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Abstract

A microbial fuel cell type of biosensor was used to determine the biochemical oxygen demand (BOD) of wastewa-
ter. The biosensor gave a good correlation between the BOD value and the coulomb produced. The BOD sensor has
been operated for over 5 years in a stable manner without any servicing. This is much longer that that of previously

reported BOD biosensors.

Introduction

Since the 5-d biochemical oxygen demand (BODs)
test was adopted in 1936 by the American Public
Health Association Standard Methods Committee, it
has been widely used for measuring the concentration
of biodegradable organics in wastewater. This method,
however, is time-consuming (5 d) and usually requires
experience and skill to achieve reproducible results.
Therefore, alternative methods have been explored.
Various BOD biosensors have been reported, mostly
based on dissolved O monitoring using different mi-
croorganisms such as yeast (Hikuma et al. 1979, Yang
et al. 1997), Bacillus subtilis (Riedel et al. 1988),
and Serratia marcescens (Kim & Kwon 1999). Sin-
gle microorganisms used in these studies metabolize a
limited range of contaminants in the samples, which
may result in inaccurate estimation of BOD values. In
order to alleviate this problem, mixed cultures (Tan
et al. 1993) or activated sludge (Liu et al. 2000) have
been used.

A luminous bacterium, Photobacterium phospho-
reum, can also be used for a similar purpose. The
intensity of luminescence, which is proportional to the
amount of assimilable organic compounds in wastewa-

ter, can be measured using a photodiode (Hyun et al.
1993). Recently, rapid determination of BOD has been
made using a fluorescence technique (Reynolds & Ah-
mad 1997) which gave a linear relationship between
BOD of wastewater and the fluorescence intensities of
the organisms growing in the wastewater at 340 nm.

Although there are good relationships between
BOD concentration and their responses, biosensors
based on the dissolved O, probe have problems such
as long-term stability due to membrane fouling. In
addition, BOD sensors based on a single organism,
such as P. phosphoreum do not have a broad range
of substrate utility. Certain non-biodegradable chem-
icals interfere BOD estimation through fluorescence
techniques (Reynolds & Ahmad 1997).

Our previous studies showed that a microbial
fuel cell could be operated without mediator us-
ing an electrochemically-active metal-reducing bac-
terium, Shewanella putrefaciens (Kim et al. 1999a,
2002). The electrochemically-active bacterium at the
anode of the microbial fuel cell oxidises the substrate
as a fuel and the resulting electrons are directly trans-
ferred to the electrode. The microbial fuel cell using
Shewanella putrefaciens was tested as a lactate sen-
sor (Kim er al. 1999b). We have shown that a fuel
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Table 1. BOD sensors and their performance characteristics.

Biological Transducer ~ Measuring  Reproducibility ~ Operational Reference
recognition element range (£%) stability
(ppm)
Enriched microbial Microbial < 206 3-12 Over 5 years  This study
consortium fuel cell
Trichosporon DO 4-100 33 48d Riedel et al.
cutaneum electrode (1988)
Trichosporon DO 0-110 4 7-30d Preininger
cutaneum electrode et al. (1994)
Bacillus subtilis DO 2-22 5 30d Riedel et al.
electrode (1988)
B. subtilis DO < 80 24-34 140d Qian & Tan
(heat killed) electrode (1998)
Pseudomonas DO 0.5-10 10 10d Chee et al.
putida electrode (1999)
Multi-species DO 0-45 8.5-12.4 20d Tan & Wu
culture electrode (1999)
Activated sludge DO < 60 5 Very short Sasaki et al.
electrode (1995)

cell-type electrochemical device can be used to enrich
an electrochemically active microbial consortium, and
that the device can be used as a microbial fuel cell
to treat wastewater (Gil et al. 2003). This microbial
fuel cell has been maintained over 5 years with sta-
ble current generation. The coulomb generated from
the microbial fuel cell was directly proportional to the
strength of the wastewater. This observation gave the
possibility to use it as a BOD sensor.

Materials and methods

Wastewater and chemicals

Wastewater was collected from a starch processing
plant (Samyang Genex Co., Korea). The chemical
oxygen demand (CODc;) and biochemical oxygen
demand (BODs) of the wastewater was 1200 and
520 ppm, respectively. The wastewater contained 25 &
7.7 mg total nitrogen 1~! and 10.7 1.7 mg total phos-
phorus 17!, respectively. Inorganic nitrogen was less
than 5 mg 1~!. It was diluted using 50 mM phosphate
buffer (pH 7) containing 100 mM NaCl to a desig-
nated concentration before being fed into the anode
compartment of the fuel cell as fuel.

Microbial fuel cell system

Mediator-less microbial fuel cells enriched and main-
tained for over 4 years (Gil et al. 2003) were used
in this study. The anode and cathode compartments
(working volume of 25 ml each) were separated by
a cation exchange membrane (Nafion, Dupont Co.,
USA). Graphite felt (50 x 50 x 3 mm, GF series,
Electro-synthesis Co., USA) was used as electrodes
with platinum wire connecting them through resis-
tance of 10 € and a multimeter (Keithley Co., USA).
Injection ports were installed in each compartment
of the fuel cell. The experimental set-up was shown
previously (Gil er al. 2003). The anode compartment
was kept anoxic by purging with nitrogen gas (100 ml
min~!). Air (100 ml min~') was purged into the cath-
ode compartment in order to supply O, needed for
the electrochemical reaction. The cathode compart-
ment contained 50 mM phosphate buffer (pH 7) with
100 mM NaCl as the electrolyte, and the anode com-
partment wastewater diluted with the electrolyte. The
microbial fuel cell was operated in a batch mode. The
anode content (25 ml) was replaced by diluted waste-
water as fuel. The microbial fuel cells were placed in
a temperature-controlled chamber controlled at 30 °C.
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Fig. 1. Current generation patterns from the microbial fuel cell-type BOD sensor fed with samples of different BOD concentration. The
microbial fuel cells were fed with wastewater diluted to BOD values indicated in the figure, and the current generated was monitored.

Instrumentation and analyses

The potential difference (PD) between anode and cath-
ode was measured using a multimeter and recorded
every 5 min through a data acquisition system (Test-
point, Capital Equipment Co., USA). The measured
PD was converted to current according to the relation-
ship of PD = current x resistance. Coulomb, which
is expressed as current X time, was calculated by inte-
grating the current over the time from the start point of
experiment to the time where current was decreased to
5% of maximum current. All experiments were con-
ducted using three separate microbial fuel cells, and
results were presented as average values or a typi-
cal result. CODc; and BODs were measured using
standard methods (Eaton et al. 1995).

Results and discussion

Fuel cell operation with different BOD
concentrations of wastewater

The microbial fuel cell was supplied with diluted
wastewater to determine correlation between BOD
concentration and coulomb generation. Figure 1
shows the current monitoring results of the operation.

Five different concentrations were tested, and each di-
luted was tried at least twice. After anode solution was
replaced by new sample, the current increased very
rapidly and reached to maximum value. The maxi-
mum value was kept for a while, and decreased. When
sample BOD concentrations were higher than 25 ppm,
the maximum current showed almost same value (Fig-
ure 2A). At the BOD values lower than 25 ppm, the
maximum current was lower than those obtained from
the higher strength fuel. Coulomb obtained in a sim-
ilar experiment showed a good relationship with the
strength of the wastewater (Figure 2B). This result
shows that microbial fuel cell can be used as a BOD
Sensor.

Performance characteristics of microbial fuel
cell-type BOD sensor

As shown in Figure 2B, the correlation between BOD
concentration and coulomb generation showed a good
linearity (regression coefficient, > = 0.99) up to
206 ppm. The linearity of the sensor on higher concen-
trations was tested. The undiluted sample with BOD
value of 520 ppm generated a Coulomb of 57.7+1 C.
The expected value was 70.8 C, calculated by linear
correlation curve (Figure 2C). This low coulomb yield
could be due to low buffering capacity in the sample
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Fig. 2. The correlation curves between BOD value of wastewater
and maximum current (A), and between BOD value and coulomb
(B and C). The maximum current and coulomb were measured
using wastewater diluted to different BOD values. The correlation
between BOD concentration and coulomb showed a good linearity
2 = 0.99) up to 206 ppm, but the coulomb value was lower than
expected with BOD values higher than 206 ppm probably due to
acidification in the anode compartment.

without phosphate buffer. Our previous result showed
that the higher current was generated from an experi-
ment which employed phosphate buffer with NaCl as
the electrolyte than the control without the electrolyte
(Gil et al. 2003).

The higher the strength of the sample, the longer
the microbial fuel cell-type BOD sensor took to mea-
sure the BOD values. The response time for two low
concentration samples, 2.58 and 6.45 ppm, was shorter
than 30 min. However, the sample with a BOD value
of 206.4 ppm took about 10 h. Although this BOD
sensor has good linearity up to this high concentration,
response time may be too long. High strength samples
may therefore have to be diluted to be analysed within
a reasonable time.

Table 2. Comparison of BOD values of wastewater samples
measured by the sensor with those determined by BODj5.

Wastewater BOD (ppm)

Microbial fuel cell sensor  BODsg
Sample 1 193+22 1724+ 25
Sample 2 67 *2.1 68.8 = 10.3
Sample 3 138.5+94 137.6 £ 20.5

The microbial fuel cell can be used to measure
BOD values either by reading the maximum current
or by calculating the coulomb. The low BOD val-
ues might be obtained from the maximum current as
shown in Figure 2A. This mode may be used for a real-
time determination of BOD values. Since the current
increased so fast after the addition of samples that it
was impractical to use the initial current increase rate
to measure BOD values.

BOD values measured by the microbial fuel cell
showed the standard deviation from £3% to £12%
during repeated experiments over a year (Table 1).
The reproducibility of previously reported biofilm-
type BOD sensors varied from £2.4% to +10% for
single strain sensors, and slightly wider range for
multi-strains based sensors (Liu & Mattiasson 2002).
According to the Eaton et al. (1995), £15.4% repro-
ducibility is acceptable in BOD5 test. Table 2 shows
the comparison of BOD values of wastewater sam-
ples measured by the sensor and those determined by
BODs.

Operational stability is one of the important factors
to be considered in biosensors. A stable sensor perfor-
mance over a desired period is essential for a reliable
sensor system. A typical BOD sensor based on DO
monitoring has a limited stability due to the nature of
a DO probe. DO probe (Clark-type) is a two-electrode
system consisting of a silver anode and a gold or plat-
inum cathode, and anode metal can be easily oxidized
(Liu & Mattiasson 2002). Therefore, it is necessary to
change the electrolyte and clean the anode surface of
DO probe regularly. However, microbial fuel cell-type
BOD sensor has been operated over 5 years without
any services. If fuel (wastewater) supply is not lim-
ited, the operational stability could be maintained up
to 5 years. This period is much longer that that of pre-
viously reported BOD biosensors, 7 to 140 d (Liu &
Mattiasson 2002).



Based on the study, microbial fuel cell-type biosen-
sor can be used to determine BOD concentration in
wastewater with the advantage of long stability.
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