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Abstract 
This study aimed at evaluating the influence of clay properties on the performance of microbial 
fuel cell made using ceramic separators. Performance of two clayware microbial fuel cells 
(CMFCs) made from red soil (CMFC-1) typically rich in aluminum and silica and black soil 
(CMFC-2) with calcium, iron and magnesium predominant was evaluated. These MFCs were 
operated under batch mode using synthetic wastewater. Maximum sustainable volumetric power 
density of 1.49 W m-3 and 1.12 W m-3 was generated in CMFC-1 and CMFC-2, respectively. During 
polarization, the maximum power densities normalized to anode surface area of 51.65 mW m-2 
and 31.20 mW m-2 were obtained for CMFC-1 and CMFC-2, respectively. Exchange current 
densities at cathodes of CMFC-1 and CMFC-2 are 3.38 and 2.05 times more than that of 
respective anodes, clearly indicating that the cathodes supported much faster reaction than the 
anode. Results of laboratory analysis support the presence of more number of exchangeable 
cations in red soil, representing higher proton exchange capacity of CMFC-1 than CMFC-2. Higher 
power generation was observed for CMFC-1 with separator made of red soil. Hence, separators 
made of red soil were more suitable for fabrication of MFC to generate higher power. 

Keywords 
Cation exchange capacity; Coulombic efficiency; Charge transfer resistance; Charge transfer 
coefficient; Exchange current density; Power density; Wastewater treatment 

Introduction 

Recently considerable attention is being paid on the two major problems of the world, which 

are namely maintaining quality of water body and energy crisis. Solution to these problems could 

be provided by microbial fuel cell (MFC) to treat organic matter present in wastewater and 
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simultaneously produce bio-electricity [1-5]. Although, considerable progress has been achieved in 

the performance of a MFC in the past ten years, one of the main challenge for commercializing 

scalable MFCs is the high cost and low mechanical strength of the separator materials used for 

fabrication of this device. Tian et al. [6], demonstrated that placing of an anaerobic membrane 

filtration process sequentially with an MFC accomplished efficient nutrients removal with low 

propensity of membrane fouling. It was reported that the use of poly(tetrafluoro-ethylene) (PTFE) 

layered activated charcoal electrode and Zirfon® as separator, improved MFCs performance and 

can be used to replace costly polymeric membrane and expensive catalyst in MFCs [7]. Proton 

exchange membrane (PEM) such as Nafion [8], nano-composite membrane made of sulfonated 

polymer (ether ether ketone) and Montmorillonite Clay [9], nano-composite membranes of Nafion 

and montmorillonite clay [10] were used in the MFCs to separate anodic chamber from cathodic 

chamber. However, these polymeric membranes or composite membranes are costly; hence, limit 

the practical application of the MFCs.  

Ceramic membranes are found to be promising materials in MFCs because of their low 

production cost and better structural strength, thus, providing an alternative for the costly 

polymeric membranes [11-15]. Application of such ceramic membranes in MFC has been practiced 

since last ten years and its utility has been demonstrated through different studies. This was the 

first attempt where Park and Zeikus [11] developed a porcelain septum separator for single 

chambered MFC using 100% Kaolin and found comparable performance with that dual chambered 

MFC. A three layered cathode composed of a cellulose acetate film, a ceramic membrane, and a 

porous graphite plate to create a single chamber MFC that linked with solar cell to enhance power 

generation [12]. Behera and Ghangrekar [13] studied the effect of different thickness of such 

ceramic membrane on performance of the dual chambered MFC, and reported better power 

output for MFC having smallest thickness of the membrane. Use of terracotta pot for making 

single chamber MFC, after coating outer surface with conductive graphite paint, demonstrated 

Coulombic efficiency of 21 ± 5 % with power density of 33.13 mW m-2 [14]. More recently, Winfield 

et al. [15] compared performance of MFCs made from terracotta and earthenware by considering 

wall thickness, porosity and cathode hydration. More porosity of earthenware proved to be the 

better material compared to terracotta. However, these studies do not include the effect of soil 

pH, conductivity and cation exchange capacity (CEC) on the performance of MFCs. 

 For effectual use of such ceramic membranes, made from clay minerals, they should have 

higher cation exchange capacity. The existence of the pH dependent charge portion of the cation 

exchange capacity of soils is widely accepted for many years [16]. Electrical conductivity of the soil 

is the measure of salt concentration in the soil solution. Bulk electrical conductivity of soil is 

generally assumed to be dominated by the electrical conductivity of the soil solution, with perhaps 

a small contribution from surface charges associated with soil solids [17].  

In MFCs, the rate of proton consumption at the cathode is often higher than the transfer rate 

through the membrane [18,19]. Hence, for enhancing power generation of this device the 

separator used should offer higher rate of proton/cation transfer. The transfer of protons from a 

protonated species to an uncharged molecule at the surface of the clay mineral is an important 

process [20]. The soil used for making ceramic separator in MFC participates in exchange of 

cations from anodic chamber to cathodic chamber. Protons released during the oxidation of 

organic matter from the anodic chamber are being adsorbed on to the surface of the soil by 

replacing the loosely held cations. The layered silicate clay minerals like smectite clays, show 

attractive hydrophilic properties and good thermal stability at high temperature [21]. The layered 
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silicates commonly used for proton exchange membrane fuel cell applications are montmorillonite 

made of silica tetrahedral and alumina octahedral sheets which has advantageous hygroscopic 

properties [22,23]. The cations Ca2+, Mg2+, K+ and Na+ are called the base cations and H+ and Al3+ 

are called acidic cations. The acidity of the soil is the amount of the total cation exchange capacity 

(CEC) occupied by the acidic cations [24]. More than proton, this cation migration also affects the 

performance of cathode, hence overall performance of MFC. 

Porosity of the soil represents the hydraulic conductivity which depends upon the pore throat 

radii of clay materials. Typically clays have very low hydraulic conductivity due to their small throat 

radii. For MFC made with such clayware separator, different soil porosities play a vital role in the 

seepage of substrate from anodic to cathodic chamber [25]. Apart from loss of fuel, this may lead 

to the availability of organic matter at higher concentration on the cathode, supporting 

heterotrophic bacterial growth on cathode and thereby reducing cathode potential. Under such 

circumstances, the cathode often gives negative potentials (vs. Ag/AgCl), than the positive 

potential it is expected to give, while using oxygen as an electron acceptor [26]. Hence, hydraulic 

conductivity and cation exchange capacity are the important properties of the materials to be 

selected as a separator in MFC.  

The objective of this study was to investigate the effect of different soil properties like pH, 

conductivity, porosity, cation exchange capacity on the performance of MFCs having ceramic 

separators made from two different soils. In addition, the electrode reaction kinetics was 

investigated for assessing performance of these MFCs.  

Experimental 

Construction of Microbial Fuel Cell  

The study was carried out using dual-chambered Clayware Microbial Fuel Cells (CMFCs). The 

anodic chambers of these CMFCs were made up of baked clayware pot and the wall material of 

the pot (about 5 mm thick) itself acted as a separator allowing transfer of protons from anode to 

cathode. The pots were made from the red soil (typically rich in aluminum and silica) in CMFC-1 

and black soil (rich in calcium, iron and magnesium predominant) in CMFC-2. The anodic chamber 

of the CMFC-1 and CMFC-2 had a liquid volume capacity of 550 ml and 700 ml, respectively. 

Cathodic chambers in both the MFCs were made up of plastic container having 5 liter capacity. 

Although there is difference in anodic chamber volume of both the MFCs, however, cathodic 

chamber volume of 5 litre, which was kept same in both the MFCs. It is important to note here 

that the rate of proton transfer largely depends on the separator area to anodic chamber volume 

ratio (Sa/v). In the present study, this ratio was 83.3 and 86.5 m2/m3, respectively, for CMFC-1 

(separator made of red soil) and CMFC-2 (separator made of black soil), which indicates that there 

was no significant difference in Sa/v ratio. Carbon Felt (Panex®35, Zoltek Corporation) with 230 

cm2 and 261 cm2 projected surface areas were used as cathode in CMFC-1 and CMFC-2, 

respectively. Anodes in CMFC-1 and CMFC-2 were made from stainless steel mesh having total 

surface area of 268 cm2 and 304 cm2, respectively. An aquarium aerator was inserted at the 

bottom of cathodic chamber to supply air continuously with an aquarium air pump (SOBO 

Aquarium Pump, China). The connections between two electrodes were made with concealed 

copper wire through external resistance of 100 Ω.   
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Inoculation and operation of CMFCs 

Anaerobic mixed sludge collected from septic tank was used as an inoculum in the anodic 

chamber of the CMFCs. When mixed anaerobic sludge is used as source of inoculum, it contains 

both electrogenic as well as non-electrogenic (mostly methanogenic) bacteria. In the anodic 

chamber of MFC, it is necessary to dominate electrogenesis to obtain higher Coulombic efficiency.  

Methanogens in the MFCs compete for substrate and electrode space with electrogenic bacteria 

and reduce the power output. Therefore, the inoculum sludge was given a heat pre-treatment 

(heated at 100 °C for 15 min) to suppress methanogens and required amount of sludge was added 

to the anodic chamber [27]. Synthetic wastewater containing sodium acetate as a source of carbon 

with chemical oxygen demand (COD) of about 3000 mg L-1 was used in this study. The sodium 

acetate medium was prepared by adding 3843 mg L-1 CH3COONa, 4500 mg L-1 NaHCO3,  

954 mg L-1 NH4Cl, 81 mg L-1 K2HPO4, 27 mg L-1 KH2PO4, 750 mg L-1 CaCl2.2H2O, 192 mg L-1 

MgSO4.7H2O and trace metals like Fe, Ni, Mn, Zn, Co, Cu, and Mo as per the composition given by 

[27]. The feeding frequency of 5 days was adopted. These CMFCs were operated at temperatures 

varying from 33 to 37 °C under batch mode. The pH of tap water used as catholyte remained in the 

range of 8.2-8.5; whereas, anolyte pH was in the range of 7.1-7.4.  

Analysis and calculations  

The pH and conductivity of anolyte and catholyte was measured using pH meter (Cyber Scan pH 

620) and TDS meter (Cyber Scan CD 650, Eutech instruments, Singapore), respectively. COD 

concentrations were measured according to APHA standard methods [28], using closed reflux 

method. The performance of CMFCs was evaluated in terms of voltage (U) and current (I) mea-

sured using a digital multimeter with data acquisition unit (Agilent Technologies, Malaysia) and 

converted to power according to P = UI, where P = power, W; I = current, A; and U = voltage, V. 

Power density and power per unit volume were calculated by normalizing power to the anode 

surface area and net liquid volume of anodic chamber, respectively. The current density id was 

calculated using 

d

ext d

U
i

A


R
   (1) 

where, Rext is the external resistance (Ω) and Ad (m2) is the surface area of the anode. Polarization 

studies were carried out by varying the external resistance from 10000 to 10 Ω using the resis-

tance box (GEC 05 R Decade Resistance Box) and cell voltages (U) were recorded. Internal resis-

tance of the CMFCs was measured from the slope of the line from plot of voltage versus current 

[29]. Columbic Efficiency (CE) was determined by integrating the current measured over time, t, 

and compared with the theoretical current on the basis of COD removal and calculated as [1]:    

0

d
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where, V is the volume of the anodic chamber of MFC; M = 32, molecular weight of oxygen; F, 

Faraday’s constant = 96485 C mol-1; b = 4, the number of electrons exchanged per mole of oxygen; 

ΔCOD is the difference in the influent and effluent COD for time t.  
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Analysis of the soil properties 

The pH and the conductivity of the soil samples were measured according to the Indian 

Standard method of test for soils. Indian standard IS: 2720 (Part 26) – 1987 was used for determi-

nation of pH value [30] and conductivity of the soil was measured according to IS 14767: 2000 

[31]. Cation exchange capacity of the soil was measured according to Indian standard, IS: 2720 

(Part 24) – 1976 [32]. Chemical constituents for the red and black soils were obtained through the 

X-Ray Fluorescence (XRF) analysis. Porosity of the soil was indirectly measured from the 

percentage water absorbed by the clayware pot made from respective soils after immersing in 

water for 24 hours. 

Reaction kinetics at electrodes 

Tafel plot, as derived from equation (3) [33], was employed to measure the reaction kinetics for 

working electrode (anode and cathode) and Ag/AgCl was used as the reference electrode. The 

reference electrode was placed in the working chamber during the measurements.  
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 
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  (3)

where i0 is exchange current density, i is the electrode current density (mA m-2),  is the electron 
transfer coefficient, R is the ideal gas constant (8.31 J mol-1 K-1), F is the Faraday’s constant (96,485 
C mol-1), T is the absolute temperature, K and η is the activation overpotential. Purpose of using 

Tafel plot is to calculate the i0 and  value. The i0 is a fundamental parameter in the rate of 
electro-oxidation or electro-reduction of a chemical species at an electrode at equilibrium. The 
charge transfer resistance (Rct) was calculated from the following equation: 

ct

0

RT
R

nFi
  (4) 

where, n is the number of electrons. 

Results and Discussion 

Physico-chemical properties of the soil used in CMFCs 

The soils used for manufacturing the pots showed different pH. The electrical conductivity and 

cation exchange capacity of the red soil is higher than that of the black soil, indicating usefulness 

of the former in the clayware separator application (Table 1). However, the porosity of the pot 

made from black soil was higher than the pot made from red soil. Higher porosity may allow the 

anolyte to come to the cathode resulting in not only the physical substrate loss but also it will 

allow oxygen to penetrate in anodic chamber, reducing Coulombic efficiency of the system due to 

direct oxidation of the substrate. 

Table 1. Physical, chemical and electrical properties of red and black soil used for making separators 

Sl. No Soil properties Red soil (CMFC-1) Black soil (CMFC-2) 

1 pH 7.4 8.5 

2 Porosity, % 11.6 17.6 

3 Electrical conductivity, mS cm-1 2.403 0.045 

4 Cation exchange capacity (CEC), mmol (kg soil)-1 125 20 
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Wastewater treatment 

After inoculating the anodic chamber of the CMFCs with heat pretreated anaerobic mixed 

consortia, synthetic feed was supplied and wastewater treatment performance of the CMFCs 

under different feed cycles was observed. Average COD removal efficiency of 78.9 ± 3.9 % and 

89.6 ± 3.2 % was observed in CMFC-1 and CMFC-2, respectively. COD removal efficiency in the 

CMFC-2 was higher than the CMFC-1. It was observed that porosity of clayware pot used in  

CMFC-2 was 52 % higher (Table 1) than that of CMFC-1, because of which probably it has 

permitted more diffusion of oxygen from cathodic chamber to anodic chamber to support aerobic 

oxidation of fraction of substrate present in anodic chamber to establish higher COD removal 

efficiency. The oxygen diffusion coefficient in the range of 5.38 x 10-6 to 6.67 x 10-6 cm2 s-1 is 

reported in early studies for this clayware separator by Behera and Ghangrekar [13]. In addition, 

due to more porosity of separator used in CMFC-2, exchange of water molecules due to osmosis 

across the membrane might have diluted the anolyte, resulting in higher COD removal rate.  

Electricity generation 

Performance of CMFCs was evaluated by measuring the open circuit voltage and operating 

voltage. The current and voltage gradually increased with time of operation. The maximum voltage 

across 100 Ω resistance of 286 mV and 280 mV was observed in CMFC-1 and CMFC-2, respectively. 

CMFC-1 generated a maximum sustainable power density (normalized to the anode surface area) 

and volumetric power (normalized to the working volume of anodic chamber) of 30.5 mW m-2 and 

1.49 W m-3 (Fig. 1), respectively; whereas, CMFC-2 generated power density of 25.7 mW m-2 and 

volumetric power of 1.12 W m-3. The power produced by CMFC-1, made from red soil, was 1.33 

times higher than the CMFC-2 wherein the separator was made from black soil with lower CEC and 

electrical conductivity. It is interesting to note here that in spite of having higher separator area 

and more liquid volume (anodic chamber) for CMFC-2, it generated less power compared to 

CMFC-1. 

 
Figure 1. Volumetric power density of CMFC-1 and CMFC-2 
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Effect of chemical properties of soil used for making separator on electricity generation 

The CEC of red soil is 6.25 times (Table 1) higher than black soil, indicating more number of 

exchange sites are available for the transfer of cations in red soil. Due to availability of more 

exchange sites in CMFC-1, better transfer of the protons occurred to improve the power 

generation in CMFC-1 compared to CMFC-2. In addition, the XRF data (Table 2) confirms that the 

aluminum content of the red soil is more than the black soil which makes the red soil more acidic 

than black soil. The pH of the red soil (Table 1) was lower than black soil confirming that the red 

soil is more acidic and has high capacity to hold the H+ ions which improved the performance of 

CMFC-1 in terms of power generation. 

Electrical conductivity is the measure of salt concentration in the soil solution. Soils high in 

smectite often exhibit high electrical conductivity due to water associated with the clays. The soil 

with high montmorillonite mineral can act as better proton exchange material due to its 

hydrophilic nature and the high cation exchange capacity [34]. The conductivity of soil used as 

separator in CMFC-1 is almost 53.4 times (Table 1) more compared to CMFC-2, authenticating 

utility of the red soil for making separator to harvest more power from the CMFCs. 

Table 2. Chemical compounds present in red and black soil 

Sl. 
No 

Compound 
Content, % Sl. 

No 
Compound 

Content, % 

Red soil Black soil Red soil Black soil 

1 Na2O 3.95 0.273 14 Co 0.406 0.441 

2 MgO 0.654 3.86 15 Ni 0.004 0.006 

3 Al2O3 26.3 21.6 16 Cu 0.274 0.282 

4 SiO2 57.5 53.4 17 Zn 0.005 0.023 

5 P2O5 1.13 0.204 18 Ga 0.001 0.001 

6 SO3 0.258 0.162 19 Rb 0.007 0.008 

7 K2O 1.78 0.798 20 Sr 0.004 0.017 

8 CaO 0.791 10.4 21 Y 0.004 0.002 

9 Fe2O3 4.70 6.75 22 Zr 0.013 0.010 

10 Cl 1.45 0.071 23 Nb 0.001 0.0005 

11 Ti 0.658 1.45 24 Ba 0.012 0.020 

12 Cr 0.01 0.01 25 Ce 0.021 0.023 

13 Mn 0.067 0.093 26 Pb 0.003 0.002 

Coulombic efficiency 

Coulombic efficiency compares the recovery of the coulombs through the external circuit 

against theoretical coulombs that is present in the organic matter. CMFC-1 showed average CE of 

7.69 ± 1.52 %, whereas in CMFC-2 it was 6.39 ± 1.40 %. Higher CE of CMFC-1 than CMFC-2 might 

have been due to the difference in the CEC of red and black soil and also due to more diffusion of 

oxygen in case of black soil due to high porosity. In MFCs higher CE is reported with pure inoculum 

culture and with synthetic wastewater [35]. 
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Polarization and Internal resistance 

Polarization curve helps to understand the performance of MFC in terms of power generation 

and internal resistance. It represents the cell voltage and power density as a function of the 

current density. Figure 2 shows power and polarization curves obtained using variable resistor box 

for CMFC-1 and CMFC-2. 

 
Figure 2. Polarization curve for CMFC-1 and CMFC-2 

During polarization, the maximum power density observed for CMFC-1 was 51.65 mW m-2  

(E = 0.204 V, Rext = 30 Ω) and that of CMFC-2 it was 31.20 mW m-2 (E = 0.217 V, Rext = 50 Ω). This 

indicates that the higher CEC of red soil supported better proton transfer from the anode to the 

cathode in CMFC-1. Conversely, lower power output observed in CMFC-2 could be attributed to 

the lesser CEC of black soil used for making separator (Table 1). It is well documented that the 

cation exchange capacity of soil plays vital role in the proton transfer mechanism in soil [36].   

Internal resistances of CMFC-1 and CMFC-2 measured from the slope of the plot of voltage vs. 

current were 36 Ω and 56.5 Ω, respectively. In the region of low current density (Fig. 2) rapid 

voltage drops were observed in both the MFCs, and in the region of high current density, voltage 

decreased linearly at lower rate. Lower proton transfer rate and low conductivity of black soil used 

for making separator of CMFC-2 increased the internal resistance. 

Electrode Potential 

Electrode potentials represent the energy level of the electrons at anode and cathode. 

Electrons move from area of higher potential energy to area of lower potential energy. As the 

anode has a higher potential energy so electrons move from anode to cathode through an external 

circuit. During polarization, cathode of CMFC-1 well supported for the reduction reaction up to 

0.5 mA current at 1000 Ω external resistance. However, the cathode potential of CMFC-2 dropped 

to zero (vs. Ag/AgCl) at 0.25 mA current at 2100 Ω external resistance, showing inefficiency of 

cathode for reduction reaction at higher current (Fig. 3).  
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Figure 3. Change of the cathode and anode potentials during polarization in CMFC-1 and CMFC-2 

The open circuit potentials (OCP) for anode observed before polarization (vs. Ag/AgCl) for 
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the clayware separator used in CMFC-2, due to which the substrate exchange occurred and oxygen 

supplied in the cathodic chamber was utilized by the substrate. The exchange current densities of 

CMFC-1 and CMFC-2 cathodes were 3.38 and 2.05 times more than that of the respective anodes, 

clearly indicating that the reaction at cathode was much faster than anode. 
 

A 

 
B 

 
Figure 4. Tafel plots for A - cathode of CMFC-1 and CMFC-2, and  

B - anode of CMFC-1 and CMFC-2 
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Table 3. Tafel analysis of CMFC-1 and CMFC-2 

Parameter CMFC-1 CMFC-2 

 Anode Cathode Anode Cathode 

Exchange current density (i0), mA m-2 0.60 2.03 0.74 1.52 

Charge transfer coefficient () 0.30 0.032 0.45 0.038 

Charge transfer resistance (Rct), Ω m2 10.70 3.16 8.67 4.22 

 

The Rct and  values for cathode of CMFC-1 were lower than CMFC-2, which supports that the 

clayware membrane made from red soil supported better reaction at the cathode. This is because 

of high cation transported from CMFC-1 to the cathode side, increased the rate of electrochemical 

transformation with lower electrical energy loss, thus charge transfer coefficient gets reduced. 

Lower Rct for anode of CMFC-2 than anode of CMFC-1 indicated that the anode of CMFC-2 was 

performing slightly better, as also evident from the exchange current density. However, due to 

limitations of the cathodic reactions the overall performance of CMFC-2 was inferior as compared 

to CMFC-1. 

Conclusions 

Properties of the clayware separator such as CEC, pH and electrical conductivity influenced the 

performance of MFCs. The power generation of MFC having separator made from red soil was 

better than the black soil, due to high CEC, low pH and higher electrical conductivity of the red soil. 

Results of Tafel plots showed that lower exchange current density and higher charge transfer 

resistance of anodes compared to cathodes, contributed towards more activation loss in both the 

MFCs. In spite of similar electrode materials in both CMFCs, variation in electrode kinetics 

accentuate effect of properties of separator on the performance of CMFCs. Detailed studies on the 

mineral composition of soils are required to enhance the CEC for further improving power 

generation of MFC made with such low cost clayware separator. Development of such efficient 

and cheaper separator material will help in drastically reducing fabrication cost of MFC for field 

implementation.  
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