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Abstract: The conventional Biochemical Oxygen Demand (BOD) method takes five days to analyze
samples. A microbial fuel cell (MFC) may be an alternate tool for rapid BOD determination in water.
However, a MFC biosensor for continuous BOD measurements of water samples is still unavailable.
In this study, a MFC biosensor inoculated with known mixed cultures was used to determine the BOD
concentration. Effects of important parameters on establishing a calibration curve between the BOD
concentration and output signal from the MFC were evaluated. The results indicate monosaccharides
were good fuel, and methionine, phenylalanine, and ethanol were poor fuels for electricity generation
by the MFC. Ions in the influent did not significantly affect the MFC performance. CN´ in the influent
could alleviate the effect of antagonistic electron acceptors on the MFC performance. The regression
equation for BOD concentration and current density of the biosensor was y = 0.0145x + 0.3317. It was
adopted to measure accurately and continuously the BOD concentration in actual water samples
at an acceptable error margin. These results clearly show the developed MFC biosensor has great
potential as an alternative BOD sensing device for online measurements of wastewater BOD.
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1. Introduction

BOD is an international regulatory environment index for monitoring biodegradable organic
pollutants in water. In industries, continuous monitoring of organic loads is very important in order to
comply with regulatory requirements. Thus, a rapid method for online or in situ analysis of organic
loads is a desirable option, as opposed to a five-day test using the conventional BOD method [1].
Since the conventional test is time-consuming and requires extensive training to achieve reproducible
results, it is not suitable for active intervention, environmental monitoring, or process control [1]. Some
alternative techniques have been developed to overcome the disadvantages of the conventional BOD
method. In the past years, several researchers have developed biosensors based on dissolved oxygen
(DO) probes and immobilized cells for use as the biological recognition element [2]. Such systems
generally give a good relationship between the output signal and BOD concentration, but may suffer
from unstable operation [3].

A microbial fuel cell (MFC) is a device that uses microorganisms as catalysts to generate electricity
from organic or inorganic fuels. It thus provides a potential approach for the generation of renewable
energy or for powering of electronic sensors [3–5]. It can be operated with or without mediators by
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using an electrochemically active bacterium or a microbial consortium. Considering the operating
convenience and cost, the mediatorless MFC is appropriate for developing a BOD biosensor [6]. The
MFC biosensor is a promising method for applications in BOD measurements because it has broad
substrate versatility, good operating stability, and high result reproducibility [5]. Although some
studies related to MFC-type BOD biosensors have been presented, MFC biosensors inoculated with
mixed cultures of unknown strains require continuous maintenance after construction of the MFC [7].
Requirement of another MFC biosensor with similar performance makes construction difficult because
the composition of the mixed culture is unknown. This problem is probably where the greatest
uncertainty in MFC design lies. Such uncertainty significantly limits the commercial application of
MFC biosensors. Hence, Hsieh and Chung developed a MFC biosensor inoculated with known mixed
cultures. They were able to use the established system to measure BOD concentrations in various
wastewater samples in batch mode [7,8].

In a fixed MFC infrastructure, parameters affecting the MFC performance include fuel type,
coexisting ions, electron acceptors, liquid retention time (LRT) in the anode, and gas retention time
(GRT) in the cathode [9,10]. In earlier studies, a glucose–glutamate BOD standard solution has been
used often to evaluate MFC performance in measuring BOD in wastewater samples. However, such
studies focused on evaluating compounds such as carbohydrates, proteins, and lipids as BOD mode
substrates are limited. Theoretically, a high BOD concentration leads to a high signal output. However,
this is only true to a certain extent. Under anaerobic, anoxic, and microaerophilic conditions, microbes
utilize organic substrates through different metabolic pathways, following Monod growth kinetics,
and producing different electric outputs [11,12]. Hence, it is important to understand the effect of
various fuels on the MFC performance in measuring BOD concentration in water samples [3].

Some ions such as Na+, K+, Ca2+, Mg2+, Cl´, and NH4
+ exist at much higher concentrations

than that of H+ in wastewater, thus potentially affecting the function of traditional ion-exchange
membranes in MFCs [5,13]. Influent wastewater containing Fe2+, Mn2+, Zn2+, Cu2+, and Cr6+ ions
may be toxic to microbes in the MFC and may thereby impair the MFC performance. Thus, evaluating
the effects of coexisting ions on MFC operations is necessary. Although the MFC-type BOD biosensor
has been shown to have long-term operational stability [8], the signal produced from MFC biosensor
is significantly reduced when electron acceptors with high redox potential (oxygen, nitrate, nitrite,
or sulfate) are present in the influent [14]. To measure accurately the BOD concentration in samples,
acceptors in the influent should be removed from the influent wastewater. Azide, cyanide, and
rotenone, known respiratory inhibitors, may reduce interference from electron acceptors when added
to the influent [15].

In our previous research, a mediatorless MFC biosensor inoculated with a known bacterial mixture
was developed for rapid measurement of BOD in “batch” mode. An operating procedure for the
MFC biosensor that includes inoculation, immobilization, startup, and operation was established and
tested [7]. In this study, a similar mediatorless MFC biosensor inoculated with a known bacterial
mixture was constructed to measure BOD concentrations in various wastewater samples. The effects of
important operating parameters on establishing reliable calibration curves between BOD concentration
and output signals were evaluated. These parameters included influent fuel types, coexisting ions
in the influent, electron acceptors in the influent, LRT in the anode, and GRT in the cathode. The
amended method was successfully demonstrated. Our results could increase the commercial value of
a MFC-type BOD biosensor.

2. Materials and Methods

2.1. MFC

The dual chamber mediatorless MFC constructed used a BOD biosensor, as previously
described [7]. The surface area of the electrodes and the membrane used in the reactor were 0.0098 and
0.0072 m2, respectively. The MFC biosensor for BOD measurement was inoculated with Thermincola
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carboxydiphila, Pseudomonas aeruginosa, Ochrobactrum intermedium, Shewanella frigidimarina, Citrobacter
freundii, and Clostridium acetobutylicum, which were isolated from the original MFC biosensor. All
bacteria were cultured in Luria-Bertani (LB) medium until 1.0 OD600 and then the mixed cultures were
added as inoculum. The cell number for T. carboxydiphila, P. aeruginosa, O. intermedium, S. frigidimarina,
C. freundii, and C. acetobutylicum in the mixture was 8.2 ˆ 108, 3.5 ˆ 109, 2.0 ˆ 109, 6.8 ˆ 108, 2.5 ˆ 109,
and 1.5 ˆ 109 CFU/mL, respectively. The immobilization process has been previously described [7]. A
short description was as follows: 500 mL mixed cultures were put in a serum bottle and recycled by
pump into the MFC at 10-day retention time under anaerobic condition. When the potential reached
a steady state (after approximately 32 days of operation), the biofilm in the anode of the MFC was
considered stable or mature.

The anode compartment was kept anoxic by purging with nitrogen gas, unless stated otherwise.
The MFC influent was usually fed at 4 h LRT. Air was purged at 6 min GRT into the cathode
compartment to supply O2 needed for the electrochemical reaction, unless stated otherwise. The
catholyte contained 100 mM phosphate-buffered saline (PBS) and 100 mM NaCl solution. The MFCs
were placed in a temperature-controlled chamber maintained at 35 ˝C. The external resistance of
MFCs was set at 5000 Ω, obtained from the result of the previous polarization experiments [7]. The
potential between the anode and cathode was continuously measured by using a multimeter (Model
2700, Keithley Instruments Inc., Cleveland, OH, USA).

2.2. Operating Properties of the MFC Biosensor

A 100 mg/L BOD solution containing 75.8 mg/L glucose and 75.8 mg/L glutamic acid (GGA)
was used as the standard feed solution. Different liquid retention times in the anode chamber
(1–6 h) and gas retention times in the cathode chamber (0–12 min) were adopted to examine the
MFC performance. MFCs were fed with different types of substrates, each at 100 mg/L (carbohydrates:
glucose, fructose, sucrose, lactose, and maltose; amino acids: glutamine, glycine, isoleucine, methionine,
and phenylalanine; acids: acetic acid, propionic acid, and butyric acid; alcohols: ethanol and glycerol)
and were operated at 4 h LRT and 6 min GRT to identify distinct metabolic pathways. To reduce
the meddling of previous substrate residue, all data were collected after a time period of three times
the hydraulic retention time. Additionally, selected substrates with 100 mg/L BOD5 were fed to
the MFC to test the MFC performance under anaerobic conditions and to establish the calibration
curve. A 100 mg/L GGA solution (as BOD5) containing various ions (Fe2+, Mn2+, Zn2+, Cu2+, Cr6+, or
Cl´) at different concentrations were continuously introduced into the MFC to evaluate the effects of
coexisting ions in the influent on BOD measurement using the MFC biosensor. The composition of the
simulated wastewater containing 100 mg/L GGA solution (as BOD5) and electron acceptors (nitrate,
nitrite, and sulfate) or metabolic inhibitors (rotenone, KCN, and NaN3) at various concentrations was
continuously introduced to the MFC to understand their effects on BOD measurement using the MFC
biosensor. BOD concentrations in three types of real wastewater (river water, seawater, and domestic
wastewater) were measured by using the MFC biosensor and through the BOD5 standard method
(five-day BOD test).

2.3. Analysis

Data from the multimeter were recorded by a personal computer through a data acquisition
system (Testpoint, Capital Equipment Co., Richmond, VA, USA). The potential difference
(voltage) and current were recorded under various operating conditions to evaluate the MFC
performance. The measured voltage was converted to current according to the relationship,
voltage = current ˆ resistance. Current density is the electric current per unit total surface area
of the anode. Biochemical oxygen demand analysis adopted the standard BOD method 5210 B. All
experiments were conducted by using three separate MFCs. All sample analyses were carried out in
triplicate, and mean values were reported.
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3. Results and Discussion

3.1. Effect of Retention Time on MFC Performance

During continuous operation, liquid retention time in the system often determines the degradation
efficiency of pollutants. For a MFC system, the degradation efficiency of pollutants may affect electricity
generation. Generally, a low LRT means a high organic loading to the reactor, which should increase
the voltage. However, a low LRT often results in the insufficient contact between substrates and
microbes in the anode compartment, which may led to the decrease of the voltage. Thus, to obtain the
optimized LRT is decisive. Figure 1a indicates that the current density of the MFC increases as LRTs
increase, leveling off when the LRT is higher than 4 h. In a MFC system, oxygen is the electron acceptor
in the cathode. Hence, the supply of sufficient oxygen favors electricity generation and enhances the
signal output from the MFC. Figure 1b indicates the relationship between the current density of the
MFC and GRT in the cathode. The results indicate that the optimal GRT range in the MFC cathode was
2–6 min. With too short a retention time (GRT: 0 min) or with insufficient oxygen (GRT: 8–12 min), the
current generation of MFC is reduced. Thus, the LRT and GRT for MFC operation were respectively
set at 4 h and 6 min in subsequent experiments.
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Figure 1. Effects of (a) Liquid retention time (GRT: 6 min); (b) Gas retention time (LRT: 4 h) on the 
MFC performance (GGA concentration: 100 mg/L as BOD5). 
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Figure 1. Effects of (a) Liquid retention time (GRT: 6 min); (b) Gas retention time (LRT: 4 h) on the MFC
performance (GGA concentration: 100 mg/L as BOD5).

3.2. Effect of Substrates on MFC Performance

Theoretically, a high BOD concentration in the influent leads to a higher voltage generated by
the MFC; however, this is only true to a certain extent. Since microbes in the MFC anode utilize
organic substrates through various metabolic pathways, electrical outputs may vary even at the same
concentration [12]. Gil et al. showed that microbes in their developed MFC appeared to utilize glucose
or acetate better [16]; thus, they were often used in the MFC as model fuels.

Figure 2 shows the effects of different substrates at a concentration of 100 mg/L on the current
density of the MFC in continuous feeding mode. Results indicate that monosaccharides and
disaccharides were better substrates for electricity generation in the MFC than were amino acids,
organic acids, or alcohols. The current density of 0.9 mA/m2 was thus used as a baseline. An
output higher than 0.9 mA/m2 by the MFC is due to carbohydrate degradation, while lower current
generation is due to degradation of other compounds (Figure 2). For carbohydrates, the current
generation from the MFC fed with monosaccharides was higher than that of the MFC fed with
disaccharides. Additionally, a stable current density was observed after 1–10 min (Figure 2a). The
electricity generated from the MFC depended on the structures of the various amino acids. Among the
tested amino acids, methionine and phenylalanine were relatively poorly degraded; therefore, they
produced only 0.4–0.5 mA/m2 stable current density (Figure 2b). Figure 2c indicates that ethanol was
the substrate that was the most difficult metabolize; hence, a stable current density was observed only
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after 15 min. In the following experiments, the BOD measurements were conducted after an average
of 5 min of operation.
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Figure 2. Effects of different substrates on the MFC performance. (a) Carbohydrates; (b) Amino acids;
(c) Acids and alcohols (substrate concentration: 100 mg/L; LRT: 4 h; GRT: 6 min; n = 3).

To establish the calibration curve between the signal output and BOD5 concentration, the substrate
concentration should be converted to the BOD5 concentration through the BOD standard method
5210 B. Figure 3a indicates the current density of the MFC during continuous feeding of the selected
organic compounds at 100 mg/L BOD5 concentration. The results indicate the variation of the current
generation by the MFC due to the degradation of different organic compounds, even at the same
BOD concentration. A MFC fed with 100 mg/L GGA solution generated 1.880 ˘ 0.012 mA/m2, but
MFCs fed with glycine (1.908 ˘ 0.021 mA/m2) and acetic acid (1.910 ˘ 0.013 mA/m2) generated more
electricity (p < 0.05). When MFCs were fed with sucrose, isoleucine, methionine, and ethanol as fuels,
lower current generation was observed.

This decrease may be attributed to the degradation of organic compounds through different
metabolic pathways [17]. To offset the bias of the current generation from different fuels, different
BOD5 concentrations of glucose, methionine, acetic acid, and glycerol were used to establish the
calibration curve. Figure 3b illustrates the relationship between the BOD5 concentration and the
current density of the MFC biosensor in continuous feeding mode. A good linear relationship could be
observed at BOD5 concentrations ranging from 5 to 235 mg/L. The regression equation for the BOD
concentration and the current density of the MFC biosensor was determined to be y = 0.0145x + 0.3317
(r2 = 0.9961). In their studies, Chang et al. [4], who used a dual-chamber MFC, and Kumlanghan et al. [18],
who used a large MFC (1.1 L), also observed linear relationships when inlet BOD concentrations were
in the range of 20–100 mg/L and 1–25 g/L, respectively. In comparison with the previous systems, our
continuous monitoring system showed some competitive advantages because of our lower limit of
detection. The regression equation was thus applied in calculating the BOD5 concentration of different
water samples.
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3.3. Effect of Coexisting Ions on MFC Performance

The use of ion-exchange membranes to separate the anode and cathode in the MFC is well
known [3]. The flow of electrons must be accompanied by an equal flow of protons or hydroxide ions
through the ion-exchange membrane. Thus, electron-transfer efficiency is an important factor in the
control of MFC performance [19]. Actual water samples such as river water, seawater, and domestic
wastewater contain various ions, and the presence of these ions in the samples may interfere with
electron transfer in the MFC and may affect the activity of microbes in the anode [20].

The difference in current generation between the control and the anolyte containing the metal
ions Fe2+, Mn2+, Zn2+, and Cu2+ was insignificant (p > 0.05) when the ion concentration in the anode
was below 5 mg/L. However, when Cr6+ concentrations in the anolyte were higher than 3 mg/L, the
reduction of current density was significant and the responses had relative values of 93%–95% of that
of the control (Figure 4a). Bachate et al. demonstrated that the toxicity of Cr6+ to microbes is due to its
higher solubility in water and favorable permeability through biological membranes [21]. In addition,
Cr6+ can act as an electron acceptor in the anode under anaerobic conditions. These reasons may
explain why the current density of the MFC dropped. The effects of chloride ions on the responses
of the MFC biosensor current generation were also investigated. The average Cl´ concentration in
seawater was approximately 20 g/L [22]. Figure 4b shows that the responses of the MFC biosensor are
insignificantly influenced by the increasing Cl´ concentration (0–20 g/L). Thus, these results suggest
that the MFC biosensor has great potential for BOD measurements on different water bodies, including
seawater. This advantage may be attributed to the characteristics of the bacterial mixtures inoculated in
the anode, which effectively degrade complex organic compounds and survive in toxic conditions [7].Sensors 2016, 16, 35 
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3.4. Effects of Metabolic Inhibitors

Previous research has shown that the signal from MFC-type BOD biosensors is significantly
reduced when electron acceptors with high redox potential are present in the influent [14]. Wastewater
samples from rivers, domestic wastewater, seawater, or industrial wastewater generally contain oxygen
gas (O2), nitrate (NO3

´), nitrite (NO2
´), and even sulfate SO4

2´ [23]. Thus, electron acceptors in
the influent to the MFC biosensor should be removed to enable accurate measurement of the BOD
concentration in these samples.

Figure 5a shows the effect of respiratory inhibitors (cyanide, azide, and rotenone) on preventing
interference from oxygen gas. In the experiment, the tested influent contained 100 mg/l GGA BOD5

solution with 4.5 mg/L DO (without nitrogen purge) or 100 mg/L GGA BOD5 solution under anaerobic
conditions (data not shown). Results indicate that the anaerobic control generated 2.061 ˘ 0.018 mA/m2

of current density (data not shown) and that the current density of the tested influent decreased to
an average of 1.922 ˘ 0.024 mA/m2. With continuous addition of respiratory inhibitors at different
concentrations to the MFC, the current density of the tested influent gradually increased and leveled
off at the current density of the anaerobic control (2.061 ˘ 0.018 mA/m2). The appropriate respiratory
inhibitors were rotenone (0.5 mg/L), cyanide (1.0 mg/L), and azide (2.0 mg/L). Figure 5b shows
the effect of electron acceptors (NO3

´, NO2
´, SO4

2´) in the MFC influent on the performance. In
the experiment, the tested influent contained 100 mg/L GGA BOD5, 4.5 mg/L DO, and different
concentrations of electron acceptors. Results indicate that nitrate in the influent reduced most strongly
the current generation by the MFC, followed by nitrite and sulfate. The concentrations of NO3

´,
NO2

´, and SO4
2´ in inhibiting current generation were 100, 500, and 700 µM, respectively.

Different concentrations of cyanide (CN´) were continuously added to the MFC biosensor to
examine the interference of coexisting electron acceptors and to evaluate the MFC performance. In
the experiment, the tested influent contained 100 mg/L GGA BOD5, 4.5 mg/L DO (without nitrogen
purge), and different electron acceptors. NO3

´, NO2
´, and SO4

2´ were fed at 500, 700, and 1000 µM,
respectively. Figure 6 shows the improvement in the current generation by the MFC with electron
acceptors due to different CN´ concentrations. Results indicate that the current from the MFC
increased with CN´ concentration. The current density returned to the level (i.e., 2.061 mA/m2) under
anaerobic conditions (control) upon addition of CN´ to a 1–2 mg/L final concentration. Azide, cyanide,
or rotenone inhibit nitrate reductase, nitrite reductase, or NADH dehydrogenase [17,24,25], thus
improving the electron transfer from the anode to the cathode in the MFC. Therefore, the MFC biosensor
can measure BOD5 concentrations in various water samples even when they contain electron acceptors.Sensors 2016, 16, 35 
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3.5. Continuous BOD Measurement on Wastewater Using the MFC Biosensor

Different water bodies usually contain organics, trace metals, toxic compounds, and electron
acceptors. These coexisting compounds may affect BOD measurements by the MFC biosensor. Thus, it
is crucial to evaluate the feasibility of using a MFC biosensor for continuous BOD measurements on
different actual wastewater samples. In this study, wastewater samples were fed to the MFC biosensor
at 4 h LRT, 6 min GRT, and 2 mg/L CN´ was simultaneously added to reduce the interference of
coexisting electron acceptors.

Table 1 summarizes the results of BOD concentrations in actual wastewater samples either
continuously measured by using the MFC biosensor or measured through the BOD5 standard
method. MFC biosensor measurements of BOD concentration in river water and seawater had low
deviations (´3.33 to 2.00%) relative to those from the BOD5 standard method. Furthermore, BOD
concentration measurements on domestic wastewater using the MFC biosensor (<210 mg/L) were
accurate and had low deviations (´3.08 to 1.06%) relative to those obtained through the BOD5 standard
method. However, deviations were relatively high (6.88%–7.58%) when domestic wastewater contained
320–580 mg/L BOD. Kim et al. [8] treated artificial wastewater by using a mediatorless MFC in batch
mode, and Nakamura et al. [22] treated real river water by using a double-mediator MFC system
in batch mode. Similarly, Kumlanghan et al. [26] treated food wastewater by using a large MFC in
continuous mode, Zhang and Angelidaki [27] treated contaminated groundwater by using a SUMFC
sensor in batch mode, and Hsieh and Chung [7] treated wastewater by using a mediatorless MFC
in batch mode. Deviations for these studies are, respectively, 0.65%–2.6%, 14.5%–20%, ´12%–´15%,
6%–16%, and 2.5%–3.6% relative to that of the BOD5 standard method [7,8,22,26,27]. Findings from
the present study suggest that the MFC biosensor has some competitive advantages in continuous
BOD measurement because of its low deviation relative to that of the BOD5 standard method.

Table 1. BOD measurements by the MFC biosensor and the BOD standard method.

River Water Seawater Domestic Wastewater

A* B C A B A B C D E
BOD5
(mg/L) 18 ˘ 1.6 5˘0.6 26 ˘ 1.8 15 ˘ 0.9 6.5 ˘ 0.4 210 ˘ 10.2 65 ˘ 2.8 25 ˘ 1.8 320 ˘ 13.8 580 ˘ 15.6

MFC
biosensor 17.8 ˘ 1.2 5.1 ˘ 0.3 25.2 ˘ 1.2 14.5 ˘ 0.6 6.3 ˘ 0.2 206 ˘ 5.8 63 ˘ 1.9 24.6 ˘ 1.2 342 ˘ 8.5 624 ˘ 12.1

Deviation
(%) ´1.11 2.00 ´3.08 ´3.33 ´3.08 ´1.9 ´3.08 ´1.6 6.88 7.58

* Different letters mean real water sample obtained from different sources.
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4. Conclusions

A MFC biosensor for fast, accurate, and continuous BOD measurements was constructed by
using an inoculated known bacterial mixture as the biological sensing element. The 4 h LRT in the
anode and the 6 min GRT in the cathode of MFC enabled maximal generation of electricity. Various
organic compounds in the MFC influent resulted in generation of different amounts of electricity due
to different metabolic pathways, even at the same BOD concentration in the influent. To offset the
bias of the current generation derived from different fuels, a linear relationship between the BOD5

concentration and the current density of the MFC biosensor in continuous mode was established and
tested. Coexisting ions (Fe2+, Mn2+, Zn2+, and Cu2+) in the influent had an insignificant effect on
the MFC performance when the ion concentration in the anode was below 5 mg/L. Adding cyanide
without any pretreatment could significantly alleviate the effect of electron acceptors in the influent
on the MFC performance. The MFC biosensor is advantageous in that its deviation is low relative to
that of the standard five-day BOD test, even during application in continuous BOD measurements
on wastewater samples. Thus, the MFC biosensor has great potential use in an online instrument for
accurate BOD measurements for water bodies.

Acknowledgements: This work was supported by NSC 99-2313-B-157-001-MY3 and MOST
104-2313-B-157-001-MY3.

Author Contributions: All authors collaborated to carry out the work presented here. Ying-Chien Chung and
Man-Hai Liu conceived and designed the experiments; Min-Chi Hsieh and Chiu-Yu Cheng performed the
experiments; Chiu-Yu Cheng analyzed the data; Min-Chi Hsieh and Chiu-Yu Cheng wrote the paper; Ying-Chien
Chung reviewed and edited the manuscript. All authors read and approved the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kim, B.H.; Chang, I.S.; Gil, G.C.; Park, H.S.; Kim, H.J. Novel BOD (biological oxygen demand) sensor using
mediator-less microbial fuel cell. Biotechnol. Lett. 2003, 25, 541–545. [CrossRef]

2. Jouanneau, S.; Recoules, L.; Durand, M.J.; Boukabache, A.; Picot, V.; Primault, Y.; Lakel, A.; Sengelin, M.;
Barillon, B.; Thouand, G. Methods for assessing biochemical oxygen demand (BOD): A review. Water Res.
2014, 49, 62–82. [CrossRef] [PubMed]

3. Modin, O.; Wilén, B.M. A novel bioelectrochemical BOD sensor operating with voltage input. Water Res.
2012, 46, 6113–6120. [CrossRef] [PubMed]

4. Chang, I.S.; Jang, J.K.; Gil, G.C.; Kim, M.; Kim, H.J.; Cho, B.W.; Kim, B.H. Continuous determination of
biochemical oxygen demand using a microbial fuel cell type biosensor. Biosens. Bioelectron. 2004, 19, 607–613.
[CrossRef]

5. Chouler, J.; Di Lorenzo, M. Water quality monitoring in developing countries; can microbial fuel cells be the
answer? Biosensors 2015, 5, 450–470. [CrossRef] [PubMed]

6. Moon, H.; Chang, I.S.; Kang, K.H.; Jang, J.K.; Kim, B.H. Improving the dynamic response of a mediator-less
microbial fuel cell as a biochemical oxygen demand (BOD) sensor. Biotechnol. Lett. 2004, 26, 1717–1721.
[CrossRef] [PubMed]

7. Hsieh, M.C.; Chung, Y.C. Measurement of biochemical oxygen demand from different wastewater samples
using a mediator-less microbial fuel cell biosensor. Environ. Technol. 2014, 35, 2204–2211. [CrossRef]
[PubMed]

8. Kim, M.; Youn, S.M.; Shin, S.H.; Jang, J.G.; Han, S.H.; Hyun, M.S.; Gadd, G.M.; Kim, H.J. Practical field
application of a novel BOD monitoring system. J. Environ. Monit. 2003, 5, 640–643. [CrossRef] [PubMed]

9. Abrevaya, X.C.; Sacco, N.J.; Bonetto, M.C.; Hilding-Ohlsson, A.; Cortón, E. Analytical applications of
microbial fuel cells. Part I: Biochemical oxygen demand. Biosens. Bioelectron. 2015, 63, 580–590. [CrossRef]
[PubMed]

10. Zheng, Q.; Xiong, L.; Mo, B.; Lu, W.; Kim, S.; Wang, Z. Temperature and humidity sensor powered by an
individual microbial fuel cell in a power management system. Sensors 2015, 15, 23126–23144. [CrossRef]
[PubMed]

http://dx.doi.org/10.1023/A:1022891231369
http://dx.doi.org/10.1016/j.watres.2013.10.066
http://www.ncbi.nlm.nih.gov/pubmed/24316182
http://dx.doi.org/10.1016/j.watres.2012.08.042
http://www.ncbi.nlm.nih.gov/pubmed/23021520
http://dx.doi.org/10.1016/S0956-5663(03)00272-0
http://dx.doi.org/10.3390/bios5030450
http://www.ncbi.nlm.nih.gov/pubmed/26193327
http://dx.doi.org/10.1007/s10529-004-3743-5
http://www.ncbi.nlm.nih.gov/pubmed/15604825
http://dx.doi.org/10.1080/09593330.2014.898700
http://www.ncbi.nlm.nih.gov/pubmed/25145173
http://dx.doi.org/10.1039/b304583h
http://www.ncbi.nlm.nih.gov/pubmed/12948241
http://dx.doi.org/10.1016/j.bios.2014.04.034
http://www.ncbi.nlm.nih.gov/pubmed/24856922
http://dx.doi.org/10.3390/s150923126
http://www.ncbi.nlm.nih.gov/pubmed/26378546


Sensors 2016, 16, 35 10 of 10

11. Freguia, S.; Rabaey, K.; Yuan, Z.; Keller, J. Electron and carbon balances in microbial fuel cells reveal
temporary bacterial storage behavior during electricity generation. Environ. Sci. Technol. 2007, 41, 2915–2921.
[CrossRef] [PubMed]

12. Lee, H.S.; Parameswaran, P.; Kato-Marcus, A.; Torres, C.I.; Rittmann, B.E. Evaluation of energy-conversion
efficiencies in microbial fuel cells (MFCs) utilizing fermentable and non-fermentable substrates. Water Res.
2008, 42, 1501–1510. [CrossRef] [PubMed]

13. Harnisch, F.; Schröder, U. Selectivity versus mobility: separation of anode and cathode in microbial
bioelectrochemical systems. ChemSusChem 2009, 2, 921–926. [CrossRef] [PubMed]

14. Kim, B.H.; Park, H.S.; Kim, H.J.; Kim, G.T.; Chang, I.S.; Lee, J.; Phung, N.T. Enrichment of microbial
community generating electricity using a fuel cell type electrochemical cell. Appl. Microbiol. Biotechnol. 2004,
63, 672–681. [CrossRef] [PubMed]

15. Calson, C.A.; Ferguson, L.P.; Ingraham, J.L. Properties of dissimilatory nitrate reductase purified from the
denitrifier Psedomonas aeruginosa. J. Bacteriol. 1982, 151, 162–171.

16. Gil, G.C.; Chang, I.S.; Kim, B.H.; Kim, M.; Jang, J.K.; Park, H.S.; Kim, H.J. Operational parameters affecting
the performannce of a mediator-less microbial fuel cell. Biosens. Bioelectron. 2003, 18, 327–334. [CrossRef]

17. Kim, K.Y.; Chae, K.J.; Choi, M.J.; Ajayi, F.F.; Jang, A.; Kim, C.W.; Kim, I.S. Enhanced Coulombic efficiency in
glucose-fed microbial fuel cells by reducing metabolite electron losses using dual-anode electrodes. Bioresour.
Technol. 2011, 102, 4144–4149. [CrossRef] [PubMed]

18. Kumlanghan, A.; Liu, J.; Thavarungkul, P.; Kanatharana, P.; Mattiasson, B. Microbial fuel cell-based biosensor
for fast analysis of biodegradable organic matter. Biosens. Bioelectron. 2007, 22, 2939–2944. [CrossRef]
[PubMed]

19. Ayyaru, S.; Dharmalingam, S. Enhanced response of microbial fuel cell using sulfonated poly ether ether
ketone membrane as a biochemical oxygen demand sensor. Anal. Chim. Acta 2014, 25, 15–22. [CrossRef]
[PubMed]

20. Wang, H.Y.; Bernarda, A.; Huang, C.Y.; Lee, D.J.; Chang, J.S. Micro-sized microbial fuel cell: A mini-review.
Bioresour. Technol. 2011, 102, 235–243. [CrossRef] [PubMed]

21. Bachate, S.P.; Nandre, V.S.; Ghatpande, N.S.; Kodam, K.M. Simultaneous reduction of Cr(VI) and oxidation
of As(III) by Bacillus firmus TE7 isolated from tannery effluent. Chemosphere 2013, 90, 2273–2278. [CrossRef]
[PubMed]

22. Nakamura, H.; Suzuki, K.; Ishikuro, H.; Kinoshita, S.; Koizumi, R.; Okuma, S.; Gotoh, M.; Karube, I. A new
BOD estimation method employing a double-mediator system by ferricyanide and menadione using the
eukaryote Saccharomyces Cerevisiae. Talanta. 2007, 72, 210–216. [CrossRef] [PubMed]

23. Kumar, M.S.; Ghare, N.Y.; Vaidya, A.N.; Bal, A.S. Recovery of acid from pickling liquors. Environ. Eng. Sci.
1998, 15, 259–263. [CrossRef]

24. Stewart, V. Nitrate respiration in relation to facultative metabolism in Enterobacteria. Microbial. Rev. 1988,
52, 190–232.

25. Richardson, D.J.; McEwan, A.G.; Page, M.D.; Jackson, J.B.; Ferguson, S.J. The identification of cytochromes
involved in the transfer of electrons to the periplasmic NO3

´ reductase of Rhodobacter capsulatus and
resolution of a soluble (NO3

´)-reductase-cytochromec552 redox complex. Eur. J. Biochem. 1990, 194, 263–270.
[CrossRef] [PubMed]

26. Kumlanghan, A.; Kanatharana, P.; Asawatreratanakul, A.; Mattiasson, B.; Thavarungkul, P. Microbial BOD
sensor for monitoring treatment of wastewater from a rubber latex industry. Enzyme Microb. Tech. 2008, 42,
483–491. [CrossRef]

27. Zhang, Y.; Angelidaki, I. Submersible microbial fuel cell sensor for monitoring microbial activity and BOD
in groundwater: focusing on impact of anodic biofilm on sensor applicability. Biotechnol. Bioeng. 2011, 108,
2339–2347. [CrossRef] [PubMed]

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/es062611i
http://www.ncbi.nlm.nih.gov/pubmed/17533858
http://dx.doi.org/10.1016/j.watres.2007.10.036
http://www.ncbi.nlm.nih.gov/pubmed/18035391
http://dx.doi.org/10.1002/cssc.200900111
http://www.ncbi.nlm.nih.gov/pubmed/19790221
http://dx.doi.org/10.1007/s00253-003-1412-6
http://www.ncbi.nlm.nih.gov/pubmed/12908088
http://dx.doi.org/10.1016/S0956-5663(02)00110-0
http://dx.doi.org/10.1016/j.biortech.2010.12.036
http://www.ncbi.nlm.nih.gov/pubmed/21216140
http://dx.doi.org/10.1016/j.bios.2006.12.014
http://www.ncbi.nlm.nih.gov/pubmed/17223031
http://dx.doi.org/10.1016/j.aca.2014.01.059
http://www.ncbi.nlm.nih.gov/pubmed/24626398
http://dx.doi.org/10.1016/j.biortech.2010.07.007
http://www.ncbi.nlm.nih.gov/pubmed/20709539
http://dx.doi.org/10.1016/j.chemosphere.2012.10.081
http://www.ncbi.nlm.nih.gov/pubmed/23182111
http://dx.doi.org/10.1016/j.talanta.2006.10.019
http://www.ncbi.nlm.nih.gov/pubmed/19071604
http://dx.doi.org/10.1089/ees.1998.15.259
http://dx.doi.org/10.1111/j.1432-1033.1990.tb19452.x
http://www.ncbi.nlm.nih.gov/pubmed/2174775
http://dx.doi.org/10.1016/j.enzmictec.2008.01.012
http://dx.doi.org/10.1002/bit.23204
http://www.ncbi.nlm.nih.gov/pubmed/21557205

	Introduction 
	Materials and Methods 
	MFC 
	Operating Properties of the MFC Biosensor 
	Analysis 

	Results and Discussion 
	Effect of Retention Time on MFC Performance 
	Effect of Substrates on MFC Performance 
	Effect of Coexisting Ions on MFC Performance 
	Effects of Metabolic Inhibitors 
	Continuous BOD Measurement on Wastewater Using the MFC Biosensor 

	Conclusions 

