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Abstract: Microbial fuel cells (MFC) are emerging technologies that can produce electricity while
treating wastewater. A series of tests were carried out to evaluate the efficiency of this technology for
treating dairy wastewater (DWW). The experiments used Shewanella baltica as an exoelectrogen in a
small single MFC to treat simulated DWW. The impacts of various operational factors, specifically
pH, hydraulic retention time (HRT), and chemical oxygen demand (COD) in the influent to the
anode chamber, were investigated, and the effect of these variables on the output performance
of the cell was evaluated. The best performance of the MFC was found when the pH, HRT, and
COD were 8, 6.66 h, and 20,632 mg/L, respectively, in the scaled experimental setup. Under these
conditions, the maximum power density and percentage removal of COD in terms of wastewater
treatment ability were found to be 138 mW/ m? and 71%, respectively. It may be concluded that MFCs
are suitable treatment technologies for treating dairy wastewater while potentially simultaneously
generating power.

Keywords: microbial fuel cell; dairy wastewater; Shewanella baltica; sodium lactate; facultative
anaerobic bacteria

1. Introduction

The dairy industry substantially impacts the amount and characteristics of total
wastewater discharge, especially in developed countries. Each liter of pasteurized milk
generates approximately twice as much effluent water [1]. The quantity of effluent gener-
ated by dairy businesses depends on process enhancements and adherence to regulations.
In addition, the logistics of transporting dairy products require routine cleansing. While
water use standards for cleansing have been established, due to a lack of regulations, the
volume of wastewater generated often exceeds that of production factories [2—4].

The composition of DWW comprises total suspended solids (TSS), total dissolved
solids (TDS), chemical oxygen demand (COD), biological oxygen demand (BOD), carbona-
ceous materials, casein, and proteins that can be converted to carbonaceous materials [5,6].
It usually also contains residual nitric acid and sodium hydroxide because staff facili-
ties such as restrooms and showers contribute effluents comparable to municipal sewage
wastewater, increasing the overall COD, BOD, and TSS in DWW [6]. The characteristics of
dairy effluent vary depending on industrial processes and variables such as pH, volumetric
flow rate, and temperature.

The many operational factors affecting wastewater quality in the dairy industry vary
from one another [7], as shown in Figure 1.

The quantity of wastewater from the dairy industry largely depends on standard
operating procedures and good manufacturing practices. Due to the modifications that
have been made to the process of making milk and dairy products over the years, it has
been measured that the volume of wastewater generation can be controlled and decreased
from 2.5 times to 1 per liter of milk production [8]. This indicates that the changes in
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operations and processes in the dairy industry have led to the minimization of the vol-
ume of dairy wastewater per liter of dairy products [9]. The purest water, which can
be reused for irrigation or factory washing, is produced during the pasteurization stage
of milk preparation [10]. Various pasteurization procedures have specific temperature
requirements. In addition, milk processing reactors and apparatus require routine clean-
ing, resulting in wastewater containing residual nitric acid and sodium hydroxide [11,12].
Staff restrooms and showers contribute effluents comparable to municipal sewage to in-
dustrial dairy effluents [13]. Sanitary wastewater increases COD, BOD, and TSS to some
extent [14,15]. Aerobic and anaerobic biological treatments are traditionally used to treat
dairy wastewater [16]. A research study showed that separating sanitary waste from dairy
effluents reduces treatment costs by separating pathogens and microbes [12,17]. However,
if a Microbial Fuel Cell (MFC) is introduced to the treatment scheme, there is no need to
separate the sanitary waste from the DWW at the facility [18]. The mixed culture present in
the sanitary waste from the dairy industry lowers treatment costs and benefits microbial
fuel cell performance (MFCs) [19-21].

Dairy Wastewater
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Figure 1. Classification of dairy wastewater.

Traditional dairy effluent treatment methods involve multiple unit operations, in-
cluding expensive secondary biological treatment [22]. The biological treatment process
includes aerobic and anaerobic treatment processes.

Aerobic treatment requires a sequencing batch reactor (SBR) [23], activated sludge
process (ASP) [24], trickling filters, etc. [25,26]. In anaerobic treatment, anaerobic digestors,
up-flow anaerobic sludge blanket reactors, etc., are essential [27]. These different biological
treatment methods have many issues, as shown in Figure 2. Due to their ability to combine
wastewater remediation with bioelectricity generation, microbial fuel cells (MFCs) offer a
promising approach. MFCs convert chemical potential directly into electricity, rendering
them economical, sustainable, and environmentally favorable [28].
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Figure 2. The drawbacks of the traditional biological treatment of DWW [9].

Lactose and casein found in dairy wastewater increase the organic effluent load. Gen-
erally, whey has 4-5% lactose and 1% protein [29]; thus, the leakage and trace amount
of such a dairy product like whey in utility or cleaning water can contribute to a high
organic load with an increase in the COD, BOD, and TSS of dairy utility water (cooling
tower or boiler) and dairy wastewater respectively [5,30-32]. Under anaerobic conditions,
lactose decomposition produces lactic acid, which lowers pH and oxygen levels, potentially
endangering aquatic ecosystems [33-35]. MFCs are essential in removing nitrogenous
organic compounds and reducing the organic load in dairy wastewater. Utilizing mixed
cultures as exoelectrogens in MFCs improves their performance, especially with sanitary
waste. Therefore, the use of MFCs in dairy wastewater plays a significant role in some spe-
cific exoelectrogens. In dairy processing, sugar fermentation contributes to the formation
of lactic acid, while caustic soda solution is commonly used for degreasing dairy equip-
ment [36]. Using such a degreasing reagent leads to sodium lactate formation, as shown in
Equation (1) [37], one of the most important substrates for exoelectrogens in MFCs.

CH3CHOHCOOH + NaOH — CH3CHOHCOONa + H,O 1)
(Lactic Acid) (Sodium Hydroxide) (Sodium Lactate)

Shewanella baltica is a facultatively anaerobic exoelectrogen that can compete both
aerobically and anaerobically [38-40]. Using facultative anaerobic exoelectrogens in MFCs
can prove more practically viable in large-scale operations. The species is also capable of
forming a biofilm on the surface of electrodes and is considered an exoelectrogen [41]. The
Shewanella species can also have a role in the three electron transfer mechanisms: direct, in-
direct, and mediator [42,43]. In the absence of electron acceptors, the cell wall of Shewanella
species experiences structural changes, leading to the formation of nanowires [44]. This
species can direct electron transfer and secretes flavin [45], a yellow-pigmented molecule
that reduces metals in the effluent. Due to its extracellular metal reduction potential [46],
Shewanella species can be suitable for bioremediation and numerous applications in MFCs,
including biofuel production [40], biosensors [47], and CO, fixation [48].

The pH of dairy effluent varies considerably depending on the production of different
dairy products. Wastewater from dairy facilities producing whey, cheese, etc., is typically
acidic, whereas wastewater from milk and cream products has a pH closer to neutral. Due
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to the use of detergent and degreasing chemicals, producing a large quantity of butter
increases the alkalinity of dairy wastewater. The range of pH of wastewater from various
dairy products is shown in Figure 3.
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Figure 3. pH of wastewater from different dairy products [9,32,49-52].

As an exoelectrogen in microbial fuel cells (MFCs), S. baltica can compete in the
presence and absence of oxygen. The pH of effluent water varies significantly based on
the quantity of the various dairy products produced. Nonetheless, excessively acidic or
alkaline wastewater conditions may inhibit microbial activity in the anode chamber. MFC
efficacy is determined by the rate and kinetics of the biochemical reactions taking place in
the anode chamber. Therefore, it is essential to optimize the pH of dairy wastewater as an
input parameter to improve the output performance of MFCs.

Depending on the quantity of the various dairy products produced, the concentration
of carbonaceous substances in dairy wastewater, as measured by COD, varies considerably.
The presence of organic matter influences the output efficacy of MFCs significantly. Low
levels of organic matter in wastewater result in weak MFC performance. However, increas-
ing organic matter concentration does not always result in improved performance. Each
microorganism has an optimal substrate concentration, above which substrate inhibition
occurs, creating a suffocating environment for microorganisms. Optimizing the substrate
concentration is essential for enhancing the efficacy of MFCs. If dairy effluent contains
an excessive organic load that exceeds the optimized value, system performance must be
maintained by applying the necessary treatments. The range of COD of the wastewater
from various dairy products is presented in Figure 4 [9,32,49-53].

A series of experiments are necessary to comprehend the growth kinetics of S. baltica.
To evaluate microbial growth kinetics, four distinct batch mode operations of S. baltica were
conducted by modulating the sodium lactate concentration in the media for a particular
design of MFC. The maximum specific growth rate (imax) obtained was 0.83 h~1, indicating
that the hydraulic retention time (HRT) for the system in continuous mode should not
surpass 0.138 mL/min [54]. When the COD of the synthetic wastewater was 10,272 mg/L
and the feed wastewater flow rate was maintained at 0.1 mL/min, the obtained power
density was approximately 12 mW/m?. Under these conditions, the maximum COD
removal percentage achieved about 57%. The output performance of an MFC largely
depends on the HRT [55-57]. It is noticeable that the maximum power density value
achieved from the experiment is not significant. To enhance the performance of MFC, HRT
should be increased to some extent so that it can be operated under continuous mode with
a lower feed flow rate [54].
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Figure 4. COD of wastewater from different dairy products [9].

Numerous research studies have been conducted to investigate how MFC technology
can manage various types of wastewater with the modification of electrodes and mem-
branes [58-61]. Some papers describe the application of MFC technology in the dairy
and food industries [62,63]. One study found that regulating the pH and temperature of
Saccharomyces cerevisiae as an exoelectrogen in dairy effluent improved the output of MFC
in terms of power generation and water treatment [64]. Another study reported MFC-
treated wastewater from various unit activities of cheese-producing companies with COD
removal [65]. Lactate is a viable substrate compared to acetate for Shewanella species [66],
but there has not been much research into employing Shewanella baltica as an exoelectrogen
in dairy effluent. Thus, for this paper, we set out to experimentally investigate the MFC
technology for treating dairy wastewater by using Shewanella baltica as an exoelectrogen.
For this purpose, a single MFC was built, and synthetic dairy wastewater was used. The
variation of pH and the organic matter, often expressed as COD, of dairy wastewater im-
pacts the performance when an MFC is introduced into a treatment process. The fluctuation
of such parameters is primarily due to the variation in the manufacturing quantity of
different dairy products, as explained in Figures 1, 3, and 4. The flow rate of the dairy
wastewater treatment plant was designed based on the quantity and quality of wastewater
produced. In the present research study, we describe the inlet condition of dairy wastewater
that is suitable for MFC to treat and generate energy using Shewanella baltica. Therefore,
three critical operating parameters, i.e., pH, substrate concentration, and HRT, were studied
and optimized to maximize the performance of the system in terms of both percentage
removal of COD and power output.

2. Materials and Methods
2.1. Experimental Setup

The MFC was made out of two identical chambers, anode and cathode, with a vol-
ume of 9 mL each by using plexiglass plastic. The dimensions of these chambers were
3 x 4 x 0.75 cm®. The wastewater was fed into the anode chamber through an inlet noz-
zle and taken out through an outlet nozzle. The inlet and outlet nozzles of the cathode
chambers were kept open for natural air circulation. Nafion 117 (Sigma Aldrich, St. Louis,
MO, USA) [67] was used to separate the anode and cathode chambers. Two carbon felts
with dimensions of 4 x 5 x 0.02 cm® were used as electrodes. The entire set up and the
experiment was performed in The Milje Laboratory at at UiT, The Arctic University of
Norway, Narvik.

Two solid plexiglass plastic plates supported or held the defragment parts together.
These two solid plates are called end plates, and they have four holes at four corners to fit
M5 bolts. The anode and cathode chambers were placed in between these two end plates.
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M5 butterfly nuts were used to join all the components and sandwiched between the two
end plates as shown in Figure 5. Rubber gaskets were used between each component to
make the system leakproof. Copper wire was used to connect the two carbon felt electrodes
placed in the anode and cathode chambers.

’ _“uu..-munnmrm
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Figure 5. Plate-type MFC unit used for our experiment showing the three separate components
(cathode, membrane, anode) in between two end plates.

2.2. Wastewater Composition

Synthetic dairy wastewater was prepared by adding the components shown in Table 1
to one liter of distilled water.

Table 1. Composition of synthetic dairy wastewaters [54,55].

Components Concentration
Ammonium Chloride (NH4Cl) 40 mg/L
Magnesium Chloride (MgCl,) 10 mg/L
Copper(II) Sulfate (CuSOy) 0.1 mg/L
Calcium Chloride (CaCly) 5.0mg/L
Manganese(II) Sulfate (MnSO;) 0.1 mg/L
Zinc Chloride (ZnCly) 0.1 mg/L
Phosphate buffer 1 mol/L
Potassium Chloride (KCI) 60 mg/L
Magnesium Sulfate (MgSOy) 50 mg/L
Ferric Chloride (FeClsz) 3.0mg/L
Nido Milk powder 2500 mg/L

Sodium lactate was used and varied to alter the initial concentration of the substrate
from 0.2 to 3% w/w [68]. Based on a previous research work, the pH of the water was
changed by using HCl and NaOH solutions (5-9).

2.3. Exoelectrogen

The facultative anaerobic bacteria, S. baltica, was chosen as a Gram-negative exoelec-
trogen. The bacterial strain was isolated and provided by the SINTEF Narvik AS. Initially,
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S. baltica was allowed to grow in 100 mL LB broth media at 25 °C for 48 h [54]. In order
to ensure that the S. baltica acclimatized, 10 mL from the 100 mL inoculated media was
taken out and added into the anode chamber for 5-7 days. This led to the formation of a
biofilm on the surface of the anode [69]. A batch study was carried out simultaneously at
different substrate concentrations by using a Monod model to determine the maximum
specific growth rate and substrate saturation constant. This study further helped set the
hydraulic retention time of feeding of DWW under continuous mode operation [54].

2.4. Instruments

A Masterflex® peristaltic pump (Metrohm AG, Herisau, Switzerland) with a variable
flow rate was continuously fed DWW in the anode chamber. The DR-3900 spectrophotome-
ter (Hach Instruments) was used to evaluate the COD of DWW in the Milje Laboratory at
UiT, The Arctic University of Norway, Narvik. A digital pH meter was used to determine
the pH values of the DWW at different points. Pico data logger was used to determine the
real-time voltage and current during the operation.

3. Experimental Procedure

A total of 10 mL from the inoculum was fed into the anode chamber to form a biofilm
on the surface of the anode under anaerobic conditions. During this phase of the procedure,
the MFC worked as a batch process. The anode and cathode were connected to the data
logger to measure the open circuit potential (OCP). Concerning the previous research work,
a stable voltage was obtained after ten days of batch mode operation [54]. The stable voltage
is an indicative way of predicting biofilm formation. Biofilm formation was enhanced in
the absence or lack of sufficient substrate concentrations [70-72].

The synthetic dairy wastewater was fed into the anode chamber under the continuous
mode of operation by using a peristaltic pump (Masterflex Metrohm) once biofilm formation
was completed by monitoring stable OCP. The produced biofilm on the surface of the
anode in the anode chamber converted the lactic acid in the wastewater into a different
form of carbon compounds, electrons, and protons. The electrons were made to flow
through an external circuit, and protons migrated through Nafion 117 to the cathode
chamber. The electrons flowed through an external circuit and produced electricity. Based
on previous studies, lactic acid can be decomposed in three possible ways with three
different chemical reactions. All three possible reactions form electrons, protons, and other
organic compounds such as pyruvate, acetate, and carbon dioxide. Assuming the complete
decomposition of lactic acid into carbon dioxide, the reaction can be expressed as shown
in Equation (2). Lactic acid can be decomposed into pyruvate and acetate, as described in
Equations (3) and (4) [73]. The experimental study was study in three different flow rates
(0.025, 0.05, and 0.1 mL/min). The initial CODs were varied in each flow rate from 2242
to 31,112 mg/L. In each substrate concentration, the pH was varied from 5 to 9 in order
to evaluate the performance of the MFC in terms of the percentage removal of COD and
power generation.

CH3CHOHCOOH + 3H;0 — 3CO, +12H" 4 12¢~ )
CH3CHOHCOOH — CH3COCOOH + 2H' + 2¢~ (3)
CH3CHOHCOO + H,O — CH3COO + CO, +5H" +5¢~ 4)

The samples from the outlet of synthetic DWW in the anode chamber were collected
periodically to analyze the COD and pH for 60 different sets of operations. Polarization
curves were obtained from each and every individual experiment by connecting two
electrodes with variable external loads. The resistance of the external loads varied from
40 to 0.1 kohm. During this phase, the voltages were constantly monitored in the data
logger. The current generated was calculated by using Ohm’s law. The currents produced
at different voltages were calculated per unit area of electrode in terms of current densities
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by using Equations (5) and (6). The power generation at different external loads was
computed using Equation (7). The percentage removal of CODs at different inlet conditions
was determined by using Equation (8).

V =1IR ©)
Iy =1/m? (6)
Py =VI/m? @)

COD;j;,, — CODyyt
COD;,
The maximum power density and the current density were analyzed online based on
the polarization curves for each individual set of experiments [74].

% removal of COD = 100 X (8)

4. Results and Discussion
4.1. The Effect of Initial CODs on Output Performance

The initial COD of the dairy wastewater varied from 2242 to 31,112 mg/L. It was
observed that with an increase in the initial concentration of the substrate, the output
performance of MFC increased; however, non-significant power generation was observed
when further increasing the concentration beyond 20,632 mg/L. Beyond this concentration,
the COD removal rate was also limited and followed the same curve pattern for all ranges
of pH and HRT, as shown in Figure 6a—f.

This drastic decrease in power generation can be attributed to the self-inhibition of the
growth of S. baltica under a huge carbon loading rate [75]. At a substrate concentration of
31,112 mg/L, no more exoelectrogen can be present for substrate degradation. Therefore,
excess substrate accumulates and affects the microbial activity of S. baltica.

Beyond 20,616 mg/L of initial COD, excess biofilm formation on the surface of the
anode can worsen the performance of the MFC. Excess biofilm formation may clog the
system, resulting in a higher internal resistance, which restricts the mass transfer in the
anode chamber.

HRT 6.66 h (Flow Rate 0.025 mL/min)

160
E a0 | ® 22mgl
= ® 6636 mg/L
f 120 A 10414mg/L
= 20,632 mg/L
S lw ’ <&
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2 w0 . & "
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@)
Figure 6. Cont.
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Figure 6. Maximum power densities of MFC at different initial CODs and pH values (a) with HRT
of 6.66 h, (b) with HRT of 3.33 h, (c) with HRT of 1.66 h. Maximum percentage removal of COD at
different initial CODs and pH values (d) with HRT of 6.66 h, (e) with HRT of 3.33 h, (f) with HRT of
1.66 h.

A surplus substrate can inhibit the oxidation mechanism in the anode chamber and also
alter the food per microorganism ratio (F/M). This ratio signifies the food to microorganism
initial COD per unit of time divided by the number of microorganisms present in the volatile
suspended solid [74]. Generally, the F/M ratio is specific to a particular microorganism
and ranges from 0.4 to 0.5 gCOD/gVSS for MFCs. For this reason, the rate of COD removal
can also be decreased under such conditions. Therefore, diluting the dairy wastewater is
recommended if the water contains a higher substrate concentration (above 20,632 mg/L).
This dilution has been shown to lead to higher MFC output performance by optimizing the
initial COD for this particular system.

4.2. The Effect of pH on Output Performance

The inlet pH of feed DWW varied from 5 to 9, and the maximum power density was
obtained when the pH was set at 8. An increase or a decrease in pH value from 8 leads to
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a decline in the power generation and percentage removal of COD and follows the same
curve pattern for all ranges of COD and HRT, as shown in Figure 6a—f.

Operating the MFC at a pH of 5 led to the activation of the acidogenic bacteria. Under
this condition, the production of the H, mechanism is more dominant over the degradation
of carbonaceous organic matter [76]. Such a condition leads to a decrease in the COD
removal rate compared to neutral and higher pH values. Therefore, the low pH value of
the fed DWW is no longer suitable for both power generation and wastewater treatment.
At neutral pH (around 7), the methanogenic bacterial activity was more favorable than the
splitting up of organic matter into protons and electrons [77]. Therefore, fewer electrons
were produced at pH 7, resulting in lower power generation. However, the COD removal
rate was still found to be noticeably better at neutral pH compared to the acidic environment.
When the pH value of the fed DWW was around 8, a significant increase in the power
generation and COD removal rate was observed. Under this condition, the activities of
methanogenic and acidogenic bacteria are suppressed [78]. The activity of the exoelectrogen
was found to be dominant when the pH value was set to 8.

When the pH value increased from 8 to 9, indicating a more alkaline condition, a
sudden drop in power generation was observed, and the percentage removal of COD also
dropped. It is assumed that the microbial activity of S. baltica might have been inhibited
when the pH was around 9. A batch study is recommended to observe the growth kinetics
of S. baltica within an alkaline environment [79].

4.3. The Effect of HRT on Output Performance

The HRT of the system varied from 1.66 to 6.66 h by changing the feed flow rate of
wastewater from 0.1 to 0.025 mL/min. The output performance of the MFC is dependent
on the feed flow rate. At a higher feed flow rate, which corresponds to a lower HRT, the
performance of the MFC decreases. We also performed a batch study of Shewanella baltica,
and the observed value of pmax was 0.83 h~1. This value indicates that, in order for the
current system design to avoid washout conditions, the MFC cannot be operated above a
flow rate of 0.14 mL/min [54]. The maximum power density was obtained at a flow rate of
0.025 mL/min, corresponding to an HRT of 6.66 h. Considering the volume of the MFC, a
further decrease in the feed flow rate can tend the system towards batch mode operation.
An increase in feed flow rate value from 0.025 mL/min leads to a decline in the power
generation and percentage removal of COD and follows the same curve pattern for all
ranges of initial COD and pH, as shown in Figure 6a—f.

The polarization curve of the MFC at the optimized pH, HRT, and initial COD values,
which were 8, 6.66 h, and 20,632 mg/L, is shown in Figure 7a. It represents the voltage
monitored by the data logger when the MFC was fed with DWW at different closed
circuit resistance ranges (from 40 to 0.1 Kohm). The current density was calculated using
Equation (3) for every voltage. Figure 7b shows the maximum power density obtained
at optimum conditions as a function of current density; this was calculated by using
Equation (4). The maximum percentage of COD removal in the dairy wastewater at 6.66 h
HRT and with an initial COD of 20,632 mg/L is plotted against different pH values in
Figure 8, and it was calculated using Equation (5).



Water 2023, 15, 3472 12 of 17

pH 8 HRT 6.66 h (Flow Rate 0.025 mL/min)

600
~— 20 mgl
500 —— 10414 mg/L
—e— 20,632 mg/T..
—— 31,112 mg/L

Voltage mV

0 100 200 300 400 500 600 700 800

Current Density mA/m?
(a)
pH 8 HRT 6.66 h (Flow Rate 0.025 mL/min)
160
~o— 248 mg/L

‘g —o— 10414 mg/L
= —o— 31,112 mg/L
2
g 100
i
2 80
b
z
2 60

40

20

0 .
0 200 400 600 800
Current Density mA/m?
(b)

Figure 7. Polarization curve of MFC under optimum pH and HRT at different Initial CODs (a) cell
voltage as a function of current density (b) output power density as a function of current density.
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Figure 8. The percentage removal of COD with HRT 6.66 h and initial COD of 20,632 mg/L at
different pH.

5. Conclusions

The present study used a single MFC and S. baltica to treat DWW. The study high-
lighted the significant parameters that influence the performance of an MFC. From our
study, the following conclusions may be made:

e HRT is an essential factor that affects the biochemical reactions within an MFC, which
is controlled by the flow of the feed wastewater. HRT needs to be optimized for
different MFC designs and sizes. For this case study, an HRT of 6.66 h yielded the best
performance, which was achieved by maintaining a flow rate of 0.025 mL/min. Flow
rates higher than 0.14 mL/min lead to washout conditions within the MFC [54].

e  The pH of dairy wastewater varies between 4 and 10. The results of our experiment
showed better performance using S. baltica at pH 8 compared to other pH values.

e  The initial COD indicates the limitation of handling organic load for any MFC system.
In the present study, a feed water COD of 20,632 mg/L was found to be the maximum
organic load for the operation of the MFC. A higher value of organic load inhibits the
performance of the MFC. Therefore, prior analysis of wastewater quality is necessary
to adjust the organic load to obtain the desired output from the system.

o  The best MFC performance in terms of power generation and % removal of COD was
observed at a pH value of 8, a HRT of 6.66 h, and an initial COD concentration of
20,632 mg/L, with values of 138.21 mW /m? and 71%, respectively.

This study presents the performance results of a single MFC, one simulated wastewater
type, and a specific exoelectrogen. The effects of pH, initial COD concentration, and flow
rate on the performance of the MFC were experimentally analyzed, leading to a better
way of approaching the use of MFC. However, in order to facilitate the real application of
MFCs in wastewater treatment, system scaling up is required in order to use the produced
energy [80]. The produced energy can be used to measure the biological oxygen demand
(BOD) of the wastewater as a biosensor. Therefore, MFCs can simultaneously provide a
sustainable system for treating and sensing the quality of dairy wastewater. Scaling up a
system involves stacking single cells to enhance the COD removal rate and simultaneous
power generation. However, cell stacking requires design optimizations based on the
hydrodynamic flow distribution of the wastewater and electrical connections of the circuits
to achieve the maximum COD removal efficiency and electric output, respectively.
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