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Introduction
Due to continuous depletion of the fossil fuels and constant increase 

in the fuel’s price, the world is moving towards the energy catastrophe [1-
3]. However, consumption of fossil fuels causes an increase in pollution 
level which is a major cause of global warming [4]. So requisition of 
an alternate source of energy is increasing day by day which should 
be economical, reusable and cleans [5]. Therefore there is need to 
develop and improve on existing wastewater treatment technologies 
that are environmentally sustainable in these times of energy scarcity 
[6]. Studies show that energy can be extracted from organic wastewater 
as chemical energy or electric energy as well as treating the wastewater 
[7-9]. A MFC is a device which is used to generate electricity from 
wastewater with the help of micro-organisms [10]. A MFC consists of 
an anode and a cathode these compartments separated by a membrane 
like salt bridge [11-15]. There are two reactions that take place in an 
MFC, reduction and oxidation. Reduction in the anode compartment 
is due to the gain of electrons from the organic substrate [16-19]. The 
substrate is oxidized in the anode generating a proton and an electron 
[20]. The process of oxidation which is essence is decomposition is 
bio-catalyzed by bacteria. Bacteria gain energy by transferring these 
electrons from the substrate to the anode electrode [21]. The power 
output of an MFC is dependent on operational conditions and other 
factors like mass transfer and these factors influence the bio-reactor 
configurations. The operational factors that affect the power output 
of the bio-fuel cell are: pH, temperature, concentration of dissolved 
oxygen and the electrolyte strength [22]. An MFC cannot attain 
maximum power output because of a number of factors that arise due 
to over potential related losses like ohmic concentration polarization 
and activation losses [23-25]. Over potential are resistances to the flow 
of electrons due to the flow path that the electrons take. The purpose of 
this study was produce electricity from sewage. In this study, four batch 
cells were used to determine the voltage developed by the MFC. The 
relationship between COD removal in wastewater and voltage produced 
by an MFC was also investigated to determine treatment efficiencies 
with respect to a control (cell without electrical components). 

Materials and Methods
The materials used in the construction of the experimental cells A, 

B and C included: wastewater (sewage with initial COD of 2080 O2 g/
ml) of V=880 ml, Carbon electrodes Sodium Chloride (NaCl) solution, 
0.6845M, plastic cylinders VB=1000 ml; soil (sandy loam); Copper wire 
of L=7 cm attached to each electrode and plastic containers Vs=125
ml.(Figure 1).

Constructing the cell experimental set up

Four carbon electrodes were fastened to the VB container lids to 
make up the cathode. The Vs containers were perforated at the bottom 
and at the sides to allow mass flow throughout the cell. Six negative 
electrodes (Anaerobic) were fastened together, and then fastened to 
the Vs container using copper wire. The anode consisted of six carbon 
electrodes, four bundled together and the other two positioned five 
centimeters off the carbon bundle. The four were dipped into the loam 
soil and the two were fully dipped into the sewage. The Vs container 
was completely filled with loam soil covering the bundle of carbon 
electrodes in Vs. The VS container with its electrodes and soil were 
then, just fully immersed and fastened to the VB container. Sewage of 
COD 2080 O2 mg/l was added to the cell assembly-which is housed 
by container VB- fully saturating the soil. Four cells were constructed; 
A, B, C and the control. The shortest distance of separation between 
the anode and the cathode was varied for the cells A, B and C. The 
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anode-cathode distance for A, B and C were 25 mm, 50 mm and 75 
mm respectively. The control cell consisted of all components in A, B 
and C other than the electrodes and external circuit. Two milliliters 
of Sodium chloride solution (0.6845 M) was added to A, B and C to 
increase electrical conductivity of sewage.

Preparation of conductive solution (Sodium Chloride and 
Sewage Solution)

Four grams of Sodium chloride were dissolved into 100 ml of water 
to form a solution. Two milliliters of the solution were each added to 
cells A, B, C and the control.

Determination of the electrical conductivity (E.C) of the soil 
to be used as a membrane

Soil sample of 20 g was weighed and transferred to a beaker. 
Distilled water of 50 ml was added to the beaker containing the soil 
sample. The soil-water mixture was stirred using a glass rod until a soil 
paste was attained. The mixture was then left to stand for 30 minutes. 
This allowed the soil to settle. The conductivity meter was then dipped 
in the upper portion of the separated mixture to measure soil E.C, pH 
and temperature as illustrated in Figure 1.

Preparation of COD reagents

COD reagent consists of standard Potassium dichromate and 
concentrated Sulphuric acid containing mercury Sulphate. The 
prepared reagents were to be used for the determining of COD levels in 
the cells A, B, C and the control.

Standard potassium dichromate digestion solution

Potassium dichromate of mass 4.913 g was dried at 103°C in an oven 
for two hours. The dried sample was then added to 500 ml of distilled 
water. Concentrated Sulphuric acid of 167 ml and 33.3 g of Hg2SO4 was 
then added to the dichromate solution. The mercury sulphate (Hg2SO4) 
was added and the solution dissolved at room temperature. Distilled 
water of 100 ml was added to the solution.

Sulphuric acid reagent

Dissolve 5.5 g of Ag2SO4 in a kilogram of H2SO4 and cool. The 
concentration of a kilogram of the concentrated acid was 16 M.

Standard ferrous ammonium sulphate-0.05M

Weighed 19.2 g of Fe(NH3)2(SO4)2.6H2O and immediately dissolved 
it in distilled water, ferrous Ammonium Sulphate is very unstable 

because it absorbs water from the atmosphere. Added 10 ml of conc. 
H2SO4 to the ferrous solution; cooled and diluted to 1000 ml (Figure 2).

Preparation of COD digest samples

Five COD test tube volumes of 15 ml were cleaned with dilute 
H2SO4. The test tubes were oven dried for an hour. 0.5 ml of 
sewage was transferred to each COD test tube. Standard Potassium 
dichromate and concentrated sulphuric acid (16 M) which were 
prepared earlier were then added in volumes of 2.5 ml and 3.5 ml 
respectively. The tubes were then capped, shook and cooled. The 
test tubes were then transferred into a COD digester and heated 
for 120 minutes at 150°C. A blank, where distilled water was used 
instead of sewage and transferred to the digester to be the control 
for the COD test as shown in Figure 2.

Measurement of voltage and resistance

The measurement of voltage and resistance was done using a 
digital multimeter under the conditions; before agitating the cell and 
after agitating the cell. The readings were recorded every 20 seconds. 
The highest voltage and resistance readings in this interval were then 
recorded. After taking the reading for voltage and resistance of a given 
cell, the cell was then slowly agitated, whirling it (7 clockwise and 7 
anticlockwise). This was done for the cells A, B and C. The voltage and 
resistance readings were taken for the cells in the same sequence as that 
done during the preliminary test period to measure the parameters for 
after agitation.

Measurement of COD

The digested samples were poured into a 50 ml beaker. The 
beaker was then filled with distilled water up to the 50 ml mark. The 
solution in the beaker was transferred into a flask and then three 
drops of Ferroin indicator were added turning the solution from 
red to orange. The digest solution in the flask was titrated against 
FAS solution. The solution turned to light green then colorless and 
finally to light red (red wine) at the end point. The burette reading 
was then recorded.

Construction of practical model of an MFC

A batch model of 18 liters was constructed to increase on the 
voltage to be generated. This model was constructed from projections of 
modifications that were to be made from the experimental cell designs 
of A, B and C. The modifications were based on the cell configurations 
that gave the highest voltage.

Figure 1: Electrical conductivity meter measuring the soil’s E.C.

 
Figure 2: COD digest samples; the clear sample is the blank sample.
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Results and Discussion
Voltage

Voltage increased with time for reactors A, B and C (Figure 3). The 
Voltage for all the cells started with a slow increase and rose greatly 
after day 3. Cell A had a more steady increment in voltage from day 
three up to day nine. After day 9 to day 41, there was a slight change in 
voltage with time as compared to the earlier times. This slight variation 
in voltage took place at higher voltage. This same pattern in behavior 
was exhibited by cell B. Cell B exhibited a slightly constant voltage 
between day 17 and 35. Cell A’s fall in voltage started after day 41 and 
continued steadily up to day 57. Even though cell B exhibited the same 
behavior in voltage fall with time as A, it on the other hand had a slight 
fall in voltage with time relative to A. Cell C had a steady increment in 
voltage between day 1 and day 19. After day 19, C generally showcased a 
fall in voltage with a spike of high voltage rise at day 41 which was then 
followed with a sharp fall in voltage there after (Figure 3). In summary, 
the three cells A, B and C in Figure 3 exhibit three phases of voltage 
variation. The first is the voltage rise followed by steady voltage and 
lastly the voltage fall in the later part of the cell life. The agitated cells 
also showed the same behavioral trends but exhibited slightly higher 
voltage values for cell A and a fall in voltages for the cells B and C as 
shown in Figure 4.

COD

COD values for cells A, B, C and the control generally fell with time 
as depicted in Figure 5. The fall in COD was steepest during the earlier 
times of the experimental set up between days 10 and 20. The COD fell 
from over 2000 to 1000 in about 30 days. Cells B and C continued the 
steady fall in COD through from days 20 to day 60. The fall in COD for 
A, and the control cell were slightly lower relative to that of the cells B 
and C.

The COD removal efficiency is the ratio of the difference between 
initial and final COD to initial COD. The COD removal efficiency for 
cells B and C was at a faster rate than that of the Control and cell A 
(Figure 6). The COD removal efficiency for the control cell was the least 
efficient. The COD removal efficiency for B and C reached 80% in less 
than 30 days of retention time. Cell A and the Control had treatment 
efficiencies of 58% and 30% respectively in the same period.

Internal resistance of cells

From Figure 7, the internal resistance for cells A, and B increases 
greatly during days 13 to 21 and then from 23 to 37. Days 38 to 57 
exhibited low internal resistances. There were abrupt increases in 
resistance for cells A and B on days 15, 17 and 21. Cell C then joined 
cells A and B in exhibiting spikes in resistance during days 29 to 33. But 
in general cell C had low internal resistance compared to the cells A 
and B. Figure 8 shows a general increase of internal resistance exhibited 
by all the cells that is A, B and C between day 1 through today 6. Cells A 
and B generally exhibited higher values of internal resistance compared 
to cell C between days 15 and 40. Cell C exhibited the lowest values in 
general for resistance on the logarithmic scale.

Discussion
Generally, voltage for all the cells A, B and C are divided into three 

phases; the voltage rise, stationary and fall phase (as shown in Figure 
3). The voltage rise phase consists of two stages that is the early stage 
(days 0-3) and advanced volt-age rise stage (days 4-9). The early stage 
has lower voltage change gradients than advanced voltage. During 

the early stage, voltage growth is slow because of three reasons: low 
bacteria population and the bacteria are trying to acclimatize to the 
cell environment; presence of high concentration of electron acceptors; 
limited colonization of the anode surface by bacteria. For this reason 
during the early stage, every time agitation was done on the cells a foul 
smell was expelled from the cells (as Equation 1). The degree of the 
stench decreased with time from day 0-3. On day 4, there was no more 

 
Figure 3: Voltage generation against time for cells A, B and C.

 
Figure 4: Voltage generation against time for cells A, B and C after agitation.

 
Figure 5: COD against time (10 days interval) for cells A, B, C and the control.
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smell which meant that there was a low concentration of sulphates in 
sewage which is similar to similar observations by.

SO4
2- + 10H++8e  4H2O+ H2S		               (1)

During the advanced voltage rise stage, there was an in-crease 
in the bacteria community responsible for the generation of voltage. 
The steady increase is a factor which is also increased by the bacterial 
community forming a film/colonizing the anode surface. The 
stationary phase is of maximum constant voltage. Since the voltage 
developed entirely depends on bacteria community responsible for 
voltage development between the anode and cathode; the voltage at this 
phase is constant since the bacterial community responsible for voltage 
development is at a constant population. The constant population 
signifies that the number of bacteria dying is equal to the number that 
is being reproduced. During this stage, the food available can only 
sustain a constant bacterial population. The constant population was 

the maximum achievable population by the bacterial com-munity 
in correspondence with the available food. The last stage of voltage 
change is the voltage fall phase. It is between days 42 and 58 (Figure 
3). This was due to the fall in COD or food for the bacteria as shown 
in Figure 5. This would have led to a great fall in bacteria community 
due to decrease in food quantity [3]. The trend of voltage change that 
has been discussed above is analogous to the bacteria growth curve. 
Bacteria growth curve consists of four growth phases, that is; the lag 
phase, exponential phase, stationary phase and the death phase. The 
lag and exponential phase correlate to the voltage rise phase. The 
stationary and voltage fall phases correlate to the stationary and death 
phase respectively.

Phase B (exponential phase) and C stationary phase and 
voltage variation

If S (t) denotes the concentration of substrate/ nutrient in the 
media and N (t) denotes concentration of bacteria at time t. Bacteria 
reproduce by fission. A fully grown bacterium reproduces by dividing 
into two equal daughter cells. Each daughter cell would then grow and 
further divide into two for each daughter cell making four cells.

The Malthusian’s Equation model:
( ) ( )dN t

kN t
dt

=

K – Growth rate constant and K>0
( )
( )

dN t
k dt 

N t
=∫

N (t) =Aekt

Since the change in the concentration of bacteria is assumed to be 
proportional to the change in voltage, then equation 2.1 becomes 2.2:

( ) ( ) ktV t V 0 e=

V (t) -voltage at time t and V (0) voltage at time t=0.

But the bacteria growth is best explained using the Jacques Monod 
model that factors the nutrient parameter S (t) into the equation. 
The Jacques Monod model equation (3.0) is an improvement of the 
Malthusian model equation (Equation 2.0).

( )
( )

( )
( )

dN t rS t
N t dt a S t

=
+

r-Maximum growth rate and a-half saturation constant But COD/
nutrient (S (t)) was depicted to be reducing with time (Figure 5) 
Monod also found that the rate of nutrient (COD) was opposite in sign 
to bacteria growth but proportional to it:

( )dS t
dt

γ = - ( )dN t
dt

Where γ - growth yield constant combining equations 3.0 and 3.1:

( ) ( ) ( )
( )

dS t rS t
 N t

dt a S t
γ = −

+

At t=0, S (0) = S and N (0)=N

Equation 3.1 is the same as:

( ) ( )dS t dN t
 0

dt dt
γ + =

 
Figure 6: Removal efficiency for cells A, B, C and the control.

 
Figure 7: Removal efficiency for cells A, B, C and the control.

Figure 8: Internal resistance against time (days) for cells A, B and C.
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( ) ( )N t N
S t S

−
= +

γ
To obtain an expression for bacteria population, N (t):

( ) ( )
( )

dN t S N t N
rN

dt a S N t N
 γ + −

=  γ + γ + − 

The expression for change in bacteria population is similar to 
change in voltage since voltage production is a factor of bacteria action 
on the existing substrate S (t). Notice that at the stationary phase of 
bacteria growth, the rate of change 

( ) ( )
( )

s N t N
0 eN t

a S N t N
 γ + −

=  γ + γ + − 

Solution is N (t)=0 and N (t)=N–γS.

This means that at the time when the rate of change bacteria 
growth (voltage) is zero, either bacterial population (voltage) is zero 
the population (voltage) change is constant and is being kept constant 
by the existing nutrient concentration, S.

Equation 3.3 can be approximated to be equivalent to (with a 
voltage relationship):

( ) ( ) ( )
( )

dV t S V t V
 V t

dt a S V t V
 γ + −

= ϕ  γ + γ + − 

ϕ - This is a constant of proportionality that relates voltage and 
bacterial population.

Cell A, with an anode-cathode separation 25 mm developed greater 
voltage between its electrodes because of small distance in comparison 
to the other cells that is B (50 mm) and C (75 mm). The distance 
between the cathode and anode determines the speed with which the 
electrons are going to travel between the soil layer and therefore the 
shorter the distance in a given time, the faster the current and therefore 
the higher the voltage. This is similar to results by [23]. From ohms 
law, voltage is directly proportional current therefore the voltage would 
also increase. Voltage was slightly enhanced on agitation of cell fuel 
contents (Figure 4) Agitation ensured evenness in the distribution of 
biodegradable material in the cells. The evenness made the material 
easily accessible for voltage generation by the bacteria population on 
the anode electrode surface. 

Internal resistance

Internal resistance of the cells generally increased with time 
(Figure 8). Since ions are responsible for conductivity in the cells 
then the increase in resistance must be attributed to the decrease in 
electricity conducting shuttles/carriers [12]. The electricity conducting 
shuttles present in sew-age include sulphate ions, nitrates, nitrites, 
ammonium, sulphides, hydrogen ions, phosphates and other salt 
ions. The concentration of ions like the sulphates, nitrites, nitrates and 
others were reduced since they are electron acceptors. The sulphate is 
reduced to sulphide and then given off to the atmosphere as hydrogen 
sulphide which exhibits an undesirable odor. This odor is given out in 
high concentration during the first three days of cell life. The nitrates 
and nitrites are also given off to the atmosphere through the nitrogen 
cycle. The process of electron acceptor loss led to the decrease in 
concentration of the ions in the three cells. This led to the decrease 

in the concentration of conducting ions leaving just the sodium and 
chloride ions as the ions responsible for conductivity in the cells. The 
internal resistance also further increased because of loss of water from 
the soil which was used as the proton ex-change membrane. Initially 
the soil is saturated with the sewage sample and the conductivity of 
the soil is higher than 160 S at 22.8°C (Table 1). The ions responsible 
for conductivity at this point are those contained in the soil, the 
added sodium chloride and the salts contained in the sewage. When 
the soil moisture content decreased, this meant that the migration of 
ions across the soil membrane from the anode to the cathode became 
more difficult. Resistance was highest during the times of low moisture 
content and the resistance greatly varied with moisture content. It was 
expected that the internal resistance would in-crease with time but this 
was not the case (Figure 8). During the early times of ion migration 
across the soil towards the cathode compartment, there was slow 
accumulation of ions in the soil (membrane). This accumulation of 
ions led to an increase in the ion concentration thus an increase in 
E.C. The increase in ion concentration by far surpasses the effect of 
moisture content variation. This led to an increase of E.C of the cells or 
a decrease in electrical resistance of the cells. The E.C increased from 
160 S on day 0 to 243 mS on day 55 (Table 1).

Conclusion
The experimental data obtained showed that it is actually possible 

to generate electric power from the waste water. The distance between 
the cells’ anode and cathode deter-mined the magnitude of the voltage 
created between the electrodes. The shorter the distance between the 
anode and the cathode, the higher the voltage developed between the 
electrodes. Using soil as a membrane greatly increased the cell’s internal 
resistance therefore the use of soil is not viable option for electricity 
generation. The MFC cells showed higher treatment efficiency rates 
than ordinary waste treatment ponds under similar environmental 
conditions (Figure 6). The highest treatment efficiency was 80% after 
20 days whereas that of the control was 30% after the same number of 
days. The constructed practical model developed a maximum volt-age 
of about 217 mV on day one from the introduction of the MFC fuel.

Recommendations
The voltage generated was still low and coupled with a high internal 

resistance lowered the power generated by the cells. The following are 
the possible studies and changes that should be established to enhance 
an MFC’s power rating:

•	 The electrical conductivity of the MFC fuel solution should be 
enhanced to levels that do not affect the bacterial community in 
the sewage/waste as well as to levels that lower the cell’s internal 
resistance to acceptable levels. Electrical conductivity can be in-
creased by increasing on the concentration of electrolytes in the fuel 
solutions. The concentration of the ions can affect the metabolism 
of bacterium in the MFC fuel. 

•	 Studies on voltage and resistance changes should also be carried out 
at an hourly or half-hour basis to get a better view of the variation 
of voltage with time. 

•	 Studies should be carried out to establish the most appropriate C/N 
ratio that gives off the highest electrical voltage. Further studies 

Day E.C (mS) pH Temperature (°C)
0 0.160 5.8 22.8

55 243 6.1 21.5

Table 1: Soil Electrical Conductivity.
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can also be made through co-digestion of several biodegradable 
materials to establish which materials will give the highest voltage 
from the cell. 

• Applying of genetic engineering in the development of strains of
bacteria that will be highly adaptive, efficient in the breakdown of
the bio material as well as have a high affinity for a variety of bio
material

• Up scaling of the MFC to larger treatment volumes like septic
tanks and industrial food processing waste ponds and with further
development, designs should be made that incorporate MFC into
waste water treatment plants.
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