Available online at www.sciencedirect.com

SCIENCE@DIRECT° B'os soRs
BIOELEGTRONICS

www.elsevier.com/locate/bios

I

ELSEVIER Biosensors and Bioelectronics 19 (2004) 607-613

Continuous determination of biochemical oxygen demand
using microbial fuel cell type biosensor

In Seop Chang, Jae Kyung Jary Geun Cheol G#, Mia Kim &1,
Hyung Joo Kinf1, Byung Won Ché@, Byung Hong Kinf-*
aWater Environment & Remediation Research Center, Korea Ingtitute of Science and Technology,

39-1, Hawolgok-dong, Sungpook-ku, Seoul 136-791, South Korea
b Eco-Nano Research Center, Korea Institute of Science and Technology, 39-1, Hawol gok-dong, Sungpook-ku, Seoul 136-791, South Korea

Received 3 January 2003; received in revised form 12 May 2003; accepted 8 July 2003

Abstract

A mediator-less microbial fuel cell (MFC) was used as a biochemical oxygen demand (BOD) sensor in an amperometric mode for real-time
wastewater monitoring. At a hydraulic retention time of 1.05 h, BOD values of up to 100 mg/l were measured based on a linear relationship,
while higher BOD values were measured using a lower feeding rate. About 60 min was required to reach a new steady-state current after
the MFCs had been fed with different strength artificial wastewaters (Aws). The current generated from the MFCs fed with AW with a BOD
of 100 mg/l was compared to determine the repeatability, and the difference was less than 10%. When the MFC was starved, the original
current value was regained with a varying recovery time depending on the length of the starvation. During starvation, the MFC generated a
background level current, probably due to an endogenous metabolism.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction 1996, Bacillus subtilis (Riedel et al., 1988and Serratia
marcescens (Kim and Kwon, 1999, using a DO electrode.
Since the American Public Health Association Standard Yet, such strains are unable to oxidize the entire range of
Methods Committee adopted the 5-day biochemical oxygen organic contaminants in samples, thus the DO consump-
demand (BOD) test, this method has been widely used as tion is not always directly proportional to the concentration
the standard method for determining the concentration of of biodegradable organics. Therefore, mixed cultufks(
biodegradable organics in wastewater. However, this conven-et al., 1993 or activated sludge.{u et al., 200Q have been
tional method is time-consuming (5 days of incubation) and used to overcome this problem.
usually requires experience and skill to achieve reproducible The luminous bacteriunfPhotobacterium phosphoreum
results. As such, studies have already been conducted tdas been found to exhibit a luminescent intensity in propor-
develop alternative methods for real-time or on-line BOD tion to the amount of assimilable organic contaminants in
monitoring. wastewaterlyun et al., 1998 thereby enabling the BOD to
SinceKarube et al. (1977jirst reported on a BOD sen-  be determined from the intensity difference measured using
sor that used immobilized microorganisms with an oxygen a photodiode. More recently, a fluorescence technique was
probe, various studies have developed BOD sensors basedeveloped for the rapid determination of the BOD, which
on the dissolved oxygen (DO) consumption by immobilized is analyzed by reading the fluorescent intensities of micro-
microorganisms, such as yeabtiKuma et al., 1979; Kulys  bial communities growing in wastewater excited by UV at
and Kadziauskiene, 1980; Yang et al., 1997; Sangeetha et al.340 nm Reynolds and Ahmad, 1997
However, despite the strong relationship between the
« Corresponding author. Tek:82-2-958-5831: fax:82-2-058-5839. BOD concentration and its responses, the above-mentioned
E-mail address. bhkim@kist.re.kr (B.H. Kim). methods have all drawbacks. For example, membrane foul-
! Present address: Korea BioSystems Co., Seoul, Korea. ing is a serious problem in biosensors based on a DO
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electrode and frequent maintenance is required to keep2. Materials and methods

a high sensitivity, while in the case of sensors based on

photometric or fluorescence techniques, some compound=2.1. Microbial fuel cell and its operation
interfere with the performance.

Microbial fuel cells (MFCs) have also been studied as a  Fig. 1(A) shows a schematic diagram of the experimental
BOD sensorKarube et al. (1977)leveloped a BOD sensor  set-up. The fuel cellsHig. 1(B)) were constructed using
based on an MFC using the hydrogen produce@logtrid- transparent polyacrylic plastic and had anode and cathode
ium butyricum immobilized on the electrode. MFCs with compartments separated by a cation exchange membrane
electron-mediators have also been studied as BOD sensor¢Nafior® 450, Dupont Co., Wilmington, USA). Graphite
(Matsunaga et al., 1980; Striling et al., 1983; Thurston et al., felt, 20 mmx 120 mmx 5mm (GF series, Electrosynthe-
1985, where the mediators are used to facilitate electron sis, Amherst, NY, USA), was used for the electrodes. The
transfer from the microbial cells to the electrode. Yet these void volume of each compartment was 20 ml. Platinum
sensors have a poor long-term stability, as the mediators arewire (0.5 mm diameter) was used to connect the electrodes
generally toxic to microorganisms. and the electronic port. The internal resistance between

Previous studies by the current authors have shown thatthe electrodes and the platinum wire was less than 3
an MFC can be operated without mediators using an elec-measured by a multi-tester (Model 2000, Keythley, MA,
trochemically active metal-reducing bacterium, such as USA). Throughout the study, the anode and cathode were
Shewanella putrefaciens, where the bacterial cells in the an-  connected through a voltameter (Won-A Tech Co., Seoul,
ode of the MFC consume the substrate as fuel and transferKorea) and resistanc®5q) of 102 to monitor the current
electrons directly to the electrodKifn et al., 1997, 1999b,  under close circuit conditions. The currehj (vas calcu-

2002. Furthermore, due to its lactate oxidizing activigy, lated asl = V/Rjoad, WhereV is the potential drop across
putrefaciens can also be used as a model strain for testing Riag.
a lactate sensor using an MFKiif et al., 1999%. The wastewater was fed through the injection port of

The current authors also showed that a fuel cell-type elec-the anode compartment at a rate of 0.13-1.37 ml/min
trochemical cell could be used to enrich an electrochemically using a peristaltic pump (505S, Watson-Marlow, Fal-
active microbial consortium using wastewater as the fuel and mouth, Cornwall, UK) equipped with Marprene Il tub-
activated sludge as the microbial sourkéng, 19993. This ing (Watson-Marlow). Air-saturated tap water was fed
MFC was maintained for over 5 years with a stable current into the cathode compartment as the oxidant at a feed-
generation, plus the electricity generation was directly pro- ing rate of 5ml/min throughout the study, unless stated
portional to the strength of the wastewater, suggesting po-otherwise, using a peristaltic pump (505S, Watson-
tential use as a BOD sensdai( et al., 2003; Kim et al., Marlow).

2003. The fuel cells were installed in a temperature-controlled
Accordingly, the present study was conducted to test chamber at 35C. All experiments were conducted using
whether a mediator-less MFC could be used to continuously three separate microbial fuel cells operated over 1 year, and

measure the BOD of wastewater for real-time monitoring. the typical results are presented.
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Fig. 1. Schematic diagram of biosensor system (A) and microbial fuel cell (B).
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2.2. \\astewater ing disruption. In some experiments the starved MFC was
fed with AW containing chloramphenicol at a concentration

A glucose and glutamic acid check test solution for the of 15.6 mg/l Caccavo, 1999 The feeding rate was fixed

BOD (American Public Health Association, 199%vas at a rate of 0.35ml/min, while the oxidant flow rate was

modified and used as the model wastewater throughout the5 ml/min.

study. This modified artificial wastewater (AW) contained

(NH4)2SQq, 0.56g; MgSQ-7H0, 0.20g; CaGl, 15mg; 2.5. Analyses

FeCk-6H2,0, 1 mg; MnSQ-H>0, 20 mg; NaHCQ, 0.42g;

a trace mineral solutionDjekert, 199}, 10 ml; phosphate The chemical oxygen demand (COD) was deter-

buffer (1M, pH 7.0), 50 ml; and distilled water, 940ml. mined by the standard methodrtierican Public Health

The wastewater was autoclaved at 2@0for 1h before Association, 199p using chromate as the oxidant. The

use. The autoclaved wastewater was added along withdissolved oxygen concentration was measured using a DO

filter-sterilized glucose and glutamic acid solutions. The meter (Orion Model 850, Beverly, MA, USA). The current

BOD of the wastewater was varied from 20 to 200 mg/l. yield was calculated using the following equation: (observed

The artificial wastewater was made and maintained under acurrent/theoretical currenty 100 (%), where the observed

nitrogen atmosphere by connecting to a nitrogen-containing current was monitored and the theoretical current calcu-

gas-tight bag with a volume of 151 (Alltech, Deerfield, IL, lated based on the BOD consumption rate using following

USA), as shown irFig. 1(A). equation:

2.3. Enrichment current(A) = BOD consumption ratémng/s)
x12(C/mgBOD) Q)
The MFCs were initially inoculated by activated sludge
(10ml) collected from the Jungryang Sewage Treatment
Plant (Seoul, Korea). The inoculated MFCs were then fed 3. Results and discussion
with the AW (10 ml, 100 mg/I BOD) in a batch mode based

on activating the feed pump when the current dropped be-3.1. Microbial fuel cell and typical current generation
low 0.1 mA at a rate of 1.42 ml/min for 60 min. The current

was monitored during the enrichment. The MFCs were inoculated with activated sludge and en-
riched for 4 weeks using AW with a BOD of 100 mg/l as
2.4. Sarvation and chloramphenicol experiments fuel. The COD value decreased gradually during the enrich-

ment. After 4 weeks of enrichment, a stable current of over
The starvation test was conducted by inactivating the feed- 5 mA was generated, as reported elsewh@ikgt al., 2003.
ing pump. The AW (100 mg/l as BOD) was then fed into the The MFCs were operated for over 1 year before the present
anode compartment after a predetermined period of feed-study was conducted.
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Fig. 2. Effect of feeding rate and oxidant flow rate on current generation by BOD sensor. Modified artificial wastewater (102.4 mg/l as BOD) and
air-saturated tap water were used as the fuel and oxidant, respectively.
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Table 1 _ _ ' reasonably stable current value when the system was contin-
BOD_ removal rate in MFCs fed with AW (BOD of 102.4 mg/l) at various uously Operated without a stop mode (Stage IV), indicating
feeding rates that MFCs can be used as a biosensor for real-time BOD

Feeding speed  BOD loading BOD removal Yield? monitoring_

(ml/min) rate (mg/h) rate (mg/h) The MFCs generated a current with a coulomb yield of
0.13 0.79 0.74+ 0.10 97.2+ 14.0 over 90% at a fuel feeding rate lower than 0.71 ml/min.
0.27 1.65 117 0.20 87.0+ 145 When the feeding rate was 1.20 ml/min the yield fell to 77%
0.35 2.15 1.28+ 0.16 955+ 11.6 bablyv d ; lete fuel bl A

0.71 4.36 181+ 052 88.44 25.4 probably due to incomplete fuel consumptidralple 1. As

1.20 7.37 2.27 0.30 775+ 10.6 such, these results suggest that the MFC should be operated

@ The yield was calculated by dividing the recorded current with the at a feeding rate well below the fuel saturation conditions.

theoretical current calculated from the BOD consumed, as specified in ) L ) .
Section 2.5 3.3. Continuous monitoring of different concentrations

) - A series of AWs with different concentrations ranging
When the MFCs were operated under various co_ndmons, from 20 to 200 mg/l as the BOD was prepared and fed into
the current generated was recordétg( 2), along with @ o MFCs to monitor the steady-state response time under a
COD analysis of the effluentT@ble J. Fig. 2 shows the a4 feeding rate of 0.35 ml/mirFig. 3 shows the current

typical current generation from one of the MFCs. In Stage yeneration that was monitored using two different MFCs.
I, the MFC was operated in a batch mode based on feed-;; ook about 60 min to reach a new steady-state current
ing 102.4mg/l BOD AW at different feeding speeds for 1h atter changing the AW concentration, yet this is too long for
followed by an hour break. The oxidant was supplied con- re4|time monitoring. The long response time was believed

tinuously at a constant feeding rate of 5 ml/min. The current 1, e gye to the small initial contact area of the anode, thus
increased gradually as the flow rate increased from 3.7mMA gtering the configuration of the fuel cell to increase the

at a feeding rate of 0.48 ml/min to 5.2mA at a feeding rate jnitial contact area may reduce the response time.

of 1.07 ml/min. However, no significant increase in the cur- The feeding sequence did not affect the current gener-
rent was observed when the feeding rate was raised ffoMytion. The AW generated a similar current after either an

1.07 to 1.37 ml/min. At this fuel feeding rate, the oxidant \,,_shift or down-shift in the strength. The current generated
(air-saturated tap water) flow rate was then increased from¢om the MFCs fed with an AW with a BOD of 100 mgll
5 to 10, and 15 ml/min to test whether the oxidant was lim- ;¢ compared to determine the repeatability, and found to

ited _in the cathode compartment (Stage IlIFiy. 2). The_z be 373+ 0.36, 392+ 0.25 (MFC1) and 09+ 0.17 mA
maximum current was 5.3, 5.7, and 5.9 mA at an oxidant (MFC2). As such, the difference was less than 10%.

flow rate of 5, 10, and 15ml/min, respectively, indicating = The MFCs were run using AW with different BOD at
that the cathode reaction was limited by oxidant supply ata g feeding rate of 0.35mli/min, then the current was plot-
high fuel feeding rate, as reported earligil(et al., 2003. ted against the BOD concentration to find the reliability
Accordlngly, the following experiments were conducted at (Fig. 4). Linearity was observed up to 100mg/l (dotted
a fuel feeding speed of less than 1.37 mi/min. line). However, the relationship ceased to be linear when the

Oxygen supply limitation was also observed when com- gop concentration was higher than 100 mg/l (solid line in
paring the current generations between batch and continuougsjg 4.

runs of the MFCs. In addition, a slightly higher currentwas  'gome of the factors that affect current generation may be
repeatedly obtained with a batch operation of the microbial |imjted at BOD concentrations higher than 100 mg/l. As dis-
fuel cell compared to a continuous run with a low cathode ¢,ssed elsewher&(l et al., 2003, several factors affect the

flow rate Fig. 2). As such, in a batch run, it was assumed e formance of an MFC, including (1) fuel oxidation in the
that the DO diffused into the porous cathode space during 5nade compartment, (2) electron transfer from the microbial

the pause period was used during the feeding period, while ce|is 1o the anode, (3) proton permeability across the mem-
in & continuous run, the DO was used before being diffused brane, and (4) oxygen supply and consumption in the cath-
into the porous space. ode compartment. Consequently, these limitations should be
avoided when running an MFC under limited conditions as
3.2. Effect of feeding rate during continuous operation a BOD sensor.
An MFC can be operated at a low anode feeding rate to
In Stages Ill and IV, the AW (102.4mg/l as BOD) was monitor high BOD values, or the sample can be diluted.
fed into the MFCs at different feeding rates and the currents Although the present MFCs monitored the BOD concentra-
monitored at a fixed cathode feeding rate of 5ml/min. In tion as a linear relationship, model fittinglonod, 1942
Stage lll, the continuous feeding was interrupted for 1 h has also been applied to predict a BOD concentration higher
every 5h to determine the recovery time. The maximum than 100 mg/l. The solid line ifig. 4 exhibited a good fit-
current was obtained within 30 min after the feeding was ting with higher BOD concentrations as well as lower than
resumed. In addition, the microbial fuel cells generated a critical concentrations.
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Fig. 3. Continuous monitoring of AW with different BOD values. Two MFCs were independently operated under a substrate feeding rate of 0.35ml/min
and oxidant flow rate of 5ml/min. The numbers above the arrows indicate the BOD values of the AW in mg/l.

3.4. Sarvation and recovery longer the MFC was starved, the longer the recovery time.
The current returned to the original level within 30 min with

Tests were conducted to determine the relationship be-the resumption of feeding after interruption of the feeding
tween starvation and recovepig. 5shows the current gen-  for 3h, whereas it took 3.5 and 80h to reach the original

eration patterns after starvation for varying periods. The current level after starvation for 15 and 270 h, respectively.
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Fig. 4. Relationship between BOD value and steady-state current.
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Fig. 5. Effect of starvation and chloramphenicol on recovery of current generation by MFCs. The MFCs were starved and fed with AW (BOD of 100 mg/l)
at a rate of 0.35ml/min. The duration of the starvation is shown in the figure above the double-headed arrows. AW (BOD of 100 mg/l) containing
chloramphenicol (15.6 mg/l) was fed to test the effect of protein synthesis during the recovery period after the MFC was starved for 264 h as indicated
by the arrow.
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