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Abstract

The mechanisms for electron transfer from the microorganisms found in anaerobic sludge to the anode electrode in microbial fuel cells
(MFCs) have been investigated. In doing so, both the energy accumulation and improved performance were observed as a result of the addition
of exogenous N&50O,. Treatment of anaerobic sludge by centrifugation and washing can provide samples devoid of sulphide/sulphate. Addition
of exogenous sulphate can give matched samples of S-deplete and S-replete suspensions. When these are compared in an experimental MF
the power output of the S-deplete is only 20% that of the S-replete system. Moreover, repeat washing of the anodic chamber to remove
suspended cells (leaving only cells attached to the electrode) and addition of buffer substrate gives MFC that produce an output between
10 and 20% that of control. We conclude that anaerobic sludge MFCs are a hybrid incorporating both natural mediator and anodophillic
properties. We have also shown that disconnected MFC (open circuit) continue to produce sulphide and when reconnected gives an initial
burst of power output demonstrating accumulator-type activity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction catalysts and fuels used, they may offer a clean and environ-
mental friendly way of producing energy for a wide range of
Renewable energy sources are at the centre of attentiorapplications. The most commonly used fuel is hydroges) (H
globally as an alternative to conventional methods of produc- extracted from hydrocarbons (gasoline, methane and diesel)
ing electricity from fossil fuels. Energy-generating systems which results in CQ greenhouse gas emissions. This tech-
based on the fossil fuels impose a burden of greenhouse gasesology can only be described as eco-friendly if the source
on the environment and are thus problematic. Therefore, anof methane or K is biological, from carbohydrates or from
effort should be made to develop greenhouse gas-neutral syswater via electrolysis, the energy for which must come from
tems such as fuel cells, wind-generators, wave-generatorshydroelectric, solar or nuclear power.
breakwater-generators and solar panels. Microbial fuel cells (MFCs) also belong to the fuel cell
Chemical fuel cells are electrochemical transducers that category. MFCs work by abstracting metabolic energy (re-
convert chemical energy contained in hydrogen or methaneducing power/electrons) from microorganisms around the
into electricity. Depending on the electrolytes, electrodes, anode[1]. Bacteria in an MFC form an ecosystem which
can be viable for prolonged periods. Electron transfer from
the bacterial cells to the electrode surface can take place
* Corresponding author. Tel.: +44 117 328 3530; fax: +44 117 328 3960. directly or indirectly with the use of soluble redox media-
E-mail addressloannis2.leropoulos@uwe.ac.uk (I. leropoulos). tors [2,3]. These mediators can be either synthetic (neutral
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red, methylene blue and thioning,4—6] or natural (sul- ples were kept in their original sludge—water based suspen-
phate/sulphide]7] depending on the species of microbes sion, at £C, up to 3 weeks following nitrogen flushing
used. Direct electron transfer from bacterial cells to the an- to keep them anaerobic. The measured pH was found to
ode has also been described using anodophillic species suche 7.3.
asGeobacter sulfurreduceii8] or Rhodoferax ferrireducens For experiments comparing power output in S-deplete
[9]. These species attach themselves directly onto the elec-and S-replete conditions, activated sewage sludge was cen-
trode surface and use it as their end terminal electron ac-trifuged at 6000 rpm for 30 min (HS18 centrifuge, MSE Sci-
ceptor. Since MFCs can utilise renewable biomass-derivedentific Instruments, Crawley, UK). The cell-sediment pellet
substrates as their feedstock (thus working within the im- was washed by re-suspension in 0.1 M di-potassium hydro-
mediate carbon cycle), they offer the prospect of long-term gen phosphate (Sigma, Dorset, UK) buffered saline (PBS)
eco-friendly energy generation. Providing the microbes are adjusted to pH 7.3 as re-suspension buffer. The centrifuga-
continuously fed, they will continuously generate electricity. tion and washing procedure was repeated twice and cells were
Although at their present state of development, the energyfinally re-suspended in phosphate buffer or phosphate buffer
density (~0.15mAcnt?) [6] is small compared to MFCs  plus sodium sulphate (2.5%, wiv, final concentration) to give
whose electrodes have been periodically poised resulting inS-depleted or S-repleted samples, respectively, at an optical
energy densities of 1.5 mA cmi [10] and other systems, they  density at 660 nm wavelength (@) value of 15. The MFCs
operate at normal temperature and pressure and can be mad®ere connected to a 1.8kload across the terminals and the
to work in continuous mode. Therefore, these represent adecrease of power output followed down to baseline to en-
novel energy system for driving low-power applications. sure that endogenous substrate was depleted before being fed
MFCs using synthetic mediators give low-power output with 0.1% (w/v) final concentration sucrose.
and in continuous mode produce a waste-stream contain- For some experiments, the effects of washing out the an-
ing mediator which is environmentally toxic, hence, disposal odic chamber in situ were studied. Cell suspension in the
is a problem. The sulphate/sulphide MFCs have the advan-anodic chamber was removed by suction pipette and re-
tage of producing a waste-stream that is less toxic than syn-placed by PBS and briefly agitated. This procedure of re-
thetic mediators. Also, when operated under similar condi- moval/replacement was repeated three times in total. The
tions can produce much higher power output. MFCs basedchamber fluid was finally replaced with phosphate buffer plus
on anodophiles can utilise fuels such as acetate, glucose, susucrose (0.1%, w/v) as a substrate.
crose and xylose with the added advantage of no toxic waste.
Acetate polluted areas may provide a continuous feed for 2.2. Estimation of biomass
these types to produce continuous power. Recently, MFCs
have been described using anaerobic sludge as a microcosm- Samples (0.25 mL) of re-suspended cells were serially di-
catalyst in the anodgb,7,11-13] Although it is certain that  luted (1:1000) until within the linear range of optical den-
this MFC cannot be classified as one based on the syn-sity readings of a spectrophotometer (Shimadzu UV-1202)
thetic mediators, it is still to be determined which type it at a wavelength of 660 nm. An OD of 1 was considered to
actually is, one based on sulphate/sulphide or one based orbe equivalent to 120Qg dry weight cells per ml[14]. The
anodophiles. 660 nm wavelength was chosen to allow comparison with
In our comparative studies of MFC, we have previously previous work6].
observed that when sulphate/sulphide types of MFC were
disconnected from the electrical circuit for a period of a 2.3. MFC design and operation
few hours, power generation was higher upon re-connection.
Therefore, one of the objectives of the present study was to  The MFCs comprised two (anode and cathode) 25mL
investigate this phenomenon of power accumulation. The sec-Perspex chambers with dimensiorts=6cm, w=5cm,
ond objective of this work was to investigate the properties of | =1.5¢m, open on one side and with two holes on top as
an anaerobic sludge MFC and identify whether its operation described by Bennet{d]. They were assembled using 5 mm

is based on either natural mediators, anodophillic bacteria orstainless steel studding, washers and nuts and physically sep-
a combination of the two. arated by a Nafidhproton exchange membrane (Merch Ltd.,

Lutterworth, UK) with a 30 crfi surface area. Each chamber
contained a folded sheet of carbon fibre veil (Zbgnt)

2. Experimental as the electrode, pierced with a 5cm long nickel-chrome
wire coming out of one of the two top holes to provide the
2.1. Anaerobic sludge connection points for the external circuit. The electrode con-

formation was such that 180 émsurface area of carbon veil

Anaerobic activated sewage S|udge was provided by thewas ‘folded down’ to 5 Cr% in order to reduce the resistance
Wessex Water Scientific Laboratory, Saltford, UK. The sam- of the material and hence reduce the internal resistance of the
ples were pre-processed, prior to the supply, in a seriesfuel cell. The analytical form of a MFC is shown below in
of activation processes to remove pathogenic viruses. SamFig. 1
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Fig. 1. Analytical form of MFC used in these comparative experiments.

2.4. Catholyte composition

The catholyte consisted of3&e[CNJ (1I) (32.88gL™1)
mixed with KoHPOy (87.09 g 1), with the pH adjusted to
7.5. For the purpose of this investigation, the catholyte com-
position was the same for all the experiments.

2.5. Data capture

Electrode output was measured in millivolts (mV) against
time. This was achieved by linking the MFCs to the serial
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Fig. 2. Power output comparison between S-replete and S-deplete anaerobic
sludge MFCs following feeding with sucrose. Arrow indicates point of feed.

4. Results
4.1. Comparison of S-replete and S-deplete MFC

Fig. 2shows an example of the datarecorded for two MFCs
using cell suspensions at the same OD, one being S-replete
and the other S-deplete following feeding with sucrose. The
S-deplete condition resulted in a power output that was ap-
proximately 20% the value of the S-replete condition.

For both the S-deplete and S-replete conditions, the power
output diminished during electrode washing in skig( 3).

The output following this procedure was approximately 25%

communications port of a desktop pc via an 8-channel RS232the initial values for the S-deplete and 10% the initial value

interface connected to an ADC-16 A-D converter (Pico Tech-
nology Ltd., Cambridgeshire, UK). Two such systems were
configured for the experiments involving more than eight
MFCs.

Real time data was recorded using PicoPog 5.09.4
recorder software and retrieval of the data was performed
using the PicoLo§ v. 5.09.4 player software (Pico Technol-
ogy).

2.6. Background current

The power output due to the microbial cells was obtained
by subtracting the MFC power recorded in the absence of mi-
crobes (background current) from that recorded in the pres-
ence of cells.

3. Theory and/or calculation
3.1. Calculation of power output

The current in amperes (A) was calculated using Ohm'’s
law, | =V/RwhereV is the measured voltage in volts (V) and
R is the known value of the external load resistor in ohms
(R2). The external load value used for the experiments was
1.3kQ. From this, itis possible to calculate the power output
P in watts (W) of the MFCs.

for the S-replete, respectively.

Fig. 4 shows an example of the output profile from an
MFC where the electrical load has been periodically switched
off and then re-connected. Compared to the control MFC
(no switching), the power output can be seen to be signifi-
cantly greater upon re-connection. The additional power out-
put eventually decays to control values after a period of time.
The data inFig. 5 shows the relationship between the time
period of disconnection and the magnitude of the “burst” of
power following re-connection upto 100 s. The longer the cell
is disconnected, the greater the burst of power output upon
re-connection, up to disconnection times of approximately
20 min (data not shown).
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Fig. 3. Power output decrease subsequent to electrode washing from two
anaerobic sludge MFCs.
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350+ _ _ resulting from S-depletion contained a higher proportion of
2001 |2 Peric kacing. f anodophillic types than did the S-replete microcosm since the

sl - resultant power output from the S-deplete MFC following the

=3 2OOJ washing/replacement procedure was higher.

‘g The finding that anaerobic sludge MFC can build up power
g W when disconnected for a period of time is a novel observation.
& o0, The results are compatible with the theory that hydrogen sul-
501 ’g k phide continues to accumulate when the MFC is switched off

5 | r——— (open circuit). When the circuit is switched back on, the high

0 80 100 120 140 160 180 200 level of hydrogen sulphide produces a higher rate of electro

Time (mins) catalytic oxidation at the anode and a higher electrical output

until the sulphide level has gone down to the steady state pro-

Fig. 4. Energy accumulation phenomenon from the periodically loaded . .
9 o P P y duction level. The longer the cell is disconnected, the greater

sludge MFC (open symbols) compared to the constant but lower power

output from the control MFC (closed symbols). the build up of hydrogen sulphide and the higher the burst
of power output upon re-connection. The build up of power
5. Discussion when disconnected from the circuit load can be characterised

as energy accumulation and may be a useful adjunct to capac-

A comparison of S-replete and S-deplete MFC shows itors as a means to store energy for small scale applications.
the dependency of this type of fuel cell on the presence of
sulphate/sulphide. Centrifugation and washing of the cells
would be expected to remove a high proportion of the initial 6. Conclusions
sulphate/sulphide. In the absence of the addition of exoge-
nous sulphate (S-deplete), the power output was only 60% Comparison of S-replete and S-deplete MFC using anaer-
the S-replete condition. These data suggest that the anaeroobic sludge shows that this type of fuel cell is a hybrid
bic sludge MFC isin general one based on the natural electronPetween a sulphate/sulphide mediator system and an an-
redox mediator sulphate/sulphide. However, this may not ac- 0dophillic system. Up to ca. 80% of the power output is con-
count for all the power output and it is possible that other tributed by sulphate/sulphide and ca. 20% by anodophillic
mechanisms of electron mediation are occurring. If this is activity.
the case, it is unlikely that the other proposed mechanisms A sulphate enriched anaerobic sludge MFC can accumu-
involve soluble mediators since these would also have beenlate power when the load is disconnected up to a period of
lost upon Centrifugation and Washing of the cells. The possi- about 20 min. Within this time WindOW, the |Ongerthe discon-
bility that direct transfer of electrons from bacterial cells to hection, the greater the burst of power upon re-connection.
the electrode surface was occurring was tested by washing
cell suspension out of the anodic chamber and replacing with
buffer substrate. Power output was monitored throughout this References
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