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Erkan Sahinkaya

Received: 5 May 2012 / Accepted: 26 July 2012 / Published online: 18 August 2012

� Springer-Verlag 2012

Abstract This study aims at evaluating the performance

of a two-chambered continuously fed microbial fuel cell

with new Ti–TiO2 electrodes for bioelectricity generation

from young landfill leachate at varying strength of waste-

water (1–50 COD g/L) and hydraulic retention time (HRT,

0.25–2 days). The COD removal efficiency in the MFC

increased with time and reached 45 % at full-strength

leachate (50 g/L COD) feeding. The current generation

increased with increasing leachate strength and decreasing

HRT up to organic loading rate of 100 g COD/L/day.

The maximum current density throughout the study was

11 A/m2 at HRT of 0.5 day and organic loading rate of

67 g COD/L/day. Coulombic efficiency (CE) decreased

from 57 % at feed COD concentration of 1 g/L to less than

1 % when feed COD concentration was 50 g/L. Increase in

OLR resulted in increase in power output but decrease in

CE.

Keywords Microbial fuel cell � Landfill leachate �
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Introduction

Landfill leachate, generated from the disposal of municipal

solid waste, is highly contaminated with a wide range of

organic and inorganic nutrients, various chemical com-

pounds and heavy metals [1]. Its characteristics depend on

many factors including age, precipitation, weather, waste

type and composition [2, 3]. Among those factors, age is

the most crucial parameter determining the changes of

organic content and biodegradability (BOD5/COD). Young

leachate (1–2 years) has a high COD concentration, over

10 g/L, with a BOD5/COD ratio of around 0.4–0.6 [4, 5].

As aerobic biological treatment consumes high energy,

economically and environmentally sustainable processes

for the treatment of leachate are in growing demand [6, 7].

Microbial fuel cell (MFC) employs microbes to

directly generate electricity from biochemical energy in

addition to a novel approach for wastewater treatment

[8–11]. A classical MFC consists of two components with

an anode and cathode chamber. In the anodic chamber,

electrons and protons are generated due to the anaerobic

oxidation of organics [12]. Electrons diffuse to the cath-

ode through an external circuit and the protons are

transferred to the cathode chamber via cation exchange

membrane. Electrons and protons are combined in the

cathodic chamber by an electron acceptor such as O2 or

potassium ferricyanide [13]. The performance of an MFC

depends on several factors; including microbial activity,

substrate type and concentration, anode and cathode

materials [13, 14]. Substrate type and concentration affect

both the performance and microbial diversity of MFC

[12, 15, 16]. Kiely et al. [17] studied long-term cathode

performance and the microbial communities in MFC fed

with different fermentation end products. The MFCs were

fed in a fed-batch mode for more than one year with
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individual end products of lignocellulose fermentation

(acetic acid, formic acid, lactic acid, succinic acid, or

ethanol). Depending on the substrate, the power densities

ranged from 835 to 62 mW/m3. In another study, Sharma

and Li [18] studied the power generation from three

different substrates (acetate, ethanol, and glucose) over a

concentration range of 0.5–35 mM in a single-chamber

MFC. The maximum power density of 401 mW/m2 was

generated from glucose. In contrast to the findings of

Sharma and Li [18], Lee et al. [7] reported that the

acetate-fed MFC had much higher power output

(360 mW/m2), compared with the glucose-fed MFC

(9.8 mW/m2). Tugtas et al. [19] evaluated power pro-

duction performance of a continuous flow membrane-less

cathode MFC fed with synthetic wastewater-containing

acetate (180 mg/L). The air-facing side of the cathode

was covered with a spunbonded olefin sheet to control

oxygen diffusion and water loss. The configuration

produced maximum power density of 750 mW/m2.

However, loss of platinum catalyst and biomass growth

on cathode resulted in gradual decrease of power density

to 280 mW/m2.

High-strength wastewater can be used for electricity

generation in MFC. By this way, both wastewater treat-

ment and energy generation can be achieved simulta-

neously. Although there are several studies with synthetic

wastewater, limited studies have been conducted with high-

strength real wastewater, especially in continuous mode of

operation. Cercado-Quezada et al. [20] and Wang et al.

[21] obtained promising results using food and brewery

industry wastewaters. Velasquez-Orta et al. [22] compared

four different industrial wastewaters (bakery, brewery,

paper and dairy) and obtained highest energy production

with paper industry wastewater independently from bio-

degradability and COD concentration. Additionally, Pant

et al. [23] reviewed MFC performance of various synthetic

and high-strength real wastewaters. So far, researchers

have used carbon-based electrodes for the treatment of

leachate in MFC [24–26].

Electrode material is also another important parameter

on the performance of MFC. Carbon-based and platinum

electrodes have been widely used in MFC studies

[8, 27]. However, researchers have recently obtained

higher current production using new metal-based elec-

trodes [28]. Our previous research indicated that Ti–TiO2

electrode (476.6 mA/m2) achieved 15 times higher cur-

rent density than carbon-based electrode (31 mA/m2)

with synthetic glucose solution in a dual-chambered

MFC [29]. In the present study, the same MFC reactor

configuration was used for electricity generation from

young landfill leachate. The MFC reactor performance

was evaluated under continuous mode with varying

operational conditions.

Materials and methods

Leachate collection and characterization

Leachate samples were collected from Odayeri municipal

landfill in Istanbul and transferred to the laboratory and

kept at 4 �C throughout the MFC study. The character-

ization of the leachate is given in Table 1. The high COD

and BOD5/COD ratio indicated that the leachate is young

and highly biodegradable.

Microbial fuel cell design and setup

Dual-chambered plexiglass MFC was used in the study (see

Ref. [29] for details). Each chamber has a volume of

275 mL while two compartments were separated by a

cation exchange membrane (CMI 700, for a detail see Ref.

[29]). In order to increase the porosity, the membrane was

conditioned by boiling in 30 % H2O2 for 15 min and then

rinsed with deionized water. Remaining H2O2 on the

membrane surface was cleaned using 0.5 M H2SO4 and

then rinsed with deionized water. Anode and cathode

electrodes have the same dimensions of 5 cm height, 2 cm

of length and 1.5 mm of thickness. The electrodes were

mixed metal oxide titanium (Ti–TiO2 from Akat Engi-

neering Company in Turkey). Same electrodes were used

in both anode and cathode compartments. Electro catalytic

coating was carried out with the thermal decomposition of

mixed metal salts sprayed on titanium. The electrode prop-

erties were taken from the product catalog (Akat Engineering

Company, Turkey) and it has crystal structure with density of

6–12 g/cm3, resistivity of 0.00001 X 9 cm, a large surface

area with the Brunauer–Emmett–Teller (BET) surface of

20–50 m2/g as physical and chemical properties with a

surface area of 10 cm2.

A 10 X resistance was used to transfer the electrons

from anode to cathode electrode. Prior to the operation,

Table 1 Characterization of young landfill leachate

Parameters Units Value

COD mg/L 50,000 ± 2,500

BOD5 mg/L 32,000 ± 1,680

TOC mg/L 16,530 ± 1,430

pH – 5.5

Conductivity ms/cm 26 ± 3.2

NO3
- mg/L 11.7 ± 2.1

NO2
- mg/L 7.5 ± 1.2

SO4
2- mg/L 3,500 ± 300

Cl- mg/L 1,250 ± 103

PO4
2- mg/L 3.66 ± 0.4

NH4
? mg/L 560 ± 78
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both electrodes were washed with ethyl alcohol and rinsed

with distilled water to remove impurities. The cathode

compartment was filled with distilled water and aerated.

Both chambers were mixed by a magnetic stirrer at

350 rpm. The anode chamber was sparged with nitrogen to

remove oxygen to ensure anaerobic condition during the

startup of the MFC. The MFC was not inoculated from any

other source and the anode-respiring microorganisms in the

original leachate samples were enriched during the

operation.

Analysis

All analyses were made according to standard methods

[30]. COD and BOD5 tests were performed as recom-

mended in the open reflux method 5,220 and 5,210 B,

respectively. Total organic carbon (TOC) was measured

using a TOC analyzer (Hach Lange IL 550 model). Con-

ductivity and pH were measured by multimeter (WTW).

Anions and cations were determined by Ion Chromato-

graphy instrument (Dionex AS ICS3000). Sulfate was

measured according to turbidimetric method. Each test was

performed in triplicate and the mean values were given

with standard deviations.

Potential in anode and cathode chambers was on-line

measured by Ag/AgCl reference electrodes (?0.197 V

according to SHE). The voltage (V) across an external

resistance (10 X) in the MFC circuit was on-line monitored

at 5-min intervals using a four-channel precision multi-

meter (Fluke 8846A) connected to a personal computer.

Current (I) and power (P = IV) were calculated

according to Ohm’s Law and normalized by the wetted

surface area of anode (7 cm2) or the volume of liquid

media in the anode chamber. Coulombic efficiency (CE)

was calculated according to Sleutels et al. [31].

Result

Start-up period

The MFC operation was started at an influent COD con-

centration of 1 g/L and HRT of 2 days, corresponding to

OLR of 0.5 g COD/L/day. There was no current generation

during first week; thereafter, voltage increased steadily to

15 mV within 18 days (Fig. 1). During this period, COD

removal efficiency was around 5 % within the first week

and then steadily increased to around 20 % within 15 days.

As the anaerobic conditions developed, the anode potential

decreased and become more negative as it decreased from

its initial value of around -100 to -230 mV within

15 days.

Impact of feed COD on MFC performance

The MFC was operated in a continuous mode of operation

at room temperature (25 ± 2 �C) for around 65 days at

different OLRs by changing hydraulic retention time

(HRT) or feed COD concentration. The leachate was

diluted with tap water to adjust its COD concentration to

the desired values. Between days 0 and 16, HRT and feed

COD were 2 days and 1,000 mg/L, respectively. The OLR

was kept low in the first period to enrich anode-respiring

bacteria on the electrode. Then, HRT was decreased to

1 day and feed COD concentration was increased gradually

up to 50,000 mg/L. Hence, the OLR was increased from

0.5 g COD/L/day on day 16 to 50 g COD/L/day on day 34.

Then, the impact of increasing OLR on the MFC perfor-

mance was evaluated by keeping the feed COD constant at

50,000 mg/L and decreasing HRT from 1.0 to 0.25 day. On

day 55, to recover the MFC performance, the HRT was

increased from 0.25 day back to 0.5 day (Fig. 2).

The impact of increasing feed COD concentration from

1,000 to 50,000 mg/L (HRT 1 day) on voltage generation

was investigated between days 15 and 40. COD removal

efficiency increased steadily and reached 35–40 %. As the

feed COD concentration increased, the cell voltage

increased from around 15 mV on day 15 to 60 mV on day

40. Similarly, the current density and power output reached

8.7 A/m2 and 515 mW/m2 (1,350 mW/m3), respectively,

on day 40 (Fig. 2). Throughout the study, sulfate reduction

efficiency averaged 15 ± 5 %.

Impact of HRT on MFC

After day 40, the impact of decreasing HRT on the MFC

performance was evaluated. Decreasing the HRT from

1 day to 0.75 between days 42 and 48, corresponding to

OLR of 67 g COD/L/day, did not adversely affect the COD

Fig. 1 Current generation in start-up period
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removal efficiency as it remained between 35 and 40 %. The

cell voltage and power output increased to around 70 mV

and 720 mW/m2 (or 1,920 mW/m3) respectively. Similarly,

current density increased to around 10 A/m2. Between days

48 and 52, HRT was decreased to 0.5 day, corresponding to

OLR of 100 g COD/L/day. The COD removal efficiency

averaged around 43 % and the cell voltage increased slightly

around 77 mV. The current density and the power output

also slightly increased to around 11 A/m2 and 900 mW/m2

(or 2,250 mW/m3). Hence, the reactor performed well even

at OLR of 100 g COD/L/day.

Further decreasing HRT to 0.25 day (OLR 200 g COD/L/

day) adversely affected system performance as the COD

removal efficiency sharply decreased to below 5 %. Simi-

larly, cell voltage and current decreased sharply close to zero

(Fig. 2). In order to recover the process performance, HRT

was increased back to 0.5 day on day 55. Then, the COD

removal efficiency increased again to around 40 %. Simi-

larly, current and power densities increased back to around

10 A/m2 and 700 mW/m2 (1,815 mW/m3), respectively.

Impact of OLR on coulombic efficiency (CE)

and power generation

The impact of OLR on the MFC performance was inves-

tigated by changing the feed COD and HRT. The impact of

OLR on the current and power densities is shown in Fig. 3.

The maximum current and power densities throughout the

study were 11 A/m2 and 900 mW/m2 (or 2,250 mW/m3),

respectively (Fig. 3). The current and power densities

increased linearly up to OLR of 67 g COD/L/day and then

remained constant when the OLR was increased to 100 g

COD/L/day. Further increase of the OLR to 200 g COD/L/

day caused a sharp decrease in power production.

The CE is very important in electricity generation as it is

the ratio of the electrons used for the current generation. As

the OLR was increased from 1 to 5 g COD/L/day, the CE

decreased sharply from around 57 to 7 % and further

increase of OLR caused a sharp decrease of CE to below

1 % (Fig. 4). Although the increase of OLR increased the

voltage output, it decreased CE, which may be due to use

of organics for non-electricity generating processes such as

methane production.

Fig. 2 Hydraulic retention time, feed COD variations, COD removal,

organic loading rate, voltage output and current density during the

MFC operation

Fig. 3 The impact of COD loading on current and power densities
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Discussion

Electricity generation from landfill leachate

High-strength wastewaters are good source for MFCs as

both wastewater treatment and electricity generation can be

achieved simultaneously. Lu et al. [32] showed that starch

processing wastewater with 4,852 mg/L COD could be used

for electricity generation in an MFC with a maximum

voltage of 239.4 mV/m2 (a current density of 893.3 mA/

m2) corresponding to COD removal efficiency and maxi-

mum coulombic efficiency of 98 and 8 %, respectively.

Wen et al. [33] studied electricity generation in an MFC fed

with brewery wastewater in a continuous mode of opera-

tion. The maximum voltage and COD removal efficiency

were 264 mW/m2 and 40–43 %, respectively. The maxi-

mum coulombic efficiency was close to 20 %. In an MFC

with graphite electrode, the maximum power density and

COD removal efficiency were 344 mW/m3 and 37 %,

respectively, when landfill leachate was used [26]. The

coulombic efficiency was very low (below 2 %) indicating

the loss of substrate in non-electricity-generating processes.

In spite of the low coulombic efficiency, the power density

was higher than that observed in studies conducted with

municipal wastewater due to high organic content of landfill

leachate [26]. In our study, much higher power density

values (900 mW/m2 or 2,250 mW/m3) were reached, which

should be due to higher influent COD concentration (50 g/

L), high biodegradability of young landfill leachate and

continuous mode of MFC operation. In the study of Kiely

et al. [17], similar power density (835 mW/m2) was

obtained in an MFC fed with 1 g/L acetate. Although

landfill leachate used in our study contained much higher

COD than 1 g/L acetate, the possible reasons for obtaining

similar power outputs are the lower biodegradability of

leachate due to the presence of inhibitory compounds

(heavy metals, Table 1) and the presence of other electron

acceptors [nitrate, sulfate (Table 1)] in landfill leachate.

Also, it is known that non-fermentable compounds, espe-

cially acetate, are more efficient for power generation in

MFCs [7]. The obtained maximum COD removal rate in the

present study was quite high, around 40 g COD/L/day,

which points out that MFC can be used for both treatment of

high-strength wastewaters and electricity generation.

Power generation increased with increasing the feed

COD concentration and decreasing HRT up to OLR of

100 g COD/L/day (Fig. 2). Greenman et al. [6] studied

electricity generation from landfill leachate using a con-

tinuous flow MFCs. In their study, the COD and BOD5

concentrations of the leachate were in the range of

12,900–35,300 and 5,800–18,000 mg/L, respectively. The

high BOD5/COD ratio of 0.34–0.57 showed relatively high

biodegradability. They reported that the decrease of HRT

and increase of leachate strength increased the power

output. The highest power density was 1.38 mW/m2

obtained with full-strength leachate and the BOD5 removal

efficiency was lower than 35 %. The obtained maximum

power density in our study (900 mW/m2) is much higher

although the organic removal efficiencies are comparable.

Obtaining much lower power output in the study of

Greenman et al. [6] may be due to loss of a significant

fraction of COD in non-electricity generating processes.

Oxygen diffusion from air-cathode system, denitrification,

biomass production and methane production may be

alternative ways of organic consumptions.

Impact of loading rate on coulombic efficiency

The use of MFC for electricity generation is challenging

due to generating combustion-less and pollution-free bio-

electricity directly from organic matters [34]. The use high-

strength wastewaters in MFC seems to be a good approach

as the power generation per volume of the wastewater can

be increased and at the same time wastewater treatment can

be achieved. Hamelers et al. [35] reported that the cou-

lombic efficiency should be at least 80 % for an MFC to be

competitive with anaerobic digestion. However, studies

showed that increasing the organic concentration in

wastewater may cause decrease of CE [31], which means

most of the electrons produced from organic oxidation are

diverted to non-electricity-generating processes. Sleutels

et al. [31] reported that both increasing the influent acetate

concentration and decreasing anode potential might

decrease the CE. Increase in substrate concentration from 1

to 35 mM increased current density to 21.1 A/m2, while

decreased CE to 52 %. In our study, although increasing

OLR, either decreasing HRT or increasing strength of

Fig. 4 The impact of organic loading rate on coulombic efficiency
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leachate, generated higher power output (Fig. 2); it

decreased CE sharply (Fig. 4). The possible reasons for

decrease in CE at higher OLRs are increasing sulfate

reduction or methane production at high OLRs. The

decrease of anode potential at higher OLRs may produce

better environmental conditions for non-electricity-gen-

erating processes (sulfate reduction or methane produc-

tion). Sleutels et al. [31] reported that decreasing anode

potential from -250 to -450 mV decreased both current

density and CE appreciably. Similarly, Min et al. [8]

reported that increasing initial COD concentration of swine

wastewater in MFC resulted in decrease of coulombic

efficiency. Swine wastewater with 8,320 mg/L COD pro-

duced maximum power density of 45 and 261 mW/m2 in a

two-chambered and single-chambered MFCs, respectively,

although the coulombic efficiency was quite low (8 %). In

another study, Sharma and Li [18] used different carbon

sources (acetate, ethanol, and glucose) in single-chambered

MFCs. They reported that the CE values changed dra-

matically with the substrate types and acetate exhibited

highest CE value among the studied substrates. The CE

decreased from 38 % at the initial acetate concentration of

0.5 mM to 6 % at 8 mM and to 3 % at 35 mM. The inverse

relationship between OLR and CE may impede the pro-

duction of high power density with high-strength waste-

water and more studies are needed to increase the power

output and CE from high-strength wastewaters.

The COD removal efficiency reached 45 % at full-

strength leachate. In real MFC applications for power gen-

eration from high-strength wastewater, the remaining COD

should be treated by anaerobic and/or aerobic processes.

Conclusion

Two-chambered continuously fed MFC with new Ti–TiO2

electrodes was able to generate electricity and simulta-

neously treat landfill leachate with a maximum COD

removal efficiency of 45 % and current production of

11 A/m2. Although increasing loading rate up to 100 g

COD/L/day increased current generation, it decreased

coulombic efficiency appreciably. It was found that Ti is

suitable as an anode and cathode material in MFC appli-

cation due to its stability and the formation of ohmic

contact between TiO2 and Ti.
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