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Abstract This study introduces activated carbon (AC) as

an effective anode for microbial fuel cells (MFCs) using

real industrial wastewater without treatment or addition of

external microorganism mediators. Inexpensive activated

carbon is introduced as a proper electrode alternative to

carbon cloth and carbon paper materials, which are con-

sidered too expensive for the large-scale application of

MFCs. AC has a porous interconnected structure with a

high bio-available surface area. The large surface area, in

addition to the high macro porosity, facilitates the high

performance by reducing electron transfer resistance.

Extensive characterization, including surface morphology,

material chemistry, surface area, mechanical strength and

biofilm adhesion, was conducted to confirm the

effectiveness of the AC material as an anode in MFCs. The

electrochemical performance of AC was also compared to

other anodes, i.e., Teflon-treated carbon cloth (CCT),

Teflon-treated carbon paper (CPT), untreated carbon cloth

(CC) and untreated carbon paper (CP). Initial tests of a

single air-cathode MFC display a current density of

1792 mAm-2, which is approximately four times greater

than the maximum value of the other anode materials.

COD analyses and Coulombic efficiency (CE) measure-

ments for AC-MFC show the greatest removal of organic

compounds and the highest CE efficiency (60 and 71%,

respectively). Overall, this study shows a new economical

technique for power generation from real industrial

wastewater with no treatment and using inexpensive elec-

trode materials.

Keywords Microbial fuel cell � Real industrial
wastewater � Anode materials � Activated carbon

Introduction

The scarceness of energy sources along with permanent

energy requirements are the main constraints facing

global progress and development. In addition, wastewa-

ter problems pose a significant risk for vital communities

[1, 2]. Millions of tons of wastewater are produced daily,

carrying bacteria, organic substrates, and other pollu-

tants. These large amounts of wastewater require

expensive treatment procedures for appropriate and

acceptable use [3]. Therefore, many efforts have aimed

to develop new techniques, which can save renewable

energy resources based on exploiting waste sources

[4–6]. Microbial fuel cells (MFCs) are a promising

technique for recovering chemical energy stored in
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organic substrates and converting it into electricity

[7–11]. The significance of this technology lies in

decreasing wastewater treatment costs and creating

advanced methods for power generation in both devel-

oping and industrialized countries. [12–14]. There are

several advantages of MFCs, such as high conversion

efficiency and low operating temperature and environ-

mental footprint [15]. However, its application on a large

scale is still limited due to low generated power and the

high cost of its components [15, 16]. Therefore, the

application of MFCs on large scale requires the use of

inexpensive electrodes that exhibit good chemical sta-

bility, high mechanical strength and large surface area

[17]. Anodic material is the main way to increase the

power generation of MFCs due to its effect on bacteria

attachment, the electron transfer process and substrate

oxidation. Therefore, anodic materials must be conduc-

tive, biocompatible, and chemically stable. [15, 18].

Most of these properties are available in carbon mate-

rials; thus, the most common anode materials used in

MFCs are based on carbon, such as carbon paper, cloth,

felt, fibrous, foam, reticulated vitreous carbon (RVC),

and graphite felt [15, 19, 20]. Carbon paper, cloth and

foams have high costs for large industrial scale use (ca.

$1000/m2) [21, 22]. However, graphite felt anodes are

inexpensive and have the largest surface area; however,

only 0.47 m2/g of their surface area is colonized by

bacteria [15]. On the other hand, the use of granular

activated carbon electrodes is restricted by their ultimate

permeability in the packed bed direction [23]. High

porosity of the bed is essential to avoid blockage and a

decrease in the pressure; however, at the same time,

electrical contact between specific granules is necessary

to maintain appropriate conductivity [24]. Unsystematic

carbon fibers have been considered as a substitute, but

fiber clomping has an influence on the cell performance

[21]. Overall, among all previous studies mentioned, no

carbonaceous anode materials have displayed all of the

required features of high porosity, superior intercon-

nectivity, and high conductivity. Activated carbon

materials have been investigated in several applications

including supercapacitors, high-temperature filters and

nano electronics [25]. It has been found that they are

suitable for these applications due to their high surface

area, low cost, excellent conductivity, low resistance and

high micro porosity [26]. These impressive properties

are believed to enhance bacteria cell adhesion, which

can lead to increased power generation of MFC [27].

Hence, MFCs based on AC have been investigated using

a sulfate-reducing bacterium (Desulfuricans) as the pure

biocatalyst culture for sulfate reduction [28]. However,

this pure culture is costly to grow and cultivate due to

the stringent sterile special conditions.

In this study, the activated carbon performance is

investigated as an effective anode material in a single-

chamber air-cathode MFC using a novel electrolyte of real

industrial wastewater obtained from a food manufacturing

plant in Jeonju, South Korea; the wastewater was without

treatment, filtration or addition of external microorganisms.

In addition, the AC performance was compared to that of

four carbonaceous anode materials.

Materials and methods

Electrodes

Carbon cloth (CC, EC–AC-cloth), carbon paper (CP, EC-

TP1-120), and carbon cloth treated with Teflon (Poly Tetra

Fluoro Ethylene (PTFE)) coating (CCT, EC–AC-Close)

were purchased from Electro Chem. Inc., USA. Activated

carbon (AC) sheets were obtained from the local market in

Jeonju, South Korea. Pt-loaded carbon paper (0.5 mg/cm2)

(EC-20-5, Electro Chem, Inc., USA) was used as the

cathode. A commercial cation exchange membrane (CEM,

CMI-7000) purchased from International Inc., NJ, USA,

was used instead of the expensive Nafion117. All elec-

trodes were cut into 2.5 9 2.5 cm sizes.

Microorganisms media

Real wastewater samples used in this study were collected

from a local food factory in Jeonju, South Korea. The

wastewater acted as a fuel and source of microorganisms

without filtration in batch mode MFCs. The properties of

the collected wastewater were characterized at the Water

Environment Research Center, Jeonju, South Korea, as

shown in Table S1. In addition, the mixed culture of

microorganisms existing in the wastewater solution was

examined by agar test. The culture dishes were examined

under a microscope (U-25ND25 (BXSL) OLYMPUST2,

JABAN) using 109 magnification (MPLOON10 9 0. 25)

as shown in Figure S1A, and the bacteria number was

counted as shown in Fig. S1B.

MFC design

A single-chamber air-cathode MFC was used, in which the

oxygen from the air was the oxidant, as shown in Fig. S2.

The anode chamber had a volume of 84 cm3, and the space

between the two electrodes was kept at 4 cm. CEM, fixed

on the surface of the cathode, was used as the proton

exchange membrane. In addition, 316 stainless steel plates

with a thickness of 1 mm were used as the current col-

lectors. The current density was calculated based on the

anode surface area of 6.25 cm2.
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Cell operation and the electrochemical

measurements

Before starting the experiments, 80 ml of wastewater was

purged with gaseous nitrogen for 20 min to remove all of

the dissolved oxygen. Then, the wastewater was injected

into the anode chamber at time zero, and the cell was

operated in single cycle batch mode to immobilize the

microorganisms onto the anode surface for more than

6 days until stabilization of the open circuit voltage (OCV).

A potentiostat was used to measure the open circuit voltage

(OCV). The potentials of the anode and the cathode were

measured compared to a Ag/AgCl reference electrode,

which was placed in the anode chamber. After OCV sta-

bilization, when the two-cell electrode reactions reached

equilibrium, the cell circuit was closed, and linear sweep

voltammetry (LSV) was carried out at a scan rate of

1 mVs-1 to attain the polarization curve. Polarization

curves are used for current characterization as a function of

voltage by changing the external resistance. Therefore, the

current–voltage relationship, I–V, was measured from the

maximum OCV (i.e., minimum external resistance) to the

zero voltage (i.e., maximum external resistance). The

current density was measured for 2 h at a constant cell

voltage of 0.2 V to check the cell stability. All measure-

ments were carried out at room temperature (25 �C). All
MFC experiments were repeated at least three times, and

the intermediate values were used to portray accurate

results.

Electrochemical analyses

A three-electrode cell consisting of the bio anode, Pt wire

and Ag/AgCl electrode as the working, counter and ref-

erence electrodes, respectively, was used for the ex situ

evaluation of the different electrodes in wastewater.

Cyclic voltammetry (CV) was carried out using a poten-

tiostat (Gamry Reference 600, US A) at different scan

rates of 25 and 75 mV s-1 from ?1 to -1 V. In situ

evaluation of the anode electrode was carried out by

fixing the electrodes in the MFC mentioned above. The

cell voltage (V) and current (I) of the system were

determined using linear sweep voltammetry (HA-151A

POTENTIO STAT/GALVANOSTAT, Japan). All data

were recorded using a GL220 instrument. The current

density was calculated by dividing (I) by the anode sur-

face area. The power (P) was calculated according to the

following equation:

P ¼ IV ; ð1Þ

where I is the current (A), and V is the cell voltage (V). The

power density (D) is normalized to the electrode surface

area (Aan) using the following equation:

D ¼ JV=Aan; ð2Þ

where J, V and Aan are the current density, voltage and

anode surface area, respectively. The Coulombic efficiency

(CE) is defined as the percentage of the total charge that is

transferred to the anode from the substrate. The maximum

possible charge can be obtained when the microorganisms

producing the current can digest all substrates. It can be

calculated from the equation (Cp/CT) 9 100%, where Cp is

the total coulombs calculated by integrating the current

over time, and CT is the theoretical amount of coulombs

that can be produced from the substrate in the wastewater.

Therefore, for a fed-batch system, CE can be calculated as:

CE ¼
M

R t

0
Idt

FbVanDCOD
; ð3Þ

where M is the molecular weight of oxygen (32), F is the

Faraday’s constant, b = 4 (the number of electrons

exchanged per mole of oxygen), Van is the volume of the

liquid in the anode compartment, and COD is the change in

the chemical oxygen demand (COD).

Characterization

The morphology of the different anodes was examined

using a scanning electron microscope equipped with the

EDX analysis tool (SEM, Hitachi S-7400, Japan). After the

experiments, the electrodes were dried at 50 �C for

approximately 1 h before being used for SEM analysis.

The crystal structures of the anode materials were exam-

ined by XRD using a Rigaku X-ray diffractometer (XRD,

Rigaku, Japan) with Cu Ka (k = 1.540 Å). The diffraction

pattern was recorded over a 2h range from 10� to 100� at a
step size of 0.02�. Moreover, the hydrophilicity of the

different anode materials was measured. The sessile drop

method was used to measure the water contact angle of the

anodes using DROP image Standard Device (Version 2.4),

where approximately 3 lL of deionized water was dropped

onto the anode surface, and the value of the water contact

angle was recorded at room temperature.

Results and discussion

Characterization of the anode materials

Chemical structure of the anode materials (XRD)

The crystal structures of the different anode materials were

examined by XRD as shown in Fig. S3. As shown, all of

the investigated anode materials have the main carbon peak

at 2h of *26� [d (002), JCPDS; 41-1487]. However, the

carbon paper (CP) had the highest intensity, followed by
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CC and AC. These results confirm that the activated carbon

is more amorphous than CC and CP. The amorphous sur-

face of the material enhances the adhesion of microor-

ganism, due to the large space for microorganism

attachment [29]. Therefore, it is estimated that this amor-

phous morphology enhances the electron transfer efficiency

and improves current generation [30, 31].

Elemental composition of the investigated anode materials

(EDX)

Figure. S4 shows the surface morphology of the different

anode materials investigated. All of the investigated anode

materials are composed of carbon. However, it can be

observed that the fluorine element for two peaks has dif-

ferent percentages, i.e., 18.26 and 7.55% for treated carbon

paper and treated carbon cloth, respectively. The fluorine

element is attributed to the Teflon material coating, which

is used to enhance the surface properties of CPT and CCT

anodes.

On the other hand, a simple avometer device was used to

measure the electric resistances of the investigated carbon

sheets; the results show that activated carbon has the

highest electrical conductivity. Numerically, the observed

specific electrical resistances are 0.8, 1.4 and 4.6 X cm-1

for the activated carbon, carbon cloth and carbon paper,

respectively.

Surface wettability of the investigated anode materials

The wettability of the anode is a very important factor

since hydrophobicity resists the wetting of the surface

with water and thus decreases microorganism adhesion.

Moreover, it is expected that a hydrophobic surface will

increase the interface resistance between the biofilm and

the anode surface, which inhibits the electron transfer

process. Figure 1 displays the water contact angles for

the different electrodes. As shown, the AC electrode

possesses the lowest hydrophobicity. The water contact

angles are 115.4�, 120.5�, 129.3�, 130.6� and 141.6� for

AC, CCT, CC, CPT and CP electrodes, respectively.

The lowest hydrophobicity leads to the highest wetted

surface area of the anode by wastewater (electrolyte).

Accordingly, very good attachment of the cells is

expected with the AC electrodes, which minimizes the

electron transfer resistance and increases the current

generation.

The electrochemical properties of the examined

anode materials

Ex situ cyclic voltammetry of the examined anode materials

Cyclic voltammetry of the different anode materials in

20 ml of real wastewater is shown in Fig. 2. The results

reveal that the activated carbon anode achieves the highest

current densities at different investigated scan rates (25 and

75 mVs-1). The generated current densities for MFC based

on the different carbonaceous anode materials are 9, 8, 6, 4

and 3 mAcm-2 for AC, CCT, CC, CPT and CP, respec-

tively. This finding indicates that the electron transfer

resistance from the microorganism cell to the anode surface

in the case of activated carbon is the smallest. In other

words, the activated carbon depicts the greatest improve-

ment in the performance of the electrochemically active

biofilm and thus leads to a great enhancement of current

generation at different scan rates. The most remarkable

feature of the activated carbon electrode is the process

ability due to its good surface characteristics and

flexibility.

Fig. 1 Water contact angles of

the investigated anode materials
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In situ evaluation of the investigated anode materials

Biofilm layers on different anode materials investigated in

microbial fuel cells Figure 3 shows the SEM investiga-

tion of microorganism cell adhesion on the different uti-

lized anode surfaces before and after MFC operation. The

first column represents the image of the anode before use.

The second column displays the SEM magnification of the

anodes after utilization in the MFC. The adhesion of

microorganism cells can be observed more clearly on the

surface and between the fibers of the different anode

materials. Nevertheless, it can be concluded that the

maximum adhesion is achieved on the surface of the AC

anode; the microorganism cells cover the AC surface

completely. This maximum adhesion can be attributed to

the impressive characteristics of the AC anode, such as

amorphous morphology, surface biocompatibility and

hydrophilicity natural of AC, which increase microorgan-

ism attachment and enhance the electron transfer process.

Furthermore, it can be observed that the attachment of

microbial cells to the carbon cloth material surface is

greater than that to the carbon paper material surface; this

finding is related to the higher porosity of CC compared to

CP. The porosity gives a larger available surface area for

bacteria to adhere and enhances EET between the

microorganism and the electrode surface. Moreover, the

comparison of CCT and CPT to pristine CC and CP anodic

materials confirms that more adhesion of microorganism

cells can be achieved in the case of CCT and CPT electrode

materials due to the Teflon coating. Teflon is widely used

as a binder material for coating electrodes in fuel cells

because it has high chemical stability. Moreover, Teflon

coating leads to the formation of a porous microstructure

network on the electrode surfaces, which enhances and

increases the active area on the anode surface and increases

the efficiency of electron transfer [32]. Based on the

aforementioned investigations, it can be confidently stated

that the collected food wastewater has active exogenous

microorganisms, which are considered as the actual anode

catalyst in the MFC. Moreover, these naturally existing

microorganisms have the ability to transfer electrons and

generate power in the microbial fuel cells.

Electrode potential and open cell voltage Figure 4a, b)

shows the relation among OCV, anode potential (Ea) and

cathode potential (Ec) versus time for the assembled MFCs

using different investigated anode materials. As shown in

Fig. 4a, the anode potential in all cases decreases with

time, which in turn leads to an increase in the OCV with

time in the same trend as the equation, OCV = Ec - Ea.

The decrease in the anode potential is due to reactions

happening throughout the fermentation process. In this

process, microbes produce most of their energy content in

the form of ATP and NADH, which convert back to NAD?

for completing the metabolic reaction. Therefore, during

the OCV, the concentrations of the reduced species, such as

NADH, build up within the growing bacteria until steady

state is reached. This stage is called the accumulation

period. In other words, the decrease in the anode potential

(Ea) during the MFC operation can be attributed to the

adhesion of the exogenous microorganisms. Once the MFC

circuit is closed, the electrons move from the anode to the

cathode through the external circuit [33]. However, little

change is observed for the cathode potential versus time for

all investigated anode materials as shown in Fig. 4b, in

which the initial value of the cathode potential is 0.73, and

after MFC operation, it reaches 0.68 V. These results

confirm that the increase in OCV versus time is attributed

to the decrease in the anode potential.

During the accumulation stage, Ea decreases until min-

imum values of approximately -0.268, -0.242, -0.2,

-0.112 and -0.105 V are reached; at the same time, the

OCV increases to maximum values of 0.84, 0.815, 0.789,

Fig. 2 CVs of different investigated anode materials in wastewater

solution at different scan rates, a 25 and b 75 mVs-1
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0.762 and 0.743 for AC, CCT, CC, CPT and CP, respec-

tively. The variation in the time and values from one

electrode to another is related to the difference in the

structure, electrical resistivity and wettability among the

different electrodes.

Experimentally, as shown in Fig. 4a, b, the AC anode

attains the minimum anode potential, which leads to the

maximum OCV over time compared to the other investi-

gated anode materials. On the other hand, CPT and CCT

attain higher OCV than untreated CP and CC. The high

Fig. 3 Scanning electron

microscopy images of AC, CC,

CP, CCT and CPT before (first

column) and after (second

column) utilization in the MFCs

using food wastewater
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performance of the treated CP and CC compared to the

untreated ones can be attributed to the addition of the

polymer coating (Teflon), which modifies and enhances the

surface properties to facilitate the continuous growth of

microorganisms. Moreover, Table S2 summarizes the

electrochemical measurement results.

Current generation and stability Figure 5a shows the

stability of the produced current density from the MFCs at

0.2 V. Cell voltage was fixed by the linear sweep

voltammetry system, which adjusts the specific external

resistance against the MFC to keep the voltage value of the

cell at 0.2 V. It is observed from Fig. 5a that in the case of

MFCs with an AC anode, the maximum current density is

achieved, followed by CCT, CC, CPT and CP with values

of 1792, 482, 300, 280 and 196 mAm-2, respectively.

Moreover, it can be seen that the current density starts at a

high value and then decreases with time until a stable state

is reached. The decrease in the initial current density is

normal due to the fast depletion of the accumulated elec-

trons on the anode surface during the MFC operation. Later

on, the produced current matches the instantly produced

electrons from the microorganisms, which leads to the

observed current stability in all formulations.

Fig. 4 a Relationship between the open circuit voltage (OCV) and

the investigated anode potentials (Ea) versus time. b The individual

anode and cathode potentials during MFC tests

Fig. 5 a Stability of current generation versus time for MFC.

b Power generation and polarization curves versus current density.

c The internal resistances of different investigated anode materials
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Overall, MFCs with different carbonaceous anode

materials achieve an average current density of approxi-

mately 1376, 328, 193, 223 and 155 for AC, CCT, CPT,

CC and CP, respectively. These results show that the AC

anode generates a current density 8, 6, 7 and 4 times higher

than CP, CC, CPT, and CCT, respectively.

Power generation Figure 5b shows the generated power

from the assembled MFCs using different carbonaceous

anode materials. It can be observed from the figure that the

power generation is 338, 123.6, 78, 73 and 56 mWm-2 for

AC, CCT, CC, CPT and CP, respectively. The observed

high power in the case of the AC anode can be attributed to

its promising biological and electrochemical properties.

The AC anode has high bio-catalytic activities that lead to

high adhesion of exogenous bacteria to its surface and

improve the electron transfer process between bacteria and

the surface. Accordingly, this desirable feature translates

into a large decrease in the anode potential as well as a

considerable increase in the OCV during the accumulation

stage, which leads to an increase in the efficiency of the

electron transfer process and enhances the current and

power generation. Moreover, the porous surface of the AC

anode is highly susceptible for continuous bacterial

activity, leading to a complete growth process and more

electron production. Most of the porous anode materials

generate more power per geometric surface area compared

to their smooth counterparts. Therefore, the generated

power in the MFC with CC is higher than that with CP.

This is mainly due to the larger surface area available to

bacteria per unit volume of the anode chamber in the case

of the porous anode materials. Moreover, Table S3 displays

the determined maximum current and power densities for

all of the investigated anode materials. Moreover, the

produced power is compared with values reported based on

our literature review; the generated power of the AC anode

in this study is higher than many previous recent studies as

shown in Table 1.

Internal resistance of the system MFC internal resistance

indicates the resistance of electrons to flow through the

membrane, electrolytes, electrodes and interconnections

[39, 40]. The internal resistance (Rint) of the MFC can be

determined from the slope of the linear polarization curve,

which equals (DE/DI), as shown in Fig. 5b.

Overall, the only difference between the internal resis-

tances of the different cells investigated in this study is in

the anode materials properties. Figure 5c shows a

Table 1 Comparison of the power generation of MFCs with different anode materials reported in the literature versus those obtained in this

study

Cell type Microorganism media Anode material Power density

(mW m-2)

References

Single air-cathode

MFC

Local domestic wastewater with external mediator Graphite rods 26 [34]

Single air-cathode

MFC

Mixed culture of microorganisms utilizing Acetate Carbon paper 13 [35]

Single air-cathode

MFC

Mixed culture of microorganisms utilizing Butyrate Carbon paper 7.6 [35]

Single air-type MFC Saccharomyces cerevisiae Carbon paper 3.2 [36]

Single air-cathode

MFC

D. desulfurican strain Activated carbon

cloth

0.51 [37]

Single air-cathode

MFC

Saccharomyces cerevisiae yeast Carbon paper 20 [38]

Single air-cathode

MFC

Domestic wastewater Carbon electrode 262 [32]

Single air-cathode

MFC

Food wastewater Carbon paper 56 This study

Single air-cathode

MFC

Food wastewater Carbon paper treated 73 This study

Single air-cathode

MFC

Food wastewater Carbon cloth 78 This study

Single air-cathode

MFC

Food wastewater Treated carbon cloth 123.6 This study

Single air-cathode

MFC

Food wastewater Activated carbon 338 This study
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comparison of the overall internal resistances for MFCs

based on the investigated anode materials. As shown, the

internal resistance in the case of MFCs with AC is the least,

followed by CCT, CPT, CC and CP, respectively. These

results confirm that AC as an anode material decreases the

electron charge resistance and enhances the electron

transfer, which leads to an increase in the generated power

and current.

Evaluation of the MFC in wastewater treatment

(COD and Coulombic efficiency)

MFC performance in wastewater treatment was investi-

gated by measuring the chemical oxygen demand (COD)

before and after the MFC test. The initial value of COD

before the MFC test is 961; this value decreases after

6 days of MFC operation, reaching 379, 412, 463, 578

and 675 for AC, CCT, CPT, CC, and CP, respectively.

This result confirms that MFC is a promising technology

to simultaneously generate electricity and treat wastewater

from organic materials. As shown in Fig. 6a, AC-based

MFCs have the highest COD removal among all of the

used MFCs. The corresponding COD removal for the

MFC with an AC anode is over 60%, while it is 56, 39,

51 and 29% for CCT, CC, CPT and CP anode materials,

respectively. The highest removal of organic materials in

the case of the AC anode MFC supports the previous

results, as it can be translated to more consumption of the

organic matter. Moreover, the aforementioned descending

order of COD removal with respect to the used anode

materials also matches the corresponding results of cur-

rent density and power generation. For estimating the

relationship between the generated current from MFC and

COD removal percentage, the Coulombic efficiency (CE)

of the fabricated MFCs is calculated and presented in

Fig. 6b. CE is affected by different factors such as

microorganism’s cultures and adhesion, internal resistance

of the system, and electrode material properties. There-

fore, the effect of different anode materials on the CE is

investigated according to Eq. 3, and the results reveal that

the AC electrode has the highest Coulombic efficiency

(71%) compared to the other anode materials. Typically,

CCT, CC, CP and CPT anode-based MFCs have a CE

efficiency of 28, 20, 13 and 12.5%, respectively. This

finding can be exploited to explain the highest current

production with the AC anode compared to the other

anode materials. This achieved current is attributed to the

production of electrons due to the consumption of organic

substrate by microbes for growth. Therefore, due to the

low resistance and high conductivity of the AC anode

compared to the other anode materials, the consumption

of organic compounds and thus the released electrons are

high.

Conclusion

Real industrial wastewaters can be exploited as a fuel

without treatment for generating electricity using the MFC

technique. Activated carbon was presented as a promising

anode material for MFC wastewater treatment. The large

surface area, high hydrophilicity and porous structure of

AC enhanced microorganism growth and adhesion. Its

practicality as a MFC anode was shown by preliminary

tests in a single air cathode microbial fuel cell in which its

bio-electrochemical performance was higher compared to

the other anodes. The highest power generation, current

density, COD removal and Coulombic efficiency can be

obtained using the AC-MFC. Overall, this study opens a

new avenue for using activated carbon-based microbial

fuel cells as an effective technique for generating power

and wastewater treatment simultaneously.

Fig. 6 COD removal percentage (a) and CE percentage (b) for

different investigated anode materials
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