the
anacrobic treatment,

Treatment of wastewater at flow rate 10 ml day' gave the best results
(Table 5.5). The pH value of 8.7+0.1 is quite acceptable, however, the other parameters

still did not meet the required value (Ministry of Science, Technology and Environmental,
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Thailand, 1996) (Table 5.5). The use of another reactor where the feed is the effluent

from this first reactor would help to increase the treatment efficiency.
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5.4 Conclusions
A microbial BOD sensor was developed by using an oxygen electrode as
the transducer and mixed culture of activated sludge from a concentrated rubber latex

production as the biological sensing element. The biosensor was applied to monitor the

BOD of wastewater, The sensor showed good performance, wide linear range, good

repeatability and long term stability.

An anaerobic reactor treatment process was applied to treat the wastewater
from the concentrated latex process. The performance of the anaerobic reactor was
studied by feeding wastewater at different flow rates. At 10 ml day' the highest
efficiency was obtained with percentage of COD and BOD reduction up to 97%. This is
similar to those reported using stabilization pond system with aerobic treatments
where %COD and %BOD reduction in the range 97-99% (Rakkoed ef al., 1999; Anotai
et al., 2007). This treatment process showed good efficiency for high strength wastewater
but most parameters still exceeded the required values of discharged wastewater. The
treatment efficiency might be increased by feeding the effluent back to the same reactor
or to another reactor at the lowest flow rate.

The biosensor system that was employed to monitor the performance of
the anaerobic reactor show that off-line and on-line assays could be carried out with short
analysis time, The microbial BOD biosensor system has proven to be a suitable

monitoring sensor for concentrated wastewater samples from the rubber latex process.
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Biochemical oxygen demand (BODs) standard method, (APHA, 1998)

1. General Discussion

a. Principle: The method consists of filling a bottle of the specified size
~ with sample to overflowing making it airtight and incubating it at the specified
temperature for 5 days. Dissolved oxygen is measured initially and after incubation, and
the BOD is computed from the difference between initial and final DO. Because the
initial DO is determined shortly after the dilution is made, all oxygen uptake occurring
after this measurement is included in the BOD measurement.

b. Sampling and storage: Samples for BOD analysis may degrade
significantly during storage between collection and analysis, resulting in low BOD
values. Minimize reduction of BOD by analyzing samples promptly or by cooling it to
near-freezing temperature during storage. However, even at low temperature, keep the
holding time to a minimum. Warm chilled samples to 20 + 3°C before analysis.

1) Grab samples — If analysis is begun within 2 h of collection, cold
storage is unnecessary. If analysis is not started within 2 h of sample collection, keep
sample at or below 4°C from the time of collection. Begin analysis within 6 h of
collection; when this is not possible because the sampling site is distant from the
laboratory, store at or below 4°C and report length and temperature of storage with the
results. In no case start analysis more than 24 h after collection of a grab sample. When
samples are to be used for regulatory purposes make every effort to deliver samples for
analysis within 6 h of collection.

2} Composite samples — Keep samples at or below 4°C during
compositing, Limit compositing period to 24 h. Use the same criteria as for the storage of
grab samples, starting the measurement of the holding time from the end of the

compositing period. State storage time and conditions as part of the results.
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2. Apparatus
a. Incubation bottles: Use 300-ml glass bottles bottles (Figure 5.15)
having a ground-glass stopper and a flared mouth are preferred. Clean bottles with a

detergent, rinse thoroughly, and drain before use. As a precaution against drawing air into

 the dilution bottle during incubation, use a water seal. Obtain satisfactory water seals by

inverting bottles in a water bath or by adding water to the flated mouth of the special
BOD bottles. Place a paper or plastic cup or foil cap over flared mouth of bottle to reduce

evaporation of the water seal during incubation.

Figure 5.16 The 300 mi BOD bottle

b. Air incubator, thermostatically controlled at 20 + 1°C. Exclude all light
to prevent possibility of photosynthetic production of DO.

3. Reagents

Prepare reagents in advance but discard if there is any sign of precipitation
or biological growth in the stock bottles, Commercial equivalents of these reagents are
acceptable and different stock concentrations may be used if doses are adjusted
proportionally.

a. Phosphate buffer solution: Dissolve 8.5 g KH,PO4 (AnalaR, Englang),
21.75 g KoHPO, (AnalaR, Englang), 33.4 g NaHPO4 7110 (Merck, Germany), and 1.7 g
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NH4Cl (Merck, Germany) in about 500 ml distilled water and dilute to 1 L. The pH

should be 7.2 without further adjustment. Alternatively, dissolve 42.5 g KH;PO4

(AnalaR, Englang) in about 700 ml distilled water. Adjust pH to 7.2 with 30% NaOH
(Merck, Germany) and dilute to 1 L.

~ b. Magnesium sulfate solution: Dissolve 22.5 g MgSO47H,0 (Merck,

Germany) in distilled water and dilute to 1 L.

e. Calcium chloride solution: Dissolve 27.5 g CaCl, (Merck, Germany) in
distilled water and dilute to 1 L.

d. Ferric chioride solution: Dissolve 0.25 g FeCl;6H,0 (J.T. Baker Inc.,
USA) in distilled water and dilute to 1 L.

e. Acid and alkali solutions, 1N, for neutralization of caustic or acid waste
samples.

1) Acid — Slowly while stirring, add 28 ml conc sulfuric acid (J.T. Baker
Inc., USA) to distilled water, Dilute to 1 L.

2) Alkali — Dissolve 40 g NaOH (Merck, Germany) in distilled water.
Dilute to 1 L.

- Sodium sulfite solution: Dissolve 1.575 g Na,SO; (Merck, Germany) in
1000 ml distilled water. This solution is not stable; prepare daily.

g. Glucose-glitamic acid solution: Dry reagent-grade glucose Riedel-de
Haen, France) and reagent-grade glutamic acid (Merck, Germany) at 103°C for 1 h. Add
150 mg dried glucose and 150 mg dried glutamic acid to distilled water and dilute to 1 L.
Prepare fresh immediately before use,

h. Ammonium chloride solution: Dissolve 1,15 g NHsCl (Merck,
Germany) in about 500 ml distilled water, adjust pH to 7.2 with NaOH solution, and
dilute to 1 L. Solution contains 0.3 mg N/ml.

i. Dilution water: Use demineralized, distilled or natural water for making

sample dilutions,
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4, Procedure
a. Preparation of dilution water: Place desired volume of water in a

suitable bottle and add 1 ml each of phosphate buffer, MgSO4 (J.T. Baker Inc., USA),

CaCl;, and FeCl; solutions/I. of water, Test dilution water as described in dilution water

 blank so that water of assured quality always is on hand.

Before use bring dilution water temperature to 20 + 3°C. Saturate with DO
by shaking in a partially filled bottle or by aerating with organic-free filtered air.
Alternatively, store in cotton-plugged bottles long enough for water to become saturated
with DO, Protect water quality by using clean glassware, tubing, and bottles.

b. Dilution water storage: Source water may be stored before use as long
as the prepared dilution water meets quality control criteria in the dilution water blank.
Such storage may improve the quality of some source waters but may allow biological
growth to cause deterioration in others, Preferably do not store prepared dilution water
for more than 24 h after adding nutrients, minerals, and buffer unless dilution water
blanks consistently meet quality control limits. Discard stored source water if dilution
water blank shows more than 0.2 mg/L DO depletion in 5 days.

c. Glucose-glutamic acid check: Because the BOD test is a bioassay its
results can be influenced greatly by the presence of toxicants or by use of a poor seeding
material. Distilled waters frequently are contaminated with copper; some sewage seeds
are relatively inactive. Low results always are obtained with such seeds and waters.
Periodically check dilution water quality, seed effectiveness, and analytical technique by
making BOD measurements on a mixture of 150 mg glucose/L, and 150 mg glutamic
acid/L as a "standard" check solution. Glucose has an exceptionally high and variable
oxidation rate but when it is used with glutamic acid, the oxidation rate is stabilized and
is similar to that obtained with many municipal wastes. Alternatively, if a particular
wastewater contains an identifiable major constituent that contributes to the BOD, use
this compound in place of the glucose-glutamic acid.

d. Sample pretreatment: Check pH of all samples before testing unless

previous experience indicates that pH is within the acceptable range.
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1) Samples containing caustic alkalinity (pH > 8.5) or acidity (pH < 6.0} -
Neutralize samples to pH 6.5 to 7.5 with a solution of sulfuric acid (H2SO4) or sodium

hydroxide (NaOH) of such strength that the quantity of reagent does not dilute the sample

by more than 0.5%. The pH of dilution water should not be affected by the lowest sample

i

2) Sample temperature adjustment - Bring samples to 20 = 1°C before
making dilutions.

e. Dilution technique: Make several dilutions of sample that will result in a
residual DO of at least 1 mg/LL and a DO uptake of at least 2 mg/l. after a S-day
incubation. Five dilutions are recommended unless experience with a particular sample
shows that use of a smaller number of dilutions produces at least two bottles giving
acceptable minimum DO depletion and residual limits. A more rapid analysis, such as
COD, may be correlated approximately with BOD and serve as a guide in selecting
dilutions. In the absence of prior knowledge, use the following dilutions: 0.0 to 1.0% for
strong industrial wastes, 1 to 5% for raw and settled wastewater, 5 to 25% for
biologically treated effluent, and 25 to100% for polluted river waters.

Prepare dilutions in graduated beaker glassware, and then transfer to BOD
bottles. Either dilution method can be combined with any DO measurement technique.
The number of bottles to be prepared for each dilution depends on the DO technique and
the number of replicates desired.

1) Dilutions prepared directly in BOD bottles - Using a wide-tip
volumetric pipet, add the desired sample volume to individual BOD bottles of known
capacity. Add appropriate amounts of seed material either to the individual BOD bottles
or to the dilution water. Fill bottles with enough dilution water, seeded if necessary, so
that insertion of the stopper will displace all air, leaving no bubbles. For dilutions greater
than 1:100 make a primary dilution in a graduated cylinder before making the final
dilution in the bottle. When using titrimetric iodometric methods for DO measurements,
prepare two bottles at each dilution. Determine the initial DO on one bottle. Stopper

second bottle tightly, water-seal, and incubate for 5 day at 20°C. If the membrane
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electrode method is used for DO measurement, prepare only one BOD bottle for each

dilution, Determine initial DO on this bottle and replace any displaced contents with

dilution water to fill the bottle. Stopper tightly, water-seal, and incubate for 5 day at
20°C.

~ Use of the azide modification of the iodometric method is explained

below.

Reagents of the iadometric method

a. Manganous sulfate solution: Dissolve 480 g MnSO4411,0, in distilled
water, filter, and dilute to 1 L. The MnSO, solution should not give a color with starch
when added to an acidified potassium iodide (KI) solution,

b. Alkali-iodide—azi_de reagent:

1) For saturated or less-than-saturated samples—Dissolve 500 g NaOH
and 135 g Nal (or 150 g K1) in distilled water and dilute to 1 L. Add 10 g NaNj dissolved
in 40 ml distilled water. Potassium and sodium salts may be used interchangeably. This
reagent should not give a color with starch sofution when diluted and acidified.

2) For supersaturated samples—Dissolve 10 g NaN; in 500 mi distilled
water. Add 480 g sodium hydroxide (NaOH) and 750 g sodium iodide (Nal), and stir
until dissolved. There will be a white twrbidity due to sodium carbonate (Na;COs), but
this will do no harm.

c. Sulfiric acid, HySO4, conc: One milliliter is equivalent to about 3 ml
alkali-iodide-azide reagent.

d. Starch: Use either an aqueous solution or soluble starch powder
mixtures.

To prepare an aqueous solution, dissolve 2 g laboratory-grade soluble
starch and 0.2 g salicylic acid, as a preservative, in 100 ml hot distilled water.

e. Standard sodium thiosulfate titrant: Dissolve 6.205 g Na;S;035H,0 in
distilled water. Add 1.5 ml 6N NaOH or 0.4 g solid NaOH and dilute to 1000 ml.

Standardize with bi-iodate solution.
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/- Standard potassium bi-iodate solution, 0.0021M: Dissolve 812.4 mg
KH(IO;); in distilled water and dilute to 1000 ml.

3, Procedure of the todometric method

R T sample collocted in a 250- 1o 300-ml bottle, add 1 mi MaSO;

solution, followed by 1 ml alkali-iodide-azide reagent. If pipettes are dipped into sample,
rinse them before returning them to reagent bottles. Alternatively, hold pipette tips just
above the liquid surface when adding reagents. Stopper carefully to exclude air bubbles
and mix by inverting the bottle a few times. When precipitate has settled sufficiently (to
approximately half the bottle volume) to leave a clear supernatant above the manganese
hydroxide floc, add 1.0 ml conc HySO,. Re-stopper and mix by inverting several times
until dissolution is complete. Titrate a volume corresponding to 200 ml of the original
sample after correction for sample loss by displacement with reagents, Thus, for a total of
2 ml (1 ml each) of MnSO4 and alkali-iodide-azide reagents in a 300-ml bottle, titrate
200 x 300/(300 - 2) =201 ml.

b. Titrate with 0.025M Na,S,0; solution to a pale straw color. Add a few
drops of starch solution and continue titration to first disappearance of blue color. If end
point is overrun, back-titrate with 0.0021M bi-iodate solution added dropwise, or by
adding a measured volume of treated sample. Correct for the amount of bi-iodate solution
or sample, Disregard subsequent recolorations due to the catalytic effect of nitrite or to

traces of ferric salts that have not been complexed with fluoride.

4, Calculation of the iodometric method
a. For titration of a 200 m! sample, 1 ml 0.025M Na»S,0; = 1 mg DO/L.

5. Precision and Bias of the iodometric method
DO can be determined with a precision, expressed as a standard deviation,
of about 20 mg I in distilled water and about 60 mg I"' in wastewater and secondary

effluents. In the presence of appreciable interference, even with proper modifications, the
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standard deviation may be as high as 100 mg 1", Still greater errors may occur in testing
waters having organic suspended solids or heavy pollution. Avoid errors due to
carelessness in collecting samples, prolonging the completion of the test, or selecting an

unsuitable modification.

 f Determination of initial DO If the sample contains materials that react rapidly with

DO, determine initial DO immediately after filling the BOD bottle with diluted sample. If
rapid initial DO uptake is insignificant, the time period between preparing dilution and
measuring initial DO is not critical but should not exceed 30 min.

g. Dilution water blank: Use a dilution water blank as a rough check on the quality of
unseeded dilution water and cleanliness of incubation bottles. Together with each batch
of samples incubate a bottle of unseeded dilution water, The DO uptake should not be
more than 0.2 mg "' and preferably not more than 0.1 mg I"', Discard all dilution water
having a DO uptake greater than 0.2 mg I"' and either eliminate source of contamination
or select an alternate water source for dilution.

h. Incubation: Incubate at 20°C + 1°C BOD bottles containing the desired dilutions,

i. Determination of final DO: After 5 day incubation determine DO in sample dilutions

and that blanks were checked.

6. Calculation

For each test bottle meeting the 2.0-mg I"! minimum DO depletion and the 1.0- mg I

residual DO, calculate BODs as shown in equation 5.1:

BOD,,mgl™ = —Q';—Dz

(5.1)
where:

Dy = DO of diluted sample immediately after preparation, mg I

D, =DO of diluted sample after 5 d incubation at 20°C, mg I

P = decimal volumetric fraction of sample used,
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If more than one sample dilution meets the criteria of a residual DO of at least 1 mg I’
land a DO depletion of at least 2 mg ”and there is no evidence of toxicity at higher
sample concentrations or the existence of an obvious anomaly, average the results in the

acceptable range.

~In these calculations, do not make corrections for DO uptake by the dilution water

blank during incubation. This correction is unnecessary if the dilution water meets the
blank criteria stipulated above. If the dilution water does not meet these criteria, proper
corrections are difficult; do not record results or, as a minimum, mark them as not

meeting quality control criteria.




CHAPTER 6

Microbial fuel cell-based biosensor for fast analysis of

‘biodegradable organic matter

6.1 Introduction

The content of organic matter in wastewater is normally evaluated in
terms of biochemical oxygen demand (BOD). The conventional methods for BOD
analysis take 5 or 7 days incubation at 20+1 °C in the dark (APHA, 1992; SIS, 1979).
BODs and BOD; tests are good methods for evaluating water and wastewater quality. It
is a universal method of measuring most wastewater samples. No expensive equipment is
needed. It has, however, the limitation of being time consuming and also requiring
experience and skill to get reproducible resuits (Liu and Mattiasson, 2002). Thus, the
conventional BOD methods are not suitable for on-line monitoring and control of
biological wastewater treatment processes where a rapid feedback is essential. It is
therefore necessary to develop alternative methods that could give rapid measurements to
illustrate the dynamic changes in the treatment process.

Fast determination of BOD could be achieved by biosensor-based methods
and this has been a subject of several biosensors review articles (D'Souza, 2001; Liu and
Mattiasson, 2002; Lei ef al., 2006). Most of previously reported BOD biosensors can be
generally classified as bio-layer and respirometer type. Both types of sensor are based on
a respirometric principle (Liu and Mattiasson, 2002; Spanjers ef al., 1998). The sensor
response is expressed as the difference between two steady states or initial rate of change
in the dissolved oxygen concentration before and after addition of the sample solution.
Although there are several reports on developing oxygen electrode-based BOD
biosensors, this type of biosensor has many disadvantages, such as intrinsic limitation of
oxygen solubility in aqueous solution and short-term stability and calibration drift due to

the lysis of immobilized bacteria (Liu and Mattiasson, 2002; Kang et al., 2003). It is
109
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therefore of great interest to develop alternative methods for compensating these
shortages of existing BOD sensors for being operated under tough conditions and a
microbial fuel cell is seem as an interesting approach.

A microbial fuel cell (MFC) is a device that converts chemical energy to

 electrical energy with the aid. of the catalytic reaction of microorganisms (Jang ef al., |

2004). The MFC system often consists of an anaerobic compartment with a negative
electrode and an aerobic compartment with a positive electrode. Two compartments are
normally separated by a proton exchange membrane (PEM). In the anaerobic
compartment microorganisms oxidize substrate, e.g. oxidation of glucose results in
generating electrons and protons, as shown in equation (6.1) (Grzebyk and Poznian,
2004).

C H,,0, +6H,0 > 6CO, +24H" +24e” (6.1)

The generated protons migrate from the anaerobic compartment to the
aerobic compartment through the PEM. The produced electrons are transferred to the
anode and then pass through an external electric circuit to the cathode, where they reduce
oxygen to form H,O, as shown in equation (6.2).

4H" + 0, +4e” > 2H,0 (6.2)

The flow of electrons through the circuit forms current and can be
measured by a multi-meter. The overall reaction is the combustion of biodegradable
organic matter to carbon dioxide and water with electricity as a product (Jang ef al., 2004;
Bennetto, 1990; Kim et «l., 2004; Liu and Logan, 2004; Chaudhudi and Lovley, 2003).
Pure cultures of microorganisms, such as Shewanella putrefaciens (Kim ef al., 2002),
Clostridium butyricum (Park et al., 2001), Rhodoferax ferrireducens (Chaudhuri and
Lovley, 2003), Geobacter sulfurreducens (Bond and Lovley, 2003; Pham et al., 2003;
Teropoulos ef al,, 2005), Geobacter metallireducens (Min ef al., 2005), Escherichia coli
(Ieropoulos et al., 2005), Proteus vulgaris (Choi et al., 2003), have been used for MFC
construction. Mixed cultures, such as anaerobic sludge, have also been reported for MFC
construction (Min ef al., 2005; leropoulos et af., 2005). Many types of feedstock were

used as the substrate for MFC, such as starch (Niessen ef al., 2004), glucose (Bennetto,
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1990; Chaudhuri and Lovley, 2003; Niessen ef al., 2004; Choi et al., 2003), lactate (Kim
et al., 2002), cysteine (Logan et al., 2005) and wastewater (Gil ef al., 2003),

Beside the use of MFC to generate electricity the principle of MEFCs has

-also-been -applied to construct biosensors for fast BOD estimation; in-which a bielogical .- .|

sensing element (bacteria in the anode compartment) and a transducer (electrodes and
proton exchange membrane) are combined. Karube et al. (1977) developed a microbial
fuel cell BOD biosensor using the hydrogen produced by Clostridium butyricum
immobilized on the electrode, Following this work, several types of MFC-based BOD
biosensors have been developed such as MFCs with mediated electron transfer (Pasco ef
al., 2004; Chang ef al., 2005) and mediator-less MFCs (Chang er al., 2004; Moon ef al.,
2004; Kang et al., 2003; Kim ef al,, 2003; Gil et al., 2003). The MFC-based sensors have
the advantage that they have long-term stability (Kim ef /., 2003) and can be used
continuously for on-line wastewater monitoring (Chang ef al,, 2004). However, the
measuting time (i.e. response time -+ sensor recovery time) of these MFC-type BOD
sensors varies significantly from 1 hour up to several hours (Chang er al., 2004, Kang ef
al., 2003; Kim ef al,, 2003).

In this study, a novel design of a MFC-based sensor system was developed
for rapid estimation of content of organic matter where glucose was used as a preliminary
substrate to evaluate performance of the MFC sensor. The sensor system was operated
incorporating an anacrobic bioreactor for continuous supply of stable anaerobic
consortium. Replacement of bacteria in the anode compartment was carried out for each
sample analysis without using mediator. Therefore, a shorter measuring time is required
since there is no need to wait for the metabolic recovery of anacrobic consortium. The

sensor measurement was optimized and sensor characteristics were investigated.
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6.2 Materials and methods

6.2.1 Experimental setup
As illustrated in Figure 6.1, the measuring system consists of a single
“chamber MPC acting as a biosensor (Figure 6.1(a)), an anaerobic reactor that was
operated in continuous mode to provide a stable anaerobic consortium (Figure 6.1(b)),
and a computer-based data acquisition system to record the signal. The MFC was made
of glassware that had anaerobic and aerobic compartments separated by a piece of PEM
(5.0 x 5.0 cm, Nafion™ 117, Dupont Co., Wilmington, USA). The membrane was pre-
treated by immersing in 0.10 M HCI for 4 hours at room temperature. Graphite rods
(Spektralkolstav, diameter 0.90 % 30.5 cm, ISOAB, Germany) were used as the anode,
and a piece of graphite roll (Spektralkolstav, 1.0 em x 11 cm x 12 em, ISOAB, Germany)
was used as the cathode. The apparent surface areas of anode and cathode were 134 cm?
and 310 cm?, respectively. The volumes of anaerobic and aerobic compartments were 100
and 1,000 ml, respectively. Mixing was provided inside the anaerobic compartment by
using a magnetic stirrer to enhance the distribution of the substrate and mass transfer. The
acrobic compartment was continuously aerated with air pump for oxygen supply. An
external electrical circuit, through which the electrons were transported, connected the

anode and cathode. A variable resistor served as the load to the MFC,
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Figure 6.1 Schematic diagram of the MFC-type biosensor system (a) MFC biosensor

system (b) anaerobic reactor.

An anaerobic reactor had been operated continuously in this study to
provide bacteria consortium for MFC sensor system (Figure 6.1(b)). The reactor system
consists of a cylindrical column made from jacketed glass with a total volume of 2.5 I,
and a gas-liquid separation unit. The reactor temperature and the anode compartment
were kept at 37 °C by pumping heated water through the reactor jacket. The anaerobic
reactor was fed with 50 mM phosphate buffer (pH 7.5) at a flow rate of 0.70 ml min™!
through out the experiment to maintain a stable buffer capacity in the fermentation broth.
It was considered a stable anaerobic consortium should be induced under the operational
condition where type of feedstock, organic loading rate, temperature, alkalinity of the
fermentation broth and pH were kept stable over a period of months, This consortium,
originated from anaerobic sludge, was then used as biclogical recognition element in the

MFC sensor. The anaerobic reactor was integrated into the MFC sensor system as shown
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in Figure 6.1. For each sample analysis, 100 ml of fresh anaerobic sludge was pumped
into the anaerobic compartment of the MFC sensor from the anaerobic reactor. After the
sample was analyzed, the anaerobic sludge was then pumped back to the reactor. For an

intensive sample analysis, a slight drop of the reactor pH might occur due to the

formation of acidic compounds from the fermentatlonof 01gamcsubst1ates that were

transferred together with anaerobic studge from the MFC to the reactor. The anaerobic
reactor was then equipped with an automatic pH control unit using 560 mM NaHCOj; (pH

= 8.0) to maintain a stable pH at 7.5 through out the experiment.

6.2.2 Anaerobic inoculumn and chemieal

Anacrobic siudge which contained anaerobic consortium was collected
from a pilot-scale biogas reactor at Biogas Research Station (Anneberg, Sweden) and was
used as inoculum for a laboratory-scale anaerobic reactor. All chemicals used in this

study were analytical-reagent grade and all solutions were prepared with dejonized water.

6.2.3 Standard solution

A glucose standard solution, used as a preliminary substrate to evaluate
the performance of MFC sensor, was prepared by mixing D-glucose 10 g 1! with a basic
medium solution. The basic medium solution was prepared by mixing 10 ml I of the
solution 1 (NH4CI 100 g I"', NaCl 10 g I'', MgCl,.6H,0 10 g I, CaClL.2H,0 5 .0 g I')
and 2 ml I of the solution 2 (KoHPO4 152.6 g I'), 50 ml of 52 g I NaHCOj3 and 1 ml
the solution 3 (FeClL4ILO 2.4 g I, HiBO; 0.05 g I, CuCl.2H,0 0.040 g 17,
AICI3.6H,0 0.090 g I'', NiClo.6H;0 0.090 g I'', Na,Se03.511,0 0.10 g I, ZnCl, 0.050 g
11 MnCL.2H,0 0.040 g I, CoCl.6H,0 0.050 g I, EDTA 0.50 g 1'). The glucose
standard solution was used as the feedstock (10 ml day']) to the anaerobic reactor to

induce a stable anaerobic consortium.
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6.2.4 Analyses and signal recording
The closed-circuit potential (U) between the MFC anode and cathode
across the selected resistance was measured and recorded in selected sampling frequency
using an in-house developed computer-based data acquisition system. The resistance of
the electric circuit could be regulated from 0 up to 2,000 €. After each sample injection,
the potential signal increased until it reached a new steady state in 3-5 min. The response
was calculated as the difference between two steady state potential before and after the
sample injection. Current (I} could be calculated from the given resistance and the
measured cell potential (U), i.e. I = U /R, After each run fresh anaerobic sludge was
loaded. All sample analyses were carried out in ftriplicate and the mean values were

calculated.

6.3 Results and discussion

Figure 6.2 shows an example of the potential signal when injected 10 mi
of 25 g I'' glucose standard solution. In order to maximize the sensor signal and evaluate
the sensor performance, system optimization has been carried out, followed by a study on

the sensor characteristics.
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Figure 6.2 Response of MFC biosensor by injecting 10 ml of 25 g I'! glucose standard
solution. The microbial fuel cells were operated at 25 °C using 50 mM

phosphate buffer solution as the electrolyte electrolyte.
6.3.1 Optimization of MFC sensor measurement

6.3.1.1 External circuit load

The potential output from the MFC sensor was evaluated with gradually
increased circuit loads, from 50 to 1,200 Q. Ten millilitres of 10 g 1! glucose standard
solution was injected for each analysis. The cell potential increased with resistance until
800 Q, as shown in Figure 6.3. At higher resistance the sensor response started to
decrease. It is possible that high resistance limits electron disposal through the electric

circuit (Gil ef al., 2003). Therefore a resistor at 8§00 () was selected as the external circuit

load.
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Figure 6.3 Potential generations from microbial fuel cells with different values of
resistance with injecting 10 ml of 10 g 1"' glucose standard solution, The
microbial fuel cells were operated at 25 °C using 50 mM phosphate buffer
solution as the electrolyte electrolyte. 10 ml of glucose standard solution was

injected for each analysis (n=3).

6.3.1.2 Electrolyte

Electrolyte is a chemical compound that conducts ions between anode and
cathode compartment but it is impermeable to electrons (Fitzgerald R., 2001). The
microbial fuel cells were tested with different solution in the cathodic compartment, i.e.,
distilled water, NaCl solution (100 mM), phosphate buffer (50 mM), phosphate buffer
(50 mM) with NaCl (100 mM), phosphate buffer (25 mM) with NaCl (50 mM) and HCI
solution (10 mM), The highest sensor signal expressed as potential output at 800 £ was
observed for the catholyte containing 25 mM phosphate buffer and 50 mM NaCl (Figure
6.4). Therefore, this type of electrolyte was selected in the subsequent experiment. The
lowest potential was generated for the catholyte containing 10 mM HCI due to the

inhibition effect of protons transportation from the anodic compartment. In such a case,
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the resistance of protons migration through PEM could be hampered by the high proton

concentration in the cathodic compartment.
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Figure 6.4 Cell potential with different types of catholyte (operational temperature: 25 °C,
resistance of external circuit: 800 ). 10 ml of glucose standard solution was

injected for each analysis (n=3).

6.3.1.3 Temperature

In the current study, the anaerobic compartment was equipped with the
temperature control unit. Operational temperature from 20 to 40 °C was tested in order to
find the best temperature for operating the MFC sensor. As shown in Figure 6.5, the
highest cell potential was observed at 37 °C, whereas signal decreased when the
temperature was set below or above this temperature. Thirty-seven degree Celsius was

therefore selected as the optimal temperature for operating the MFC sensor system.
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Optimum conditions of the MEC are summarized in Table 6.1,
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Figure 6.5 Effect of operational temperature on the cell potential (resistance of external
circuit: 800 €2, catholyte: 50 mM phosphate buffer and 25 mM NaCl). 10 ml

of glucose standard solution was injected for each analysis (#n=3).

Table 6.1 Optimized values of biosensor operating condition of MFC system

Parameters Value Optimum

Resistance (Ohm) 50, 100, 200, 400, 600, 800, 1,000, 1,200 800

Electrolyte Distilled water, 100 mM NaCl solution, 50 25 mM phosphate
mM phosphate buffer, 50 mM phosphate buffer with 50 mM
buffer with 100 mM NaCl, 25 mM NaCl
phosphate buffer with 50 mM NaCl and 10
mM HCI solution

Temperature (°C) 20, 25, 30, 35, 37, 40 37
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6.3.2 Performance characteristics of the MFC sensor
After the optimum conditions were obtained, performance characteristics

of the MFC sensor were studied using these conditions (Table 6.1).

6.3.2.1 Linearity and the detection limit

System calibration was performed to evaluate the linearity of sensor
response and sensor detection limit. A broad linear range when plotting response versus
concentration of analyte is desirable for reliable and accurate measwrement over the
concentration range. Furthermore, the population of induced anaerobic consortium may
still be varied over a longer period of time. This can give a negative effect on
repeatability of the measurement. However, the problem can be simply solved by
cartying out system calibration in a regular time base. As demonstrated in Figure 6.6, the
linearity of MFC sensor response to the glucose standard solutions can be observed
between 1.0 and 25 g I'' (y = (0.0514£0.0019)x + (0.267:+0.052), R* = 0.9914). The
detection limit is found to be 25 mg I determined by comparing measured signals from
analyte samples in low concentration with those of blank samples. The minimum
concentration was established at which the analyte can be reliably detected. A signal-to-
noise ratio between 3 or 2:1 is generally considered acceptable for estimating the
detection limit (US DFA, 1996).

One of the bottlenecks for MFC is transpoit of ions in the electrolyte. For
a good operation of the MFC, both proton and electrons need to migrate from the anode
to the cathode at the highest possible rate (Lens et al, 2005). Diffusion is often not
sufficient to reach acceptable levels of current and cell potential. For the experimental
setup in the current study, the PEM was placed in a specific modified plastic holder.
Although the membrane area is considerably large, the connections to anodic and
cathodic compartment were made through 40 mm long tubes with a diameter of 8 mm.
Transport of proton is therefore relatively inefficient even through enhanced diffusion
was achieved in the anodic and cathodic compartment through mixing and aeration,

respectively, A preliminary test has shown a significant increase of the cell potential
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when the connecting tubes of anodic and cathodic chambers became shorter as shown in

Figure 6.7. A large cell potential and lower detection limit are, therefore, expected with

improved cell configuration.
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Figure 6.6 A calibration curve of the MFC sensor (operational temperature: 37 °C,

resistance of external circuit: 800 €, catholyte: 50 mM phosphate buffer and

25 mM NaCl) (#=3).
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Figure 6.7 Preliminary test showing a significant increase of the cell potential when the
connecting tube of anodic and cathodic chamber was reduced from

(a) 10.0 cm and (b) 5.0 cm.

6.3.2.2 Repeatability

The repeatability of the MFC sensor has been studied by injecting 10 ml
of the glucose standard solution 12 times over 15 hours. It was observed that the sensor
gave fairly constant response (i.c. average cell potential was 1.11 + 0.08 mV) during the
testing period with relative standard deviation of + 7.2 %, as shown in Figure 6.8. It
should be noted that the biological recognition element was renewed before each sample
analysis by replacing the old anaerobic consortium in the anodic compartment with the
fresh anaerobic sludge from the anaerobic bioreactor, Still the system gives stable
measurement with a good repeatability. The results could be compared to those obtained

from conventional BOD 5-day tests, where £:15% is allowed (Liu ef al., 2000).
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Figure 6.8 The repeatability of the MFC BOD biosensor system with injecting pulses of
10 ml of 10 g I glucose standard solution. The microbial fuel cell was
operated at 37 °C using a resistance of 800 Q and 50 mM phosphate buffer

with 25 mM NaCl solution as the electrolyte.

6.3.2.3 Stability

A stable sensor performance over a desired operational period is essential
for a reliable biosensor system. The stability of the MFC sensor was evaluated by
analyzing glucose standard solution over a period of 11 days. The analysis was catried
out in triplicate by injecting 10 ml of glucose standard solution per analysis. The total
analysing time was approximately 1 hour per each analysis which included pumping
sludge from reactor to MFC chamber, injecting sample and pumping sludge back to
reactor. As shown in Figure 6.9, the cell potential remained fairly stable over the whole
testing period. The average cell potential varied daily between 1.00 and 1.10 mV with
relative standard deviation from +2.0 % to £9.0 %. The average cell potential calculated
from the 33 measurements of the whole testing period was 1.07 mV with relative

standard deviation of £5.9 %. It was observed that the stability of MFC sensor was
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strongly affected by the surface condition of PEM. Nafion'™ has been widely used as
PEM for MFCs, and has the great advantage of being very selective for protons. However,
this membrane contains sulfonic acid groups that are binding with ammonia present in
the bacterial suspension. Hence, this membrane type scores high for selectivity but low

~for stability in a colloidal and nutrient-rich bacterial suspension (Lens ef al., 2005).
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Figure 6.9 Stability of the cell potential (operational temperature: 37 °C, resistance of
external circuit: 800 £2, catholyte: 50 mM phosphate and 25 mM NacCl). 10 mi

of glucose standard solution was injected for each analysis (#=3).

6.4 Conclusion

The current study shows the development of a MFC sensor system for fast
estimation of easily biodegradable organic matter. The sensor system was operated by
integrating with an anaerobic bioreactor for continuous supply of stable anaerobic

consortium. Replacement of the biological recognition element was carried out for each
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sample analysis. Still the system gives stable measurement with a good reproducibility.
The sensor response time was estimated around 3-5 min and did not have to wait for the
metabolic recovery of anaerobic consortium in the anodic compartment, This is

considered as an advantage for this sensor system configuration. Although glucose was

‘used as the only preliminary substrate in the current study to evaluate the sensor

petformance under the well-controlled condition, the MFC sensor system used mixed
consortium originated from anaerobic studge should also be able to degrade other kinds
of organic matter even in more complex form. The MFC sensor needs, however, in its
present configuration maintenance in terms of regular membrane cleaning. The
sensitivity and the detection limit of the sensor system can certainly be improved even

further by improving the efficiency of ions transport in the electrolyte.




CHAPTER 7

Simple to construct Microbial fuel cell using

~ Saccharomyces cerevisiae for wastewater BOD analysis

7.1 Introduction

Microbial fuel cells (MFCs) are devices that use bacteria as the catalysts to
oxidize organic and inorganic matter and generate current (Logan ef al,, 2006). A typical
MFC consist of two compartments, anodic and cathodic, separated by a proton exchange
membrane (PEM) or salt bridge. When substrate are added and oxidized by the microbes
in the anodic chamber electrons and positive ions are released. Electrons picked up by the
anode, either through the diffusion of a secondary fuel, via a mediator molecule that
repeatedly cycles or via a direct electron transfer between the two compartments, to the
cathode (Oh et al., 2004; Min et al,, 2005; Grzebyk and Pozniak, 2005; Ghangrekar and
Shinde, 2007).

MFCs have been studied as an alternative source of electricity and this has
been a subject of several recent reviews (Shukla er al,, 2004; Rabacy and Verstraete,
2005; Bullen ef al, 2006; Logan ef al., 2006; Lovley, 2006; Davis and Higson, 2007).
They have also shown potential as sensors for fast determination of biochemical oxygen
demand (BOD) using electrochemically active microorganisms that have been enriched
and in some cases maintained in the MFC for a few years (Kang et al., 2003; Kim et af,,
2003; Chang ef al.,, 2004; Moon et al., 2004; Chang ef al., 2005). Recently an MFC
“powered” by ordinary dry Baker’s yeast, Saccharomyces cerevisiae, with glucose as
substrate and methylene blue as an electron mediator was investigated (Walker and
Walker, 2006). In this study aerobic respiration more efficiently utilizes glucose and
produces more energy (i.e. electrons) than fermentation. At optimum conditions power

peaks of 130 pW was obtained at about 45 °C. The advantage of using Baker’s yeast is

126
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that it is inexpensive and readily available, dose not require sterile conditions, is not
substrate specific, and tolerates a wide range of environmental conditions (Walker and
Walker, 2006). Therefore, it would be convenient to apply yeast MFC for BOD analysis.

Although electron mediator was used in the above study it has been shown

in another work that transportation of electron from yeast metabolism to the electrode ina

fuel cell can also be through reduced intermediate products (Holtmann et al, 2006),
hence no mediator is required. The explanation provided by Holtmann and coworkers
was that when the substrate in the medium, Spedium, 1S transported into the cell the
catabolism of substrate, Syo, takes place (Figure 7.1) and reduced intermediates Preqmo
are formed. Some of these intermediates, (Preq medium) are released into the medium. When
Predmedium 1S oxidized at the anode, the electrons are transferred fo the anode. These
electrons move through an external load to the cathode, causing a potential drop. The
generated protons migrate from the anode compartment to the cathode compartment. At

the cathode oxygen is reduced to water.
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Figure 7.1 Principle of transportation of electron from yeast metabolism to the electrode
in a fuel cell (S = substrate, P = product, MO = microorganisms, X = biomass,

red = reduced, ox = oxidized) (Modified from Holtmann et af., 2006).
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In this study we focus on the development of a simple MFC using aerobic
reaction of Saccharomyces cerevisiae without any added mediator to determine BOD in
wastewater. Preeze dried Baker’s yeast was activated by aerobic cultivation. A simple

agar salt bridge was used to separate the anode and cathode compartments in place of the

“more expensive PEM. Common graphite pencil leads were used as electrodes. Parameters

affecting the system were optimized and the performances were investigated. Wastewater
samples from several sources were tested and the BOD values obtained from the MFC

system were compared to the values obtained by standard BODs method.

7.2 Materials and methods

All chemicals used in this study were analytical-reagent grade and all

solutions were prepared with deionized water.

7.2.1 Preparation of microorganism

One gram of freeze dried Baker’s yeast (Saccharomyce& cerevisiae)
(S.1.Lesaffre, France) were activated by aerobic cultivation for 24 h at room temperature
on a rotary shaker (HL instruments, Thailand) operating at 150 rpm in a 500 ml flask
containing 100 ml YPD medium consists of 10 g I yeast extract (MERCH, Germany),
20 g I"! peptone (MERCH, Germany) and 20 g I"' dextrose (Himedia Laboratories Pvt.
Ltd., India). Cells were centrifuged (15 min, 860 x g) (DUPONT instruments, USA)
washed twice with saline solution (0.90% w/v NaCl (CARLO ERBA, France)) by
resuspension and centrifuged again. Each cultivation gave around 5.0 g of wet weight
cells. The cells were then cultivated again under the same condition by distributed 1.0 g
of wet weight cells into 100 ml of liquid medium containing 1.0 g I'" KH,PQ4(AnalaR,
England), 3.5 g I'' (NH)SO; (Fluka, Switzerland), 0.30 g I MgSO4 (J.T. Baker Inc.,
USA), 0.10 g I'' CaCl, (MERCH, Germany), and 20 g I D-glucose (Riedel-de Haen,
France). This cultivation gave around 10 g of wet weight cells and these were used for

the MFC system.




129

7.2.2 MFC design and operation
Figure 7.2 shows schematic diagram of the MFC system with an anode
and a cathode compartments in a Perspex chamber. The 2 compartments are separated by

a salt bridge in the middle of the chamber. To prepare a salt bridge, two Perspex sheets

~ was placed 1.0 cm apart. Agar, 2.0% w/v (Himedia Laboratories Pvt. Ltd.,, India), was

boiled in saturated potassium chloride solution (Ajex Finechem, New Zealand) for 20
min (or until the solution was clear) and then poured between the Perspex sheets until it
reached the height of 8.0 cm. When the agar was set the Perspex sheets were removed.
One hundred milliliters of anode and cathode reagents were added to the compartments,
now separated by a salt bridge ‘membrane’ with a 64 cm? surface area. Mixing was
provided inside the anode compartment by using a magnetic stirrer (100 rpm) to enhance
the circulation of the added substrate and mass transfer. “Electrode” in each chamber
consisted of 12 graphite pencil leads (diameter 0.50 mm > length 60 mm) with a total
surface area of 0.24 em?, The anode and cathode were connected by a 10 Ohm resistor,
through which the electrons were transported. A multimeter and a chart recorder were

used to record the current and voltage, respectively.
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Figure 7.2 Schematic diagram of the MFC biosensor system.

7.2.3 Calibration solution

The system was calibrated by comparing three substrates; the OECD
(Organisation for Economic Cooperation and Development) synthetic wastewater
containing 7.5 mg I! peptone (MERCH, Germany), 5.5 mg I" beef extract (MERCH,
Germany), 1.5 mg I urea (Riedel-de Haen, France), 0.35 mg I" NaCl (CARLO ERBA,
France), 0.20 mg I'' CaCl2H,0 (MERCH, Germany), 1.4 mg 1" K,HPO, (AnalaR,
England), 0.10 mg I MgS04.7H,0 (J.T. Baker Inc., USA), 75 mg 1" D-glucose
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(Riedel-de Haen, France) 75 mg ! glutamic acid (MERCH, Germany) (Liu ef af., 2000);
YPD medium containing 10 g 1! yeast extract (MERCH, Germany), 20 g I peptone
(MERCH, Germany), 20 g I'' dextrose (Himedia Laboratories Pvt. Ltd., India); and

glucose standard solution containing 75 mg 1! D-glucose (Riedel-de Haen, France), 13.6

 mg I KHyPO; (AnalaR, England) 17.4 mg I'' K;HPO, (AnalaR, England). For each

solution a calibration curve was prepared by plotting the change in current against the
cotresponding BOD values (mg [™') tested using standard BODs method (Kim ef af., 2003;
Chang erf al., 2004). The sensitivities (slope) of the calibration curve of the different

sample values were then compared.

7.2.4 Analyses and signal recording

Glucose standard solution, 500 pl, was added to the anode compartment
using a micropipette. The potential and current signals increased, reaching peak values
before slowly decreased to the base line. The generated current (I, ampere) was measured
using a multimeter (FLUKE 87, JOHN FLUKE MKG Co., INC., Washinton, USA) and
the closed-circuit potential (V, volt) across a load resistance was measured and recorded
on a chart recorder (ROSS RECORDERS, USA). The peak height was used as the
response signal that was dependent on the concentration of the sample solution. All
sample analyses were carried out in triplicate and the mean values were calculated. These
data were used to calculate the power (Power (P) = Potential (V) x Current (I)) of the

microbial fuel cell.

7.2.5 Optimization of MFC sensor

In order to maximize the sensor signal and evaluate the sensor
performance, optimization of the system was first carried out using 500 pl of 50 mM
glucose standard solution. Optimization of the MFC sensor was done by changing one
parameter while keeping the others constant, When an optimum value was obtained it

was used to optimize the next parameter. The optimum conditions in this system were
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considered by balancing between the generated current, potential and power and the

analysis time. Optimized parameters and values are shown in Table 7.1.

Table 7.1 Optimized parameters and values for the MFC biosensor system

“Parameters Values
Resistance (Ohm) 10, 11, 15, 21, 19, 30, 38, 100, 117, 180, 200, 270, 330,
500, 1000, 1500
Cathode electrolyte
Type Ferric cyanide, Phosphate buffer pH=7.0, HCI, DI water,
Phosphate buffer+ NaCl pH=7.0, NaCl
Concentration (imM}) 25, 50,75, 100
pH 6.5,7.0,7.5,8.0
Cell loading in anode 1.0,2.0,3.0,4.0,5.0,6.0,7.0
compartment(%ow/v)

7.2.6 Real sample analysis

Fifteen wastewater samples from 7 locations were collected from
wastewater ponds, Two samples were from 2 concentrated rubber factories, six from 4
hospitals, two from a car wash company, one from a color manufacturing plant, two from
a rubber glove manufacturer and one from a gypsum production manufacturing company.
All samples were stored at 4.0 °C until used and tested by the MFC sensor and the
measured BOD values were compared to BODs values obtained by the standard method.
The analysis of each sample was carried out in triplicate. Any solid particles were first
removed from each sample by filtration before analysis (Whatman diameter 185 mm,
Whatman International Ltd Maidstone England, England).

The measurement of BOD in real samples was cartied out under optimum
conditions. Glucose standard solutions were first used to calibrate the system before

analysis of real samples. The calibration curve plotted the generated current change
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versus the corresponding BOD values (mg '), Wastewater samples with high
concentrations of organic matter were diluted using 100 mM phosphate buffer pH 7.0.
The samples were then added into the anode compartment of the MFC. The change in

generated current of each sample was used to calculate the BOD value of the sample

from the calibration done prior to the test. The Wilcoxon signed rank test (Miller and |

Miller, 2000) was used to statistically test the results,

7.3 Results and discussion

Typical potential responses of the microbial fuel cell when injecting 500
ul of glucose are shown in Figure 7.3. In this case, peak height was used to interpret raw
data since it was easily identified and directly related to the measurable signal. The
response time was taken as the time after the response started to increase until it returned

to baseline.
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Figure 7.3 Typical potential responses of the microbial fuel cell when injecting S00 ul of

50 mM glucose (operational resistance of external circuit: 100 Ohm).
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7.3.1 Optimization

7.3.1.1 Effect of external circuit load

The generated potential and current from the MFC sensor at different

ireuit ioad, (10 566 Ohm) o velued bymjectmg S0 pl i 56 mMglucose U

standard solution. The power was calculated from the measured potential and current
(P=VI) as the external circuit loads were being increased (Figure 7.4). The maximum
power of 8.11+0.05 pW was generated at an external circuit load of 200 Ohm. It might be
because high resistance limits electron disposal through the electrical circuit (Gil ef al,

2003). Thus a resistor at 200 Ohm was selected as the external circuit load.
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Figure 7.4 (a) potential, (b) current and calculated (c) power of MFC at different external

loads, 500 pl of glucose standard solution was injected for each analysis
(n=23).
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7.3.1.2 Effect of electrolyte type
An electrolyte is a chemical compound that conducts ions between the
anode and cathode compartment but it is impervious to other electrons (Fitzgerald, 2001).

The microbial fuel cell was operated at 200 Ohm with different electrolyte solution in

~ the cathodic compartment, i.e., ferric cyanide, phosphate buffer (50 mM) pH=7.0, HCI

solution (10 mM), distilled water, phosphate buffer (50 mM) pH=7.0 in 75 mM NaCl and
NaCl solution (100 mM). The highest generated current was observed with the catholyte
containing 50 mM phosphate buffer pH=7.0 in 75 mM NaCl (Figure 7.5). Therefore, this
electrolyte was selected for the subsequent experiments. The lowest potential was
generated by 10 mM HCI. This may due to its ability to inhibit proton transportation from
the anodic compartment. In this case, the resistance to protons migrating through the salt
bridge could be hampered by the high proton concentration in the cathodic compartment

(Kumlanghan et al., 2007).
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Figure 7.5 Effect of different cathode reagent (operational resistance of external circuit:
200 Ohm). 500 ul of glucose standard solution was injected for each analysis
(n=3).
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7.3.1.3 Effect of electrolyte concentration
The effect of electrolyte concentrations was investigated with phosphate
buffered solution pH=7.0 at 25, 50, 75 and 100 mM all in 75 mM NaCl. For each

concentration 500 pl of 50 mM glucose standard solution was the test solution, A

~concentration of 50 mM phosphate buffer in 7SmM NaCl gave the highest current, as

shown in Figure 7.6.

1200 +

1000 +

800 -

600

Current(uA)

400 +

200 4

0 L ]
25 mM 50 mM 75 mM 100 mM
Concentration of Phosphate buffer(mM)

Figure 7.6 Effect of different electrolyte concentration (operational resistance of external

circuit: 200 Ohm). 500 ul of glucose standard solution was injected for each

analysis (n = 3).

7.3.1.4 Effect of electrolyte pH

The effect of different pH values (6.5, 7.0, 7.5 and 8.0) was investigated in
the phosphate buffered solution. For each pH, 500 ul of 50 mM glucose standard solution
was the test sample. The highest current was produced at pH 7.0 (Figure 7.7). This is

probably due to the inactivation of the microorganism at lower and higher pH values (Jia
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et al., 2003) where the observed pH reliance of the sensor response is dependent on the

activity of the microbes (Han et al., 2002),
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Figure 7.7 Effect of different electrolyte pH (operational resistance of external circuit:
200 Ohm). 500 pl of glucose standard solution was injected for each analysis
(n=3).

7.3.1.5 Effect of cell loading

The effect of yeast cells loading was investigated at 1.0, 2.0, 3.0, 4.0, 5.0,
6.0 and 7.0% w/v wet weigh of yeast cells per volume of 100 mM phosphate buffer. The
results showed that the current increased until a cell loading of 6.0% w/v, after which the
responses decreased (Figure 7.8). It is possible that at less than 6.0% w/v, the oxidation
of the standard glucose solution is limited by the numbers of cells present, On the other
hand at loadings of more than 6.0% w/v, the permeability of dissolved oxygen may have
been limited, because of the density of the particles (in this case cells) being too high
(Sohn ef al., 1995).
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Figure 7.8 Effect of different amount of cells (operational resistance of external cireuit:

200 Ohm). 500 pl of glucose standard solution was injected for each analysis

(n=13).

The optimum conditions of the MFC are summarized in Table 7.2
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Table7.2 Optimized values of MFC biosensor operating conditions.

Parameters Optimum
Resistance (Ohm) 200
Cathode electrolyte
Concentration (mM) 50
pH 7.0
Cell loading in anode compartment (% w/v)
6.0

7.3.2 Characteristics of the MFC performance
The optimum conditions were used to study the performance

characteristics of the MFC sensor.

7.3.2.1 Linearity and detection limit

The system was tested by comparing the responses to three standard
substrates. The calibration curve for each test solution was prepared by plotting the
current change versus BOD values (mg 1™'). Calibration of the system was performed to
evaluate the linearity of the sensor response and the sensor detection limit. The linearity
of the MFC sensor using the OECD synthetic wastewaters was observed between 15 and
750 mg I'' BODs (y = 0.1862x + 7.865, 1* = 0.9598), for the YPD medium between 540
and 1300 mg 1! BODs (y = 0.1489x + 71.348, 1* = 0.8178) and for the glucose standard
solution between 40 and 350 mg 1! BODs (y = 0.1862x + 7.865, 1* = 0.9598) (Figure 7.9).
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Figure 7.9 Calibration curves of different standard solutions (operational resistance of

external circuit: 200 Ohm, electrolyte: 50mM phosphate and 75mM NaCl

pH=7.0, amount of cell: 6.0% w/v) (a) OECD, (b) YPD medium, (c) glucose

standard solution (n = 3).
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When the calibration curves for the three test substrates were compared
the glucose standard solution gave the highest sensitivity and the widest linear range.
Therefore, glucose standard solution was chosen to calibrate the sensor before testing any

real samples, The calibration curve of MFC using glucose standard solution was then

retested in more detail and linearity was obtained between 8.0 and 100 mg I' BODs |

(y = 1.5131x + 15.987, 1* = 0.9802) (Figure 7.10). The detection limit was found to be
0.5 mg I BOD determined by the measured signals from the analyte samples present at

low concentration with those of a blank solution (S/N>3) (FDA, 1996).
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Figure 7.10 A calibration curve of the MFC sensor (operational resistance of external
circuit: 200 Ohm, electrolyte: 50mMphosphate and 75mM NaCl pH=7.0,
amount of cell: 6.0% w/v), 500 ul of glucose standard solution was injected

for each analysis (r = 3).
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7.3.2.2 Repeatability
The repeatability of the MFC sensor was studied by adding 500 pl of the
50 mM glucose standard solution 30 times over a 5 h period. The sensor gave a

reasonably constant response (i.e. the average cell potential was 12.3 £ 1.8 mV and the

current was 61 £9 LA) with a relative standard deviation of + 14.7 %, as shown in Figure

7.11. The system can therefore be considered to give stable measurements with a fairly
good repeatability. For standard BODs measurements 15% variation is allowable (Liu ef
al,, 2000).

90

80 - L2 X 4
70 - * .

Response(uA)

oL o L 7 T - ¥ | B =
(I — R - —]
1 ] 1 [l ] (1

10 15 20 25 30 35

Times

[~
4]

Figure 7.11 Repeatability of MFC sensor (operational resistance of external circuit: 200
Ohm, electrolyte: SOmMphosphate and 75mM NaCl pH=7.0, amount of cell:

6.0% w/v), 500 pl of glucose standard solution was injected for each analysis.

7.3.2.3 Stability of salt bridge
The stability of the salt bridge of the MFC sensor was evaluated by
analyzing 500 u! of the 50 mM glucose standard solution for three times then, washing

out the anode and cathode compartments with DI water and the system was re-established
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with the same salt bridge. After the first wash the responses increased by 10%, but after
the second wash the response decreased by 38% (Figure 7.12). The salt bridge was then
wrapped in Para film and stored at 4.0 °C, The salt bridge was reused on the following

day. This time after the first wash the response decreased by 59% compared to the last

response on the first day. On the third day, compared to the first day, the response

decreased by 74%, as shown in (Figure 7.13) and the salt bridge turned soft. Thus, the

salt bridge can only be used only twice on the first day, i.e. it should be freshly prepared

everyday.
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Figure 7,12 Stability of salt bridge of the MFC sensor within the same day (operational
resistance of external circuit: 200 Ohm, ¢lectrolyte: SOmMphosphate and
75 mM NaCl pH=7.0, amount of cell: 6.0% w/v). 500 micro liters of glucose

standard solution was injected for each analysis (n = 3).
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Figure 7,13 Stability of salt bridge of the MFC sensor on the first, second and third day
of use (operational resistance of external circuit: 200 Ohm, electrolyte:
50 mM phosphate and 75 mM NaCl pH=7.0, amount of cell: 6.0% w/v).

500 pl of glucose standard solution was injected for each analysis (n = 3).

7.3.2.4 Real sample analysis

A total of 15 wastewater samples were collected from different origin.
These include two samples from rubber latex factories, six from hospitals, two from a car
wash company, one from a packaging company, two from a car spare parts manufacturer,
one from gypsum industry and one from a municipal. The BOD values of wastewater
samples obtained using the MFC BOD biosensor was compared with results from the
BOD;s standard method. The results are shown in Figure 7.14 and Table 7.3. The
percentage differences are in the range of 2.5-20% whereas % difference of previously
reported biosensors varies from 0.1 to 46% (Lehmann et al., 1999; Vaiopoulou et al,,

2005). There was good agreement between values from the biosensor and BODs method
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for nine samples, two from rubber latex factories, four from hospitals, one from a
packaging company, one from a car spare parts manufacturer and one from a municipal.
While other wastewater samples showed difference between the two methods. It is

possible that these wastewaters may contain some macromolecules and yeast need longer

time for digestion. Thus, the short analysis time used for the MFC BOD biosensor isnot

enough for degradation to take place. The two samples from hospital 3 gave the
percentage difference because the samples were collected from two different ponds.
Sample 1 was collected from raw wastewater pond and sample 2 was collected from
treated wastewater pond. In this case, some macromolecules in sample 2 might already be
degraded so BOD value and the percentage difference were lower than sample 1.

Nine samples with percentage difference between 2.5-10% were statically
tested using the Wilcoxon signed rank test (Table 7.4) the null hypothesis (there is no
significant difference between the two methods) will be rejected if the test statistic is less
than or equal to the critical value. At number of samples of 9 the critical value is 5 at a
significance level of P<0.05 (Miller and Miller, 2000). In this case the test statistic is 21
(the lower of the two rank sums). This is higher than the critical value and hence the null

hypothesis is retained. That is, there is no significant difference between the two methods.
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Figure 7.14 Regression line to compare between biosensor and BOD:s.
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Table 7.3 Percentage difference is calculated from (biosensor - BOD5)*100/ BODs

Number Sample Biosensor BOD;s % Different
1 Concentrated rubber factory 1524414 1400+140 9.3
2 Rubber factory 362.9+1.7 330+14 10
. 3 ; Hospltal 1 R e T I ey
4 Hospital 2 31.85+0.45 31.0+14 2.8
5 Hospital 3-sample 1 36.89+0.45 46.042.8 -20
6 Hospital 3-sample 2 34.7240.45 37.0£1.4 -6.1
7 Hospital 4-sample 1 36.244:0.22 38.0+£2.8 -4.4
8 Hospital 4-sample 2 16.71+0.22 18.042.8 -6.4
9 Car wash company-sample 1 244420 210414 16
10 Car wash company-sample 2 39.31+0.89 33.0£14 19
11 Packaging company 139.0+£3.9 130+14 7.2
Car spare patts manufacturer- |
12 sample 1 115.8+3.1 120.0+5.7 -3.3
Car spare parts manufacturer-
13 sample 2 35.46+0.51 32.0+£2.8 1t
14 Gypsum industry 101.2+£5.6 120.0+5.7 -15.6
15 Municipal 408.8:+4.5 420+£28 -2.5
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Table 7.4 Application of the Wilcoxon signed rank test for the comparison of the BOD

values in wastewater samples from the MFC biosensor and the BODs standard method.

Difference
Ao | (biosensor- | 1
Number Sample Biosensor BODs BODs) Rank

1 Concentrated rubber factory (1524414 1400140 124 9

2 Rubber factory 362.9+1.7 [330x14 33 8

3 Hospital 2 31.85+£0.45 [31.0£1.4 0.8 1

4 [Hospital 3-sample 2 34.724+:0.45 (37.0+:1.4 -2.3 -4

5 Hospital 4-sample 1 36.24+:0,22 [38.0+2.8 -1.8 -3

6 Hospital 4-sample 2 16.71+0.22 18.0+£2.8 -1.3 -2

7 Packaging company 139.0+3.9 {130+14 9 0

Car spare parts

8 manufacturer-sample | 115.843.1 |120.0%5.7 |-4.2 -5

0 Municipal 408.8+44.5 420428 -11 -7

sum of negative 21

sumn of positive 24

The null hypothesis is rejected if the test statistic T is less than or equal to the critical
value. In this test Critical value=5, P<0.05.
Retain null hypothesis = there is no significant difference between the two methods

Reject null hypothesis = there is significant difference between the two methods

7.4 Conclusions

An MFC biosensor system operated by using a simple salt bridge fo
replace a proton exchange membrane (PEM), and Saccharomyces cerevisiae can
satisfactorily determine the BOD of several types of wastewater. The salt bridge was very
simple to prepare and much cheaper than using a PEM, However the salt bridge has to be
freshly prepared before use. The repeatability of the MFC was tested 30 times over a
period of 5 h with standard glucose solution producing an acceptable relative standard

deviation of 14.7% (15% variation is allowed (Liu et al, 2000)). The sensor response
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time was around 3.0 — 10 min, similar to other celi-based BOD sensors (Liu ef al., 2000)
but much shoiter than the 5 days required in the standard method. Calibration of the MFC
with the glucose standard solution gave a good agreement between sensor response and
the standard BODs method. Percentage differences between the BOD determined by the
MFC sensor and the standard BODs method are in the range of 2.8-20% (Table 7.3).
When compared to other work that used Saccharomyces cerevisiae as a biological
sensing element ie. 1.4-90% (Nakamura ef al., 2007) our results are relatively better.
High percentage differences are from wastewater of Siam gypsum industry (19%), Hat-
Yai hospital (15%) and Phattalung hospital (25%).4.2-84% (Nakamura ef al., 2007) and
0-94% (Nakamura et al, 2007). It is possible that some molecules might be in the
samples and the cell need longer time for digest because in this case the cell was not
adapted to any specific wastewater,

The results showed that the salt bridge “membrane” can be used as the
proton conducting material to replace a proton exchange membrane (PEM) that is costly
(Nafion™ 117 costs about US $955/ m?; Dupont Co., Wilmington, USA). The stability of
salt bridge “membrane” will need to be improved. This may be done by incorporated into
the agar some polymer, such as polypropylene (Scott et al, 2007), poly(styrene-b-
vinylbenzylphosphonic acid) (PS-5-PVBPA) (Cho et al, 2008) and Poly(ether ether
ketone) (PEEK) (Hasegawa et al., 2008) which may help to stabilize the membrane as
well as facilitate the ion exchange. For example, Grzebyk and Pozniak (2005)
synthesized the polyethylene/poly (styrene-co-divinylbenzene) [PE/poly(Stco-DVB)]

membrane that has been applied to MFC system,




CHAPTER 8

Conclusions

In this thesis, the development and evaluation of the performance of BOD
cell-based biosensor systems have been investigated. These BOD biosensors are based on
amperometric and microbial fuel cell transducers for the determination of BOD in
wastewater samples. All developed methods attempted to improve on the standard
method (BODs). That is, these biosensors should be simple to construct, low cost, have
high stability, accuracy and precision with short analysis time. This will become an
alternative approach to detect organic matter in the environment.

The first development was the flow injection amperometric cell-based
biosensot. The goal of this work is to develop the sensor and apply it for the monitoring
of BOD during a treatment process of wastewater from concentrated rubber latex factory.
Mix cultures from the factory’s activated sludge were used as biological sensing element
and oxygen electrode as the transducer. The sensor showed good performances, wide
linear ranges, between 2.0-25 and 5.0-60 mg 1!, and the limit of detection at 0.20 mg 1,
The sensor analysis time was around 10-15 min. The repeatability was observed with
relative standard deviation of 3.9% and good stability can be obtained over a period of 15
days (RSD of 0-6.7%). Good agreement between the results from biosensor method and
standard method was obtained, with about 10 % difference.

An anaerobic reactor treatment process was investigated by continuously
feeding wastewater sample through the reactor with flow rates 10, 20, 40 and 80 ml day™
(30 days for each flow rate 120 days in total). At 10 mi day™' the highest efficiency was
obtained with percentage of COD and BOD reduction up to 97%, This treatment process
showed good efficiency for high strength wastewater. The biosensor system that was
employed to monitor the performance of the anaerobic reactor showed that off-line and

online assays could be carried out with short analysis time. The microbial BOD biosensor

151
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system has proven to be a suitable monitoring sensor for wastewater samples from the
concentrated rubber latex process.
The second development was the microbial fuel cell (MFC) biosensor for

fast analysis of biodegradable organic matter based on a single-chamber MFC separated

by a proton exchange memb.féﬁé' (PEM)whele an anacrobic consortium was used to

analyze biodegradable organic matters, The sensor system was operated by integrating
with an anaerobic biorcactor for continuous supply of stable anaerobic consortium.
Replacement of the biological recognition clement was carried out for each sample
analysis. A glucose standard solution was used as the target substrate. To obtain the
maximum sensor output, the MFC-based sensor system was optimized using an 800 Ohm
resistor as the load to the external electric circuit and 25mM phosphate buffer with S0mM
NaCl as catholyte in the aerobic compartment, The temperature of anaerobic
compartment was maintained at optimal 37 “C. The cell potential across the electrodes
increased with increasing loading of glucose. The sensor response was linear against
concentration of glucose up to 25 g 17!, The detection limit was found as 0.025 g ™!, The
system gives stable measurement with a good repeatability with a relative standard
deviation 7.2% and long term stability (RSD less than 9.0%). The sensor response time
was estimated around 3.0-5.0 min and did not have to wait for the metabolic recovery of
anaerobic consortium in the anodic compartment. This is considered as an advantage for
this sensor system configuration. The MFC sensor needs, however, in its present
configuration maintenance in terms of regular membrane cleaning. The sensitivity and
the detection limit of the sensor system can certainly be improved even further by
improving the efficiency of fons transport in the electrolyte,

The third investigation was a simple MFC for BOD analysis of wastewater
using Saccharomyces cerevisiae to degrade the substrates and a simple salt bridge to
replace a more expensive PEM and pencil graphite carbon as the electrodes. The
proposed system showed wide linear in the range of 8.0-100 mg I" and the detection limit
was at 0.50 mg 1”', The sensor response time was around 3.0 — 10 min. The repeatability

of the MFC was tested with the standard glucose solution producing a relative standard
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deviation of 14.7% for 30 samples tested over a period of 5 hour. The use of an MFC
biosensor system can satisfactorily determine the BOD of several types of wastewater.
The salt bridge was very simple to prepare and much cheaper than using a PEM.

However the salt bridge has to be freshly prepared each time or each day.

 These results show that the cell-based biosensor systems were successfully

applied for rapid analysis (less than 15 min) of BOD that can overcome the major
drawback of the standard method which requires 5 days. Therefore, the wastewater with
higher BOD than the limit can be known before being discharged to the environment. In
addition, it is suitable for environmental monitoring and process control.

Table 8.1 compared the performances of the oxygen electrode system
developed in this work (CHAPTER 5) with other cell-based BOD biosensors. Although
the response time is similar to other methods, the limit of detection of our system is much
lower, i.e. in addition to wastewater with high BOD this system can also be applied to
determine BOD of natural water which is normally quite low. Although the linear range
is not as wide as other methods but high BOD samples can be analysed with on-line
dilution. As for stability, this sensor can be applied for at least 15 days, much longer than
the 15 h and 1 week reported by Sakai ef al,, 2001 and Liu et al., 2004, respectively. If a
longer operation time is needed the cell’s column can easily be changed.

The comparison of the analytical features of microbial fuel cell BOD
biosensors (CHAPTER 6 and CHAPTER 7) with some similar works is also summarized
in Table 8.2. The results showed that our systems required very short analysis time (3-10
min) and the detection limit was low enough to analyze both natural water and
wastewater. A wide linear ranges were obtained similar to others works. The stability of
MFC system using activated sludge (CHAPTER 6) was only tested for 11 days, however,
since the activated sludge is maintained in an anacrobic reactor it is possible that the
system can be operate with longer stability similar to other works (Kim ef al,, 2003; Kang
ef al,, 2003; Kim et al., 2004),
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Abstract

The ctirent study was nands to develop & biosenser based on a single-chamber microbial fuel el in which snaerches were retained in the anode
companment separated frem the catheds compajiment by a proton exchange mendwan2. In the smsora replaceable anaerobic consortivun was tsed
for anlyzing bisdegradable organic matter. The anaerebes acked 23 bocatatysts in oxidizing organie matter and trassferring elevtrons to the ansde.
The hiovatalysts weee renewed for cach sample analysis by replwing the ofd anacrobic consertium with as squal anrount of fresh one., A glucose
standand solution was tved as the targel substrate. To obtain the maximum senser SuIpdt, the MPC-based sepsor system wias optimized using an
800 £7 resistor as the ko to [he extemal electric circuit and 251031 phasphate bufler with 30 mM NaCl as cathelyte in the aerobiv ceanpartment.
The temperature of ancerobk: compartment was maintained at oplisal 37°C, The cell potentiat across the dlectrodes increased with inereasing
loading of glocose. The seasor respoise was linear against concentration of glevessup io 25g 1Y, The detection limit was found as 0.025 17",

The mivrobial fuel cell with replaceable anacrobic consonium coukd be wsed as a blosensor for on-line menitoring of erganic matter,

© 2006 Etsevier B.V, All rights reserved.

Kewwords: Blosensor, Blechentical exyges demand; Micreblal el coll

1. Introduction

The gontent of organic matter In wastewaler is normally
evihiated in terms of biochemical oxygen demand (BOD). The
conventional methods far BOD anabysis take 5 or 7 days fncu-
batlonal 20 1 °Cin the dark (APHA, 1992; 518, 1979). BODy
and BODz tosts are good methods for evaluating water and
wastewater quality. [Lis a univessal method of imeasuring most
wastewater ssanples. No expensive equipment is needad. Hhas,
however, the limitation of being time consuming and also requir-
ing experience and skill 1o get reproducible results (Lin and
Maltiasson, 20023, Thus, lhe conventional BOD methods are nut
suitable for on-line monitosing and control of binlagival wastew-
ater treatment processes where a rapid feedback is essential, I
is therefore necessary 1o dovelop aliernative methods that could

¢ Correspoading suthor, Tels H6 46 2228 17; faxt H6 46 222471,
Esneil akireis: Jing Tlu € Hotek.bose (1. Tiu

0956-56611% — se front matker © 2606 Elsevier B.V, All rghts resenved.
Gol: 10,1016/ blos. 2006.12.014

give rapid measurements 1o ilustrate the dynamic changes in
fhe trealment process.

Fast detenmination of BOD could b achioved by biosersor-
based methods and this has been a subject of several review
articles (D'Souzg, 20015 Lin and Maottiasson, 2002; Lei el
al.. 2006). Most of previoasly roported BOD biosensors can
be generally classificd as bio-layer and respironkter (¥po.
Bolh types of sensor are based on a respirometric princi-
ple (Liu and Maouinsson, 2002; Spanjers et al, [998), The
sensor response Is oxpressed as the difference between 1wo
steady states or inktinl rale of ¢change in the dissolved oxygen
corceniration before and after addition of the sample soli-
tion. Although there are several reports on developing axygen
¢levirode-based BOD biosensors, this iype of biosensor has
many disadvantages, such as intrinsic limilation of oxygen
salubility in nqueous solution and short-term stabtlity and cat-
ibration drifl due te the lysis of immobized bacteria {Liu and
Mattiasson, 2002; Kany ot al., 2003), It is therefore of greal
interest to develop alternative methods for vompensating [hese
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solufion was infecked for ¢ach analysis (= 3),

degroase. B is possible that high resistance limits electzon dis-
posal through the electric circuit (Gil o al., 2003). Thecefore a
resistor at 800 & was selected ag the extemal circuit load,

3,12, Electrolyie

Blectrolyte is a chemical compound (it conducts jons
between anode and cathode compartrent but it is impermeable
to electrons {Flizgerald, 20013 The miccobiad fuel colls were
tested with different kinds of electrolyte solution in the cativodic
compartment, i.e. distilled water, NaCl solwtion (100 mM), phos-
phate buffor (S0mb), phoesphate buffer (S0md) with NaCl
(160 mM), phosphate buffer (23 mM) with NaCl (50 mhfy and
HCI solution ({0mM), ‘The highest sensor signal expressed as
potential output at 800 €2 was observed for the catholyte con-
taining 25mM phosphate buffer and 50mM NaCl (Fig. 2).
Therefors, this type of electralyte was selected in the subse-
quent experiment. The lowest potential was generated for the
catholyte comaining 10mM HCI due 1o the inhibition effeet of
protons transportation from the anodic compartment. in such
a case, ihe rosistance of protons migimtion through PEM was
hampered by (he high proten concentralion in the cathedic
compartment.

3.1.3. Temperature

In the curcent study, the anacrobic compantment was equipped
with a temperatuce control unit. Operational temperature from
20 (o 40°C was tesled in order (o find the best temperature
for operating ihe MFC sensor. As shows in Flg. 3, the highest
el potential was abserved al 37°C, whereas signal docreased
when the temperature was set below or abave this temgpera-
ture, Thiriy-seven degree Celsius was therefore sclected as ihe
pptimal temperature for operafing the MFC sensor systen.

3.2, Performance characteristics of the MFC sensor
After the eptimum conditions were oblained, perfommance

characteristics of the MFC sensor were studied using these con-
ditiens.

o | 3 a1 40
Tomperature{*C}

Fig. 3. Effect of operalioaal kemperature on the ¢ell potential ereslstance of
extemal clrcuit: S00Q, cathedyte: S0mM phosphate buffer and 25 mM MaCl).
Ten mllfiLitess of glucess standand solutlon was infected for sachamalysis (e =3

3.2.1. Linearity and the detection linnr

System calibration was performed to evatvate the linearity
of sensor response and sensor detection Hmit. A broad linear
range when plolting response versus concentration of analyte is
desirable for reliable and accurate measurement over the concen-
teation range. Furtheemare, the population of induced annerobic
consortinm may siill be varied over n tonger pariod of time.
This can give a negative effect on repeatability of e meastire-
ment. However, the problem can be simply solved by carrying
put system catibration in a rogular time base. As demonstrated
in Fig. 4, the linearity of MFC sensor response fo the glu-
cose standard solutions can be observed between | and 25g -t
(r=0.0514x +0.2671, #2=0,9914). "The detection Hmit is found
tobe 25 mg 1= determined by comparing measured signals from
analyte samples in fow concentration with those of blank sam-
ples. The minimun concenlration was established at which the
analyte can be rotiably detected, A signal-to-nolse ratio botwean
3 or 2:1 is generally considered acceptable for estimating the
detection limit (FDA, 1996). One of the bottlenccks for MFC is
wanspor of tons in the elkectrolyte. For o good oparation of the
MFC, both prolonis and electrons need to migrate from theanade
to the cathede at the highest possible mte (Lens et al, 2005}
Diffusion is often not sufficient to reach acceptable fevels of cue-
rent and cefl potential. For the experimental setup in the cureent

2-\
18
913
E 4 .
[}
g
ga.a =
08
50e
02
O 2 i 6 B 10 12 1416 18 20 22 24 26 20 30

Glucose concentration{gA}

Flg. 4. Acalibration curvs of the MFC tensor (operational iemperatiee: 37°C,
resistanos of extemal circult 80057, catholyks: 50 mM phosphats buffer and
25 M NaCh{n=3).
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study, the PEM was placed ina specilic medified plastic holder.
Although the membrane area is considerably large, the connee-
tions to ancdic axd cathedic compartment were made through
A0mm long tabes with a diameter of 8 mm. Transpont of prolon
istherelose relatively inefiicient even theugh enhanced diffusion
was achieved in the anodic and cathodic compariment through
mixing and aeration. respectively, A preliminary test has shown
a significant increase of the cell potential when the connect-
ing {ubes to the anodic and cathodic chambers became shorter
{the dais are not shown in the paper). A large cell potential and
lower detection limit are, therefore, expected with improved cell
copfigumation.

2.2.2. Reproducibdfity

The reproducibility of the MFC sensor has been studied by
injecting 10mi of the glucose standard solution 12 times over
{5h. it was observed that the sensor gave fairdy constant response
(i.e. average cell potential was 1,11 £0.08 mV) during the test-
ing period with relative slandard deviation of £:7.2%. It should
be noted that the biological recognition element was renewed
before cach sample analysis by replacing the old anaerobic con-
sortium in fhe anedic compartment with the {resh angerobic
sludge from the anaerobic bioreacter. Stit the system gives sta-
ble mersurement with a good repeatability. The results could be
compared to those obtained fromconventional BOD S-day tests,
where 4 15% Is allowad (Lin et al., 2000}

3.2.3. Stabitity

A stable sensor pedformance over adesired operational pedod
is essential Tor o reliable biosensor system. The stability of the
MFC sensor was evilluated by analyzing ghicose standard solu-
tion over a period of 11 days. The analysis was carried out in
triplicate by injecting 10ml of ghreose standard solation per
aalysis. The total analysing time was approximately th. As
shown in Fig. 3, the cell potentlal remained faidy stable over
the whole testing period. The average cell potential varied daily
befween 1.00 and 1,16 mV with relative standard deviation from
£2 to £9%. The average <ell potential caleulated from the 33
measenents of the whnle (esting perdod was LO7mV with

relative standard deviation of £5.9%. Il was observed that the
stability of MFC sensor was stongly affected by the surface
condition of PEM, Nation™ has been widely used as PEM
for MFCs, and hos the greal advantage of being very selec-
tive for protons. However, this membrane contains sulfonic acld
groups that are binding with mumoenia present in the bacterial

- suspension. Henee, this membrans {ypo scoreshighfor selective -

iy bul tow for stabltity in a colloidal and nutrient-rich bacferial
suspension {Lens et al,, 2005).

4, Conclusion

The cument study showed the development of a MFC sen-
sor system for fast estimation of eastty biodegradable organic
matter. The sensor system was operated by integrating with an
anaerobic Biorcaclor far continuous supply of stable anacroblce
consortium, Replacement of the blological accognitien eleinent
was varried oul for cach sample anndysis. Still the system gives
stable measurement with o good reproducibility, The sensor
response time was estimated around 3-5 min and did nol have
1o waii for the metabolic recovery of anacrobic consortium in
the anodic compartment, This is considered as an advantage for
this senser system configuration. Although glicose was used
as the only preliminary substrate in the current study to evalu-
ate the sensor performance under the well-contrelled condition,
e MEC scnsor systemn used mixed consortium originated from
anaerobic studge should also be able to degrade oiher kinds
of organic mattey even in more complex form. The MFC sen-
sor needs, however, i its presont configuration maintenance in
terms of regular membrane cleaning. The sensitivity and the
detection limit of the sensor system can certalnly bo improved
even further by improving the efficiency of lons transport in the
electrolyle,
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Abstracl

A cell-based biosenser system was desigaed for monitoring an anacrobie process for irzatment of high biochemical exygen demand (BOD) Jevals
in wastewater samples from a factory processing concentrated rubber latex. The BOD bioscasor ssed immobilized mised culture of microorganisms
s the biokagicat sensing clement ond an exygen clecteode as the trapsducer, The assay principle is based on the determination of he oxygen
consumption rate vaused by microbial sespination. Synthetic wastewater devording to the OECD specifications was wed as standand solution for
calibration of the BOD biosensor. Respanse fime of the sensor was 10-15 min, The BOD ol the influent and the cfifoent froms an anaerobic reactor
wats measured wsing both the coll-based biosensor system and a standard methed {BODg). Goed agecement was achicved between the resulls
from the two assay methods with a pereentage difference of kess than 162, However, whan expasing the mixed culture o waskwaters from other
industeial plants the ageeement between the eesults of the two assays was poor. The anaerobke treatment of the wastewater from the coneentrated
fatex process resulted in a COD remowal efficiency of 97% at a hiydraulic reteation time (HRTY of 50 days. The BOD biosensor swas suecesslully

applied to olf-ine and on-line monitoring of the anacrobic reactor treatment process.

€ 2008 Elsevier Inc. Al rights reserved.

Keywords: Cell-basod Hesensoc; Biochenical oxygen demapd (BODY. Apacrobic readtor wreatment; On-line moniloring

1. lntroduction

Rubber indusiry is one of the most important industries
in Southem Thaitaad and jt usoually generales large quantities
of wastewater containing high concentration of organic mat-
ler, suspended solids and nilcogen [1]. Thus, treatment of this
wastowater under controlled conditions is a necessary step in
praventing the celease of hannful wastes tothe envimonment. One
of the most widely used and important prrameters for the estima-
lion of water qualily is biochiemical oxygen demand (BOD). The
standard BOD method {BODs) is a measttre of the amount of
dissolved oxygen which is required for the biochemical oxida-

* Covresponding authoeat: Depactment of Physics, Faculty of Sclence, Prince
of Songkla University, Hat Yai, Songkhia 901 £2, Thailand. Tel.: 466 74 288753;
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{ion of the orpanic compounds in 3 days from the time when
wicroorgapisms are inoculaled to the water sample {21 The
major drawback of the standard method is the S-day measure-
ment time. In reality, the wastewater with higher BOD than the
limit coutd have been discharged to the environment fong before
s tost result was known, Therefore, BOD; is not suitable for
any form of active intervention for environmental monitoring
and process control.

‘To overcome the problem, fast Jetermination of BOD can
e achieved by applying o bicsensor-based method, Most BOD
biosensors rely on the measwreiient of the respiratory activity of
cellsby asuitable transducerand this is asubjeclof several recent
roviews [3-3]. Recent reporis inelude the use of oxygen elec-
trede {6-8), carbon dioxide analyzer [9], and optical transducer
[10}. Microbiat fuel cell hus also been investigated as another
detection method for BOD [11,12], Foreell-based sysiems many
miceoblal strains have been used as blologikeal sensing clements
inchuding both pure and mixed coltures {4], Mixed euliures are



484

diffecent microbial consortia, e.g. activated sludge [4,9,13,141.
The advantage of BOD sensors based on mixed culiures is a
goud detection capacity for n wide substrate specirum [}, Siice
oxygen electrodte {s simple Lo use and economideal. a BOD sen-
sor based on activated sludge i combination with ao oxygen
olectrode was considered in this studsy,

WSS AL TRGTH W TRAUSTY Provessing concentrated subber
latex with a high organic content and generating matodor when
dischorged 10 the receiving water wias sefected for the study.
Wastewater in this industry in Southern Thailand is genemily
treated by waste stabilization ponds (WSP) [1], aerated Ingoon
and activated shudge processes | 15]. These ircatments have goad
removal effictency but still maledor is generated, To our knowl-
edge this wastewater has not yel been treated with @n anacrobic
reactor, a closed system that may help solve the malodor prob-
fem and &t the same tme generates methane which is & useful
by-procduct {16,171 A Tew of the developed BOD biosensors
have been applicd suceessfully to moniter anrerobic processes
stch as the monitoring of inteamediate predutets of n two-stage
anaorobic reactor [ 18] and BOD of eftluent from a wastewaler
treatiment plant [9). Therefore, it would be advantageous if we
could developand apply such a BOD sensar tomonilor anacrobic
treatmeat of wastewaler from the concentrated latex process.

The ohjective of this work was to evatuate the possibilities 1o
apply and monitor an anacrobic trealmet process of wastewater
from concentrated latex process and af the same time evaluate
the possibilities to use n BOD sensor constructed based on a
witxed culture from the treatment ponds at the factory, Finally
the micrebial sensor was applicd for off-line and on-Fno tests of
real wastowater samples from processing of concentrated latex
and various other industrial activitiesin the region. The BOD val-
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ues oblained from microbial sensor were compared with those
obtained from conventional BODs analyses.

2, Mhuterfuls und metheds
2.1 Biosensor systemt

LT Cell-basad blosensar

Fip. (a) shows the BOD cell-hased Moseqsor fiow Injection system, Aveated
carvler huffer, 100 mM Trs-HCLpH 7.00, wascontinucusly pumped (peedstalthe
pump, Gilsoa, France) through a small reacter columa {30 mm length x 3 mm
{oner dianwler}, containing immobilized cells, and thea through a flow cell
tefoce being sent to waske. A Clark-lype oxygen electrode (Yellow Springs
Instruneat Co. Ine., USA) was used (0 measare ditsolved oxygen In the corchee
solullon to oblain the basceline, The ekvirods was placed Inshde a chamber in
{he middia of a wates fnsubation Jacket vsed to control 1 temperature (30 °C).
When a sample of wastewster {500 I} was Injected by mems of an Infection
valva {VICTE Valoo Birroge, Switzedondpand flowad theough the reac tof he codt
centrallon of dissodved oxygen decreased hevause oxygen was comsuned by the
Immobilized cells dusing the dogradation of ceganic pxilter. The response was
recorded on o chart recoeder (Ross Revocders, USA). Tha change in conwen-
Iratton of dissolved oxygen is riated 10 1he netabolke degradation of organis
matiee In the water by the immobilized mived culure,

212 Micyporganisns

Avctivated dudpe was cotlected from a wadtewater treatment pond of a rubtee
Iatex Factory and was stoced @& 4°C untl it was wed. Fifteen miliditers of
activated studge was mixed with 150ml of wastewater from the rubber fatex
factory n o 500l flask and the mixture wos cublivated ot roont temperature
oo 3 rodary shaker (HL Instruments, Thaitand) at 150rpai for 24h. The eells
were hwvested by centrifugathon { IS min, 860 x g) (Dupomt Instruments, USA),
washed twice by ressspending in 10 miofsaline selution (0.5, wiv RaCHCarlo
Etba, France)) and centrifuged under the same conditions. Approsimately 10g
of wat welght cells were cbtained from ¢ach culbtivation. This constituled the
arfxed culiure vsed for constructing the blosensor
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Cells were immablized dy entrapment In Ca-alginate gel acverding to the
method dascribad by Thavarongkul et ul. [19]. Sodium alpinate (Floka AG,
Swiezerlandy, 0.3 g. in 10 satine selution was stirred for 15 mla to obtain
@ (hkk valform solution, mixed with eppropdale amount of cells (see later)
- and sticcad for another 10l 10 oblaln a ualform mirtum. A peristalthe pomp -
wis Used 10 ponitp the mixtore at a flow rate of 4.0mimin~" through an auto
plpette tlp (0.5-10 by inko an Bdeoneyer flask containing ©.1 M CaCly (Merck,
Geemany) stirred al 100 rpm whife a geatle suction was applied at tha neck: of the
flask uslag a water pump. The formed gel beads with ealrapped mixed colture
of mirobes wens then sievad to obluin selacted slze frction (se¢ Jaler), They
were allowed to siabllize overnight in 0.1 M CaCl, at4 *C. After washing with
0.1 M Tris~HCE tuffer pH 7.0 contalnlng 10 mM CaCl 0.7 g of the beads were
packed inte A reactor (M mm teagth x 3 aun Inoec dlankter), When notln vse
tha reac tor was keptin 0.1 M Teks-HCl buffer pH 7.0 with [0 mA{ CaClz at4°C.

2.1.3 Opiimitation

The skck solution us:d to cafibraks the bloseasor system was a syn.
thetle wastewnler according to the rectpe of the Organisaticn for Economic
Coopemtion and Developawnt (OI-‘CD) [201. This was gwepared wiih is-
tilked water ond contatned 7.5 g I=! g\ptooe (Mesck. Qennany), S.5mgl™!
beet exlﬂcl eMenk, Genmmany), 1 Ihngl' ures {Riede)-0e Hoen, France),
.38 mg1™! NaCl1{Carbo Erba, Franoe), 0.2 mg 1™ CaCla. 2Hy 0 (Merck, Gor-
manyh, LA mg ! KoHPOy (AnalaR, Enghand), 0.1 ma ! MgSO4.TH1O (1T,
BakerInc.. USA), 78 mg 1™t p-glecose (Riedel-de Haen, Franweh oo 75 my [~
glutamiz acid (Merck, Germanay) [{4] The BOD; of this synthetic wastewater
wis 160 &5 mz I8 {1 = 30). Calibration solutions were obtalned by diluling this
stock sofatiam with Tris—FHCt buffer. BOD valoe of cach calibsation sodotion was
wited by stadard BOD;s niethod (n=23).

Paranketers affecling Uy performances of the system were optimtzed amd
these are summarized in Table 1. OECD synihatic wastewaters with BOD val
vos between 05 ard E5mei™" were used in the optimization peocess. Initial
conditions were Sy rate 0.5 miain™}, ol bead size 1,00-1,75mm with the
antount of celts 3% (w/v), 100 mM Tris-HTI boffer pH 7.00 with 10 mbf CaCly
was the carrier buffer. Optimization was & by changing one paramater and
kevping cbers vowstant. When n optimum valug was oldalnad il was used
to optimize the pext parameter. The optimom conditions were considerad by
balwing between seastiivity (skope of the calibration curve) and asalysis tinw,

2.0.4. Real supies

BOD of real samples was determined wnder optimum conditlons, Calitva-
Lion of the system was done prioy (0 (e measure ment uslog the OECD syntwiie
wistewters, BOD valves of the OECD synthetic waskewaler were determingsd
by ther standawrd BODs meihad {2]. The calibration curve was prepared by plot-
ting the disolved oxypen changs versus coresponding BOD values (mal~h,
Sarphes were g infectad Into the systent. Th change In disselved oxygen of
cadrsample was used to cakeulake the BOD volue from the catibration equation,

Alotal of 31 waskewalee samples wene coblected from wastewaker ponds of
saveral bypes of indwstrdes. Thes2 Irlude eleven samiplas from a rubber fdtex
Tactory, one each from twahosplials, thred from a iasportation < snipany, thres
from a cof spare parts manufacturer, four from a car wash company, theee from
o ookor mtnufacturing firm, thies from a fish processing foctory and two from
an animel feed faciory,
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Al samples wera stored at 4 =Cunt] they were 1ested by the BOD Bosensor
and compared with BOD; stavdard method. The analysks of ech sampla was
carded cul i triplicate. Solid partickes wers removed from all ssmpkes by fik-
tration tefore amalysis (Whal ntan diasmeter 185 mmy, Paticle Retention 11 g.\m.

- Whatinad international BAd.. Maldstons, Enghad), -

2.2, Anaerobic reactor

A tab-seate glass reactor with an effective votume of 8.501 (4.9cm lntar-
b didmeter) was gred for e eadment of wasiewaler (FIg. ). The
rretor conkalned 400 mi of 0.5-1.0cm diameter Pocaver® plass amier (Den-
mrt Pocaver® Gmble Gernany) veed as a support. Sjudge (300mb) Trom 4
Ireatment pond al o ubber latex favtiry was passad throogh a sheve with
a pore sizz of D5mm and used as e inoculum for the arerobic reas-
tor, The sludge was adapted for a perkd of 2 meooths by feading with
10ml of aawrobke madium onve a day. The cencenttations of nuldeats
In the madlum wers: p-glucose 10gi~!, NH,CE 100g17), NaCl 10g1°Y,
MgClL6H,0 10g1™", CaC1,.2H,0 5.0g17Y, KHPO, 1526g17Y, s0ml
NaHCO, 5211, FeClydH 0 214 LT mg 11, H,BO; Sﬂmgl",CuCh-ZH;gO
s mgl—!, AICh. 6H7090.4 mg 1Y, NiCl-6H0 91.6“%[ , NazSetSH 0
HDmgl™!, ZnCty 30 mel™!, MaCl;-2H,0 41 mgl™}. CoCl6¥1,0 50 mg) ™",
EDTAS00mg ™! Th»rea;lorwnmpemcdalamblemhm;\ra!m.(%0—1?‘C),
seakdal Ibe Lop with arubber stopper to mainbin anadmbic condition, The fint
2 months were caly devoted to the microocgantsms growth Lo attach & the sup-
Fort and stant multiplyiog, ‘Fhen, wastewater sample was continuousTy fod from
the boltom to Ibe 1o of the reactor using a perstaltic pump (Mia-1obe pump
MP-3, EYEL J, Tokyo Pikakika] Co. Lid, Japen) where flow rates at (0, 20, 40
and S0 miday =1 wers lnvestigated, 30 days for sach flow rate 120 days In todal.
Hydraulk. retention lines (HRT, 1be average time a liquld medlum, thatcontin-
oously fows through a reactor, stays within the reactor {21} were contolied
at appreximately 30, 25, 12 wnd 6 days, respectlvely. Continvcusly during this
operaliv the liquid in tha reactor was also secirculaed at 2 constant Aew rate
of 20mlday=" from 52 top to the Dollom of the reastor (Fig. 1(h)).

2.3, The monitering system

The performance of (he anaerobk reactor with respoct to reduction of BOD
of concentrated wastewater from an Industey processing codoenlrated latex ws
imvestigated.

231 Charactenisics of wstewuter

The latex Indusley wastewatzr used fa the experiments was collecied and
storad at 47C unti] vse. i chaeasterdstlos of the wastewater, Le., BOD, COD,
pH. susperkod sedkls andtolal dissolved solids (TDS), before and alter trement
by the anacobie neactor weie analyzad,

222, Gffline BOD monitering analysis

BOD content in wastewalar was mooltoned prioe 10 and after treatmeal. Inflo-
et Is wasteaate fromt the rubber latex factory and effluent Is realed wosteanter
that came out from ibe anaerobis redctor afler treatment (Fig, 1bY). These two
samplas were colkected covs o day, every day durlng the 120 days of moaing

Tabie |
Optimizad vafues of blosensor operating conditions
Parameter Valua Optlmem
Samphe votume: (ml) 05, L0, 15,20 1.0
Flow rate (mimln~1y 0.1,0.2,6.3,0.4,0.5 0.2
Gel head sz (diameier-mm) 0.50-1.00. 1.00-1.75, L7260, 200-2.25, 115300, 3.00-3.50, 3.30-3,75 L3173
Tris-HC1 Buffer
pH 0,55, 60.65, 70 6.5
Conwentraticn (mM) 25 50 100, 154 100
Caleium chloride (mhf) 510,15, 20, 25, 30, 35, 40 pat]
Amount of mleroorganiuins fn alginate solution (Fwiv) £,5.7.10.15.20 15
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Tubk: 2
Sommary of Hnear range and mit of detection (LOD) of 17 differet columins In the blosensor sysiem
Cofann Lincar equation ’ i fange R LOB {mp1™h
1 FE(50£ 03— (2264-0.76) 2-35 09859 Qls
2 y=(253L0.0 N~ (249LD.85) 2-35 0.945% w18
3 YRS E0IT—(22420.42) 235 0.9361 o.19
g T2 S0 )T (1263 £ 5:50) SR e e OFSE o o DAG
5 ¥=fX25:£ 0.82)y — (13881 S.31) 3-€0 0,947 019
[ y=(3.31 L0781t (14.89 L 3.06) 560 0.936 0.19
7 ¥(X262 09y — (1228 6.03) S0 0.9917 0.19
8 Y={3094k 106}~ (.99 £ 0.54) 3-30 0.950% 0.20
9 F={288 20750 — (641 £ 269) 330 0.9348 a.19
0 y=(63L 0213 (LW £0.76) 3-30 0.9907 0.9
H $=(098 £ 0.07 v — {140 & 1.67) 2-50 0.9946 0.22
2 (L2027 —(R1T+ 125 2-25 09520 0.2
13 Y(LES 0.2 — (256 1.i0) 2-2% 0,9384 oz
14 y={1.85 L 0AN)x— (256 +0.73) 2.25 0.9984 0.19
15 ¥={89B L0071 —~ (140X 0.67) 2-50 09946 059
16 y={091 L0, 1)y — (1.28 £ (.55} 150 0.9946 .19
17 Fe(LI 02N~ (NTE 1.25) 5-30 0.9820 0.19

the anaecobke reackor, They mee stored at - 20 °C wxil analysks. Befove storage
lartpeat was fillered Whreugh a THies paper 10 2ove suspended solikl.

Infuent and eNiluent samples of the macrobie reactor operated ol hydravlis
retention times of 306 days were analyzed forthelr BOD using standard method
{(BOD;) [2] o biosansor (off-1ine Fig. 1 at position 1},

2,38 On-line BOD manitering enclysiy

A proposid ondine system for BOD was alio apphiad 10 test the efftuent
from the reactor outkel during the first 60 days. Running bulfer and effluent
were pumpad through a thaee-way valve (Fig. | at position 2) Into a mixing
cofl, A ditutkon Factor belween 17 and 54 times can o adjusted by varydng the
flow rales of efMuent and running buffer Hnes. These dilution fxlons ean be
useid to avtomatically diliRe samphe which have BOD salues belween 180 and
300mg Y o fall within the tinear range of the biosensor system (see Section
3113 The diluled sample passed thapgh the sampling foop of e injection valve
where 10wl was col kected and injecied Into the blosensor system. The response
wits vsd 33 goloulate the B wsing a catibralion corve of standard solelions.
BOD values obdaioed from this on-line blosensor system were then compancd
with off-line values obtalned from both the of-line Nosensor sysiem and the
BODs standard medexd, This onlime analysds was lested during the eperation of
the anaerebk reactor at florw rates of 10 and 20 al day ™ (HRT spyvoximately
50 and 25 days), onge aday (0=0).

3. Resuits and discussion
3.1, The bieseasor system

Fo optimize each operating conditien (Table 1) four ¢on-
centraftons of synthiclic wastewater with BOD between 0.5 and
iSmgi~! were tested and the sensitivities {slopes) of the cal-
ibration curves of dificrent tested values were compared. The
one that gave the highest sensitivity was chosen as the opimum
vatue. Optimn conditions of the studied parameters are shown
in Table 1. Using the obtained optimum conditions (Fable )
pegformanke charactedistics of the BOD biosensor were studied.

3.1 Linear range and timit of derection (LOD)

The collected sludge was cultivated at different time inferval
over a 3 months pericd. Each cullivated mixed culture was used
faprepare gel beads forone column. i total | 7 different colamns

were prepared and tested in the bicsensor system. The responses
of the biosensor system weee investigated using OECD standaed
wastewaler with BOD values in the range {-{00mg -1, The
linear ranges were belween 2-25 and 5-60mg 1 (Table 2).
Since prepamtion conditions were the sme the difference in
the sensitivity and linear range of each colwmn can only be
atiribtted to the different activity of the mixed culwige in cach
preparation. Hence systen calibrutions, using standprd solu-
tions, were generally performed before sample anntysis, Average
peak height from 20 blank injections was used to calculate
the Fimit of detection using the [UPAC melthod (S/N =3) [22]
and was found fo be 0.2 mg 1 The malysis lime was around
10-13 min,

3.1.2. Repeatability

The repeatabiiity of the sensor was studied by Injecling
LOml of 5.0mg ™" BOD of OECD symthetic wastewater stan-
dard selution 20 times over {5h. It was observed that Lhe
sensor gave fairly constant response during the testing period
(43,5 & 1.7 mV} with relative standard devialion of £3.9%. The
repeatability of some previously reponed BOD sensors varies
from 32,4 to £10% for the single-strain sensors {4] and £1.3
to :12.4% for mulli-strains-based sensors [4,7,9,14]. That is
this system gives stable measurement, compared well with other
BOD biosensors withan improved repeatabitity whon compared
o the conventional BOD 5-day tests where £:15% is accepted
4],

3.1.3. Stability

The stability of the sensor was investigated by injecting. in
teiplicate per anatysis one aualysis per day, 1.0ml of OECD
synthelic wastewater standard solutton ¢5.0mg I~ BOD) over
a period of |5 days, Bebween the assays, the column with
immobitized cells was kept in 100 mM Tris--HCI buffer solu-
tion {contpining L mh CaClz) pH 6.5 ar 4°C, The average
response varied datly between 42,1 and 32.5mV with rela-
tive standard deviation from 0 1e £6.7%, The average response
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Tabde 3
Comparison of BOD values ¢slinrated by blosenser and the BOD; stindard method (APHAY [2] for wistewater samples (n = J) of differemt exigin
Number Sample Hiosensor {mgl™") BODs (mgl™) o differae
T CROWN GOl 30E6 TsmEE T _sa
2 Rubbes trap pand2 &40+ 10 00 & 6 86
3 Rubber trap pond} 3046 880 % {0 ~3.0
4 Rubber trap pordd 940k 6 1000 £ 0 —6.0
N Aerobie porkd 11206 k6 ~0.58
3 Asrobic povwd2 90+ 6 2500 4: 6 —44
? Acroble poad3 Mok 4200 3 10 5.5
8 Stabilkzation pondl| 4260+ 6 4300 4 10 —0.93
2 Slabllization poadt 4030+ 6 4200 4 100 —48
10 Stabilization porxd! 4120+ 6 230 £ 10 -2.6
H Stabilization pond] 440k 6 200 £ 6 -4
i2 tHospltadl 6.48 4 0,03 6.60 k- 0.08 -3
13 Hospllal2 1.68 & 0.02 20401 16
14 Cor transpori! 2000 X% Q.03 Ak ~20
15 Cor transpini2 19402 205£05 —53
L] Cor tmnspoit3 19.5 % 04 /EN -22
7 Ao space partsh 9.7+ 02 25%1 -2
18 A cor spare parts2 210402 235 & 1 —16
19 Avor spoans parts 19.5£03 2432 -17
20 Car wash company1 125 £ 03 23505 ~17
2 Car wash company2 200 £ 05 48 E£0.7 —-19
2 Car wash compnyld 195 £ 03 24905 -2
23 Car wash company4 225402 PR —83
24 Color prunulaciwingl 4.6 £ 0.2 5005 -85
23 Color manufaciurlng? 4603 S0 =14
26 Color manufawiwing? 229404 460 4 0.4 -5G
27 Tnslank foad prodyct ] 10605 1242 -1z
28 Instant food product2 140 4 0.4 211 -3
29 Tastant food product3 R | 61 :k2 -5
Kl Animal foed faclony ) 207403 264: 3 —~20
N Anlaal fedd factory2 13£1 17£2 —-19

Percenlage difference is calcutabed from (blasensor — BODs) x 1GWBODs,

cakulated From the 45 measurements was 46,6 £+ 3.9mV with
relative standard devialion of £8.3%.

Operational stability of previously reported biosensors var-
jod widety depending on the sensor configuration, the microbes
used, the immobilization method and the operational conditions
[4]. This can be ebout a week [7], a month {10] or up fo a few
months {$. For our systenr the sensor can be applied forat least
{3 days, if' a longer operation tine is required changing the col-
umn containing Uk immobitized celis is quite straightforward.

3 L4, Estimation aof BOD in samples of different origin
Wastewater samples from different origin were anatyzed by
the BOD biosensor and BODs standard methed. The results are
shown in Table 3, While there was good agreement bebweon
values Trom the biesensor and 8 0Ds method for samples from
the mabber latex faciory (number 1-11), it was clear thal analyt-
{cal results on samples from olhor sources showed pronounced
differences betwean tho two methods, These differences are pos-
sible to explain when considering the fact that the kiosensor is
constructed From a mixed culture thal Jias been growing i one
of the treatment ponds at the factory. The mixed cullure thus has
adapted to thal specific wastewater, However, other wastewaters
niay contain chemicals thal the cells are not adapted to deal with
and therefore, the short analysis time used for the bivsensor is
nolsufficient fos depradation to take place. Therefore, larger dif-

ferences are observed befween the biosensor response and that
from the tenger incubation, the BODs, It is also possible ¢hat
some macromolecutes might be in the samples and the colls eed
longer time for digestion. To test this hypothesls some chem-
icals used at these other factorics from where wastewaler was
coltected were added into the wastewater from concentrated rub-
ber lntex production and tested with both micthods, The results
in Fig. 2 confirm that in the presence of melecules nonnally
net present in e concentrated latex wastewater BOD values
obiained from biosensor were lower than those from the BODs
analysis since in the fatter the microbes have longer lime for
metabolizing these compounds.

3.2, The anaerobic reactor

Wastewater was collecied from a fctory where the main
production is concentrated Jatex. In the process field {atex is cen-
ifuged to separate fwo fractions of the falex frow each other,
i.e.the upper cecam phase and the lower skim phase, The cream
phase, concentrated fafex, coatains about 6055 rubber contont.
Altheugh the skim phase is mainly aqueous (sensm) it stil con-
tains as much as 10% rubber material [23], The small rubber
conent in the skim phase is coagulated by acid then goes through
several steps 1o cemnove the water inside, Then it is either pressed
to produced the skim block or ereep through n pairof drven rolls
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added
Chembea) compounds

Flg. 2. Compauisone! BOD values (6 = 3) obtaioed from BOD; slandand methed
and blosensoc syskemof 5 mgl~! BOD ¢f OECD synitheticwastewster with and
without ¢Mank) added chemlcals.

to create the skim crepe [24). The combined wastewater from
thie two processes generally contains high level of suspended
solid, from the concentrated Iatex process, as well as high fevel
of BODs and COD, mainly from the skini crepe process due o
the high content of organic constituents in the serum {24], The
wasiewater is also conlaminated with Jifferent Kind of tnpuri-
ties including wbber fragments wnd chamicals. Theefficiency of
the anaerobic reactor was investigated and during the 120 days
of operations BOD, COD and pH were {ested daily while sus-
pended solids and total dissolved solids were tested every 5-6
days. The characlerislics of the performance of the bioreacior
are sunnrized in Thblo 4.

3.2.1. BOD monitoring system )

211 Offline monitoring. A votal of 240 samples, 120 influ-
ent samples and (120 eftiuent samples (30 samples per cach
Mlow rate} were tested. Influent samples were analyzed afier
diluting the samples 50-204 times. A hundred and iwenty efilu-
ont samples from the reactor when operted at flow rates of
(080l da)"' were alse analyzed afler proper dilution. BOD
values of the influent samples from both the BODs standard
method and biosensor were shown In Fig. 3{a). BODs and
biosensor gave BOD values in the range of 60706430 and
$820-6090 myg i~1, rospectivety, Betwoen days 1 and 120, offfu-
ent samples were also analyzed off-lne, The results showed that
analyses using BODs and blosensor gave BOD in the range of
220--3480 and 200-3300) mgl"‘, respectively (Fig. 3(b}). The
anacroble biercactor showed officlont BOD reduction at high
HRT (sce Fig. (@), Percentage differences belween results from

the off-line biosensar and the BODs standard method for influ-
et and eflluent samples were —5.24& 1.6 and —4.4:2.2%,
whereas pereentage differonce of previously reported biosch-

. sors varied in the ranges of 001=27.3% 125]. 2.2-9.0% [20]) and

0.1-43.0% [13].

3.2.1.2. On-line monitaring. For the off-line system, spmples
have to be manuaily colkected, diluted and injected to the biosen-
sor system. When the blosensor syslem is appHed for on-line
monitoring of the anaerobic trealment process, the samples are
automatically londed. This was done by connecting the biosensor
systentto the efiluent of the treatment process using a three-way
valve (Fig. 1) "The efffuent samples were aulomatically diluted
with bufier solution in a mixing coil (Fig. {a} a! position 2,
Sinece the dilution factor of the system was Himited by the lube
size and the speed of the pump it could only be between {7 and
S4tinws, Thecefore, it can ondy b used with wastewater with not
sa high BOD and this system might Be suitable for (he determi-
nation of BOD wiiiclis less than 300 mig l"’.'l']leot»]incsyslem
wos used toanalyze 30efluentsamples per each hydraudie relen-
tiop tinke when the reactor was operated at HRT approximately
25 and 50 days. The BOD¢ and bicsensor gave BOD valves in
the range of 220-300 and 200-200mg 1!, respeclively.

A regression line was used o compace between biosensor
{off-line} versus BODs and biosensor (off-line) versus biosen-
sor {on-line). The comparison between biosensor (off-line} and
BODs (Fig. 4(a)) shows that the values obtained from the biosen-
sor are about 3% I¢ss than the BODs. This is because the short
analysts thme of the biosensor (10-15 min) cannol assimilate
some hand o degmde compounds while the BODs standard
method fias a much longer incubation {ime. For the compari-
son between BOD from bivsensor operated off-line and on-line,
the results show practically the samie values (Fig. 4(b)).

3.2.2. Deterprination of COD

The influent and oftluent samples were collected once o day,
analyzed for COD and the resulls were calewlated in torms of
%COD wductlon as shown in Fig. 5. At a low flow rate of
10 mlday=" (HRTF approximately 50 days) the percenlage COD
reduction was constant al 975% for the first 20 days and decreased
stightly 10 about 20% after that. When the flow rate wasincreased
10 20mlday~! (HRT approximately 25 days) the percentage of
COD reduction decrensed (o §5% during ty first fow days and
Increased to a stable value around 8§7%. At 40wl day—! (HRT
approximaiely 12 days) inittally there was no change in percent-
age of COD reduction, It remained around 87% for 10 days and
thien decreased slightly (o be around 75%., Al 80mid n_v" {HRT

Tubke 4

Parformance of the anserobic reactor

Flow mte (1day ™) Hydraulic retention Ocgaak: loading rate (OLR) COD removal ficik iy (%) BOD removal

tme, HRT (cay M (gCODI ™" day ™"
m (ay) yiM (gC w Bitsemor ¢®) BODs {55

0.0} 50 Q2 952 6.1 £ 0.2 96.2 £ 0.2
0.02 25 04 574 954 £ 03 953 03
[ele8) i2 a8 sk ? 9Ls 408 914 £ 05
oTs -] 6 L& 41 % 17 47 £ 3 47+3
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Fig. 2. Comparisonof BODValves (n = 3) oblained from BODs standand methiod
and blosensor system of 5 mg ™! BOD of OECD synthetlc wastewatar withand
withoul ¢blank) added chemicals.

to create the skim crepe [24], The combined wastewaier from
the two processes generally contains high tevel of suspended
solid, from the concentrated lateX process, as well as high level
of BODs and COD, mainiy from he skim crepe process due lo
the high confent of organic constituents in the serum {24]. The
wastewaler is also conlaminated with different kind of impuri-
iies including mbber fragiments and clemicals. The efficiency of
the anacrobic reactor was investigated and during the 120 days
of operations BOD, COD and pH were tested daily while sus-
pended solids and total dissolved selids were {ested every 56
days. The charucteristics of the performance of the biorenctor
are summarized in Table 4,

1.2.1. BOD monitoring system

3.2, 1.1, Of-line monitoring. A total of 240 samples, 120 influ-
ent samples and (20 eofffuent samples (30 samples per each
flow ratey were ested. Influent samples were analyzed after
diluting the samples S0-200 times. A hundred and twenty efftu-
ont samples from the reactor when operated at flow rates of
[0-80ml day—} were also analyzed afler proper ditution, BOD
valtes of the influent samples from both the BODs standard
methed and blosonsor were shown in Fig. 3(a). BODs and
biosensor gave BOD values in the range of 6070-6430 apd
5820-6090mg 17!, rospectively. Between days ) and 120, efflu-
ent samples were also analyzed off-line. Fhe results showed thi
anatyses using BODs and biosensor gave BOD in the range of
3203480 and 200-3300mgi~t, respectively (Fig. 3(). The
anrerobic bloreactor shewed eflicient BOD reduction at high
HRT (see Fig. 3(c3). Percentage difterences between results from

the off-Hne biosensor and the BODs standard method for influ-
ent and efflucat smmples were —5.2:4 1.6 and —4.4 £2.2%,
whereas percentage differonce of previously reporied biosen-

..3p0s varied in the ranges. of 0.1-27.3% §25], 2.2-0.0% {26)and . ... ... ...

0.1-43.0% [13].

3.2.1.2. On-line monitoring. For the off-line system, samples
have tobe manuatly colkected, diluted and injected to the biosen-
sor system. When the biosensor system is applied for on-tine
monitoring of the anacrobic treatment process, the samples are
automatically loaded. This was done by connecting the biosensor
systerm o the effluent of the treatment process using a three-way
valve (Fig. 1). The effluent samples were actomatically diluted
wilh buffer selution in a mixing coil (Fig. 1{a) al position 2).
Since the diluton factor of the system was limited by the be
size and the speed of the puap it could only be between 17 and
Sdimwes. Theeefore, it ¢an only bo used with wastewater with ot
s high BODand this system might be suttable for the detemi-
nation of BOD whichis lessthan 300 mg =1 Theon-tine system
was used toanalyze 30 effiuent samples pereach hydraulic reten-
tion thme when (he reactor was operated at HRT approximately
25 and 50 days. The BODs and biosensor gave BOD values in
the range of 220-300 and 200-290mg 1, respectively.

A wegression line was used (o compare belween biosensor
{off-line) versus BODs and biosensor (off-line) versus biosen-
sor {on-line). The comparison between biosensor (off-line) and
BODs (Fig. 4{a}) shows that the values obfained from Hie blosen-
sor are about 3% less than the BODs, This is beeause the short
analysis time of tho biesensor (10-15 minj canno! assimilate
sonie hard lo degrade compounds while the BOD; standard
method has a mucly longer incubation lime. For the compari-
son between BOD From biosensor operated off-lne and on-ling,
the results show practically the same values (Fig. 4(b)).

2.2.2, Determination of COD

The influent and effluent samples were cotlected once a day,
amalyzed for COD and the resulls were caleulated in terms of
FCOD reduction as shown in Fig., 5, Al a low flow rate of
10 m! day—} (HR'F approximately 50 days) the percentage COD
reduction was conslant at 97% for the first 20 days anddecreased
slightly 1o abowt 90% ufter that, When the flow rate wasinereased
to ZGmlday“' {(HRT approximately 25 days) the percentage of
COD reduction decreased (0 85% daring the first fow days and
increased (o a stable value around 87%. AL 40wl day~! (HRT
approximately 12 days) initially there was no change in percent-
age of COD reduction, ft remained around 87% for 10 days and
then decreased stightly to be around 75%. At 80 mi dﬂy‘l (HRT

Tabk 4
Ferformance of the averoble eeadior
Floar rate (1day™") Hydraulic reteation Ovgank toading mke I?LR) COD removal efficlncy (=) BOD emoval
tme, HRT (day; deld D1~ day™
thme, HRT (day) yeM (pCODT 4y Blossasor1®)  BODs (%)
felel] 50 LY 45k 2 96 £ 02 962 L 02
0.02 25 04 874 4 954 £ 0.3 953 0.3
[elel) 12 as B0+ 7 915 £ 05 914 £ 05
o8 6 (K] 41 & §7 47 4+ 3 47+ 3
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Fig 3. BOD values from BODs sixndard nelhod and bicsensor. BRseasor results in
() whare tha data wers plotted at 5-day Inervals.

approximately 6 days), percenlage of COD decreased rmpidly
from 75 fo 2{%. From the resulls it shows that {he studied tab
scle reactor can oporate sufficiently ol HRTs down to 25 or
maybe 12, bt not at HRT of 6 days whene reactor performance
is influenced both by the ability of the organisnis to deal with
the substrate fed 10 them, and also with polential risk of washout
of the reactor

223 Deteradinacion of ptt

pH of the wastewater was around 6.3 hefore reatiment and it
raised to almos! 8.0 ofter passage through the anacrobic reacter
(Fig. 6). When ike influent passes through the reactor the various
acids are degraded by the microbes resulling in the decrease
of these acids [24] and hence the increase In pH. This is in

{a)and {b) were analyzed of - line, Fercentages of BOD reduction are shoan in

agreement with other previous investigaiions where the treated
waslewater gave an increase in pH {1,27,28).

224 Qther characteristics of wastewaler

Suspended solids (S5} and total dissolved solids of influemt
and efifuent samples were also analyzed. AsshowninTable 555
of mw wastewater Is 5500+ 120 mg 1= Most of the suspended
sollds came from the Iatex process. A possible minor sowrce
could be the release during the skim crepe process, a by-product
from the production of the concenteated latex when acid was
added to congulate the rubber particle [24]. After trealment the
reduction of S3 in the wastewater depended on the hydraulic
refention imes used {Table 5). That is, with the anacrobic reactor
the subber particles could be separated from the liguid and this
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Tabls 5

Charackeristhes of the raw wastewater and treated waskewater

Parameters Raw Treated waste wakee (ml day") Fhe s2t value®

10 20 40 80

BODg (mgi™Y) 62804150 9+19 295+9 530480 32904 190 20
CBOD®Mosensenn(mgl™) . 590130 22920 28lkS 5104850 SAW0E182 0 N0

COD(mgl") 8300 £ 470 $4048 1144 & 351 1766 4 408 52304870 120

fuil 63104 37401 85035 854402 89402 5.3-90

Suspenuad solkd (55, mg1™Yy
Total Dissolve SciM {TDS, mg 1Y)

S500E120(0=10) 11D E10{n=Y)
S220+150{n=10y $30:L250 (=3

20504 150 {n=10) 50
50804 140(n=10) 3000

17504 (28 (n=5)
4340230 (n=5)

1800 & 150 {1 ==5)
4150k E0{n=5)

* Minkstry of Scleacs, Technology and Envisonmental, Tiniland, 1596

5
. ¥~ (0.951£0.009)x + (9.000840,0035)
— 1
g 4 P TITY
!
3
g 2
¢
0 T T 1 L F 1
] 1 H 3 4 H [3
BOD;(mg Iy .
(h}
mopna ¥ (10020.01)- (0.000440.0051)
e 2
Ei‘ R*-03953% "
=l
-
£
$ wm
fd
&
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B we ez o2 als a2 an 431
BOD «ftine{mig I}

Fig, . Regresston line compaeing the BOD values otealned frent 1wo anaiysis
systents () biosensor foff-1ina) and BODs () blosensor {off-Hne) and blgensor
(xuline).

helped to reduce the content of suspended solids, Total dissolved
soltds were also reduced by the anacrobic treatment.
Treatmen! of wastewaler at flow rate [0mlday=! gave the
best results {(Table 3). The pH value of 8.7 & 0.1 is quite accept-
able, however, other parameters still did not mect the requined
value (Ministey of Science. Technology and Eavieonmenial,
Fhailand, 1996) (Table 5). The use of another reactor where the

120 -
5 10 4= Hmbiiay ~sx—— 18 REY wokee {8 Ry ,...§¢.... 3 ebidey —4
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0 4 Weh -
¥ ¥ q,b.“'#é‘v
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Fig. 5, Perentage COD redustion of the anaecobic reackor at different llow naks.
of Inflaent.

1 10Xy —i— 2 miday —f— iy —f— Crabiday —d
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Fig. 6. pH of effluents of the anaerobke reactor at differea flow raks of influent.

feed is the effluent frem this first reaclor would help to increase
the weatment efficiency,

4, Conclusions

A micrabial BOD sensor was doveloped by using an oxy-
gon olectrode as the wansducer and mixed culture of activated
sludge front a concentrated rubber fatex production as the bio-
Ingical sensing element. The biosensor was applied la monilor
the BOD of wastewater. The senzor showed good perfor-
mance, wide linear mnge. good repeatability and long-tenn
stability.

An anacrobic reactor treatmen( process was applied to breat
the wastowater from the concentrated lalex process. The per-
formance of lhe anscroble reactor was studied by feeding
wastewater at different flow rates, At lOm]dny“ the high-
ast efficiency was obtained with percentage of COD and BOD
reduction up Lo 97%. Fhis is similarto those repored using stabl-
{ization pond system swith accobic treatments where ECOD and
%BOD reduction were it the range 97-99% [ 11. 'This teeatment
provess showed good efficiency forhigh strength wastewater but
mast parameters still exceeded the required values of discharged
wastewater. The treatment efficlency might bo incrensed by feed-
ing the effluent back 1o thie same reactor or to anocther reactor at
the towest flow mte,

The biosensor system that was employed o monilor the
performancs of the anagrobic reactor show that off-line and on-
line assays could be carried out with shon analysis time. The
microbial BOD biosensor system has proven to be a suitable
monitoring senisor for concentrated wastewater samples Jrom
the nubber latex process.
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