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In this study, the Taguchi method was used to optimize pH
of anolyte and catholyte in terms of obtaining maximum pow-
er density of a microbial fuel cell (MFC). The anolyte pH and
catholyte pH were selected as operating parameters, with their
corresponding levels. L16 orthogonal array was selected for the
experimental design. Each of experiments was repeated two
times for calculating the signal-to-noise (S/N) ratio. However,
based on Taguchi method, optimum anolyte and catholyte pH
were observed 8 and 1, respectively. A confirmation experiment
was done with the optimum conditions and based on that,
maximum power density was observed at 2491.42 mW/m3.
Analysis of variance (ANOVA) was carried to recognize the
percentage contributions of operating parameters in the process
and accordingly it was found 53.59% for anolyte and 46.40%
for catholyte pH. The optimization study of both pH suggests
low internal resistances and high Coulombic efficiency that
favored for both high power density.VC 2016 American Institute
of Chemical Engineers Environ Prog, 00: 000–000, 2016

Keywords: wastewater treatment, biofilm, optimization,
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INTRODUCTION

A microbial fuel cell (MFC) can be defined as a system in
which microorganisms work as a catalyst to convert chemical
energy into electrical energy. It is also an alternative process
for wastewater treatment [1]. In spite of lower power density
than fuel cells, MFC has been considering as an alternative
source for the wastewater treatment and energy production.

In MFCs, microorganisms use organics as food and pro-
duce electrons (e2) and protons (H1). These electrons are
transported from an electron donor to an electron acceptor.
Numerous substances are used as an electron donor (acetate,
glucose, etc.) or electron acceptor (oxygen, permanganate,
etc.) [1–4]. Electrons from the anode to the cathode are trans-
ported via an external electrical circuit, and finally received
by molecular oxygen (as per Eq. (1)), which is generally
supplied from the air [1].

O214H114e2 ! 2H2O (1)

Performance of MFC is affected by many factors such as elec-
trode material, electrode size, selection of electrolyte, pH of
anolyte and catholyte, and type of membrane (proton
exchange membrane, cation exchange membrane, etc.) [5–8].
All these factors are crucial for the performance of MFC.

Nevertheless, inappropriate selection of all these factors
results in losses such as activation losses, concentration
losses, and ohmic losses [3]; and an ultimate reduction in
power output.

Activation losses occur by reason of energy lost to initiate
the oxidation or reduction reaction. Consequently, the electron
takes maximum energy to transfer from the cell terminal
enzyme to the anode surface [3]. Concentration losses arise
when the flux of reactants to the electrode or flux of products
from the electrode are insufficient, and, therefore, limits the
rate of reaction. Ohmic losses rise when the solution and
membrane produce resistance to ions (protons) conduction [3].

Activation losses can be reduced by improving electron
transfer from bacteria to the anode and anode to the cath-
ode. Hence, an appropriate pH condition is needed to make
the favorable environment for bacteria. Concentration losses
depend on the proton transfer from the anode to the cath-
ode via a membrane. To mitigate the effect of concentration
losses, there is a need to maintain a pH difference between
the anodic chamber and the cathodic chamber. Otherwise,
an accumulation of protons in the anodic chamber would
reduce anolyte pH that adversely affects bacterial kinetics [9].
Limited proton transfer from the anode to the cathode can
also limit the power generation; consequently, it is important
to maintain catholye and anolyte pH [9]. The effect of ano-
lyte and catholye pH has been explored by many researchers
as given in Table 1.

In Table 1, several substances are used as electron donor or
electron acceptor with different pH values. In most of the study,
they used neutral or little alkaline pH values (6–9) in the anode
chamber. It is because of controlling anodic medium close to the
neutral pH condition would allow the electroactive biofilm to
function better [15,19]. Behera and Ghagrekar [22], Behera et al.
[23], and Yuan et al. [24] suggested that most anode-attached
bacteria favor the alkaline pH conditions because of effective
extracellular electron transfer and electrogenic bacterial growth.

Some researchers maintained cathode’s chamber pH within
the neutral range [12,18] which causes less number of protons
available in the cathode chamber. As a result, poor transfer of
electrons and protons from the anode to the cathode by an
external circuit and through the membrane, respectively. How-
ever, some of them used acidic pH in the cathode chamber
[4,17] which provided a higher availability of protons (H1).
These protons acted as a reactant in the cathodic reduction
reaction. Hence, the number of electrons transfer from the
anode to the cathode via an external circuit was increased [4].
Therefore, the presence of enough protons in cathode cham-
ber also reduces the problem in the transportation of protonsVC 2016 American Institute of Chemical Engineers
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and electrons, and counter balance the ohmic losses caused by
the membrane. Due to this, the power density was increased as
a result of a reduction in internal resistances (ohmic losses).

However, most of the studies in Table 1 used one factor
at a time, i.e. variation in anode pH or cathode pH. There is
no any experimental study that considered variation in
anode and cathode pH simultaneously and could suggest the
optimum pH conditions in anode and cathode chambers at a
time. However, to perform the experiment efficiently, too
many experiments are needed, and they often results in fac-
tor effect bias. The design of experiment has drawn specific
attention to cope with full factorial experiments design. In
the design of experiment, the Taguchi method developed by
Genichi Taguchi and popular for fractional factorial design
has been using successfully in applied industries. Details
about the Taguchi’s orthogonal array can be found else-
where [25–28].

Therefore, in this work, an H-type MFC was used with an
anodic pH range of 6–9 and cathode pH range of 1–4. The
response in terms of power density and treatment of waste-
water was studied based on the variation of anodic and
cathodic pH simultaneously. As per Taguchi, the L16 orthogo-
nal array was selected according to two factors and four lev-
els. The relation between factors and response was
determined by signal-to-noise (S/N) ratio, and accordingly
optimum pH combination was found. The analysis of vari-
ance (ANOVA) was also used to find the most affecting
parameters on the response. And finally, for confirmation,
optimized conditions were checked on experimental MFC
set-up.

MATERIALS AND METHODS

Experimental Setup
Figure 1 shows the schematic diagram of the experimental

MFC set-up used in the study. Experiments were performed
in duplicate with operating two MFC set-ups in parallel. The
anode and cathode chambers were separated by a proton-
exchange membrane (PEM, Ultrex Membrane International)
with an area of 4.15 cm2. Each chamber had a total volume
of 400 mL with a working volume of 350 mL. Carbon fiber
brush electrodes (Jalark carbon products, Vadodara, Gujarat,

India) were used in MFC reactors. The anode electrode was
connected to an external resistor of 220 X with copper wire
for an active biofilm generation by proper transport of elec-
trons and protons. The external electric current was moni-
tored with a digital multimeter. Chemical oxygen demand of
influents and effluents was carried out by the close reflux
method as per APHA [29]. pH, conductivity, and ORP was
monitored with a digital meter (HACH). Total suspended sol-
ids (TSS) and volatile suspended solids (VSS) of sludge used
in MFC were also measured as per APHA [29].

Voltage and current were measured by a digital multime-
ter (UNI-T brand digital multimeter 1000 V). Current density
and power density were calculated by Eqs. (2) and (3),
respectively. Coulombic efficiency (CE) was calculated by
Eq. (4). The polarization slope method was used for calculat-
ing internal resistances [3].

Current density5I=V (2)

Power density5Voltage3Current density (3)

CE5

M

ðt
0

I dt

FbvaDCOD
3100 (4)

Where CE is Coulombic efficiency (%), M is the molecular
weight of oxygen (32 g/mol), I is the electric current (A),
F is the Faraday’s constant (96,485 C/mol), b is the number
of electrons exchanged per mole of oxygen (4), DCOD is
the removal of COD (mg/L), and V is the working volume of
the anode chamber (L).

Experimental Procedure
Synthetic wastewater was used as the anodic substrate in

the MFC reactors. It contained following components: glu-
cose (10006 10 mg/L); protein (856 5 mg/L); CaCl2 (186
3 mg/L); MgSO4.7H2O (246 5 mg/L); NH4Cl (606 5 mg/L);
KH2PO4 (146 5 mg/L) in distilled water [30]. The COD of
synthetic wastewater was 10206 50 mg/L. KMnO4 solution
(0.5 M) was used as catholyte [2]. MFCs were operated in
batch mode (Figure 1). The anode chambers having 350 mL
of synthetic wastewater were initially inoculated with anaero-
bic digester sludge (100 mL/d capacity up-flow anaerobic
sludge blanket (UASB)-based sewage treatment plant, Surat,
Gujarat). The desired pH of electrolytes in MFCs was set by
using 0.1 M NaOH and 1 N HCl solutions [4,17]. In this study,
MFC was operated for 30 days to develop biofilm on anode
at neutral pH with synthetic wastewater for proper acclimati-
zation of microbes. After stabilization of MFC pH was varied

Figure 1. General schematic diagram of a two-chambered MFC. [Color figure can be viewed at wileyonlinelibrary.com]

Table 2. Factors and their levels for Taguchi method.

Factor Levels

Anodic pH, A 6 7 8 9
Cathodic pH, B 1 2 3 4

Environmental Progress & Sustainable Energy (Vol.00, No.00) DOI 10.1002/ep Month 2016 3
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in anode and cathode. The first experiment was repeated thrice
on the MFC for the duration of 24 h. Every time pH of the feed
solution was changed, a voltage increased continuously for

two and half to three hours after which it got stabilized. When
a stable output was obtained from the MFC, biofilm was con-
sidered stabilized. This implies that biofilm acclimatize in two

Figure 2. (a) Polarization curves recorded for L16 orthogonal array current density versus voltage. (b) Polarization curves recorded
for L16 orthogonal array current density versus power density. [Color figure can be viewed at wileyonlinelibrary.com]
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and half to three hours with respect to the voltage. Successive-
ly, experiments were performed two times at all pH conditions
for a duration of 24 h, which was found suitable for acclima-
tized biofilm and stable voltage output. The COD, ORP, and
conductivity of system were measured after completion of
experiment (after 24 h).

Taguchi Method
Experimental parameters and their levels were determined

by using literature and preliminary tests as given in Table 2
[11, 13, 16, 19–21]. The L16 (42) orthogonal array was accept-
ed as the most proper method to determine the experimental
plan for two parameters of each four levels [25–28]. The per-
formance of MFC could be affected by factors known as con-
trollable (signal) or uncontrollable (noise). The ratio of the
effect of controlled factors to the effect of noise factors is
known as the S/N ratio [26]. In this process, each experiment
was repeated two times with same condition. Performance
characteristics selected to be the optimization criteria were
divided into three categories, the larger-the-better, the
smaller-the-better, and the nominal-the-best. The quality out-
put of this work was the maximum power density, which fit
into the larger-the-better characteristics [31].

For larger-the-better condition:

S=N52103log 10
1

nr

Xnr

i51

1

Y 2
i

 !
(5)

Analysis of Variance
Process parameters, which greatly affect the power densi-

ty, were determined through ANOVA [32]. The Minitab 17VR

software was used for analyzing the collected data. In
ANOVA, we find the effect of parameters and their contribu-
tion to the performance of the process. It is derived from
separating total variability of S/N ratio into contribution for
each pH values and error, and usage of F-test for comparison
of factors of the total deviation. F-value is a tool that delivers
a decision at some confidence level as to whether these eval-
uations are significantly different or not. F-value is a ratio of
sample variances. Now, total variability of S/N ratio is com-
puted by the sum of squared deviation (SS) from the total
mean of S/N ratio for two factors at four different levels.

SST5
Xn
p51

SSp1SSe (6)

Here, total sum of square deviations SST is divided into two
types, for example, sum of square deviation of the pH
process parameter (SSP) and sum of square errors (SSe) [33].

A verification experiment is important for investigating the
presence of interaction among controlled parameters. There-
fore, optimized conditions were verified in MFC reactors.
MFC reactors were fed with anolyte and catholye and left for
3 days for biofilm generation. Subsequently, pH was main-
tained and observed at 4th day for both of reactors.

RESULTS AND DISCUSSION

Effect of Anodic and Cathodic pH on Polarization

and Power Density Curves
According to the L16 array, MFC was run, and accordingly

polarization curves were obtained by varying the external
resistance from 100,000 X to 200 X at all pH conditions. The
relation between the cell voltage and the current (density)
can be visualized by the polarization curves as presented in
Figures 2a and 2b. It can be observed that with increasing
external resistance, current generation decreases which dis-
plays typical fuel cell behavior.

Figure 2a displays the variation in voltage produced in
the MFC. Under all pH conditions, the voltage drop was very
quick when external resistance was very low, and it got sta-
bilized at higher resistance. From Figure 2a, at the initial
stage, a sharp fall in the voltage can be seen which is due to
activation over-potential. Furthermore, a straight line after
sharp fall attributed to the combine effect of mass transport
efficiency and ohmic losses. These losses arise as a result of
internal resistances of MFC. Table 3 is prepared for showing
the performance (current and power density) of MFC based
on different pH combinations in anolyte and catholyte as per
Figures 2a and 2b. Internal resistances were also calculated
for each combination of Figure 2a and given in 5th column
of Table 3. Anolyte pH value 8 gave high voltage and cur-
rent, with all catholyte pH condition as a result of minimum
internal resistance as shown in Table 3. Anolyte pH 8 and
catholyte pH 2 combinations gave a high open circuit volt-
age of 1.34 V with high current density 2914.29 mA/m3. For
all combinations of pH 6, 7, and 9, a low current generation

Table 3. Internal resistance in L16 orthogonal experiment.

pH Current
density
(mA/m3)

Power
density
(mW/m3)

Internal
resistance

(X)Anolyte Catholyte

6 1 2011.42 659.52 1086.47
6 2 2668.57 929.2 775.98
6 3 1362.85 236.5 1540.98
6 4 1731.42 436.20 1002.7
7 1 1662.85 579.66 2167.7
7 2 1700 350.48 1509.47
7 3 1020 199.39 2307.35
7 4 645.71 234.90 2173.91
8 1 2677.14 1016.22 865.22
8 2 2914.29 1270.12 842.83
8 3 2702.85 1013.94 914.08
8 4 2474.28 853.23 1008.59
9 1 2685.71 1107.26 611.76
9 2 2042.85 582.18 917.8
9 3 1442.85 282.08 892.12
9 4 1042.85 178.66 1437.2

Figure 3. Dependency of COD removal and Coulombic effi-
ciency on the anode pH value. [Color figure can be viewed
at wileyonlinelibrary.com]
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was observed because of poor electron and proton transfer
as a result of high internal resistances as shown in Table 3.

The relation between current densities and power densi-
ties is shown in Figure 2b. For all pH conditions, it was
found that power density first increases with current density
up to a certain resistance, where internal resistance equal to
the external resistance, after which the power density starts
decreasing. The power density achieved during polarization
at pH greater than 2 (i.e., 3 and 4) were 4 times lower than
the maximum value (1270.12 mW/m3) achieved in MFC at

cathodic pH 2. Power densities at pH 8 were 2 times higher
than at pH (6 and 7), and 1.46 times higher than pH 9.
Therefore, results show that pH value 8 in the anodic cham-
ber and 2 in the cathode chamber will be suitable pH value
for treating synthetic wastewater (glucose).

This study shows that an appropriate pH combination
would surely improve the MFC performance. In this study,
maximum power and current density output were achieved
at the pH combination of 8 and 2. Increased anolyte pH
(higher than neutral pH) leads to a shift toward more nega-
tive anode potential thus resulting in improved performance
of MFC [13]. Moreover, under a little alkaline condition, the
exoelextrogens at the anode have a better chance of outcom-
peting methanogens for the degradation of organic matter in
the wastewater.

High alkaline pH condition (beyond pH 8), deceased in
current and power density. As a result, leads to reducing
bacterial activity as well as a slower electric discharge activity
of bacteria. Subsequently, low catholyte pH gave a better
performance of the MFC because of protons are available in
high concentrations and participate as the reactants in the
cathodic reaction. A presence of sufficient protons in the
cathode chamber also eliminates the limitation caused by the
transport of protons and counter balancing the ohmic losses
caused by the membrane. Based on this study, a little alka-
line and acidic pH condition in anode and cathode chamber,
respectively, were favorable for high power density in MFC.
In Table 1, Kaushik and Chetal [17], also checked the effect
of pH in MFC; however, there was not any interaction study
between anolyte and catholyte pH. That study; Kaushik and
Chetal [17], considered one factor at a time (anolyte pH or
catholyte pH). The present study considers the interaction
between anolyte and catholyte pH along with finding the
optimized condition.

Effect of Anodic pH on Percentage COD
Removal and Coulombic Efficiency

Figure 3 shows the COD removal efficiency and Coulom-
bic efficiency (CE) based on anolyte pH and with its corre-
sponding cathodic pH. Coulombic efficiency can be defined
as the fraction (or percent) of electrons recovered as current
versus number of electrons removed as oxidation of the sub-
strate as Eq. (4) [3].

From Figure 3, it can be observed that peak Coulombic
efficiency of 10.92% was achieved at pH 8. At pH value 7,
we got higher COD removal (83.45%), however, low Cou-
lombic efficiency on account of poor proton transfer at a
reduced proton concentration gradient across the membrane

Table 4. L16 orthogonal array, power density, and S/N ratio for pH effect.

Exp. no. A B Y1 mW/m3 Y2 mW/m3 S/N Standard deviation Mean mW/m3

1. 6 1 659.52 653.71 56.35 4.11 656.62
2. 6 2 929.20 917.43 59.31 8.32 923.32
3. 6 3 248.09 233.48 47.62 10.33 240.78
4. 6 4 436.20 434.70 52.78 1.06 435.45
5. 7 1 579.66 567.24 55.17 8.78 573.45
6. 7 2 434.11 390.85 52.27 30.58 412.48
7. 7 3 199.39 175.06 45.39 17.20 187.22
8. 7 4 226.67 225.88 47.09 0.55 226.27
9. 8 1 1016.23 1015.09 60.13 0.80 1015.66
10. 8 2 1270.12 1236.63 61.95 23.68 1253.38
11. 8 3 1013.95 1008.73 60.09 3.69 1011.34
12. 8 4 853.66 853.23 58.62 0.30 853.45
13. 9 1 1107.26 1100.28 60.85 4.93 1103.77
14. 9 2 582.18 572.99 55.23 6.49 577.58
15. 9 3 282.08 279.83 48.97 1.59 280.95
16. 9 4 178.66 171.11 44.84 5.34 174.88

Table 5. Response table for S/N ratio based on larger is
better.

Level Anodic pH, A Cathodic pH, B

1 54.01 58.13
2 49.98 57.19
3 60.20 50.52
4 52.48 50.84
Delta 10.22 7.61

Figure 4. The mean effect plot for S/N ratio. [Color figure
can be viewed at wileyonlinelibrary.com]
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[34]. This pH value (7) is favorable for methanogenesis that
contributes high COD removal [14]. At pH value 9, decrease
in Coulombic efficiency, as well as COD removal, might be
attributed to reducing the bacterial activity of bacteria at
highly alkaline pH [11].

Optimization Study
Based on Taguchi method, larger-the-better performance

characteristics (Eq. (5)) was used for computing S/N ratio.
Table 4 presents S/N ratio values, where A and B are factors
that represent anolyte pH and catholyte pH, respectively. Y1
and Y2 are the observed maximum power densities at first
and second run, respectively, at same operating conditions.

Table 5 displays response table for S/N ratio. Here, we
calculated the total variation in S/N ratio by factors (anolyte
pH and catholyte pH). Total variation (ST) can be calculated
by Eq. (7) [25,27].

ST5
Xn
i51
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N

� �2

t

" #
2

Xn

i51
ðS
N
Þi

n

2
64

3
75

2

(7)

Here, n is the total number of experiments, t is the total sum
of S/N ratio, and i is the S/N ratio at particular pH condition.

Figure 4 was prepared for predicting the influences of
parameters on the performance characteristics by using data
from Table 5. The optimum values of both parameters for
obtaining maximum power density are the highest S/N ratio val-
ue calculated by Eq. (5). The numerical value of the maximum
point in both graphs gives the best value for that parameter.

From Figure 4, we found an optimized pH value for ano-
lyte and catholye. However, based on L16 experimental anal-
ysis, anolyte pH value 8 and the catholyte pH value 2 gave a

maximum power density among all sixteen experiment as a
result of low internal resistances. But Taguchi method shows
high S/N ratio for optimized condition 8 (A3) and 1 (B1) for
anolyte and catholye pH, respectively. Therefore, these should
be the optimized condition and should give maximum power
density.

Analysis of Variance
The F-value for both parameters is simply a ratio of the

mean of the square error. A parameter that have large F-val-
ue, that parameter have a greater impact in obtaining maxi-
mum power density. The optimal combination of both
parameters can be predicted by using performance character-
istics and ANOVA. The results of variance analysis for experi-
ments are given in Table 6.

Degree of freedom for the factors computed by the num-
ber of levels (called k) minus 1 (k21). P-value is used for
calculating null hypothesis. If P-value is less than 0.05 then
we can reject the null hypothesis and can conclude that pH
is imposing significant difference on process. From Table 6,
it can be concluded that both parameters (anolyte pH and
catholyte pH) are important for the process. On account of
both have approximate equal percentage contribution
(53.59% anolyte pH and 46.4% catholyte pH) in the process
which shows the interaction between parameters. However,
anolyte pH have a large impact on the process due to high
percentage contribution; but, catholyte pH should also be
considered as an important parameter because it also have
an approximate same impact on the process.

According to optimized conditions, i.e. anolyte pH 8 and
catholyte pH 1, we organized two sets of reactor for verification
experiment. Reactors were fed with anolyte and catholyte and
left for 3 days for a better biofilm generation. Subsequently, pH
was maintained, and data were observed at 4th day for both of
the reactors. Average values from the system are displayed in
Figure 5, which gave high power density (2491.42 mW/m3) and
current density (3494.28 mA/m3). As a result of 3-day duration, it
gave an active biofilm and minimum internal resistance (629.67
X) due to optimum conditions. Whereas at anolyte pH 8 and
catholye pH 2 gave the power density of 1270.12 mW/m3 and
the current density of 2914.29 mA/m3 with a high internal resis-
tance of 842.83 X. Because of the continuous run of MFC at opti-
mum conditions (8 and 1), it gave better microbial activity and
proper proton transfer from the anode to the cathode.

CONCLUSIONS

It is important to optimize operating factors affecting the
performance of MFC. Therefore, in this work, the Taguchi
method was used to optimize anodic pH and cathodic pH
for maximum power density. The orthogonal array L16 was
used for experimental design, and it reduced experimental
time and cost. The most influencing factor was evaluated by
ANOVA. Results can be summarized as follows:
� The optimum parametric condition within the selected

factor values are 8 for anodic pH and 1 for cathodic pH.
From verification experiment, 2491.42 mW/m3 power
density was obtained at optimum pH conditions.

Table 6. Result of variance analysis for the maximum power density value of experiment.

Degree of
freedom

Sum of
square

Average
of squares F P

Percentage
contribution

A 3 227.37 113.68 7.23 0.009 53.59
B 3 196.89 98.45 6.26 0.014 46.40
Error 9 94.90 47.45
Total 15 518.66 13.49

Figure 5. Polarization curve for verification experiment at
optimized condition. [Color figure can be viewed at
wileyonlinelibrary.com]
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� According to ANOVA, both anodic and cathodic pH have
been found the most influencing factors affecting the per-
formance of MFC.

� This study may be very useful for commercialization of
MFC.
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