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Abstract: The performance of four different commercial
ceramic separators is inspected using response surface
methodology (RSM). The thickness (A), porosity (B), SiO2 (C),
andAl2O3 (D) contents of ceramics are statistically significant
(P-value<0.05) for both responses of the maximum power
density (MPD) and the coulombic efficiency (CE). The in-
teractions of AB and AC have significant influences on the
MPD. For highly porous ceramics, including the unglazed
wall ceramic (MFC-UGWC, 30.45% porosity) and Yellow
ceramic (MFC-Y, 28.9% porosity), the MPD and CE are
boostedby raising the thickness ofmembranes. TheMPDand
CE values have been enhanced from 225.07 to 321.11 mW/m2

and from 51 to 68%, respectively, by thickening the UGWC
from 3 to 9 mm. Similarly, the power performance and CE of
the MFC-Y have been grown by 32% and 148.6%, respec-
tively. However, both the MPD and CE responses have been
reduced from106.89 to 57.65mW/m2and from29 to 18.3% for
the denser unglazed floor ceramic (UGFC, 11% porosity) as a
consequence of thickness increment from 3 to 6 mm.
Furthermore, the chemical composition of ceramics has a
crucial impact on the overall performance. Richer ceramics in
SiO2 are utilized, the higher performance is achieved.

Keywords: ANOVA analysis; ceramic membrane; chemical
composition; microbial fuel cell; wastewater treatment.

Introduction

The severe crises of clean water and energy signalize the
critical demand for the development of ground-breaking
green technologies like the microbial fuel cell (MFC)

systems which can take advantage of simultaneous
bio-electricity generation and treatment of wastewaters
(Logan 2008; Pandit et al. 2021; Rozendal et al. 2008;
Savla et al. 2020a, 2020b; Tan et al. 2021). Moreover, the
unique potential of bioelectrochemical systems (BESs)
like MFCs for the removal or recovery of complex organic
contaminants, which cannot be treated effectively using
the conventional methods, attracted much attention
recently (Ahmad et al. 2021). Typically, MFC systems are
constructed by two distinct compartments for the anode
and cathode electrodes which are separated by proton
exchange membranes (PEM). The degradation of the
available substrates in the wastewater by the exo-
electrogenic bacteria generates electrons, protons, CO2,
and sufficient energy for the growth of bacteria in the
anode chamber. The produced electrons and protons are
respectively conveyed via the external circuit and the PEM
towards the cathode electrode, where the oxygen reduc-
tion reaction (ORR) is accomplished finally (Logan 2008;
Logan et al. 2006).

The overall performance of MFC systems could be
influenced by the proficiency of each part in the above-
mentioned process, includes the engineering-related factors
or various environmental conditions (JungandPandit 2019).
In addition to the selection of suitable MFC architecture, the
implementation of appropriate material and design for the
electrodes and their current collectors is of great importance
(Jung, Kim, and Koo 2018; Kang et al. 2017; Nam et al. 2017,
2018, 2020). Furthermore, the sufficient accommodation of
anodic biofilm as the key component of BESs is related to a
vast variety of parameters such as the influent substrate
types and concentration, pH and temperature, the presence
of toxic components, the external load etc. (Gurung et al.
2012; Jung 2012; Jung and Regan 2007; Jung, Mench, and
Regan 2011; Jung et al. 2012, 2011; Tran, Kim, and Jung 2022).
The cathodic ORR is the other determinant bottleneck that
limited the MFC performance. Several researches have been
focused on finding a well-suited and cost-effective catalysts
to enhance the cathodic reaction performance (Dange et al.
2022; Koo and Jung 2021; Koo et al. 2019; Nam et al. 2018;
Priyadarshini et al. 2021; Savla et al. 2020).
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However, the commercialization and development of
the promising MFC technology still far more than the ex-
pected level owing to various engineering and economic
obstacles, namely the expensive andnot-efficient catalysts
and PEMs (Pandit, Savla, and Jung 2020). Numerous types
of membranes have been examined for MFC application
yet. Nonetheless, awell-suited and cost-effective separator
has not been discovered so far (Gajda, Greenman, and
Ieropoulos 2018; Tan et al. 2021). Recently, ceramic and
clayware separators received much attention due to their
superior physical and chemical specifications, which
introduced them as viable options for MFC scale-up and
wastewater treatment utilization (Ahilan, Wilhelm, and
Rezwan 2018; Cheraghipoor et al. 2019, 2021; Khalili,
Mohebbi-Kalhori, and Afarani 2017; Rodríguez et al. 2021;
Winfield et al. 2016; Yousefi, Mohebbi-kalhori, and Samimi
2017a, 2017b, 2018, 2019, 2020; Yousefi et al. 2016).

Nevertheless, the performance of ceramic-based MFCs
is influenced by many abundant factors such as thickness,
porosity, proton conductivity, water uptake capacity, oxy-
gen diffusion rate, the types and amounts of clay minerals,
and the chemical composition of ceramic membranes.
Several research studies have been conducted to identify or
optimize the main affecting parameters on the proficiency
of MFCs regarding the electricity generation or wastewater
treatment viewpoints (James 2022; Merino-Jimenez et al.
2019; Salar-García et al. 2019). It has been reported that
the quality of ceramic membrane could be enhanced by
adjusting the firing cycle (time and temperature), type and
size distribution of raw clay materials, or using cation
exchanger minerals (Cheraghipoor et al. 2021; İssi et al.
2017; Saleiro and Holanda 2012; Yousefi, Mohebbi-kalhori,
and Samimi 2017a, 2017b). For example, Merino-Jimenez
et al. (2019) explored the influence of the water absorption
and the changes in the firing cycle of fine fire clay ceramics
on the ohmic resistance, the ionic conductivity, and the
power generation capability of urine-fed MFCs. The in-
spection of the effect of iron phase content and different
sintering temperatures of ceramic membranes reveals a
compelling role of iron oxide for the structural porosity
increment and mitigation of the negative effect of the high
sintering temperature on the electricity generation perfor-
mance of MFCs (Salar-García et al. 2021). Also, the imple-
mentation of acid or alkali pretreatment techniques over the
ceramic membranes remarkably boosted the overall per-
formance of MFCs both in terms of electricity generation,
andwastewater treatment quality (Cheraghipoor et al. 2019;
Das et al. 2020). Furthermore, the MFC performance was
remarkably enhanced by applying nano-clay/chitosan
nanocomposites over the ceramic separator owing to the
improved oxygen barrier capability and the boosted proton

conductivity of ceramics (Yousefi, Mohebbi-Kalhori, and
Samimi 2018, 2020). The influence of ceramic thickness was
also inquired using the electrochemical impedance spec-
troscopy (EIS) approach (Yousefi, Mohebbi-Kalhori, and
Samimi 2019).

Besides, the conventional one-factor-at-time (OFAT)
method is unable to investigate different aspects of compli-
cated systems, especially the vital interactions between the
interconnected parameters. In such cases, the implementa-
tion of a statistical modeling approach like the response
surface methodology (RSM) could provide several advan-
tages over the OFAT technique, such as saving time and
materials and encompassing the interactions between mul-
tiple factors. In this respect, Raychaudhuri and Behera
(2020) reviewed the studies that were utilized the statistical
modeling techniques for complexBESs andparticularlyMFC
systems. Moreover, Salar-García et al. (2019) employed the
RSM technique with a three level Box–Behnken design to
identify the relative importance of three different operating
parameters on the performance of Urine-fed MFCs. The re-
sults of statistical analysis revealed thehigher significanceof
anode area and external resistance load factors compared to
the ceramic thickness. Further, Sugumar, Kugarajah, and
Dharmalingam (2022) implemented a Box–Behnken (BB)
design to optimize the values of three operational factors,
including the filler concentration, membrane thickness, and
anode surface area for the MFCs that contained a novel
nanocomposite membranemade of Sulphonated Zinc Oxide
NanoRods. Also, theyhave similarly optimized the values of
substrate type, external resistance load, and catalyst loading
rate for the tubular MFC with the nanocomposite membrane
reinforced by Sulphonated Titanium Nanotubes (Sugumar
and Dharmalingam 2022).

This research aims to statistically survey the most
prominent physical and chemical features, including thick-
ness, porosity, and chemical composition of ceramic sepa-
rators, along with their interactions. The performance of the
Red commercial unglazed ceramic (MFC-R) has compared to
the results of our previously published research which have
performed using other commercial unglazed ceramics. It
must be noticed that the thoroughly identical design and
operational conditions have been implemented in all MFC
experiments. To the best of the author’s knowledge, this is
the first study that encompasses the combined effects of
physical and chemical specifications of commercial ceramic
membranes on the overall performance of the MFC system.

Materials and methods

A dual-chambered cubic design has been used for the MFCs, similar to
the previous studies (Yousefi, Mohebbi-Kalhori, and Samimi 2017a;
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Yousefi, Mohebbi-Kalhori, and Samimi 2018, 2019, 2020). The anode
electrode was made of four-ply carbon cloth pieces (total surface of
about 480 cm2, Pantex®35, Zoltek Co. Ltd., USA) suspended from a
stainless-steel plate (ca. 84 cm2) as the anodic current collector.
A folded-up carbon cloth cathode (ca. 262.5 cm2) was held closely
nearby the ceramic membrane using a bent stainless-steel rod (2 mm
diameter and 50 cm length) as the cathodic collector. Four different
types of commercial unglazed ceramics were utilized to separate the
anodic and cathodic compartments. The abbreviation of Y has been
used for the Yellow ceramic, R for the Red ceramic, UGWC for the
unglazed wall ceramic, and UGFC for the unglazed floor ceramic
membranes, respectively. The MFCs are nominated based on their
ceramic membrane type, followed by the ceramic thickness value in
millimeters. For example, MFC-Y-9 represents the MFC system which
contains the 9 mm thick Yellow ceramic. The data values for two
ceramic types of UGWC, and UGFC have been obtained from the study
of Khalili, Mohebbi-Kalhori, and Afarani (2017), which was imple-
mented a thoroughly identical MFC system with the present research.
The operational conditions of MFC systems include the type and
flowrate of the anodic substrate, temperature, and pH have been
adjusted the same for all the experiments. The un-processed waste-
water from the septic plant of Sistan and Baluchestan University
(Zahedan, Iran) is continuously supplied as the anodic influent
(35± 5 °C), and the penetrated catholyte through the ceramic is aerated
by an aquarium pump, to ensure sufficient oxygen saturation for the
cathodic ORR. The thickness, porosity, and chemical compositions of
ceramic separators are considered as themain influencing parameters
on the overall performance of the MFCs.

The open-circuit voltage (OCV) and the current (obtained from the
closed-circuit voltage [CCV] by inserting the external resistance of
Rext = 100Ω in the circuit and calculated via the Ohm’s Law of I =V/Rext)

are regularly recorded using an automatic data acquisition system
(USB-4704, Advantech Co., Ltd). Polarization tests are carried out
manually by changing the external resistance from 45,000 to 10 Ω and
calculating the current and power densities according to Ohm’s Law
(CD = V/ARext, PD = V2/ARext) normalized by the ceramic separator sur-
face (A). The coulombic efficiency (CE) was calculated by Equation (1):

CE = 8∫
t

0
I   dt

FVaΔCOD
× 100 (1)

where F is the Faraday constant, Va is the volume of the anodic
chamber, and ΔCOD represents the removed COD during the MFC
experiment. The obtained datawere analyzedusingDesign Expert 7.0,
Stat-Ease, Inc. (trial version) program including analyses of variance
(ANOVA) to find out the significant factors among the variables. The
porosity of samples is estimated according to ASTM C373-88 using the
Archimedes method using 3–5 random samples, and the average
values are reported here. The chemical composition of ceramics
is analyzed through X-ray fluorescence analysis (XRF-OXFORD
INSTRUMENTS ED 2000). In addition, structure analysis of ceramics
is performed using the XRD technique (Bruker Advance D8).

Results and discussion

The electricity generation of the ceramic-
based microbial fuel cells

The electricity generation performance of MFCs is the most
critical approach that must be studied carefully. The OCV,

Figure 1: The electricity generation of theMFCs: (A) the open-circuit voltage (OCV), (B) the current generation, (C) the voltage versus the current
density during the polarization test, and (D) the power density versus current density during the polarization test.
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V and current (mA) generation (Rext = 100 Ω) trends of the
MFCs during the time are depicted in Figure 1A and B,
respectively. The number in the parenthesis after the name
of MFCs represents the replications of each experiment.
Each experiment was replicated at least two times and
prolonged for about 350 h. However, since the OCV and
current generation values became relatively stabled after
about 140 h, the period between 0 and 140 h has been
depicted here.

As can be seen, the voltage and current values of all the
MFCs with the 9 mm thick ceramics (MFC-Y-9, MFC-R-9) are
increased rapidly during the first 40 h of experiments, when
the exo-electrogenic bacteria are in the growth phase, and
the electricity generation is enhanced by the formation of
biofilms over the electrodes, consequently. Thereinafter, the
electricity generation of the MFCs did not change signifi-
cantly and almost reached stable values, except for a few
occasional losses owing to the probable sludge clogging.
However, the voltage and current generation have been
postponed between 40 and 60 h for MFC-Y-3, and between
20 and 40 h for MFC-Y-6, then increased gradually after-
ward. The excess diffusion of oxygen through the thinner
ceramics towards the anode chamber, which interferes with
the growth of anaerobic exo-electrogenic bacteria, could be
responsible for the delay.

Comparatively, MFC-R-9 produced higher current
values (2.80 ± 0.58 mA) than MFC-Y-9 (1.91 ± 0.3 mA).
Presumably, due to the better oxygen barrier capability of
the denser Red ceramic than the more porous Yellow
ceramic, which provides an acceptable anoxic environ-
ment in the anode chamber of MFC-R-9. Although
increasing the ceramic porosity improves the proton con-
ductivity of the separator, on the other hand, it could
eventuate in the extra oxygen permeation from the cathode
to the anode compartment, subsequently interfering with
the growth of anaerobic microorganisms in the anode
chamber. Moreover, the CE of MFC-R-9 (38.44 ± 7.61%) is
also higher than the value of MFC-Y-9 (27.58 ± 4.2%).

Furthermore, the average values of the CCV, V and the
power density (PD,mW/m2) versus the current density of the
MFCs during the polarization test are displayed in Figure 1C
and D. The voltages of the MFCs are subjected to the
polarization losses including the activation, ohmic, and
mass transfer losses. As depicted in Figure 1C, a rapid
voltage drop is occurred at the first section of the polariza-
tion curve, i.e., for the low current density part which is
attributed to the activation losses. Thereafter, a nearly linear
decrease in voltage at the middle part of the polarization
curve can be observed owing to the ohmic overpotential in
the MFC systems, which is attributed to the resistance of
internal parts such as the electrodes, current collectors, and

electrolytes. Finally, another rapid voltage drop is taking
place at a high-current density region as a result of faster
anodic substrate oxidation than the rate of electron trans-
portation to the electrode surface, assigned as the mass
transfer overpotential. As can be seen in Figure 1C, MFC-R-9
has higher activation overpotential than MFC-Y-9. Subse-
quently, the ohmic losses is rather similar for these two
ceramic-basedMFCs, but MFC-Y-9 shows a relatively higher
mass transfer losses at the high-current densities compared
to MFC-R-9. Moreover, the comparison of the maximum
power and current densities in Figure 1D reveals the higher
electricity generation performance using 9mm thick Yellow
ceramic (72.54 ± 10.42 mW/m2, 462.22 ± 21.37 mA/m2) than
the values obtained by the Red ceramic with the same
thickness (45.94 ± 5.67 mW/m2, 315.1 ± 27.63 mA/m2).
Though MFC-Y-6 has lower OCV and takes more time to
reach stable conditions, it generates a higher PD than
MFC-R-9, owing to the lesser ohmic resistance of this MFC.
However, MFC-R-9 has outperformed the thinnest Yellow
ceramic (MFC-Y-3) because of uncontrolled oxygen diffu-
sion toward the anode chamber.

Statistical optimization results

MFCs are highly complicated systems that could be influ-
enced by several parameters, including the architecture
design, membranes, electrodes, catalysts, the influent
substrate, and anodic microbial consortia. Moreover, the
MFC performance could be investigated regarding the
distinct and complementary viewpoints like boosting
the electricity generation performance or enhancing the
wastewater treatment capability of the MFC system. In the
present study, the combination of the chemical (ceramic
composition) and physical (thickness and porosity) speci-
fications of different ceramic-ware membranes have been
statistically examined to find themain influencing features
of ceramics on the overall performance of theMFCs. Table 1
shows the critical factors and their experimental levels in
this study. Three levels of 3, 6, and 9 mm have been
adjusted for the thickness of four types of commercial un-
glazed ceramics (with different porosity and chemical
composition) which created four levels for the porosity and
the chemical composition components of the ceramics. The
RSM has been applied for this statistical study. However,
the RSM analysis did not perform based on the commonly
designed experiments like the central composite (CCD),
Box–Behnken, or D-Optimal designs. Therein, the utilized
ceramic membranes have been adopted from the available
unglazed ceramic biscuits in the market and were not
hand-made. Hence, the levels for the porosity and the
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chemical composition factors have been specified based on
the existing characteristics of the commercial ceramic
biscuits. Therefore, the Historical data interface from the
response surface method has been selected that provides
an option for adjusting the levels of RSM factors to the
available experimental data.

Besides, the maximum power density (MPD) and the CE
of the MFCs have been adopted as the responses of the sta-
tistical investigation. As regards, the current generation and
wastewater treatment features of the MFCs are inherently
considered in theCEandpower generationperformance, and
thereby they cannot be perceived as independent responses.
Hence, two distinct ANOVA have been done separately for
theMPD and the CE of theMFCs as themain responses of the
present study. The experimental values of the independent
factors and responses of the present study are exhibited in
Table 2. All the experiments were performed at least two
times and their average values are reported here.

The first response of the statistical analysis:
maximum power density (MPD)

The results of ANOVA for the MPD of the MFCs are pre-
sented in Table 3. The Model F-value of 840.95 implies that
the model is statistically significant. There is a chance of
0.01% that this large quantity of “Model F-Value” could
take place due to noise. Moreover, considering the
“P-value” of less than 0.05 for the variables of Thickness
(A), Porosity (B), SiO2 (C), and Al2O3 (D) contents of ceramic
as well as the interaction terms of AB and AC, reveals their
viable significance on the electrical performance of the
ceramic-based MFCs. The P-value of 0.8736 (P-value>0.05)
for the “Lack of fit” parameter, which compares the resid-
ual and pure errors from the replicated experimental
design points, implies the non-significant lack of fit relative
to the pure error. Furthermore, a highly close value of the

coefficient of determination (R2 = 0.9986) to the unit and
the reasonable agreement of the “Adjusted R2” (0.9974)
and the “Predicted R2” (0.9563) corroborated the accept-
able correlation of the observed and predicted values.
Further, the “Adequate Precision” of 80.489, implies an
adequate signal-to-noise ratio. Overall, the obtainedmodel
can reliably be employed to navigate the design space.
Finally, the following mathematical expressions were
produced from the statistical analysis to exhibit the cor-
relation between the MPD and the significant factors of the
analysis, in terms of the codded (Eq. (2)) and the actual
values of parameters (Eq. (3)):

MPD = 62.63 − 20.07 × A + 552.38 × B + 156.50 × C

+ 498.78 × D + 38.39 × A × B + 29.70 × A × C (2)

and

MPD = −5135.73 − 236.30 × t + 48.90 × p + 28.73 × Si

+ 163.54 × Al + 1.32 × t × p + 2.93 × t × Si (3)

where t, p, Si, andAl represent the thickness (mm), porosity
(%), SiO2 (w/w%), and Al2O3 (w/w%) contents of ceramic
membranes, respectively.

The normality assumption is estimated by constructing
a normal probability plot of the residuals. Here, the linearity
of the normal probability plot for the MPD confirms an
acceptable normal distribution of errors in this statistical
investigation (Figure 2A). Moreover, a close agreement
between the experimental results and the predicted values
by the model indicates the adequacy of the model equation
for the prediction of MPD values in the design criteria
(Figure 2C). Also, including the internally studentized
values between the lateral cutoff values of 3 and −3 shows
no outlier in the residual values (Figure 2B). The Box-Cox
plot shows the natural logarithm (ln) of the residual sum of
square (SS) against lambda, with the current value of 1.0
and the optimumvalue equal to 1.4 (Figure 2D). Considering

Table : The main factors and the experimental levels of them used in the present statistical investigation.

Type of variable Variables Symbol Experimental variable levels

Physical specification Thickness (mm) A   

Porosity (%) B . . . .
Chemical ceramic composition SiO (w/w%) C . . . .

AlO (w/w%) D . . . .
FeO (w/w%) E . . . .
KO (w/w%) F . . . .
CaO (w/w%) G . . . .
MgO (w/w%) H . . . .
TiO (w/w%) J . . . .
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the lambda value is placed in the confidence interval region
(the minimum and maximum confidence interval values of
0.52 and 1.89, respectively) that is very close to the optimum
value, the data do not require any transformation based on
the Box-Cox plot.

The second response of the statistical
analysis: coulombic efficiency (CE)

The results of ANOVA analysis for the second response,
i.e., CE of the MFCs, demonstrates the significant effect
(P-value<0.05) of Thickness (A), Porosity (B), SiO2 (C), and
Al2O3 (D) content of ceramic separators. As demonstrated
by Table 4, none of the interactions between the parame-
ters has any significant influence on the CE of the MFCs.
The F-value of 30.90 accompanied by the P-value of lower
than 0.0001 has implied the model significance. In other
words, there is only a 0.01% probability that the high
“Model F-Value” could occur due to noise. Moreover, the
P-value of 0.1774 for the “Lack of Fit” exhibits the not
significant lack of fit relative to the pure error, and there is a
17.74% chance that the F-value of 2.44 could happen as a
result of noise. Also, the highly adjacent values of R2

(0.9321) and Adjusted R2 (0.9019) to the unit, accompanied
by a reasonable agreement of Adjusted R2 with the pre-
dicted R2 (0.8590), demonstrate a good correlation of the
actual and predicted values obtained by the model.
Furthermore, the large value of adequate precision (16.238)
indicates a competent signal-to-noise ratio.

Finally, the following mathematical correlations were
derived to predict the relationship between the CE of MFCs
and the significant influencing parameters of “Thickness”
(A), “Porosity” (B), “SiO2” (C), and “ Al2O3” (D) contents of
ceramic membranes, regarding the coded (Eq. (4)) and the
factual factors (Eq. (5)):

CE= 23.98+6.87×A+ 104.85×B+29.09×C+98.92×D (4)

CE=−1252.15+2.29× t+ 10.78×p+8.61×Si+32.43×Al (5)

where t, p, Si, and Al, abbreviations respectively show
the thickness (mm), porosity (%), SiO2 (w/w%), and Al2O3

(w/w%) contents of ceramic separators.
Furthermore, the diagnosis plots for the CE response of

the present study are inquired to ensure the sufficiency of
model correlation. Firstly, the almost linear normal proba-
bility plot authenticates the assumption of normally
distributed errors (Figure 3A). Besides, the internally stu-
dentized residuals have values between 3 and −3
(Figure 3B), and reasonable conformity of the experimental
values with the predicted ones indicates the admissibleTa
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correlation of the model in the design criteria (Figure 3C).
The Box-Cox plot for the equationmodel of CE demonstrates
that the current value of lambda (equal to 1.0) is adjacent to
the optimumvalue of 0.87, and is included in the confidence
interval region (between the −0.14 and 1.7), thereby no
transformation is needed for the data (Figure 3D).

Wastewater treatment efficiencies

The wastewater treatment performance of the MFCs has
been estimated based on the BOD and COD removal ratios.
The influent wastewater was similar for all the MFCs, with
the average influent COD and BOD of 1200 ± 95 and

Table : The results of ANOVA analysis for the first response of statistical investigation (MPD).

Source Sum of Squares df Mean Square F-value P-value Sig

Model .E+  ,. . <. Significant
A-thickness .  . . .
B-porosity ,.  ,. . <.
C-SiO ,.  ,. . <.
D-AlO ,.  ,. . <.
AB .  . . <.
AC .  . . <.
Residual .  .
Lack of fit .  . . . Not significant
Pure error .  .
Cor total .E+ 

R = . Adj R = .

Values in italics: (A) is the thickness of ceramic separator, (B) is the porosity of the ceramic membrane, (C) represents the silica contents of
ceramic separator, and (D) indicates the AlO concentration in the ceramic separators.

Figure 2: The diagnosis plots for the first model response of MPD: (A) the normal probability plot, (B) the internally studentized residuals
versus the predicted values, (C) the predicted versus actual values, (D) the Box-Cox plot.
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540 ± 24 mg/l, respectively. From Table 5, the highest BOD
and COD removal efficiencies are acquired using the yellow
ceramic membrane (more than 85% removal of both the
COD and BOD). Subsequently, the dense floor ceramics,
including the Red ceramic and UGFC, are in the second
place by more than 80% removal of COD and BOD. Finally,
the most porous ceramic membrane, i.e., UGWC, acquired

the lowest wastewater treatment efficiency amongst all the
ceramic membranes.

Moreover, the treatment proficiency was more or less
enhanced by decreasing the wall thickness of the ceramic
membranes, particularly for the UGWC and the yellow
ceramics. This augmentation of substrate removal effi-
ciency may be related to the addition of aerobic cathodic

Table : The analysis of variance (ANOVA) for the second response (CE) of the statistical investigation.

Source Sum of squares df Mean square F-value P-value

Model .  . . < . Significant
A-thickness .  . . .
B-porosity .  . . < .
C-SiO .  . . < .
D-AlO .  . . < .
Residual .  .
Lack of fit .  . . . not significant
Pure error .  .
Cor total . 

R = . Adj R = .

Values in italics: (A) is the thickness of ceramic separator, (B) is the porosity of the ceramic membrane, (C) represents the silica contents of
ceramic separator, and (D) indicates the AlO concentration in the ceramic separators.

Figure 3: The diagnosis plots for the second model response of CE: (A) the normal probability plot, (B) the internally studentized residuals
versus the predicted values, (C) the predicted versus actual values, (D) the Box-Cox plot.
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degradation to the anaerobic mechanism of substrate
elimination due to the higher permission of substrates
through the thinner ceramic separators. In this respect,
Winfield et al. (2013) reported that increasing themoisture
transmission to the cathode surface via the clayware
membranes was consequently amended the wastewater
treatment proficiency of air-cathode MFCs.

The investigation of the effect of prominent
factors on the performance of MFCs

The thickness of ceramic separators

The thickness of ceramic membrane has been investigated
in several MFC studies (Salar-García et al. 2019; Winfield
et al. 2016; Yousefi, Mohebbi-Kalhori, and Samimi 2017).
The higher thickness of ceramic resulted in the increment
of the distance between the anode and the cathode elec-
trodes, thereby increasing the ohmic losses of MFCs.
However, some researchers reported that the thicker
ceramic membrane did not necessarily cause lower elec-
trical productivity in the MFC systems. In this respect,
Winfield et al. (2013) indicated that the MFC with the
thicker earthenware separator outperformed the thinner
terracotta membranes owing to the greater water absorp-
tion capacity, which can significantly assist the proton
conductivity of the earthenware membrane. Similarly, the
investigation of the performance of ceramic-based MFCs
using the EIS analysis confirmed that raising the thickness
of ceramic separators has not an inevitably adverse effect
on the electricity generation yield of MFC systems.
Although the utilization of the thicker ceramic increased
the ohmic resistance, the charge transfer resistance was
decreased compared to the values obtained by thinner

ceramics, probably owing to the superior oxygen barrier
capability and hence the better accommodation of the
anodic biofilm in the case of the thicker ceramicmembrane
(Yousefi, Mohebbi-Kalhori, and Samimi 2019).

In the present study, the statistical results indicate
the significance of ceramic thickness on power production
(P-value = 0.0006) and CE (P-value = 0.0126) of the MFCs.
However, a comparison of the P-values for all the influ-
encing parameters cleared that the importance of thickness
(A) is lower than the other parameters, including the
porosity (B), the SiO2 (C), and Al2O3 (D) contents of the
ceramic membranes (Tables 3 and 4).

Figure 4 exhibits the thickness effect of different
investigated ceramics on the MPD and CE of MFCs. As can
be seen, the performance of different ceramic types has not
similar trend regarding their thicknesses. The MPD and CE
of MFC-Y (ceramic porosity of 28.9%) are amended from
43.09 to 56.91 mW/m2, and from 11.1 to 27.6%, respectively.
Similarly, for the most porous unglazed wall ceramic
(UGWC, porosity of 30.45%), both MPD and CE responses
are enhanced from 225.07 to 321.11 mW/m2 and from 51% to
68%, respectively, by increasing the ceramic thickness
from 3 to 9 mm. Likewise, the current densities of these
extensively porous ceramics are boosted, from 359.91 to
473.26 mA/m2 for MFC-Y and from 1067.7 to 1433.89mA/m2

for MFC-UGWC, by thickening of the ceramic membranes.
While for the denser unglazed floor ceramic (UGFC,
porosity of 11%), both the MPD and CE values have been
reduced from 106.89 mW/m2 and 29% to 57.65 mW/m2 and
18.3%, respectively, by elevating the ceramic thickness
from 3 to 6 mm. These differences in the MFC performance
alteration regarding the ceramic thickness are probably
related to the different oxygen blockage capabilities of
ceramics with distinct porosities. In such a way that
elevating the ceramic thickness of highly porous ceramics

Table : The wastewater treatment efficiencies of the MFCs.

MFC Ceramic
membrane

Thickness (mm) COD-out (mg/l) COD removal (%) BOD-out (mg/l) BOD removal (%) Reference

MFC-Y- Yellow
ceramic

  .  . Yousefi, Mohebbi-Kalhori,
and Samimi ()

MFC-Y- Yellow
ceramic

  .  .

MFC-Y- Yellow
ceramic

  .  .

MFC-R- Red ceramic   .  . This study
UGWC- UGWC   .  . Khalili, Mohebbi-Kalhori,

and Afarani ()UGWC- UGWC   .  

UGWC- UGWC     .
UGFC- UGFC   .  .
UGFC- UGFC   .  .
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limited the oxygen transmission through the membrane,
hence the MFC performance was improved as a result of
providing a more anoxic anodic compartment. Whereas in
the case of the denser ceramic separator with tolerable
oxygen barrier ability, the overall performance of the MFC
has been diminished owing to raising the electrode’s dis-
tance and ohmic resistance by amplifying the thickness.

The porosity of ceramic separators

The selection of appropriate porosity for the ceramic
separator is of great importance for the efficient perfor-
mance ofMFCs. Though the employment of a highly porous
ceramic membrane may result in excess oxygen and sub-
strate leakage between the MFC chambers, it could ensure
an adequate proton transfer through themembrane via the
vehicular mechanism.

Though a highly porous ceramic separator may result
in excess oxygen and substrate leakage between the MFC

chambers, having a ceramic with sufficient porosity can
ensure an adequate proton transfer through themembrane
via the vehicular mechanism (Yousefi, Mohebbi-Kalhori,
and Samimi 2017). In this context, Ghadge and Ghangrekar
(2015) reported that the very porous clayware separator
produced an inadequate CE and volumetric PD owing to
the uncontrolled oxygen and substrate crossovers between
the MFC chambers. In contrast, Pasternak et al., who
studied the performance of four different ceramics as the
separator of MFCs, observed the lowest power productivity
for the most compact membrane (Alumina, porosity <1%).
Besides the insufficient proton conductivity of the Alumina
membrane, it has an extremely low porosity which hinders
the water hydration of the air-cathode surface, and sub-
sequently, the overall MFC performance was declined
(Pasternak, Greenman, and Ieropoulos 2016).

In the current study, the results of the statistical anal-
ysis confirmed the significant effect of porosity on the power
production (P-value<0.0001) and theCE (P-value<0.0001) of

Figure 4: The effect of ceramic thickness
on the maximum power density (MPD
(mW/m2), columns in the chart, left axis)
and the coulombic efficiency (CE [%],
dashed lines in the chart, right axis) for
three different ceramic types (Yellow
ceramic, MFC-Y, Red columns, and lines),
unglazed wall ceramic (UGWC, blue col-
umns, and purple lines), and unglazed
floor ceramic (UGFC, green columns, and
lines)).

Figure 5: The effect of ceramic porosity on the
maximumpower density (MPD, the columns
in the chart, left axis) and the coulombic
efficiency (CE [%], red dashed lines in the
chart, right axis); different porosities are
attributed to distinct ceramic types: the Red
ceramic (MFC-R, 21.45%), the Yellow
ceramic (MFC-Y, 28.94%), and the unglazed
wall ceramic (UGWC, 30.45%).
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MFCs (Tables 3 and 4). Figure 5 depicts the effect of different
porosities of ceramics on theMFCperformance. The value of
MPD ismarginally enhancedby increasing theporosity from
21.45% (for the Red ceramic) to 28.94% (for the Yellow
ceramic), subsequently, it has been ascended sharply for
higher porosity of 30.45% (for UGWC). The CE of the MFCs
has a rather similar trend, except for the minor decrease for
the yellow ceramic (28.94%). However, it must be consid-
ered that these different porosities are attributed to the
various ceramics with dissimilar chemical compositions
and specifications. Therefore, the overperformance of the
UGWC compared to the other ceramics may ascribe to its
different chemical composition and proton conductivity,
not to its higher porosity.

The chemical composition of ceramic membranes

The chemical composition, type, and amount of clay min-
erals that have been used for ceramic production have an
inevitable effect on the applicability of ceramics as the

membrane of MFCs. The total amount of exchangeable
cations in the soil, i.e., the cation exchange capacity (CEC),
is directly correlated with the proton conductivity of
ceramic membranes. The results of statistical analysis
indicate that the concentration of SiO2 (C) andAl2O3 (D) has
a significant effect (P-value<0.0001) on the power genera-
tion and the CE of theMFCs.While, the concentration of the
other components, including Fe2O3, K2O, CaO, MgO, and
TiO2, does not recognize as significant parameters (Tables 3
and 4). Therefore, the relative importance of the silica and
aluminum contents on the proton conduction rate of ce-
ramics, consequently, on the overall performance of MFCs,
is revealed.

In this respect, Ghadge et al. (2014) observed that the
ceramic made of the red soil (rich in aluminum and silica)
generated a higher volumetric PD compared to the black
soil clayware (containing more calcium, iron, and mag-
nesium). Pasternak, Greenman, and Ieropoulos (2016)
have investigated the applicability of four distinct ceramics
as the MFC separators. They obtained higher power

Figure 6: The effect of SiO2 and Al2O3

contents of ceramic membranes on the
maximum power density (MPD (mW/m2),
the blue columns in the charts, left axis)
and the coulombic efficiency (CE [%], red
dashed lines in the charts, right axis); (A)
Thickness = 9 mm, (B) Thickness = 6 mm.
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proficiency for the Earthenware and pyrophyllite ceramics
which contained more silica concentrations. Moreover,
Raychaudhuri et al. employed the modified clayware
ceramic membranes with different silica contents. They
gained not only a higher volumetric PD (60.4%) and CE
(48.5%) for themodified ceramics (30% silica) compared to
the bare clayware membrane, but also the COD and phenol
removal efficiencies had inevitable improvements, subse-
quently. They concluded that the addition of hygroscopic
silica modifiers enhanced the hydration properties and
thereby the proton conductivity of soil which has a critical
role in lowering the internal resistance and boosting the
power productivity of theMFCs (Raychaudhuri, Sahoo, and
Behera 2021). Cheraghipour et al. studied the effect of
SiO2 addition into two samples of acid-leached and un-
processed native soil implemented for ceramic fabrication.
The augmentation of non-leached Kalporgan soil with 30%
SiO2 eventuated an extreme decrease in internal resistance
from 977.36 to 115.96 Ω, boosting the power density by 15
folds and improving the CE from 27 to 79%. However,
considering the supereminent increase in the micro-
porosity of the ceramic during the acid leaching modifi-
cation, the addition of silica did not show a drastic
enhancement of the MFC performance in the case of the
acid-leached soil (Cheraghipoor et al. 2021).

The effect of ceramic composition on theMPD and CE of
the MFCs with different thicknesses of 9 mm and 6 mm are
represented in Figure 6A and B. Seemingly, theMPD and CE
values did not alter significantly (P-value<0.05) by the in-
crease of SiO2 content of ceramics from 65.70 to 68.46%, but
further increasing the SiO2 weight percent to 72.46%, obvi-
ously enhanced theMPDand the CEof theMFCs for both the
9 and 6mm thick ceramics. The investigation of the slope of
polarization curves for theMFCswith different SiO2 contents
(Figure 1C and D) revealed that increasing the silica content
of ceramics resulted in the decrement of internal resistance
(Table 2), probably owing to the enhancement of proton
conductivity. The internal resistance of 635.2 Ω for the Red
ceramic (MFC-R, 9 mm) with the lowest silica content
(65.7 w/w%) has been reduced to the value of 559.3Ω for the
Yellow ceramic (MFC-Y, 9 mm) with 68.46 w/w% of silica.
Further increment of SiO2 content to 72.46 w/w% for the
UGWC eventuated in the lowest internal resistance of
100.6 Ω among the 9 mm thick ceramics. This reduction of
internal resistance may attribute to the elevated proton
conductivity of ceramic separators because of a higher
amount of SiO2 in the ceramic composition. However, the
definite influence of the silica content of ceramics on the
internal resistance constituents, i.e., the ohmic, the charge
transfer, and the diffusional impedances, could be deter-
mined using EIS analysis.

Conclusions

The combined effect of prominent physical and chemical
specifications of ceramics on the power production and CE
of MFCs has been investigated by ANOVA analysis. The
thickness and porosity of ceramics and the concentration
(w/w%) of SiO2 and Al2O3 are statistically significant
(P-value <0.05). While, the concentration of other compo-
nents of ceramics (including the Fe2O3, K2O, CaO, MgO, and
TiO2) have no significant contribution to the power pro-
ductivity and CE of the MFCs with 95% confidence. More-
over, the interactions between the thickness and porosity
(AB) andbetween the thickness andSiO2 content of ceramics
(AC) havea significant effect on thepower generationofMFC
systems. Increasing the thickness for highly porous ceramic
membranes, i.e., MFC-Y (the porosity of 28.94%) and UGWC
(30.45% porosity), improved the power production and CE
due to the delimitation of the excess oxygen transportation
through the ceramic pores providing a more anaerobic
anodic environment for the growth of exo-electrogenic
bacteria. Whereas, raising the thickness of the densest
ceramic (UGFC, the porosity of 11%) was decreased the
power production and CE of the MFC systems, owing to
the unnecessary increasing the electrode distance. Further-
more, increasing the SiO2 content and simultaneously
reducing the Al2O3 concentration of ceramics was
immensely improved the MFC performance regards both
power generation and CE.
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