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Abstract Periodic anolyte replacement was investigated

as a means of enhancing the performance of a four air–

cathodes single chamber microbial fuel cell (4ACMFC)

during its long term operation. The 938 cc unit exhibited

very good stability over a period of 53 days in continuous

mode operation, attributed to reduction of the growth of

antagonistic non-electrogenic bacteria in the bulk solution

as a result of the periodic anolyte replacement. Moreover,

the MnO2 catalyst layer coating remained stable for ap-

proximately 105 days of total cell operation, both in batch

and continuous mode. During the long term continuous

operation at 32 �C, the steady-state cell voltage was equal

to 0.413 ± 0.023 V, the coulombic efficiency ranged from

14 to 16.5 %, while the COD removal remained stable at

an average value of 80 %. A maximum power density Pmax

of 10 W/m3 was achieved. The 4ACMFC was further

assessed at different temperatures and conductivities. Its

optimum performance was obtained at 32 �C while the

ionic strength was not a limiting factor of the cell

performance. The aforementioned results highlight peri-

odic anolyte replacement as a potential operation mode for

more stable MFC performance over time.

Keywords Microbial fuel cell (MFC) � Air cathode �
Long-term operation � Periodic anolyte replacement �
Conductivity � Multiple electrodes

1 Introduction

Microbial fuel cells (MFCs) are devices that convert biomass

spontaneously into electricity through the metabolic activity

of microorganisms [1]. In the recent years, MFCs have gained

a lot of interest because they can generate electric power while

treating wastewater simultaneously. Although relatively high

MFC performances have been reported in the literature in

terms of power output and chemical oxygen demand (COD)

removal efficiency [2–4], a decrease of power output has been

observed during their long term operation. Several factors,

such as the characteristics of the electrode materials, the

membranes, the biofilms formed on electrode surfaces as well

as on electrolyte separators and the cathodic performance,

affect the long term stability of an MFC [5, 6].

The biofilm formation on the cathode electrode over

time has been given a notable interest. The biofilm can act

as a separator and block the proton transfer to the cathode

electrocatalyst which results in a decrease of the power

output, while at the same time it can reduce oxygen dif-

fusion to the anode chamber, increasing the coulombic

efficiency (CE) [7]. Cheng et al. [8] tested different cata-

lysts (Pt, cobalt tetramethylphenylporphyrin, CoTMPP)

and binders (poly(tetrafluoroethylene) (PTFE), Nafion) in

single chamber, air–cathode, microbial fuel cells (MFCs).
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After 31 days of operation, they observed a decrease in the

maximum power density and an increase in the CE for the

different catalysts and binders. The effect of operation time

on maximum power density and CE was attributed to the

biofilm formation on the cathode electrodes. Similar ob-

servations were made by Yang et al. [9], using a mem-

brane-less air–cathode MFC with Pt cathode catalyst. Kiely

et al. [10] reported that removing the biofilm from the

cathode of an air cathode MFC with Pt cathode catalyst did

not fully restore the MFC performance. Replacing the

cathodes with new ones the power output increased by

118 %, while, in comparison, the power output increased

only up to 26 % when the biofilm was removed. Using

cathode electrocatalysts less expensive than platinum,

Zhang et al. [7] as well as Tremouli [11] also observed

deterioration in cathode performance over time. Zhang

et al. [7] used air–cathode cells and activated carbon (AC)

as cathode catalyst. They observed that replacing the

cathode after 1 year completely restored the initial power

densities. The cathode performance deterioration was at-

tributed to clogging of the AC micropores. Tremouli [11],

using a four-air–cathodes MFC and MnO2 as cathode

electrocatalyst, also reported an increase in power perfor-

mance and in CE when replacing the electrodes with new

ones, after 118 days of total cell operation. Gonzalez del

Campo et al. [12] evaluated the long term performance of a

photosynthetic microbial fuel cell using carbon cloth as the

electrodes. After 10 months of operation no mechanical

degradation of the electrodes was observed while the cell

was effectively abating COD and producing electricity

during this period.

Santoro et al. [13], using a single chamber MFC with

clean or pre-colonized anodes and platinum-based or

platinum-free cathodes, investigated the effect of biofilm

growth on the anode and cathode surfaces on the power

performance over a period of 26 weeks. In addition to the

cathodic biofilm formation, the observed power output

decrease over time was attributed to formation of a thick

anodic biofilm. This biofilm can hinder the diffusion of

organic substances from the solution to the reaction sites at

the anode and the diffusion to solution of the protons

generated by the electrochemical oxidation, at the anodic

biofilm, which can lead to a decrease in apparent anodic

activity and electron generation. Hu et al. [14] investigated

the effect of fouling of the proton exchange membrane

(PEM) in a single chamber MFC with air cathode. The

formation of the fouling layer, consisting mainly of mi-

croorganisms, microbial extracellular polymers and inor-

ganic salts, resulted in deterioration of the MFC

performance due to transfer limitation of cations across the

membrane and to increase of cathodic overpotential.

A number of other factors, such as temperature and

conductivity, in addition to those mentioned above, can

also significantly affect the overall MFC performance.

Changes in temperature may affect system kinetics and

mass transfer, the MFC thermodynamics, as well as the

nature and distribution of the microbial community [15–

17]. Moreover, increasing conductivity can improve the

slow rate of proton transfer, which often limits the per-

formance of MFC systems [18–20]. Thus, temperature and

conductivity were taken under consideration in this study

and their effect on the 4ACMFC performance was

investigated.

Although, for real world applications MFCs must ex-

hibit effective and stable operation over time, relatively

little attention has been given to the study of the long term

performance of the MFC systems. This may be due to the

fact that it requires significant effort in order to determine

all affecting factors and their contribution on the decrease

in the overall cell performance over time. The present work

focuses on the study of the effect of periodic complete

anolyte drainage, during the long term continuous op-

eration of a microbial fuel cell, aiming to maintenance or

enhancement of its performance over time. To the best of

the authors’ knowledge, this is the first time that such a

strategy is applied for the long term continuous operation

of an MFC, in an attempt to provide a solution to the

problem of gradually reduced MFC performance, which

can be partly due to the presence and growth over time of

bacteria in the bulk anolyte solution competing with the

electrogenic bacteria for the same substrate.

2 Materials and methods

2.1 The 4ACMFC set-up

All experiments were performed in a membrane-less single

chamber four air–cathode MFC (4ACMFC) [11], shown in

Fig. 1. The cell consists of a single cylindrical plexiglas

chamber (12.5 cm long, 10 cm diameter and 2 cm thick-

ness) with a conical base (3.5 cm long). Four plexiglas

tubes (16.5 cm long, 2 cm diameter and 2 mm thickness)

run through the chamber, providing a structural support to

the separator. These tubes are uniformly perforated with

circular holes (2 mm diameter, approximately 1306 hole-

s/tube) which offers a total geometrical surface area of

164 cm2 (4 tubes) available for proton transport from the

anode to the cathode. The graphite granules (type 00514,

Le Carbone, Belgium), with diameters ranging between 1.5

and 5 mm, serve as the anodic biofilm support and con-

ducting material, conveying electrons to five graphite rods

(13 cm long by 7 mm diameter) inserted into the packed

bed of granules. The cathode tubes are open to the atmo-

sphere and no special aeration is employed. GORE-TEX �

cloth is used as separator and as support of the cathode

756 J Appl Electrochem (2015) 45:755–763

123



electrocatalyst, which was MnO2. The cloth is tightly bound on

the outside wall of each perforated tube, the side covered with

the catalyst coating being the air-facing side (cathode). It was

made electrically conductive and catalytically active using the

methods described by Zhuang et al. [21]. The effective area

covered with catalyst coating is 56.25 cm2 (7.5 cm 9 7.5 cm),

resulting in a MnO2 loading of 142.2 mg cm2.

The volume of the anode chamber is 938 cm3, with

approximately 70 % of this volume filled with graphite

granules. The bed of the graphite granules has a void

fraction of 0.53, resulting in a calculated volume of

348 cm3 available for filling with liquid. Shis value was in

accordance with the volume of the liquid contained in the

anode chamber during the experiments, as measured in the

process of anolyte replacement. In order to remove the

metals from the surface and the inner pores of the granules,

the granules were washed for 24 h in 32 % HCl, the pro-

cess being repeated four times [22]. The wastewater was

fed through the influent port located at the top of the cell

and connected with a tube ending near the bottom of the

cell. The effluent was removed by overflow through the

side effluent port located at a distance of 5.4 cm from the

top of the chamber.

The anode graphite rods and the cathode were connected

via copper wires with a 100 X external resistor (unless

stated otherwise), forming a closed electrical circuit. The

whole MFC was placed in a thermostatic chamber, main-

tained at 32 �C, unless stated otherwise.

2.2 4ACMFC enrichment and operation

The start-up of the continuous operation of the 4ACMFC was

preceded by ten batch cycles. The enrichment of the elec-

trochemically active bacteria in the anode chamber was

performed during the first three of these cycles. The inocu-

lum was anaerobic sludge provided by the Wastewater

Treatment Plant in Patras, Greece, with the following main

characteristics: pH = 7.03 ± 0.15, COD = 0.39 ± 0.13 g

COD/L, total suspended solids (TSS) = 29.15 ± 3.74 g/L

and volatile suspended solids (VSS) = 13.84 ± 1.75 g/L.

In each cycle the active inoculum concentration was 10 % by

volume, whereas glucose (0.8 g COD/L) was used as sub-

strate (electron donor). The exact composition of the medi-

um used in the experiments can be found in Ref. [23].

Following the inoculation (acclimation) period, seven

successive batch operation cycles were performed, without

further addition of sludge. In order to study the effect of

small temperature changes on cell performance, the tem-

perature was set to 27 �C and then to 29.5 �C during the

last four batch cycles. In order to ensure the reproducibility

of the results, at least two operation cycles were completed

at each temperature. In particular, the 7th and 8th cycles

were performed at 27 �C while the 9th and 10th cycles

were performed at 29.5 �C. The temperature during the 4th,

5th and 6th cycle was maintained at 32 �C.

Following the ten batch cycles, the temperature was

switched back to 32 �C and the reactor operation was shifted

to continuous mode. Without changing the characteristics of

the synthetic wastewater, the MFC was operated con-

tinuously for approximately 53 days. She cell was operated

with a flow rate of 0.2 mL/min (corresponding to a 15 h

hydraulic retention time, HRT) and the anolyte (glucose

0.8 g COD/L) was replaced approximately every 10 days.

Each anolyte replacement occurred by completely draining

the anode chamber and refilling it with fresh anolyte solution,

taking care that no solid fraction was left in the bottom of the

chamber. The cell voltage, as well as the effluent COD were

followed with time.

In order to investigate the effect of conductivity on cell

performance, after 53 days of continuous operation the

characteristics of the synthetic wastewater feed were modified

Fig. 1 a Photo and b schematic drawing of the 4ACMFC system.

(Color figure online)
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by salts additions to five different values. The change of the

conductivity was accomplished by adding sodium chloride to

the feed, while the decrease by reducing in half or by not

adding phosphate buffer in the solution. Specifically, these

changes occurred during the time period from 105.4 to

142.5 days (the time t measured from the beginning of the

batch cycles) corresponding to the following modifications:

addition of NaCl 1 g/L (*15.44 mS/cm) at t = 105.4 days,

addition of NaCl 2 g/L (*17.14 mS/cm) at t = 109.5 days,

feeding without phosphate buffer (*5.31 mS/cm) at

t = 113.3 days, feeding with half the amount of the initial

buffer (NaH2PO4: 1.84 g/L, Na2HPO4�2H2O: 1.73 g/L, con-

ductivity: *9.04 mS/cm) at t = 120 days. After t =

124 days, the feeding was switched to its initial state (con-

ductivity equal to approximately 12.25 mS/cm).

During batch (52 days) and continuous operation

(90.5 days) of the 4ACMFC, after replacement of the

anolyte, the fresh solution was always sparged with a gas

mixture of N2/CO2 (80/20 v/v), for at least 15 min, in order

to remove the dissolved oxygen. Additionally, at selected

time intervals liquid samples were taken, in order to

measure COD and pH.

2.3 Polarization measurements

4ACMFC polarization experiments were carried out by

connecting a decade variable resistor box between the an-

ode and cathode electrodes. Polarization data were ob-

tained by varying the external resistance from 0.04 to

80 kX and recording the corresponding steady-state cell

voltage and current values. Measurements were taken

10 min after changing the external resistance, so as to

ensure that the system reached steady state.

2.4 Calculations and analysis

The performance of the 4ACMFC system was evaluated in

terms of COD removal efficiency, CE and volumetric power

density, normalized for the anodic liquid volume (348 cm3).

The COD removal efficiency and the CE were calculated as

described in Logan et al. [24]. The measurements of dis-

solved COD, TSS and VSS were carried out according to

Standard methods [25]. The pH and conductivity were

measured using a digital pH-meter (HACH) and a conduc-

tivity meter (HQ440d multi), respectively.

3 Results and discussion

3.1 4ACMFC start up: temperature effect

Figure 2 shows the changes in the monitored cell voltage

Ucell (100 X external load) and in COD during the start-up

stage (ten batch cycles). From Fig. 2 it can be clearly ob-

served that during the first two batch cycles the peak

voltage Upeak remained relatively low, at a value around

125 mV, while the CE was 8 and 11.4 % for the first and

the second cycle, respectively. At the third cycle a large

increase of the peak voltage to 500 mV and of CE to 23 %

occurred, confirming the successful formation of electro-

genic biofilm on the graphite granules.

Following the acclimation period (three first batch cy-

cles) the system performance was examined at three dif-

ferent temperatures (32, 27, 29.5 �C). As shown in Fig. 2,

the peak voltage was stabilized at relatively high values for

the cycles carried out at 32 �C (4th cycle: 567 mV, 5th

cycle: 611 mV, 6th cycle: 590 mV), whereas a decrease in

Upeak was observed for the cycles performed at lower

temperatures (7th cycle (27 �C): 388 mV, 8th cycle

(27 �C): 405 mV, 9th cycle (29.5 �C): 439 mV, 10th cycle

(29.5 �C): 407 mV). Similar to the peak voltage, the CE

values for 4ACMFC operation at 32 �C were higher than

those for operation at lower temperatures. Namely, the CE

values were 37.3, 29.4 and 24.8 % for the 4th, 5th and 6th

cycle, respectively, while they ranged from 20 to 22 % for

the cycles carried out at 27 and 29.5 �C.

The higher performance of the 4ACMFC at 32 �C could

be attributed to the enhancement of the metabolic activity

of the electrogenic bacteria with increasing temperature.

The fact that the MFC performance did not change sig-

nificantly when varying the temperature between 27 and

29.5 �C implies that the metabolic activity of the electro-

genic bacteria was not sensitive to relatively small changes

in this temperature range. These results are in accordance

with previous studies, which also reported higher values of

CE at higher temperatures [26–28]. In contrast with the

observed change in CE, the COD removal remained

relatively stable, in the range 66–74 %, for all batch cycles.
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Fig. 2 4ACMFC voltage, Ucell, and COD versus time during the

enrichment of the 4ACMFC with electrochemically-active bacteria.

External load Rext = 100 X (See text for discussion)
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This indicates that part of the COD was removed by non-

electrogenic bacteria grown in the anodic chamber [29].

In agreement with the aforementioned observations,

Jadhav and Ghangrekar [30], using a dual chamber MFC,

reported a stable COD removal (90 %) for operation of the

cell at different temperatures in the range 20–35 �C.

Similar observations were made by Larrosa-Guerrero et al.

[16], who studied the effect of temperature for both a dual

chamber and a single chamber MFC. In the temperature

range 20–35 �C the COD removal remained practically

stable (75–82 % for the dual chamber MFC, 90–95 % for

the single chamber MFC), whereas the CE values varied in

the range 0.7–1.8 % for both cells. Ahn and Logan [31]

observed a stable COD removal (88 %) and a relatively

high CE value (47–50 %) using a single chamber MFC

operated at temperatures 23–30 �C.

3.2 Effect of periodic anolyte replacement

on the 4ACMFC performance

Following acclimation, the MFC performance was exam-

ined in continuous mode (HRT 15 h) for 53 days, using

synthetic wastewater (SW) as substrate (glucose, 0.8 g

COD/L). In order to reduce or to avoid the growth of

bacteria in the bulk solution, which act competitively to the

exoelectrogens, the anolyte was completely removed every

10 days and the anode chamber was refilled with fresh

medium. The variation of the cell voltage Ucell and of the

organic content of the output (in terms of COD) during

continuous operation with periodic anolyte replacement is

presented in Fig. 3a, whereas, for comparison, in Fig. 3b is

presented the time course of Ucell in case of no periodic

anolyte replacement, as discussed below.

The periodic anolyte changes (Fig. 3a) were made at the

following times: 1st change: t = 52.4 days, 2nd change:

t = 63.9 days, 3nd change: t = 73.5 days, 4th change:

t = 83.3 days, 5th change: t = 91.3 days, 6th change:

t = 99.1 days. The fresh anolyte solution was then sparged

with a gas mixture of N2/CO2 (80/20 v/v), for at least

15 min, in order to remove the dissolved oxygen. The re-

sults revealed that the 4ACMFC exhibited very good sta-

bility during continuous operation with periodic anolyte

replacement. The steady-state cell voltage was equal to

0.413 ± 0.023 V, the CE was in the range 14–16.5 % and

the COD removal remained stable at an average value of

80 %. The fact that the CE value was practically constant

indicates that the population of non-electrogenic bacteria

remained stable due to replacement of the anolyte every

10 days of operation. Moreover, the stable MFC perfor-

mance in terms of voltage generation indicates that no

remarkable changes of the metabolic activity of the elec-

trogenic microorganisms occurred over the operation pe-

riod of 53 days [18].

For the same conditions and substrate, but without pe-

riodic replacement of the anolyte, a declining performance

of the 4ACMFC was observed during long term operation.

Namely, the 4ACMFC performance showed an overall

voltage decrease of 55.5 % after 135.4 days of continuous

operation. This decrease was partly attributed to metha-

nogenic inhibition (25.1 %), partly to MnO2 cathode cat-

alyst poisoning (47.9 %) and partly (27 %) to graphite

granule clogging [11]. Specifically, during the mentioned

3250 h period, the cell voltage decreased from

0.551 ± 0.019 V to 0.244 ± 0.011 V and the CE reduced

from 21 to 8.34 %, whereas the COD removal remained

relatively high, increasing from 66–74 to 80–85 % after

2000 h of cell operation. The fact that glucose degradation

during continuous operation remained high (70–85 %),

while the 4ACMFC performance was reduced implied that

during the long term operation of the 4ACMFC, microbes

other than exoelectrogens were grown. Similarly to the

55 60 65 70 75 80 85 90 95 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

periodic anolyte replacement (per 10 days)

1 32

 U
cell

 COD

U
ce

ll
 [

V
]

polarization experiments

0

0.4

0.8

1.2

1.6

2.0
C

O
D

 [g
/L

]

0 5 10 15 20 25 30 35 40 45 50 55
0

0.2

0.3

0.4

0.5

0.6

0.7

Time [d]

Time [d]

U
ce

ll
 [

V
]

anolyte replacement

a

b
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out. Red arrows indicate the times when the polarization experiments

were performed. (Color figure online)
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present study, at t = 40.7 days of total cell operation, the

anolyte was completely emptied and replaced, which

however had no impact on the cell voltage, indicating ei-

ther that no microorganisms were grown in the bulk solu-

tion or that their population at t = 40.7 days was very

small to affect the performance of the 4ACMFC. The

corresponding results are presented in Fig. 3b. The anolyte

replacement occurred at t = 40.71 days (corresponding to

t = 0 day in Fig. 3b) and the procedure was not repeated.

After 51 days of cell operation the Ucell decreased by

45.7 %.

The observed in the present study beneficial effect of

complete anolyte replacement, which partially resolves the

problem of the declining 4ACMFC performance with time,

confirms the significant growth of non-electrogenic bacte-

ria in the bulk solution for long operation times.

In this study, the MnO2 catalyst layer remained stable

after approximately 105 days of total operation in batch

and continuous mode, in contrast with the results of the

aforementioned previous study of the 4ACMFC operation

[11], which indicated that the catalyst layer was deacti-

vated after approximately 118 days of cell operation.

Further work is needed in order to specify the exact con-

tribution of MnO2 cathode electrode assembly in the

4ACMFC decreasing performance.

Moreover, the steady-state voltage and the practical

constant CE values observed in the present study indicate

that no clogging (or no increasing clogging with time) of

the graphite granules due to biofilm formation during the

continuous operation period of 53 days. The voltage drop

percentage of 27 %, attributed in the aforementioned pre-

vious study [11] to clogging of graphite granules, was not

observed. This result indicates that the washing up of the

graphite granules with HCl, before the start up of the

system, had a positive effect to the long term operation of

the 4ACMFC. The washing of granules removed the un-

wanted residues from their surface and improved their

electrical contact [5].

3.2.1 Effect of time on polarization and power output

of the 4ACMFC

In order to determine the effect of operation time on po-

larization and power output of the 4ACMFC, three polar-

ization experiments were conducted during the continuous

operation of the cell, at the following times: 1st at

70.6 days, 2nd at 75.4 days and 3nd at 84.8 days. The

corresponding results, namely Ucell versus I and and Pv

versus I are presented in Fig. 4, where I denotes the current

and PV the power output normalized per volume of the

liquid (volumetric power output).

The polarization experiments showed that the maximum

power density Pv,max was 7.6, 10 and 7.4 W/m3 for the 1st,

2nd and 3nd polarization experiment, respectively. The

open circuit potential (OCP) of the 4ACMFC ranged from

0.51 to 0.55 V. These results reveal a stable power density

performance during the 53 days of continuous operation. It

is noted that the anolyte volume, which was used for nor-

malization of the power output, did not decrease with op-

eration time, remaining equal to 348 cm3, as measured in

the process of anolyte replacement. This corroborates the

absence of progressive development of biofilm on the

graphite granules, which in the case of operation of the

4ACMFC without periodic anolyte displacement [11] was

presumably responsible for the observed gradual reduction

of the anolyte volume from an initial value of 350 cm3 to

approximately 180 cm3. These findings indicate that re-

placing the anolyte periodically can be as effective as other

maturing techniques for improved MFC performance. In

any case, the removed anolyte could be used in a secondary

MFC treatment system as, e.g. part of a cascade.

3.3 Effect of conductivity on the 4ACMFC

performance

After 53 days of stable continuous operation, the effect of

the conductivity on the 4ACMFC performance was ex-

amined. The increase of the conductivity was accomplished

by adding sodium chloride to the feed, while its decrease

was realized by reducing in half (or not adding at all) the

phosphate buffer in the solution. In particular, the con-

ductivity of the influent was switched from 12.25 mS/cm to

the values *15.44, *17.14, *5.31 and *9.04 mS/cm, at

105.4, 109.5, 113.3 and 120 days, respectively. Following

these changes, the conductivity of the anolyte was switched

back to its initial value at t = 124 days.
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curves), and volumetric power density PV versus I curves corre-

sponding to polarization experiments performed after 70.6, 75.4 and

84.8 days of total operation of the 4ACMFC
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Figure 5 shows the changes in the monitored cell volt-

age Ucell (100 X external load) and in COD at different

conductivities of the anolyte. It can be clearly observed that

the change of conductivity did not affect the COD removal

efficiency, which remained approximately constant at

80 %. Furthermore, the induced changes in cell voltage

Ucell and in CE by increasing the conductivity of the

anolyte to approximately 15.44 and 17.14 mS/cm were not

significant, as Ucell changed from 0.413 ± 0.023 V to

0.390 ± 0.014 V whereas CE ranged approximately from

14 to 15 %. These results imply that the conductivity of the

liquid was not a performance limiting factor for the long

term operation of the 4ACMFC, taking also into account

that the conductivity was approximately constant at

12.25 mS/cm except for the operation period from 105.4 to

124 days.

The addition of the phosphate buffer in the synthetic

wastewater during the long term operation of the MFC

contributed to maintenance of a constant pH of the anodic

liquid (pH 7.7). pH gradually reduced to 6.4 when the

4ACMFC was operated without phosphate buffer (pH

values: 7.70 at t = 123.7 days; 7.33 at t = 114.9 days;

6.85 at t = 118 days; 6.44 at t = 120 days). Presumably,

this is due to the production of protons in the reaction of

electrochemical oxidation of the substrate, which gradually

causes acidification of the anolyte (pH = 6.44), without

excluding the possibility of a protons production related

with a small acidogenic activity of the fermentative colo-

nies. Accumulation of protons in the anolyte has been at-

tributed to slow and incomplete diffusion to the cathode

side [15], through the separator cloth in the present case. In

parallel with the decrease in pH, the cell voltage and CE

also decreased. Specifically, when the conductivity was

reduced to 5.3 mS/cm, the cell voltage was sharply de-

creased by 10 % (to 0.356 V at t = 113.3 days), while a

further gradual decrease occurred, to a value of 0.243 V at

t = 120 days (Fig. 5). Similarly to the cell voltage, CE

sharply decreased by 26.6 % (to 11.4 %) while a further

gradual decrease occurred, to a value of 8 %. These results

highlight the effect of decreasing conductivity on the

4ACMFC performance, since both Ucell and CE decreased

sharply after reducing conductivity from 17.14 to 5.3 mS/

cm. This sharp decrease occurred at pH = 7.7, i.e. before

acidification of the anodic liquid. However, the following

further decrease of Ucell and CE can be also attributed to

acidification of the anolyte which affected the electrocat-

alytic activity of the electrogenic bacteria [15, 32, 33]. The

fact that 4ACMFC performance did not change sig-

nificantly by increasing the anolyte conductivity from

12.25 to 17.14 mS/cm via NaCl addition, contrary to the

effect of decreasing conductivity to values lower than

12.25 mS/cm via reducing or not adding the phosphate

buffer, could be partly explained by the possible negative

effect of NaCl addition on the metabolic activity of the

exoelectrogens.

Following the operation of the cell without phosphate

buffer, the conductivity was increased to *9.04 mS/cm by

adding half the amount of the initial phosphate buffer into

the anolyte. This change resulted in increase of the cell

voltage by 37.9 % (to 0.335 V) within 3.9 days. The CE

reached a value of approximately 11 % whereas the pH

gradually increased from 7.09 at t = 122 days to 7.40 at

t = 123.1 days. Subsequently, at t = 124 days, the con-

ductivity of the liquid was switched back to *12.25 mS/

cm. This change was followed by stabilization of the cell

voltage at the value Ucell = 0.374 ± 0.008 V and the in-

crease of pH and CE to the values *7.70 and 12–13 %,

respectively. However, the cell voltage did not reestablish

its initial value (Ucell = 0.413 ± 0.023 V) before the onset

of the changes in conductivity. It is not clear whether this is

due to the change of the metabolic mechanism of the

bacteria, caused by the modifications of the anolyte in

order to accomplish the conductivity changes, or to the

deactivation of the cathode catalyst, which might have

started occurring during this period. Further study is

needed in order to determine the factors which caused this

performance decrease.

Furthermore, starting after 109.2 days of total cell op-

eration, three polarization experiments were conducted for

three different conductivities of the anolyte, as follows

(Fig. 5): 1st: at 109.2 days (15.44 mS/cm); 2nd: at

113.3 days (17.14 mS/cm); 3nd: at *124 days (9.04 mS/

cm). The results of these polarization experiments are

shown in Fig. 6. As shown in the figure, a maximum power
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Fig. 5 4ACMFC voltage, Ucell, and COD of the cell effluent versus

time during continuous operation of the cell with synthetic waste-

water (glucose 0.8 gCOD/L). External load Rext = 100 X. Black

arrows indicate the times when anolyte replacement was carried out.

Red arrows indicate the times when the polarization experiments

were performed. Double end arrows show the time periods

corresponding to operation of the MFC with anolytes of different

conductivity. (Color figure online)
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density Pv,max of 6.33 and 4.30 W/m3 was obtained for

conductivities 15.44 and 7.14 mS/cm, respectively. These

results imply that the reduction of the maximum power

density could be attributed to the increase in the amount of

sodium chloride (1–2 g/L) added to increase the conduc-

tivity from 15.44 to 17.14 mS/cm, presuming that it had a

negative effect on the electrocatalytic activity of the bac-

teria. When the conductivity was decreased to 9.04 mS/cm

the maximum power density Pv,max was further decreased

to 3.94 W/m3 while the internal resistance, Rin was in-

creased to *20 X, which implies that the decrease of

conductivity itself (per se) has also certain contribution to

the observed decrease of Pv,max. The enhanced performance

of the MFCs at higher conductivity values of the anolyte

has been also reported in previous studies [34–36]. Addi-

tionally, the open circuit potential (OCP) of the 4ACMFC

was *0.5 V for conductivities 15.44 or 17.14 mS/cm and

*0.4 V for 9.04 mS/cm. The change of the OCP value

could be attributed to the change of the metabolic

mechanism of the anodophilic bacteria in the presence or

absence of NaCl. These observations are consistent with

previous findings [18].

4 Conclusions

A four air–cathodes MFC (4ACMFC) was operated in

batch and continuous flow mode, for ca. 142.5 days using

synthetic wastewater (glucose 0.8 g COD/L) feed. During

continuous flow mode of operation, the anolyte was re-

placed every 10 days. Assessment of the MFC perfor-

mance on the basis of cell voltage, CE and COD removal

showed that periodic anolyte replacement contributes to a

more stable performance of the 4ACMFC during long term

operation, which can be attributed to inhibition of the

growth of antagonistic non-electrogenic bacteria in the

bulk solution. The effect of temperature and anolyte con-

ductivity of the 4ACMFC performance was also studied.

The highest performance was observed at 32 �C and for an

anolyte conductivity value of 12.25 mS/cm. A maximum

power density Pmax of 10 W/m3 was achieved. From a

practical viewpoint, the problem of requiring a short in-

terruption of the MFC operation for anolyte replacement

may be easily handled as the interruption has only a very

short duration. The addition of a small volume stabilization

tank before the MFC could receive the incoming flow

while anolyte replacement is taking place. Alternately, a

properly designed system of two or more MFCs (it is

standard practice in wastewater treatment systems to have

multiple parallel treatment lines for maintenance purposes)

could also be used so that the wastewater to be treated is

fed to the other MFC(s) during anolyte replacement in one

of them. The results of the present work indicate that pe-

riodic replacement of the anolyte could be used as a means

of ensuring stable performance of MFCs during long term

operation. Further study is needed in order to identify the

factors contributing to the stable performance of the cell as

a result of periodic anolyte replacement.
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26. Del Campo AG, Lobato J, Cañizares P, Rodrigo MA, Fernandez

Morales FJ (2013) Short-term effects of temperature and COD in

a microbial fuel cell. Appl Energ 101:213–217

27. Patil SA, Harnisch F, Kapadnis B, Schröder U (2010) Elec-
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