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Optimizing hybrid microbial fuel cell (MFC) and aerobic digestion reactor
to gain simultaneous electricity generation and effective sludge digestion:
an experimental study, mathematical modeling and recent achievements
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ABSTRACT

Hybrid technologies have fascinated elevating attention globally. In this study, a microbial fuel cell
(MEC) and an aerobic sludge digestion reactor have been combined to each other with the aim of
generating direct electricity from municipal wastewater sludge simultaneous with its aerobic diges-
tion. The optimal conditions for operational parameters of the processes have been determined
using response surface methodology (RSM). The performances of both digestion and electricity
generation process have been investigated comprehensively and the validity of the models have
been evaluated by experimental investigations. According to the results, the optimal conditions for
the merging MFC performance are 35.87°C + 2°C, 7.27 + 0.5, and 53.08% + 2% for temperature, pH
value of the cathode chamber, and the primary sludge content of the influent, respectively. In these
conditions, the MFC is able to remove about 45.81% =+ 2% of the volatile suspended solid (VSS)
content of the feed sludge and generate 8,950 + 50 mW/m? electrical power density.

Keywords: Optimization; Response surface methodology (RSM); Sludge management; Electricity
generation; Aerobic stabilization

1. Introduction of circular economy and environmental management con-
cepts on waste materials, studies are carrying out to convert
the potential energy of waste matters into useful forms of
energy like electricity simultaneous with their digestion or
disposal operations [6-12].

Also, increasing concerns about the environmental con-
tamination by the discharge of the continuously growing
amounts of waste materials (like sewage sludge) into the
environment has accelerated investigations to control the

Attention to environmental issues has been gradually
increased in recent decades considering economic, ecologi-
cal, and social responsibilities in order to reduce the impacts
on the environment [1,2]. In this regard, endeavors have
been concentrated on concepts like the circular economy
which considers three principles, that is, to reduce, to reuse,
and to recycle [1-5]. Therefore, considering the perspective
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side effects of these waste products and simultaneously,
reuse them [13-15]. As mentioned before, sewage sludge is
one of the main waste materials which is generated during
conventional wastewater treatment processes in significant
quantities daily and contains noticeable amounts of organic
and inorganic contaminants [16,17]. Normally, there are
several energy generation methods from sewage sludge,
relating to various digestion and/or stabilization processes
[18-20]. Conversion of the potential biochemical energy of
waste materials like sewage sludge directly to electricity via
the catalytic reactions of bio-electrochemical microorgan-
isms is another approach of generating bioenergy which has
been attracted the attentions, recently. Generating electricity
in these systems is carried out by microorganisms through
various steps [18,21-29].

Regardless numerous studies, carried out on generating
direct electricity from biomaterials, there is not categorized
reliable data about the effect of operational parameters in
cases on the performance of these systems. Furthermore,
the performed assessments are carried out in different situ-
ations, resulted a noticeable variation in the reported results
for parameters in each situation. Thus, the determination
of the effect of operational conditions on the performance
of bioelectrical systems in order to design industrial plants
using the available different data is considerably compli-
cated. Also, they have investigated only the primary and/
or secondary sludge or their mixture as the reactor influ-
ent without evaluating the ratio of primary and secondary
sludge in the mixture. According to carried out studies
on the energy content of unknown organics in municipal
wastewater streams, 66% of the energy entering the plant
is captured in the primary sludge and the primary sludge
had a higher energy content of energy than secondary
and anaerobically digested sludge [24,30]. According to
the exclusive characteristics of merging microbial fuel cell
(MFCs), circular economy, and hybrid systems, in this study,
the process of producing electricity, directly from munici-
pal wastewater sludge (which contains both primary and
secondary sludge) has been investigated during its aerobic
digestion and the operational parameters of the processes
have been optimized. In our previous studies [14-16], we
have evaluated the performance of a two-chambered MFC
and tried to optimize its behavior in various temperatures
and pH values (as operational parameters) by response
surface methodology (RSM) and artificial neural network
(ANN). In the actual conditions, the sewage sludge in the
wastewater treatment plants contains both primary and
secondary sludge (mixed with each other), the recently
done studies have not investigated the effect of their ratio
in the mixed sludge on the electricity generation perfor-
mance of MFCs or the digestion process in the digesters.

Table 1
Characterizations of the utilized primary and secondary sludge

Thus, in this study, we added the ratio of primary sludge
to secondary sludge (PS/TS) as another determining oper-
ational parameter. Considering the results of our previous
evaluations, the active microorganisms in the studied sys-
tem are mesophilic aerobic bacteria and the amount of the
primary sludge in the feed of the MFC is imperative in its
performance in removing volatile suspended solid (VSS)
as well as generating electricity. Therefore, due the notice-
able differences between primary and secondary sludge
chemical and microbial characterizations, we have consid-
ered the amount of the primary sludge in the sewage sludge
composition integrated with other operational parameters
like pH and the temperature.

In order to optimize the results of the study, RSM has
been used to develop a mathematical correlation between
operational parameters of the MFC and the generated
electrical power density and the VSS removal efficiency as
its responses. RSM is a reliable method in order to design
experiments, evaluate the relationship between independent
variables and responses individually as well as their inter-
action with each other. Moreover, it is able to optimize the
process conditions with a defined amount of experiments,
statistically [31-37].

2. Materials and methods
2.1. Sewage sludge collection, experimental setup, and chemicals

The primary and secondary sludge samples were
collected from Tehran southern municipal wastewater treat-
ment plant which treats 450,000 m* d™ municipal waste-
water (Tehran, Iran). Table 1 represents the properties of
the studied primary and secondary sludges.

Considering the huge amount of this plant’s influ-
ence and the variations of the wastewater quality during
the day and nights, we benefitted hybrid samples which
were prepared from about 12 sampling process per 24 h.
The quality of each hybrid sample was determined before
each test and prior to inserting into the chambers of the
MEFC. The sludge samples were blended to be homoge-
nous-enough prior to being charged into the chambers of
the MFC. All of the experiments, pilot studies, data collec-
tion, and investigations were performed in a laboratory
scale, two-chamber MFC. Fig. 1 represents the schematic
view of the utilized MFC setup as well as the reactions
of its different parts. According to Fig. 1, MFC has been
formed from anode and cathode chambers, connected to
each other by a proton exchange membrane (PEM) (Nafion
TM 117, Dupont Co., USA). The volume of chambers was
about 2,500 mL and the net volume of them adjusted to
2,000 mL. The chambers contained three graphite electrodes

Item pH Temperature (°C) Total COD* VSS? (mg/L) TSS* (mg/L)
Primary sludge 6-7.2 18-25 9,500-15,500 7,200-9,000 10,000-14,500
Secondary sludge 6.5-7.5 18-25 6,500-11,400 4,500-5,500 6,200-8,900

“Chemical oxygen demand; "Volatile suspended solids; ‘Total suspended solids.
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Fig. 1. Utilized microbial fuel cell (MFC) and the anodic and cathodic reactions in its chambers [14].

which were fixed 30 mm apart from each other. The length,
width, and thickness of the electrodes were equal to 200,
40, and 1 mm, respectively. One aerator has been fixed in
the bottom of the cathode chamber and another one has
been placed longitudinally parallel to its electrodes with the
same height. Also, a magnetic bar has been used to mix the
content of the anode chamber. In order to keep the volume
of the mixed liquid in the reactor unchanged, deionized
water was supplied at times to compensate for the volatil-
ized water by mixing or aeration. The electrodes in both
chambers were connected to each other as well as an exter-
nal resistance (R) using copper wire. Each run of the exper-
iments took long about 120 h (5 d). A precision multimeter
has been utilized (2,700, Keithley, OH, USA) with a voltage
across resistor recorded every 30 min intervals and a data
acquisition system connected to a computer. The determina-
tion of VSS carried out on the prepared sample, containing
equal parts of the samples obtained from the bottom, middle,
and top of each chamber. The experiments were conducted
according to the American Public Health Association [38].
All of the chemicals, used in this study have been pro-
vided by Merck® Co., Germany. The pH adjustments in both
chambers have been performed by sulfuric acid (H,SO,,
98%, 0.3 M) and caustic soda (NaOH; 0.5 M). The tempera-
ture of the reactor has been set on the designed values by
a ventilated heating/cooling cabin. At the initial point,
acetate, and glucose were entered over the sludge in the
anode chamber to help the bio-electrochemically activated
microbial community to prevail. The amounts of acetate
and glucose were about 1.5% and 3% the VSS of the influ-
ent sludge, respectively. The VSS removal efficiency of the
process has been evaluated in various operational condi-
tions, to represent the aerobic digestion process. Also, the
generated electricity was controlled using the measured
voltage and the current density. This data used to calculate
the generated electrical power density. Egs. (1) and (2) show

the relations that have been used for calculation of the VSS
removal efficiency [39] and the generated electrical power
density [40], respectively.

VSS v sludge _VSS reated sluage
VSS Removal Efficiency, % = ( (raw sludge) (treated sludg )) x 100
VSS( o
raw sludge)
(1)
V<1
P=2"241,000 )]

a

In Eq. (2) P is the power density (W/m’), V is the
measured voltage of the process, I is the current den-
sity (mA/m?), and V is the net volume of the liquid in the
anode (m®). Implementation of the process in various
operational situations was controlled under open circuit
conditions (OCP). Polarization curves were established
by determining the voltages obtained with different exter-
nal resistors (10-1,500 Ohms) after the voltage stabilizing.
Also, in order to obtain polarization curves, linear sweep-
ing voltammetry (LSV) analysis has been used with the
employed scan rate of 0.1 mV/S from the anode open circuit
potential (OCP) to the minimum cell potential. In order to
keep the effect of the DO on the cathodic chamber’s process
constant, he tried to keep the concentration of the dissolved
O, close to the saturation level during the process using
aerators in this chamber.

2.2. Experimental design and data analysis

RSM is a practical technique in outreach, performance
optimization, and design improvement of new processes
and product formulations. The central composite design
(CCD) which is introduced first by Box and Wilson in 1951,
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is an effective design method for sequential experimenta-
tion [37]. The responses are related to the selected param-
eters by linear or quadratic models in the optimization
process. Eq. (3) demonstrates a quadratic model, which
also includes the linear model [14]:

k-1

z=x, +ZK:(x7y/.)+ZK:(xﬁy?)+z i (xi/.yiyj)-i—ei 3)

j=1 j=1 i=1 j=i+1

where z demonstrates the response, y, and y, variables
(i = 1-k), x, the constant coefficient, x, X and X, ( and
j = 1-k), interaction coefficients of linear, quadratic, and
the second-order terms, respectively, k, the number of
independent parameters and finally, ¢, the error.

In this study, the CCD with three factors was applied
by Design Expert 10.0. The independent variables and
their ranges and levels have been shown in Table 2.

Table 2
Levels and ranges of the Independent variables for the CCD ex-
periment

Variables Ranges and levels
-2 -1 0 1 2
Temperature, °C 5 20 35 50 65
pH 3 5 7 9 11
PS/TS, % 100 75 50 25 0
Table 3

These parameters have been chosen because of their
noticeable influences on electricity generation and aerobic
digestion processes [41-45].

The ranges and levels have been determined considering
the results of the preliminary experiments and the reported
results by literature [19,42-47]. Experimental conditions
of CCD runs of Design Expert 10.0 and its corresponding
responses have been demonstrated in Table 3.

First five columns of Table 3 show runs order (con-
sidering standard deviation) and the experimental con-
ditions, determined by the CCD. The last two columns
represent the VSS removal efficiency and the generated
electrical power density as process outputs. All the exper-
iments were done in triplicate and the results eventuated
from replicate analyses. The values reported for the VSS
removal efficiency are the average of both chambers of the
MFC. Also, the values of the generated electrical power
density are the peak value of the recorded data from
the initiating point of each run till its finishing.

3. Results and discussion
3.1. Experimental results evaluation by Design Expert

As previously mentioned, in order to evaluate the
interactive impacts of operational parameters on responses,
experiments were carried out under various operational con-
ditions, designed by CCD method. If the achieved ratio of the
maximum value of the proposed functions to their minimum
is more than 10, the approximation obtained by these

Experimental conditions of central composite design (CCD) runs of Design Expert and the corresponding responses

Factor 1 Factor2  Factor 3 Response 1 Response 2
Std Run A: Temperature, °C ~ B: pH C: PS/TS, % VSS removal efficiency, %  Power density, mW/m?
6 1 35 7 100 39.83 7,000.74
7 2 65 7 50 10.13 592.8
1 3 17.2 9.4 20.3 22.87 1,418.29
14 4 35 7 50 46.66 6,289.13
9 5 35 11 50 24.98 3,019.82
10 6 52.8 9.4 20.3 24.71 1,801.28
4 7 52.8 4.6 20.3 19.87 1,951.79
19 8 17.2 4.6 16.4 16.38 1,321.82
18 9 35 7 50 51.68 4,601.21
11 10 35 7 20.3 43.36 6,293.12
17 11 17.2 4.6 50 22.14 987.05
13 12 35 7 20.3 46.39 6,292.32
2 13 35 7 50 46.42 6,287.04
20 14 35 7 50 46.33 6,290.17
5 15 5 7 50 3.93 302.89
12 16 52.8 9.4 79.7 18.39 1,596.14
16 17 52.8 4.6 79.7 18.03 3,021.33
15 18 35 3 50 413 371.86
8 19 35 7 50 46.17 6,301.10
3 20 17.2 9.4 79.7 16.76 1,981.31

“TS=PS+SS
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functions will be accurate to predict the system’s behavior
[14,36]. Regarding Table 3, the range of the objective func-
tions responses are from 3.93 to 51.68 for the VSS removal
efficiency and 302.89 to 7,000.74 for the generated electri-
cal power density. These values generate 13.15 and 23.12
as the maximum to the minimum ratio for the responses
which are more than 10. So, all attainable transformations
were tried in the program to enhance the model’s prediction
ability. The VSS removal efficiency and the generated elec-
trical power density data were fitted to two quadratic models.

Closer values of R* to 1 ensure a sufficient correlation
between the data derived from the experiment and the
model [32]. In this study, the considerably high values of
the adjustment coefficients of the models (R, = 0.9530 and
0.9185 for the VSS removal efficiency and the generated elec-
trical power density, respectively), proved that the models
are appropriate to describe the relation of operational con-
ditions and responses with high precision. Table 4 shows

the ANOVA test results for the proposed model of VSS
removal efficiency. Also, Table 5 demonstrates this data
for the generated electrical power density of the reactor.
As demonstrated by the tables, p-values of the models were
determined less than 0.0001 for the VSS removal efficiency
and the generated electrical power density, respectively.
This value is remarkably lower than the desired limit (0.05)
and confirms that these models are remarkably reliable in
being utilized for prediction of the process behavior in
different operational conditions.

According to the results of the optimization process in
Design Expert software, the items that marked by “*” in
Tables 4 and 5 have a negligible role in the final approxi-
mation equations. The noticeably low values of their coef-
ficients in the final equations prove this fact. The resulted
quadratic approximation functions from the models for
the VSS removal efficiency and the generated electrical
power density are shown in Egs. (4) and (5).

(VSS removal efficiency)"' = ~181.210 + (4.772 x Temperature) +(46.998 x pH) - (0.0321x (PS/TS ) ) +

(0 018 x Temperature x pH) (1 420 x Temperature x (PS/TS)) - (0.014 x pHx (PS/TS)) - @
(0 070 x (Temperature ) ) (3 216 x(pH) ) ((7.678E ~4)x (PS/TS)Z)

(Electrical power density)'” =-707.512 +(19.000 x Temperature) + (154.637 x (pH)) + (1.736 x (PS/TS ) ) -
(0.306 x Temperature x pH) — ((2.12E - 3) x Temperature x PS/TS) ~ (0.068 x pH x PS / TS) - (0.230 x Temperature *) - ®)

(9:637 % pH®)~((7.637E ~3)(PS/TS)' |

The positive signs in front of the terms indicate synergistic and the negative signs show antagonistic effects in
the equations. Overall, regarding Table 3, Eqs. (4) and (5), the VSS removal efficiency and the generated electrical
power density at designed experimental conditions can be predicted by the models. Fig. 2 shows the comparison of the

response values obtained from prediction and experiments.

Table 4
ANOVA test results for the VSS removal efficiency

Response: 1 Transform: power Lambda: 1.11 Constant: 0
Source Sum of squares df Mean square F-value p-value (Prob. > F) Clarification
Model 11,584.23 9 1,287.14 43.79 <0.0001 Significant
A-Temperature 26.61 1 26.61 0.91 0.3638" -

B-pH 273.78 1 273.78 9.32 0.0122 -

C-PS/TS 301.64 1 301.64 10.26 0.0094 -

AB 4.47 1 4.47 0.15 0.7048° -

AC 4.54 1 4.54 0.15 0.7027° -

BC 7.97 1 7.97 0.27 0.6138° -

A? 7,115.59 1 7,115.59 242.10 <0.0001 -

B? 4,770.18 1 4,770.18 162.30 <0.0001 -

c? 6.64 1 6.64 0.23 0.6448° -

Residual 293.91 10 29.39 - - -

Lack of fit 271.73 5 54.35 12.25 0.0078 -

Pure error 22.18 5 4.44 - - -

Cor. total 11,878.14 19 - - - -

“Negligible effect on the model equation.
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Table 5
ANOVA test results for the generated electrical power density

Response: 2 Transform: power Lambda: 0.63 Constant: 0
Source Sum of squares df Mean square F-value Prob.>F Clarification
Model 1.173E+005 9 13,028.44 24.81 <0.0001 significant
A-Temperature 1,383.57 1 1,383.57 2.63 0.1356" -

B-pH 2,402.70 1 2,402.70 4.57 0.0581 -

C-PS/TS 2,136.85 1 2,136.85 4.07 0.0713 -

AB 1,352.86 1 1,352.86 2.58 0.1396° -

AC 10.11 1 10.11 0.019 0.8924° -

BC 186.31 1 186.31 0.35 0.5647° -

A? 76,939.90 1 76,939.90 146.50 <0.0001 -

B? 42,830.12 1 42,830.12 81.55 <0.0001 -

c 656.68 1 656.68 1.25 0.2896* -

Residual 5,251.89 10 525.19 - -

Lack of fit 5,251.82 5 1,050.36 71,262.52 <0.0001 -

Pure error 0.074 5 0.015 - - -

Cor. total 1.225E+005 19 - - - -

“Negligible effect on the model equation.

According to Figs. 2a and b, the experimental data have
been scattered symmetrically around the predicted data
near to them which means actual and predicted data are
compatible with the responses. It means these models are
appropriate enough to estimate the VSS removal efficiency
as well as the generated electrical power density of the
process in various operational conditions.

3.2. Response surface plotting and impacts of operational
parameters at optimum conditions

Figs. 3 and 4 illustrate the variations of the responses
by changing the operational parameters in surface plots.
These plots have been graphed using Egs. (4) and (5). The
surface plots demonstrate the impacts of two operational
parameters on the response at the central point of the
third one.

As shown in Fig. 3a, the VSS removal efficiency of the
process shows modification by elevating temperature from
the lower values to about 35°C and gets its climax at this
point. Simultaneously, by increasing pH values from 3,
the VSS removal efficiency of the reactor demonstrates an
improving trend and keeps this state till 7. But, by increas-
ing both the temperature and the pH values to higher than
35°C and 7°C, respectively, the VSS removal efficiency
demonstrates a downward trend. These observations are
highly compatible with previous studies [14,19]. Also,
according to Figs. 3b and c, the VSS removal efficiency
shows variations by changing the primary sludge content of
the influent and decreases by its increase. Also, the depen-
dency of the VSS removal efficiency to the primary sludge
content of the influent sludge is less than other operational
parameters (temperature and pH).

Fig. 4 illustrates the relation of the operational para-
meters and the VSS removal efficiency of the process in
contour plots.

According to Fig. 4a, the best operation conditions of
the process are related to the central part of the contour
plot which is between an expanded temperature range of
about 25°C—45°C and pH values from approximately 6 to
about 9 (when the PS/TS is about 0.5). At the extreme parts
of temperature and pH ranges the value of the response is
considerably low. Also, Figs. 4b and c show that the higher
values of the VSS removal efficiency have been observed
in the lower PS/TS values. In other words, increasing the
primary sludge content of the reactor feed decreases its
ability to remove the VSS. Another important point is that
in the extreme values of pH or temperature, the dependency
of the response to the PS/TS ratio is considerably low, and
it does not show remarkable changes in these ranges of the
operational parameters.

According to this fact that the VSS removal efficiency
represents the performance of the aerobic stabilization
process of the reactor, it seems that in very high and low
values of temperature and pH, the microorganisms are not
able to work regularly and as a result, they cannot remove
the VSS of the influent, even if primary, or secondary
sludge [14,42,48].

Figs. 6 and 7 show the surface and the contour plots
as an estimate of the generated electrical power density in
various operational conditions. These figures are graphical
representations of Eq. (5).

Fig. 5a shows the variations of the generated electrical
power density in different temperatures and pH values.
According to the Fig. 5, increasing the temperature from
very low to medium temperatures modifies the generated
power density as well as changing pH values from acidic
to neutral conditions. By increasing temperature and pH
to higher than 35°C and 7°C, respectively, the values of the
generated electrical power density show decrease. These
observations are compatible with the previous studies
[14,44,49,50]. These trends are similar to the results, shown
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Fig. 2. Comparison of predicted and actual values; (a) the VSS
removal efficiency and (b) the generated electrical power density.

in Figs. 5b and ¢, too. Despite the VSS removal efficiency,
increasing the PS/TS ratio in the reactor feed modifies the
generated electrical power density in all pH values and
temperatures, as shown in Figs. 5b and c. The contour plots
have been developed the generated electrical power density
as a function pH and/or temperature and/or PS/TS ratios.

According to Fig. 6a, the generated electrical power
density attains a peak in the range of 6-8.5 for pH and
20°C—45°C for temperature (at PS/TS ratio equal to 0.5).
Also, growing the generated electrical power density has
been observed by increasing PS/TS ratio in the reactor feed
increases. In other words, raising the primary sludge content
of the reactors feed decreases the VSS removal efficiency,
but modifies the electricity generation process in the reac-
tor. This observation is proved by recent studies [19,24,51].
It seems that the higher amounts of the produced electric-
ity from effluents that contain higher ratios of primary
sludge is because of the remarkably higher content of easily
biodegradable compounds of the primary sludge [51].

Also, according to the aerobic nature of the digestion
process in the cathode chamber and dominantly biologi-
cal processes in both chambers of the reactor, it is assumed
that the temperature affects the process by changing the
DO concentration of the substrate and the activities of the
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Fig. 3. Surface plot of the VSS removal efficiency at various
(a) temperatures and pH values, (b) temperatures and PS/TS
ratios, and (c) PS/TS ratios and pH values.

biological culture [14,15,52]. In other words, increasing the
temperature improves the reaction rate and progress which
uses oxygen for oxidation of the organics in sewage sludge
during aerobic digestion, and thus, enhances the VSS
removal efficiency. In temperatures higher than 45°C, the
amount of DO in the solutions remarkably decreases and
this reduction affects the removal efficiency of the processes
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[62,53]. This pattern is correct for electricity-generating
microorganisms, too [43,49,53-55]. Also, the variations of
the responses by changing pH values seem to be related
to hydrogen ions and carbon dioxide as well as ammonia
as the products of the aerobic digestion process. Hydrogen
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Fig. 5. Surface plots of the generated electrical power density at
various (a) temperatures and pH values, (b) temperatures and
PS/TS ratios, and (c) PS/TS ratios and pH values.

ions and carbon dioxide tend to acidify the content of the
chamber. The reduction of pH may take place when ammo-
nia is oxidized to nitrate if the alkalinity of the wastewa-
ter is not enough to buffer the solution, too. In the extreme
values of pH, it would be formidable for microorganisms
and bacteria to generate these chemicals and advance the
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process [39,56-58]. According to the literature, the reported
reason for the variations in the electricity generation perfor-
mance of the reactor is similar to the VSS removal efficiency.
As mentioned before, the bacterial activities are well-known
to be affected by temperature and pH, with biological pro-
cesses as well as the composition of the feed sludge (due
to the differences between primary and secondary sludge
chemical and bacterial properties) [23,43,59]. Therefore, it
is expected that the performance of the reactor would be
affected by the variation of the mentioned operational con-
ditions, due to its impacts on microorganisms’ kinetics,
the rates of oxygen reactions on the cathode, as well as the
rate of mass transfer of protons through the liquid, espe-
cially in the cathode chamber. From this perspective, the
efficiency of these processes in the cathode chamber affects
the peak value of the generated electrical power densities
in these systems [43,59-61]. Also, a wide variety of micro-
organisms not conveniently function in extremely high or
low temperatures or pH values, due to their effect on crit-
ical parameters like H* and DO concentrations, integrated
with the cathode material nature and its interaction with
water. Moreover, the effect of pH on exchanging H* between
chambers during the processes is an important parameter
in the progress of the occurring processes. The effects of
acidity on Nafion PEMs within MFCs have been considered
in several studies [62-64]. Moreover, the internal resistance
of the PEM membrane is increased in a considerably low
concentration of H* ions (high pH values) compared with
neutral and acidic conditions [62-65]. Also, considerably
high concentrations of protons in very low pH values pre-
vent generation of these ions, biologically [44]. Therefore
in these conditions, the generated electrical power den-
sity is very lower comparing with the moderate conditions
[65-69]. Also, the acceptable intervals of the operational
conditions area for the VSS removal and the electricity
generation processes are covering each other conveniently.
This observation would be reasonable if the VSS is consid-
ered as a food and energy source for electrogenic bacteria.
The variations of the operational parameters to normal tem-
peratures and pH values increase the metabolic reactions
of the microorganisms and enhance the performance and
the efficiencies of the reactor [48,49,70-72]. Also, the actual
content of the primary sludge of the sewage sludge in
the wastewater treatment plants is between 40% and 50%
which is covered by the model very well [23,44,46,73,74].

3.3. Experimental assessment results and the comparison
of the experimental and the model results

In order to evaluate the accuracy of the model results,
extra experiments have been designed and executed. In
other words, the performances of the aerobic stabilization
and electricity generation processes in various operational
conditions have been investigated and compared with the
model results. Fig. 7 shows the results of the experiments
for the VSS removal efficiency of the reactor as represent of
the aerobic stabilization process. As shown in the legends
of the figures, the evaluations of the effect of temperature
have been executed at pH values about 7 and PS/TS ratio
of 0.5 in the reactor feed. Also, the effect of pH values has
been evaluated at 35°C and PS/TS ratio of 0.5, and finally,
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the effect of primary sludge content of reactor influent
has been carried out at 35°C and neutral conditions (pH =7).

According to Fig. 7, increasing pH value from acidic to
neutral conditions modifies the VSS removal efficiency of
the reactor. Also, the VSS removal efficiency shows upward
trend by elevating temperature from 5°C to 40°C and then
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downward trend in higher temperatures. This observation
is highly compatible with the model results. Finally, as pre-
dicted by the model, increasing the primary sludge content
in feed sludge of the reactor clearly reduces the VSS removal
efficiency of the reactor. The VSS removal efficiency of the
process smoothly decreases from 52% to 40% by increas-
ing the primary sludge content of the reactor influent
from 0 to 100%.

Also, the results of experiments for the parameters,
related to the generated electricity, have been provided in
Figs. 8 and 9. Fig. 8 shows the polarization curves of the pro-
cess in various operational conditions and Fig. 9 represents
the generated electrical power density in various values
of the operational parameters. According to the legends
of the figures, the evaluations of the effect of temperature
have been executed at pH values about 7 and PS/TS ratio
of 0.5 in the reactor feed. Also, the effect of pH values has
been evaluated at 35°C and PS/TS ratio of 0.5, and finally,
the effect of primary sludge content of reactor influent has
been carried out at 35°C and neutral conditions (pH = 7),
just like the evaluations of the VSS removal efficiency.

It can be seen in Fig. 8 that increasing the primary
sludge content of the reactor feed boosts the generation
of electrical power density, noticeably. In other words, by
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Fig. 7. VSS removal efficiency of the process at various, (a) tempera-
tures, (b) pH values, and (c) PS/TS ratios.

increasing the PS/TS ratio in the reactor influent sludge,
the current density, and especially voltage of the gen-
erated electricity demonstrate an evenly rising upward
trend and finally, the maximum value of the voltage and
the current density of the generated electricity have been
observed when the primary sludge content of the influent
is 100%. Also, the electricity generation process showed its
best performance in mild temperatures and neutral con-
ditions. As shown in Fig. 8b, the behavior of the process’
polarization curves within 25°C-45°C temperature interval
are nearly to each other. It means that the electricity gen-
eration behavior of the reactor in these operational condi-
tions are considerably similar. Also, the maximum value of
the generated voltages and the climax amount of the gen-
erated electrical current density are close and considerably
more than lower and higher temperatures. This behavior
is relatively similar with the changes in the pH values. The
presented performance of the reactor for electricity gener-
ation in pH values from 5 to 9 are approximately close to
each other but higher than more acidic or basic conditions.
It is stated previously that the generated power den-
sity of MFC is highly dependent to the current density as
well as the voltage. Thus, it demonstrates change by any
fluctuation in the values of these parameters. According
to Fig. 9a, as the PS/TS ratio increases in the feed sludge
content, the value of the generated electrical power den-
sity increases in a smooth trend. At the starting point, the
value of the produced power is noticeably low in all of the
conditions, but the rate of its increase is remarkably higher
in higher ratios of the PS/TS. Despite the uniform increase
of the generated power density by raising the PS/TS ratio,
by increasing the temperature from very low (5°C) to very
high temperatures (65°C), the produced electrical power
density revealed an upward and then downward trends as
well as its performance change by variation of pH values
(as shown in Figs. 9b and c). The MFC shoed its maximum
amount of the generated electrical power density at 35°C
and pH values near to 7. These observations are compatible
with our recently done studies for waste-activated sludge
[14]. Also, the results obtained from the experiments are
highly compatible with the model results and the trends
changes of the model responses are approximately the same
with the experimental results. These trends can be justified
considering the fact that at very high or very low tempera-
tures and pH values, the electrogens are not able to work
or grow conveniently, and as a subsequent, negatively
influence running electricity generating processes in MFC'’s
chambers which are majorly biological [14,15,65,69]. As
mentioned before, elevation of the temperature boosts the
activity of various bacteria cultures and microorganisms
and decreases the internal resistance of the system against
proton exchange significantly, and as a result modifies the
VSS removal efficiency as well as the generated power
density [14,45,60,69,75-78]. Moreover, because of the aer-
obic nature of the processes in the cathode chamber, this
growth in biological activity increases the demand for dis-
solved oxygen in this chamber. On the other hand, increase
in temperature causes a drop in the amount of available
oxygen in the solutions [43,46,52]. The concentration of dis-
solved oxygen at temperatures higher than 45°C decreases
significantly and it converts the concentration of dissolved
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oxygen to the determinant factor of the system’s behavior.
Moreover, at low temperatures, the biological activity of
the reactor decreases, and this issue controls the efficacies
of aerobic digestion and electricity generation processes
[29,67,79,80]. In this regard, the highest value of generated
power density of the reactor is achieved at 35°C. Also, as
mentioned before, in very strong acidic or basic conditions,
the electrogen’s activities and the ion exchange processes
are confined and the electricity generation is dropped in
these conditions. More species are able to work efficiently
in neutral conditions compared with acidic or basic situa-
tions, too [70-72,81].

3.4. Determination and confirmation of the best performance point

Fig. 10 demonstrates the contour plot which shows the
optimized conditions of the reactor, determined through
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Fig. 10. Contour plot of the integrated optimized conditions
of the process considering two responses (the VSS removal
efficiency and the generated electrical power density).

the RSM process. As shown in Fig. 10, the optimized con-
ditions for the reactor performance have been determined
35.87°C, 7.27, and 53.08% for temperature, pH, and primary
sludge content of the influent, respectively, and the reactor
is expected to remove about 45.81% of the VSS content of
the feed sludge and 8,950 mW/m?® electrical power density
in these conditions. Also, Fig. 11 shows the situation of the
optimized conditions point of each operational parameter
and response in their interval.

According to Fig. 11, the desirability of the optimized
conditions is remarkably high (0.895 out of 1) which state
the considerably high compatibility of the models for the
responses.

In order to confirm the validity of the optimized con-
ditions, an experimental evaluation has been carried out
and the results were considerably close to the predicted val-
ues (49.65% for the VSS removal efficiency and 8,836 mW/
m?® for the maximum generated electrical power density).
It means that there is good coverage between the results
observed by the experiments and derived from the models.
Therefore, it can be derived from various viewpoints that
the models are noticeably precise to predict the performance
of the reactor and the progress degree of the process in
different conditions.

4. Conclusions

The optimized conditions for the direct electricity
generation process from sewage sludge (containing both
primary and secondary sludge), simultaneous with its
effective aerobic stabilization process have been deter-
mined. The optimization process has been done by RSM
and a mathematical correlation between operational con-
ditions of the process and its responses (the VSS removal
efficiency and the generated electrical power density), has
been developed. Other than the experiments that have been
designed by RSM, different experiments have been exe-
cuted in order to check the validity of the model’s results
(the values and trends). According to the model’s out-
puts, the optimized conditions for the reactor performance
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Fig. 11. Situation of the optimized conditions of the process in the interval of each operational parameter and response.
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have been determined 35.87°C, 7.27, and 53.08% for tem-
perature, pH, and primary sludge content of the influent,
respectively, 45.81% and 8,950 mW/m? for the VSS removal
efficiency and the generated electrical power density. The
results of the experiments demonstrated that by increasing
the amount of the primary sludge in the influent sludge
to the MFC, the VSS removal efficiency decreases, but the
generated direct electricity would be modified. Also, the
results provided from the experiments and the models con-
firmed each other with a remarkable accuracy which made
the obtained equations of the optimization process valid
enough to be considered in process designing and opera-
tion. Another approach about the optimization results was
that the optimized conditions for stabilization and electric-
ity generation processes covered each other very well.
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