APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Apr. 2000, p. 1292-1297

0099-2240/00/$04.00+0

Vol. 66, No. 4

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Electricity Generation in Microbial Fuel Cells Using
Neutral Red as an Electronophore

DOO HYUN PARK'Y anp J. GREGORY ZEIKUS'-*

Departments of Biochemistry and Microbiology, Michigan State University, East Lansing,
Michigan 48824 and MBI International, Lansing, Michigan 48909-0609>

Received 11 June 1999/Accepted 7 January 2000

Neutral red (NR) was utilized as an electron mediator in microbial fuel cells consuming glucose to study both
its efficiency during electricity generation and its role in altering anaerobic growth and metabolism of Esch-
erichia coli and Actinobacillus succinogenes. A study of chemical fuel cells in which NADH, NR, and ferricyanide
were the electron donor, the electronophore, and the electron acceptor, respectively, showed that electrical
current produced from NADH was proportional to the concentration of NADH. Fourfold more current was
produced from NADH in chemical fuel cells when NR was the electron mediator than when thionin was the
electron mediator. In microbial fuel cells in which E. coli resting cells were used the amount of current pro-
duced from glucose when NR was the electron mediator (3.5 mA) was 10-fold more than the amount produced
when thionin was the electron mediator (0.4 mA). The amount of electrical energy generated (expressed in
joules per mole of substrate) and the amount of current produced from glucose (expressed in milliamperes) in
NR-mediated microbial fuel cells containing either E. coli or A. succinogenes were about 10- and 2-fold greater,
respectively, when resting cells were used than when growing cells were used. Cell growth was inhibited sub-
stantially when these microbial fuel cells were making current, and more oxidized end products were formed
under these conditions. When sewage sludge (i.e., a mixed culture of anaerobic bacteria) was used in the fuel
cell, stable (for 120 h) and equivalent levels of current were obtained with glucose, as observed in the pure-
culture experiments. These results suggest that NR is better than other electron mediators used in microbial
fuel cells and that sludge production can be decreased while electricity is produced in fuel cells. Our results
are discussed in relation to factors that may improve the relatively low electrical efficiencies (1.2 kJ/mol)

obtained with microbial fuel cells.

Electricity can be produced in different types of power plant
systems, batteries (9, 12), or fuel cells (3). A biofuel cell is a
device that directly converts microbial metabolic or enzyme
catalytic energy into electricity by using conventional electro-
chemical technology (2, 16). Chemical energy can be converted
to electric energy by coupling the biocatalytic oxidation of
organic or inorganic compounds to the chemical reduction of
an oxidant at the interface between the anode and cathode
(22). It has been shown that direct electron transfer from
microbial cells to electrodes occurs only at very low efficiency
(1). In microbial fuel cells, two redox couples are required, one
for coupling reduction of an electron mediator to bacterial
oxidative metabolism and the other for coupling oxidation of
the electron mediator to the reduction of the electron acceptor
on the cathode surface (where the electron acceptor is regen-
erated with atmospheric oxygen) (4, 7).

The amount of free energy produced either by normal mi-
crobial metabolism or by microbial fuel cell systems is deter-
mined mainly by the potential difference (AE) between the
electron donor and the acceptor according to the following
equation: —AG = nFAE, where AG is the variation in free
energy, n is the number of electron moles, and F is the Faraday
constant (96,487 J/V) (7). The coupling of metabolic oxidation
of the primary electron donor (NADH) to reduction of the
final electron acceptor (such as oxygen or fumarate in bacterial
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respiration systems) is very similar to the coupling of the elec-
trochemical half-reaction of the reductant (electron donor) to
the half-reaction of the oxidant (electron acceptor) in a fuel
cell or battery system (6). Biological reducing power sources
with low redox potentials, such as NADH (E," = —0.32 V),
reduced ferredoxin (FdH,) (E," = —0.42 V), or reduced flavin
adenine dinucleotide (E," = —0.19 V), can act as reductants
for fuel cells, but they are not easily converted to electricity
because the cytoplasmic membrane has to be nonconductive to
maintain the membrane potential absolutely required for free
energy (i.e., ATP) production (19).

For electron transfer from a microbial electron carrier to an
electrode to occur, an electron mediator is required (8). Pre-
vious investigators (2, 5, 7, 16, 20) have reported that metabolic
reducing power produced by Proteus vulgaris or Escherichia coli
can be converted to electricity by using electron mediators,
such as thionin or 2-hydroxy-1,4-naphthoquinone (HNQ)
Tanaka et al. (17, 18) reported that light energy can be con-
verted to electricity by Anabaena variabilis when HNQ is used
as the electron mediator. Park et al. (13) confirmed that violo-
gen dyes (10, 11) cross-linked with carbon polymers and ab-
sorbed on Desulfovibro desulfuricans cytoplasmic membranes
can mediate electron transfer from bacterial cells to electrodes
or from electrodes to bacterial cells. The electron transfer
efficiencies in microbial fuel cells could be improved if more
suitable electron mediators were used.

An ideal electron mediator for converting metabolic reduc-
ing power into electricity should form a reversible redox couple
at the electrode, and it should link to NADH and have a high
negative E," value in order to maximize electrical energy gen-
eration. It should also be stable in both the oxidized form and
the reduced form and should not decompose during long-term
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FIG. 1. Schematic diagram of the microbial fuel cell in which NR was used as
an electronophore (i.e., electron mediator). Switches 1 and 2 were off when the
circuit was open, switch 1 was on and switch 2 was off when the circuit was closed,
and switch 1 was off and switch 2 was on when a circuit with external variable
resistance was used.

redox cycling. The mediator polarity should be such that the
mediator is soluble in aqueous systems (near pH 7.0) and can
pass through or be absorbed by the microbial cytoplasmic
membrane. We have shown previously (14, 15) that neutral red
(NR) has all of these general properties and that electrically
reduced NR chemically reduces NAD. In these studies we also
demonstrated that NR functions as an electronophore (elec-
tron shuttle) for electron transfer across the cytoplasmic mem-
brane (14), which allows a microbe to use electrical reducing
power for both growth and metabolite production.

The purpose of this study was fourfold: (i) to determine the
electrochemical redox properties of NR and thionin in relation
to NADH oxidation; (ii) to demonstrate that NR is a better
electron mediator than thionin for enhancing electricity pro-
duction from glucose in a novel biofuel cell system in which ei-
ther E. coli or Actinobacillus succinogenes is used; (iii) to study
the physiological relationships in this fuel cell system between
growing and resting cells and production of electricity; and (iv)
to describe the first biofuel cell experiments performed with a
mixed microbial culture (i.e., sewage sludge) and to show that
electricity can be produced during waste treatment.

MATERIALS AND METHODS

Bacterial growth, cell preparation, and metabolite measurement. 4. succino-
genes 130Z and E. coli K-12 were grown anaerobically for 16 and 20 h, respec-
tively, in medium A (10 g of glucose per liter, 5 g of yeast extract per liter, 8.5 g
of NaH,PO, per liter, 10 g of NaHCOj per liter) under an anaerobic N,-CO,
(80:20) atmosphere at 37°C in 150-ml serum vials or under a 100% N, atmo-
sphere in fuel cell system with a pH controller (21). The inoculum size was 3%
(vol/vol) for both the vial and fuel cell experiments. Glucose was aseptically
added to the medium after autoclaving. Resting cell suspensions were prepared
by harvesting stationary-phase cultures at 4°C by centrifugation at 5,000 X g. The
cells were washed twice with 50 mM phosphate buffer (pH 7.0) under a 100% N,
atmosphere. The washed cells were resuspended in 50 mM phosphate buffer (pH
7.0), and then the dissolved O, was removed by gassing the preparations with N,
for 30 min. The cell density was adjusted to an optical density at 660 nm of 3.0.

Glucose, lactate, acetate, succinate, and ethanol were analyzed quantitatively
by using a Waters high-performance liquid chromatograph equipped with a
refractive index (RI) detector as described previously (15). Cell mass was calcu-
lated by using bacterial cell protein, which was extracted by boiling in NaOH;
also, protein contents were measured by using the Bradford reagent as described
elsewhere (15). The data reported below are means based on values that were
obtained in triplicate experiments and were within 1 standard deviation of each
other.

Fuel cell system. A two-compartment (anode and cathode) electrochemical
cell was used as a fuel cell system for microbial electricity production (Fig. 1). NR
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at a concentration of 100 wM or thionin at a concentration of 300 uM was used
as the electron mediator. The total volume and the working volume of each
compartment were 1,600 and 1,300 ml, respectively. The electrodes, each of
which was made of 12 g of fine woven graphite felt (0.47 m%/g; Electrosynthesis,
Lancaster, N.Y.), were connected to a precision multimeter (model 45; Fluke,
Everett, Wash.) with a platinum wire (diameter, 0.5 mm; resistance, <1.0 Q
cm ™2 Sigma Chemical Co., St. Louis, Mo.). The platinum wire was connected to
the graphite felt with graphite epoxy (resistance, <1.0 Q cm~2; Electrosynthesis).
The anode and cathode compartments were separated by a cation-selective
membrane septum (diameter, 70 mm; Nafion; Electrosynthesis). The self-electric
resistance of the fuel cell system between the anode and cathode was approxi-
mately 1,000 €); it was adjusted by using variable resistance for controlling
current production, but it was not adjusted for measuring maximum potential or
current production. The current and voltage between the anode and the cathode
were measured with a precision multimeter (model 45; Fluke). The electrochem-
ical half-reduction of ferric ion (as potassium ferricyanide; E," = 0.36 V), which
was reoxidized by O, (E," = 0.82 V), was coupled to NR or thionin half-
oxidation, which in turn was reductively coupled to bacterial oxidative metabo-
lism. In the fuel cell system in which resting cells were used, a bacterial cell
suspension (optical density at 660 nm, 3.0) in 50 mM phosphate buffer (pH 7.2)
containing 100 pM NR or 300 pM thionin and 100 mM phosphate buffer (pH
7.0) containing 50 mM ferricyanide were used as the anolyte and the catholyte,
respectively. In the fuel cell system in which growing cells were used, medium A
containing a fresh bacterial inoculum was the anolyte; the catholyte was the same
as the catholyte described above. During experiments, completely anoxic condi-
tions were maintained in the anode compartment by gassing the compartment
with 100% N, for 30 min before operation at N, flow rates of 0.8 ml/min. The
traces of oxygen contained in the N, gas was removed in a furnace filled with
pure copper fillings at 370°C. The cathode compartment was oxygenated by
constant bubbling with air and stirring. The pH of the anode compartment was
maintained at 7.0 by using an automatic pH controller (model pH-40; New
Brunswick Scientific Co., Edison, N.J.).

Electrical parameters and measurements. A joule is a unit of energy which is
calculated by using the following equation: amperes X volts X time (in seconds).
A coulomb is equal to amperes X seconds, and coulombs X volts is equal to
joules. Thus, a joule is the amount of electrons (amperes) with a driving force
(volts) in a closed circuit system per unit of time. To calculate the joule value, the
current, potential, and time were all measured in the fuel cells which we used.

Current was measured with an ohmmeter connected to the line between the
anode and the cathode in the closed circuit configuration. Current is inversely
proportional to resistance and is directly proportional to potential (in volts).
Potential was measured with a voltammeter. An open circuit was used to mea-
sure potential, while current was measured in the closed circuit configuration.
The data reported below are means based on values that were obtained in
triplicate experiments and were within 1 standard deviation of each other. The
current and potential were nearly identical in replicate experiments.
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FIG. 2. Production of current from NADH oxidation in a chemical fuel cell
when 100 pM NR (A) or 300 uM thionin (B) was the electron mediator. The
arrows indicate when 1 mM NADH (O and @) or 3.5 mM NADH (O and ) was
added.
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FIG. 3. Cyclic voltammogram obtained with a glassy carbon electrode for
successive cycles following introduction of the electrode into a 100 puM NAD™
solution. The current was fixed for 20 cycles with NR (A). NR oxidation and re-
duction peaks increased when the reaction was coupled to NAD oxidoreduction (B).

Current production by chemical dye chemical oxidation coupled to NADH
oxidation. A small chemical fuel cell system (total volume, 50 ml; working
volume, 30 ml) consisting of anode and cathode compartments equipped with
0.3-g fine woven graphite felt electrodes and a cation-selective membrane septum
(diameter, 20 mm; Nafion; Electrosynthesis) was used. A 100 pM NR solution in
50 mM phosphate buffer (pH 7.0) and 100 mM phosphate buffer (pH 7.0)
containing 50 mM ferricyanide were used as the anolyte and the catholyte,
respectively. Oxygen was completely removed from the anode compartment by
gassing the compartment with N, for 30 min before NADH was added. The
concentrated NADH solution in 50 mM phosphate buffer (pH 7.0) was gassed
previously with N, to remove O,.

Cyclic voltametry. A 3-mm-diameter glassy carbon working electrode, a plat-
inum wire counterelectrode, and an Ag-AgCl reference electrode (all obtained
from BAS, West Lafayette, Ind.) were used in an electrochemical cell with a
working volume of 3 ml. Cyclic voltametry was performed by using a cyclic
voltametric potentiostat (model CV50W; BAS) linked to an IBM personal com-
puter data acquisition system. Prior to use, the working electrode was polished
with an aluminum-water slurry on cotton wool, and the electrochemical cell was
thoroughly washed. Oxygen was purged from the reactant by bubbling it with
oxygen-free N, for 10 min before electrochemical measurements were obtained.
The scanning rate used was 25 mV/s over the range from —0.3 to —0.8 V.
Phosphate buffer (50 mM) containing 5 mM NaCl was used as the electrolyte.
NR at a concentration of 100 uM and NAD at a concentration of 100 .M were
used as the electron mediator and acceptor, respectively.

Anaerobic sludge. Anaerobic sludge was obtained from the East Lansing,
Mich., sewage treatment plant. The fresh anaerobic sludge was allowed to settle
under an N, atmosphere for 1 day to remove solid particles. The supernatant
(1,200 ml) was used as a biocatalyst and anolyte for the fuel cell system, to which
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FIG. 4. Current and potential obtained in a glucose (10 g/liter) fuel cell when
E. coli K-12 resting cells were used as the catalyst and 100 uM NR or 300 .M
thionin was used as the electron mediator in closed circuit (current) (A) and
open circuit (potential) (B) configurations. Symbols: O and @, NR; (J and =,
thionin. The arrows indicate when the electron mediator was added (arrow 1)
and when the circuit was converted to an open circuit (arrow 2).

3 g of glucose per ml was added as an energy source. The catholyte was 100 mM
phosphate buffer (pH 7.0) containing 50 mM ferricyanide.

RESULTS AND DISCUSSION

NR has not been used previously as an electron mediator in
fuel cells. One reason that NR is a more suitable electron
mediator than thionin for fuel cells is that the £’ value of NR
(—0.325 V) is more negative and provides a higher driving
force for electron transfer than the E, value of thionin (0.064
V). We performed experiments in which we compared NR and
thionin as electron mediators for oxidation of NADH in chem-
ical fuel cells producing electricity. Figure 2 shows that more
current was generated from chemical oxidation of NADH
when NR was the electron mediator than when thionin was
the electron mediator. The amount of current produced also
depended on the NADH concentration used. At low NADH
concentrations the amount of current was quite small. High
NADH concentrations were required to drive NR reduction
because the E,’ value of NAD (—0.32 V) is nearly the same as
the E,’ value of NR.

We performed cyclic voltametry experiments to electro-
chemically measure chemical oxidation-reduction coupling be-

TABLE 1. Effect of initial glucose concentration on electrical productivity and stability of a microbial fuel cell in which
E. coli resting cells were used and NR was the electron mediator

Open circuit Closed circuit

Closed circuit with 120 Q of resistance

Glucose concn

(mM) Potential Current Potential Current Potential Current E(l;c;;;al Elic;;;;al Esltzcglrlif;l
V) (mA) (\%] (mA) V) (mA) (e) ™ (h)
11.1 0.58 0.0 0.02 1.2 0.46 0.5 58 27 32
55.5 0.65 0.0 0.04 5.6 0.57 3.6 1,050 598 81
111 0.85 0.0 0.05 17.7 0.62 4.8 2,039 1,264 118
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TABLE 2. Production of electricity from glucose in microbial fuel cells when different electron mediators were used

. Electrical Energy
Authors Reference Microorganism ElecF ron Currer{:t Potential charge Energy rate
mediator (mA) V) (C)F J) O/h)

Thurston et al.c 20 P. vulgaris Thionine 1.25 0.3¢ 18 5.4 1.35
Allen and Bennetto® 2 P. vulgaris HNQ 0.5 0.5 7.2 3.6 0.9

Park and Zeikus® This study E. coli NR 4.5 0.68 64.8 44.1 11

“ Mean values.

b Values for 4 h.

¢ Resistance and potential were measured, and current was calculated.
4 Maximum value.

¢ Resistance, potential, and current were measured.

tween NR and NAD. Figure 3 shows cyclic voltammograms
of a NR solution with and without NAD™". The NR oxida-
tion (upper) and reduction (lower) peaks did not shift during
20 scanning cycles with controls in the absence of NAD™ (Fig.
3A). Both peaks were higher when NAD™" was added (Fig.
3B). NAD™" allowed more electrons to pass unidirectionally
from the electrode to NR to NAD and from NADH to the
electrode via NR. These experiments established that transfer
of electrons between oxidized and reduced forms of NR and
NAD was reversible.

Figure 4 shows the amounts of current and potential gener-
ated in a fuel cell from glucose by E. coli resting cells when
either NR or thionin was the electron mediator. Under the
anaerobic conditions used, higher levels of current and poten-
tial were produced with NR than with thionin. In control ex-
periments under aerobic conditions, significant levels of cur-
rent or potential were not detected because NR and thionin
could not oxidize NADH through the electron transport sys-
tem since O, was a much better electron acceptor (i.e., it had

a much more positive E’ value) than the two electron medi-
ators.

Previous investigations (2, 20) have shown that in microbial
fuel cells in which thionin is the electron mediator, the levels of
both current and potential decrease when the resting cells are
depleted of glucose (i.e., fuel). We performed fuel cell exper-
iments with NR to determine the maximal electrical produc-
tivities and stabilities that could be generated by E. coli resting
cells in the presence of different glucose concentrations. Table
1 shows the effect of glucose concentration on the maximal
electrical productivities and stabilities in an open circuit and a
closed circuit with and without 120 ) of external resistance.
The maximal levels of current, potential, and electrical energy
produced by the fuel cell were proportional to the glucose (i.e.,
fuel) concentration. The maximum levels of current and cou-
lombic yields obtained from glucose when NR was the elec-
tronophore far exceeded the levels and yields obtained with
thionin in other investigations (Table 2).

In previous studies (2, 5, 7, 16, 20) of microbial fuel cells the
workers did not examine the impact of NADH oxidation via
generation of electricity on cellular physiology (i.e., the impact
on growth and end product formation). In resting cell studies

- 25 8.00 800 s it was assumed that generation of electricity as a consequence
E 2.0 = Leoo E of NADH oxidation would result in lower levels of reduced
z 2.00 g 5 metabolic products and higher levels of oxidized products. We
g 1.5 <) = examined the impact of electrical generation in fuel cells on
3 10 s | 400 % these physiological properties by using growing and resting
1.00 2 o cells of E. coli. Table 3 shows that the rate of glucose con-
(# 0.5 5 200 + sumption was higher but the amounts of cell mass and electri-
A cal energy generated were lower in growing cells than in resting
0.0 i T ; t 0.00 -0 cells. Table 4 shows that both lower cell yields and lower total
0 5 10 15 20 end product concentrations were obtained with growing E. coli
Incubation time (hr) cells that produced electricity than with growing control cells
that were not coupled to the electrical generation system.
5.0 b 800 = These results were expected since NADH, ATP, and acetyl
é‘ 40 IE coenzyme A are required for cell synthesis. Also, more oxi-
& - 600 = dized end products were formed by growing cells that were
g 30 -l
£ - 400 §
320 £ . . -
TABLE 3. Substrate consumption and production of electricity
(# 1.0 ~ 200 + by growing and resting E. coli cells in a fuel cell when
B NR was used as the electron mediator?
0.0 ! ‘ I 0 Glucose Glucose Rate of cell Electric
0 1 2 3 4 Cells  consumption consumption C(el/llirtl;?)ss mass increase energy (J/mol
Incubation time (hr) (mM) rate (mM/h) & (glliter/h)  of substrate)
FIG. 5. Comparison of the electrical current and potential levels obtained Growing? 45.1 7.52 1.74 0.29 100.8
when A. succinogenes growing cells (A) and resting cells (B) were used in a Resting® 15.5 2.59 0.214 0.035 1,207.7

glucose (10 g/liter) fuel cell along with 100 pM NR as the electron mediator
under anaerobic conditions. Symbols: A, growth; O, current; @, potential in open
circuit configuration; A, normal growth under control conditions (electricity was
not being produced with NR as an electron mediator). ODgg, Optical density at
660 nm.

“ For this experiment we used medium A containing 100 uM NR and the
standard fuel cell system.

b Data obtained 4 to 6 h after inoculation.

¢ Data obtained 18 h after inoculation.
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TABLE 4. Anaerobic metabolism of E. coli cells growing in the presence and in the absence of generation of electricity”

Growth conditions Glucose consumption Cell mass Y (g of cells/mol Sum of concn of end End product oxidation/
” (mM) (g/liter) of substrate) products (mM)”? reduction balance”
Without generation of electricity 60.6 3.1 50 11.9 2.3
With generation of electricity 66.3 14 22 8.9 5.0

“ Data were obtained after 6 h of growth in medium A containing 100 .M NR in a standard fuel cell.
 The concentrations of end products without and with generation of electricity were as follows: lactate, 3.3 and 2.2 mM, respectively; succinate, 1.2 and 1.4 mM,
respectively; formate, 1.6 and 1.3 mM, respectively; acetate, 4.4 and 2.2 mM, respectively; and ethanol, 1.5 and 1.8 mM, respectively.

producing electricity than by growing control cells that were
not coupled to generation of electricity.

We wanted to test our fuel cell system containing NR by
using a different microorganism to see if similar levels of cur-
rent could be obtained from glucose and if growth was inhib-
ited by generation of electricity. We reported previously that
adding NR to culture medium alone did not alter the growth of
A. succinogenes (14, 15). Figure 5 shows the levels of electrical
current and potential obtained when A. succinogenes growing
cells (Fig. 5A) and resting cells (Fig. 5B) were used. Control
experiments (Fig. 5A) revealed that the growth yield and
growth rate were much higher in the absence of generation of
electricity than in the presence of generation of electricity. The
potential rapidly increased to the maximum theoretical value
(0.685 V), and the amount of electric current generated in-
creased with cell growth (Fig. 5A). The potentials generated by
growing and resting cells were similar, whereas the amount of
current produced by resting cells was significantly greater
(about twofold greater) than the amount of current produced
by growing cells. The specific current produced per milligram
of cell protein per hour was calculated at 10 h for growing cells
(1.235 mA/mg of protein/h) and at 2 h for resting cells (2.595
mA/mg of protein/h) when the glucose levels were high. A total
of 68 C was produced by growing cells at 20 h (after glucose
was depleted), whereas the resting cells produced 90 C at 4 h.

We performed experiments with anaerobic sludge in order
to determine its potential as a catalyst for generation of elec-
tricity in a fuel cell containing NR as the electronophore.
Figure 6 shows the effect of adding glucose on the amounts of
current and potential generated in the presence of the sewage

1.2 12

—O— Current (mA)
—&— Potential (V)

Incubation time (hr)

FIG. 6. Current and potential produced in a glucose (3 g/liter) fuel cell when
anaerobic sewage sludge was used as the catalyst and NR (100 pM) was used as
the electronophore. The arrows indicate when the circuit was converted from an
open circuit to a closed circuit with 2.2 kQ) of resistance (arrow 1), when 3 g of
glucose per liter was added (arrow 2), when the circuit was converted from a
closed circuit to an open circuit (arrow 3), and when the circuit was converted
from an open circuit to a closed circuit without external resistance (arrow 4).

sludge, as well as the maximum amount of current produced in
a closed circuit configuration and the maximum potential pro-
duced in an open circuit configuration. The electrical produc-
tivity of the glucose fuel cell when sewage sludge was used as
the catalyst was calculated to be 370.8 C (AG = 162.82 ).

Table 2 shows the production of electricity from glucose
when thionin, HNQ, and NR were used as electron mediators
in different microbial fuel cell systems. It is clear that NR was
the best electron mediator because it increased both the rate of
electron transfer (current) and the yield of electrons trans-
ferred (coulombic yield). The efficiency of generation of elec-
tricity in a microbial fuel cell is much lower than the efficiency
of generation of electricity in a chemical fuel cell for many
reasons. The rate of microbial reducing power generation cou-
pled to NR is lower than chemical reaction rates, such gener-
ation occurs in aqueous systems, and the metabolic reactions
are spatially separated. However, it is quite possible that in the
future microbial fuel cells can be improved by changing the
electrode surface area, the bacterial cell mass, and the electron
mediator type and concentration and by identifying better
microbial strains. The microbial fuel cell improvements that
could be made immediately include enhancing the current by
increasing the electrode surface area, by immobilizing the cells
on the electrode, and by covalently bonding the electron me-
diator on the electrode surface.

Nonetheless, the low levels of current (4 to 17 mA) obtained
in microbial fuel cells when NR is used may still be useful.
There may be potential applications for low-power direct-cur-
rent microbial fuel cells in which waste materials are used as
fuel, such as maintaining telecommunications in remote areas,
including outer space. Further studies are necessary to assess
whether generation of electricity during anaerobic sewage
treatment can be utilized to reduce the amount of sludge that
must be disposed of in waste treatment systems.
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