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Abstract: MFC is a significant devices that enable the generation of electricity through anaerobic
fermentation of waste materials using microbes as bio-catalysts. Since this work focuses on the
electricity production of microbial fuel cells (MFCs) of various bacteria from waste materials, we
studied the efficiency of industrial waste materials and soil composition containing several bacteria,
including E. coli, Shewanella putrefaciens, Geobacter sulfurreducens, and Lactobacillus, that are able
to create large amounts of suitable electrical power through the MFC. We followed two main
approaches in this work: first, testing the efficiency of MFCs, such as the percentage of organic matter
in each sample; and second, evaluating the electrical capacity of MFCs due to thermal limits. To study
the process performance, the effects of temperature, structures, dimensions, and the distance between
the cathodic and anodic chambers on the electrical power were investigated, and the amperage and
voltage outputs from electrochemical and microbial cells were recorded. Additionally, in this work, we
modeled a steady state using mathematical simulation based on mass, charge, and energy balances for
MFCs. The data obtained from the numerical calculation matched our experimental results exactly.
Finally, in contrast to most MFC work, which has long-term targets for renewable energy from
wastewater, this study can be used immediately in practice. This work also confirms that the electricity
production of MFCs can be increased by selecting appropriate conditions for sample type, temperature,
and chamber size.

Keywords: microbial fuel cell (MFC); industrial wastewater; proton exchange membranes (PEM);
sustainable energy source; renewable electricity production capacity; numerical calculations.
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1. Introduction

1.1. MFCs in the new world of global warming.

In a globalized world, humans need more energy due to climate change and global
warming. In the present era, most energy comes from petroleum, a non-renewable resource.
Therefore, to address this problem, scientists seek new, sustainable, renewable, and alternative
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energy sources [1-5]. Consequently, an electrochemical reaction in an MFC occurs at a solid
conducting electrode using pollutant substrates from waste as the origin fuels. Wastewater
effluents can serve as a source of food for microorganisms during cellular respiration, thereby
causing an electron transfer from microorganisms to the electrode surface [6]. Such features
enhance electrical power performance by increasing the electron transfer rate in
electrochemical reactions [7]. Therefore, one of the objectives of this work is to identify
suitable nanomaterials for generating energy from various waste products of microorganisms
[8]. Obviously, rich waste matters from waste effluents for producing clean energy in big cities,
in the presence of electroactive microorganisms, are a major necessity for the ecosystem [9].
In addition, chemical substrate degradation of waste matter with multifunctional nanomaterial
in the presence of electroactive microorganisms is another purposeful strategy in our research
for simultaneous waste treatment and electricity generation. Hence, waste management in the
commercial context makes MFC a sustainable alternative sector of renewable energy [9-12].

1.2. Structure and configuration of MFCs.

MFC consists of two chambers (anode and cathode) that are separated by a salt bridge.
The opening of the salt bridge was blocked with cotton so that the solutions of the anode and
cathode could not mix with each other. Electrons move through membrane-bound quinone and
cytochrome via mediators such as methylene blue. The electrons move from the anode to the
cathode through the external circuit, whereas protons move through the salt bridge, which is
known as a proton exchange membrane (PEM). Reduction occurs at the cathode in the presence
of oxygen, and the protons form water in the cathodic chamber. Hence, the bacteria form CO>
and H>0O during the decomposition of substrate, and therefore, because of oxygen's role as an
inhibitor, the anode chambers should be made Anaerobic. Since the anode chamber is anaerobic
and the cathode chamber can be aerobic, the cathode electrode can be omitted, resulting in a
single-compartment MFC (Figure 1). For instance, in using acetate as a substrate, the cathodic
and anodic reactions are as follows.

Anodic reaction: CoH402+2H,0 —-2CO; +8¢” + 8H* 1)
Cathodic reaction: 20,+8e” + 8H*—»4H,0 2
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Figure 1. Acetate as a substrate with cathodic and anodic reactions.
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The performance of MFC can be estimated using the power density parameter and the
electrical current intensity. Since MFC is a function of many variables, multidisciplinary
subjects and various fields would benefit from the best possible optimization. In this work for
the MFC model, we focused mostly on nanomaterials for electrodes, Substrates, and various
electrogenic microorganisms.

1.3. Electroactive microorganism.

Although pollutants are removed from contaminated areas by microorganisms, which
are essential to nature, even with advanced technology, the challenge is the limited contact
between pollutants and microbes [12-14]. Therefore, to select appropriate pollutants, an
accurate assessment of unattainable residual contaminant levels with low yields is needed, and,
accordingly, transition metal oxide nanocatalysts are a suitable indicator for this purpose [15,
16]. Because bacteria can transfer electron potential and form a slimy biofilm, they are known
as electrochemically active bacteria (EAB). EAB is a novel subject for converting the chemical
energy to electrical energy through bioremediation technology [17]. Biofilms are communities
of electroactive microorganisms that are supported by extracellular compounds, including
polysaccharides, proteins, and nucleic acids, located outside the cells of the microorganisms.
These biofilms increase the conducting electrode with surfaces of bacterial cell attachment
[18]. Because microbes harbor hazardous molecules, bacteria can degrade waste compounds
for energy and a carbon source to survive in their life cycle [19]. Escherichia coli, Shewanella
putrefaciens, and Geobacter sulfurreducens can produce electrons within the cell and then
transfer them to extracellular acceptors via cytochromes and biofilms. These batteries exhibit
sufficient columbic performance as acceptors in biofilms on the electrode surface and can
transfer electrons directly to the anode, thereby increasing energy production [20].

2. Materials and Methods

2.1. MFC construction.

Our MFC system (Figure 2) is made of 1- Anode chamber that keep the bacteria and
organic substrate in an anaerobic media; 2- Cathode chamber that keep a conductive solution
of salt; 3- Salt bridge including Proton-exchange membrane for separating the anode and
cathode chambers from each other but enable to transit the protons from anodic chamber to
cathodic chamber; 4- External circuit for transit the electrons towards cathode chamber as well
as a path for electrons for pulling out from the anode.

SWCNT
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Figure 2. Schematic of MFC system setup, including cathodic and anodic chambers.
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During oxidation as part of their metabolic activity, bacteria produce protons and
electrons that are pulled out of solution at the anode through circuit wires and deposited on a
related electrode. The electrons are then conducted into the cathode chamber. Since MFC is
powered through various bacteria in the anode chamber, we selected several suitable bacteria,
including Escherichia coli, Shewanella putrefaciens, and Geobacter sulfurreducens.

2.1.1. Membrane selection.

Membranes in MFCs have a basic character due to the decreasing internal resistance,
prevention of pH splitting, and saving costs. It is notable that membrane compounds are
generally categorized as cation exchange membrane (CEM), anion exchange membrane
(AEM), and we checked and tested any of these types in our experiments [21]. The most
commonly applicable membrane is CEM, which is widely used due to its easy proton transfer.
We tested both Nafion 115 and Ultrex CMI 7000 and confirmed Nafion 115 because the
negatively charged hydrophilic sulfonate group attached to hydrophobic fluorocarbon has the
most efficiency in CEM cerise. We also selected Nafion 115 commercial membranes (Dupont
Company) in the Na*-form (Nafion-Na) with dimensions of 100x30 x 0.125 mm. The Nafion-
Na membranes exhibited ionic conductivity of 3.52 x 10* S cm—1 at 298 K and 1.52 x 10°3S
cm™t at 70°C, respectively [22]. Based on Kook et al.'s works, we also connected the cathode
chamber to the membrane section for removing impurities and increasing the porosity of the
membrane [23]. Before starting the tests, Nafion was prepared by using 5 wt% hydrogen
peroxide and 15 wt% sulfuric acid at 80°C for one hour, respectively. The sodium-ion exchange
procedure was mixed in 250 ml of NaOH aqueous solution (10 g sodium hydroxide in 250 ml
of deionized water) at 80°C for 5 h [21-23]. Since CEM cerise has a major drawback for using
CEM in MFC in long-term operations, in other experiments, we used AEM. We proved that
the AEM series has an excellent proton transfer rate compared with CEM, due to the structures
of phosphate or carbonate. In addition, pH is better balanced in MFC with AEM because of
phosphate anions [24]. Table 1 presents a summary of various membranes, and we used
Tokuyama: A201 Tokuyama’s AEM products from Japan among this list [25-30].

Table 1. Specification of Various membranes, including Tokuyama: A201 Tokuyama’s AEM products.

Transferrin Membrane specification
Membrane Backbones functional ro% (a):lonic conductivity;(b):1EC; (c)Thickness;
group (d):Tensile strength; (e): Elongation at break
Tokuyama: A201 ) ) (@) 42 mS cm ! (OH™); (b)1.8 meq/g ; (c) 28 pum; (d) 96
and A901 MPa, (e) 62%
. . Methylated . ()80 mS cm 1; (b)2.1-2.5 meg/g; (c) Depends on the
AemionT™ series polybenzimidazoles Imidazole Product chosen; (d) 60MPa; (e) 80-110%
XION™Composite- ) Pendant quaternary . . .
79-10CL Poly-norbornene ammonium (c) 10 pm; (d) No; (a) No; (d) No
. 5 (a) 150 mS cm ~* (OH ~#); (b) 1.04meq/g; (c) Depends on
P\'/Zigloogln? Pipgg d?r:i)ﬂm PiPeridine the Product chosen;(d) Tensile strength: >30 MPa; (e)
9 P Elongation at break>30%
— . : ;
aQAPS-S8 Polysulfon quaternary (@) 54 mScm ! (OH ~); (b) 1.8 meq/g; (c) 50 um; (d) No,
ammonium (e) No
. : Pendant quaternary | (a) 54 mS cm 1 (OH ~); I(b) 2.19 meg/g; (c) 24 pum; (d) 30
Orion TM1 Poly-terphenylen ammonium MPa; (€) 35%

2.1.2. Preparation of anode chamber.

The anodic chamber is a major part where biomass decomposition occurs inside the
electrode to initiate bacterial activity. The performance of an MFC is typically described by
measuring the anode efficiency, as it serves as an active center for living bioelectrochemical
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activities and mediates electron transport from exoelectrogens to the anodic chamber.
Therefore, it is essential to concentrate on the anode materials and design. Several items
influence the performance of the MFC, such as bio materials in anodic chambers, bacteria
types, and proton transfer membranes. Usually, carbonaceous metal-based compounds are
widely used in MFCs, such as carbon paper, carbon rods, carbonized cardboard, and carbon
cloth, the last of which is used in the anodic chamber due to its high strength and high porosity,
which creates a relatively high surface area [30-35]. In this work, we used various types of
carbon cloth as electrodes, which were soaked in distilled water at 298 K for half an hour and
then boiled in deionized water for 15 minutes to remove contaminants accumulated within their
pores. Three layers of carbon cloth cover the T-shaped anode to achieve an appropriate
thickness. We also used several metal plates, mostly stainless steel sheets, for anode materials.

2.1.3. Preparation of cathode chamber.

In the cathodic chamber, electrons reduce oxygen to water via reduction reactions that
can occur at three-phase interfaces, including air, liquid, and solid phases. A general cathodic
chamber electrode consists of an electrode assist, a special catalyst, and an air diffusion section.
Although anodic chamber electrode materials can sometimes be used in the cathodic chamber,
it is notable that the cathode material should have higher conductivity and mechanical strength
than anodic materials. Mostly MFCs are being worked under neutral PH and mild temperatures.
Using expensive transition metals such as platinum, gold, and even silver as catalysts for
cathode materials is limiting the practical applications of MFC technology. Therefore, it is
necessary to reduce the cost of cathodic catalysts by replacing the cheaper materials with
platinum  without sacrificing efficiency, such as carbon cloth coated with
polytetrafluoroethylene. The MFC efficiency by using carbon cloth coated with poly-
tetrafluoroethylene increased the power densities by around 35% compared with a carbon-
based one-layered cloth.

Bare Copper
Wire

Insulated Copper
Wire

Electrode

(]
Saltwater

Anodic Chamber Cathodic Chamber

200 mm = 40 mm > 2 mm 200 mm = 40 mm = 2 mm

Figure 3. Preparing the cathode chamber, including a salt bridge between the cathode and anode sections.

In this work, we used commercial carbon electrodes due to properties like a wide
electrochemical window, low residual current, recyclability, reusability, and sufficient
electrical conductivity [36]. In our work, we used a combination platinum-carbon catalyst on
the cathode chamber electrode to increase the rate of oxygen recovery and reduce the
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overpotential at the cathode. Thus, platinum powder with a 15 wt% loading of 0.20 mg/, water,
and ethanol was mixed for half an hour. Next, 50 wt% of the ordinary polymer binder used in
the fabrication of metal-carbon composite electrodes, polytetrafluoroethylene (PTFE), was
added to make a 40 wt% solution, and the mixture was stirred for 15 minutes. After that, the
surface of the air cathode with dimensions 200 mm x 40 mm x 2 mm, as shown in Figure 3,
was impregnated with the prepared mixture using a brush.

2.2. Bacterial preparation.

2.2.1. Microbes used.

Microorganisms are the major component of MFC for treatment and electricity
generation. Potter in 1911 exhibited that yeast Saccharomyces cerevisiae and Bacillus coli
provided a suitable voltage in electricity generation [37]. So, for increasing the performance of
the power output, knowledge of microorganism types from the point of view of properties,
qualities, and quantities is needed. The primary activation of bacteria is through colonization
of the anode electrode as a bio-catalyst, along with the substrates, to generate electricity. In
Table 2, we used four different microorganisms, including Escherichia coli bacteria,
Shewanella putrefaciens bacteria, Geobacter sulfurreducens, and Lactobacillus, in our MFC
study.

Table 2. Different microorganisms are used in MFC.

No Microorganisms No Microorganisms No Microorganisms

1 Geobacter SPP [38] 9 Geothrix fermentas [47] Erwinia dissolven [53]

2 Geobacter. Sulfurreducens [39] 10 Chlorella vugaris [48] Lactobacillus plantarum [53]
3 Shewanella oneidensis [40] 11 Dunaliealla tertiolecta [49] Paracoccus denitrificans [53]
4 Shewanella putrefaciens [41] 12 Scenedesmus obliquus [49] Paracoccus pantotrophus [54]
5 Escherichia coli [42] 13 Chlorella pyrenoidosa [50] Proteus vulgaris [54]

6 Clostridium butyricum [43,44] 14 Corilous versicolor [50] Proteus mirabilis [54]

7 Pseudomonas aeruginosa [45,46] 15 Agaricus meleagris [51]

8 Gluconobacter oxydans [46] 16 Streptococcus lactis [52]

Escherichia coli is a Gram-negative bacterium, generally used in both research
laboratories and teaching centers. For this work, we grow it at 37°C under aerobic conditions.;
Since E. coli can grow under a wide range of pH, we have grown it in Luria-Bertani broth as a
rich liquid broth medium. During an overnight, the cell density of >115 cfu/ml (colony-forming
units per milliliter) of culture appeared (Figure 4a). Shewanella putrefaciens is a Gram-
negative pleomorphic bacterium.

i % : 18 15.0 kV/10.0kSE ' 20073 ‘
Figure 4. SEM of several bacteria by suitable resolation (a) E. coli; (b) Shewanella putrefaciens; (c) Geobacter
sulfurreducens; (d) Lactobacillus.

We isolated it from the Caspian Sea. Geobacter sulfurreducens is a Gram-negative
metal- and sulfur-reducing proteobacterium. It is a rod-shaped, aerotolerant anaerobe that is

https://biointerfaceresearch.com/ 6 of 19


https://doi.org/10.33263/BRIAC162.059

https://doi.org/10.33263/BRIAC162.059

non-fermentative, has a flagellum, and type four pili. It is closely related to Geobacter
metallireducens. Geobacter sulfurreducens is an anaerobic species of bacteria that belongs to
the family Geobacteraceae. Lactobacillus is a genus of Gram-positive facultative anaerobic or
microaerophilic bacteria. Lactobacillus is a genus of Gram-positive facultative anaerobic or
microaerophilic bacteria. The genus Lactobacillus is one of the major subgroups of the lactic
acid bacteria, which convert lactose and other sugars into lactic acid. They are widely
distributed and generally benign. They are found in humans as a small part of the natural flora,
symbiotically present in the vagina and gastrointestinal tract.

2.3. Experimental procedure.
2.3.1. Morphological and biochemical characterization.

Morphological characteristics, Gram staining, several biochemical tests, and an online
software (ABIS)- based approach were used for the identification of potential electrogenic
bacteria.

2.3.2. Mass transport calculations and numerical analysis.

Initially, the air-cathode membrane was simulated without an MFC using a steady-state
two-dimensional model. This model coupled bio-electrochemical kinetics with mass, charge,
and heat transfer [12]. A schematic image of the modeling details is shown in Figure 5.

1.2 om| Single Chamber of a MFC

Diffiusion Cathode
Layer
Anode

Biofibtn_ |  Biofiln

Aire Cathode

Figure 5. Schematic of the MFC including the air cathode.

Based on equations 1 and 2, the relationship between microbial growth and decay has
been established by maintaining a steady-state biofilm of a given thickness. Acetate and CO>
stay in the anodic electrode and cannot diffuse from the anode chamber to the cathode chamber.
Meanwhile, the air phase could not diffuse into the anodic chamber; thus, acetate is the only
electron donor substrate remaining in the analyte. A biofilm within a porous matrix can
generate electrons by oxidizing substrates and delivering them to the anodic chamber. Since
the biomass ingredients, including bacteria and extracellular polymeric substances (EPS),
constitute the solid conducting phase, only the liquid analyte phase containing the substrate
solution enters the porous biofilm matrix and is oxidized by the bacteria.

2.4. Numerical modeling.

Obviously, electrons transfer from the solid state, and the ions from the electrolyte
phase, both obey Ohm’s Law:
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https://doi.org/10.33263/BRIAC162.059

https://doi.org/10.33263/BRIAC162.059

I =0dVpandi=VI 3)
Where “I” is the current density, o is the conductivity, “¢” is the potential, and “I” is
the current source.
The special current of electrons and ions in the case of porous chamber electrodes could
be rearranged as:

Is = Vg = V(05 Vs and iy = VI = V(0,5 Ve 4

Where the subscripts “s” and “1” refer to the electrode phase and electrolyte phase,
respectively. The effective amounts of conductivity (oefr) are calculated based on Bruggeman
theory:

Gs,eff =E§'5 O and Ul,eff =Ell'5 g (5)

Where €5 and € demonstrate the volume fraction of the electrode and electrolyte phase,
respectively, current density in the porous biofilm is a function of biomass and substrate
concentrations, as well as a function of overpotential. By assuming substrate consumption by
bacteria obeying Monod kinetics, the charge-transfer Kinetics at the anode can be rearranged
as [54-57].

Cs
Cs +Kgq

lg = lpa ( ) Cyexp (%) (6)

Where, C; is the substrate concentration, K, indicats the half-max rate of substrate and
C, is the anodic bacteria concentration. In addition, «, is the anodic transfer coefficient and F
is Faraday’s constant. Meanwhile 7 is the overpotential and i, , is the forward rate constant of
the anode reaction. Since the air-cathode used in the microbial fuel cell is a gas diffusion
electrode (GDE) that is inert to charge transfer, the current density at the cathode can be
described using a concentration-dependent Butler-Volmer function as follows:

.. acky _ Co, —(1-a)Fy
ie = o (exp [| = 2= expl=r ] (7)

Where, i, . is the cathode reference, Coz is the concentration of O, re, Coz(ref ) is the
reference concentration of O, oc cathodic transfer coefficient. Since the overpotential (») is a
function of electrode potential, it could be rearranged as:

77=€05—§01—Eeq (8)

The gradient of substrate in the biofilm can be formulated by:

VD,s7,aVCs = ~22 ©)
where, Dy 4 is the effective diffusion coefficient, a, is the active specific surface area
of the anode, and is the number of electrons. Based on equation 10, since substrate cannot
diffuse to the solid anodic chamber, a no-flux boundary condition is applied at the interface of
the biofilm with the anodic electrode:
0 = DefsaVCs (10)
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The flux continuity condition (Eqg. 11) is used at the interface of the outer surfaces of
the biofilm with the analyte, assuming a concentration boundary layer of thickness ‘L ’ at the
interface:

Dg
T (Cs,bulk - Cs) = Deff,avcs (11)
Where, C 5.1 1S the concentration and Da is the diffusion coefficient of the substrate.

3. Results and Discussion

3.1. Electricity production versus temperature and sample size.

Escherichia coli is a Gram-negative bacterium, generally used in both research
laboratories and teaching centers. For this work, we grow it at 37°C under aerobic conditions.
Since E. coli can grow over a wide pH range, we have grown it in Luria-Bertani broth, a rich
liquid medium.

Besides the experiment, we also supposed that the natural temperature and the largest
sample size, with a larger percentage of organic matter, would generate the most electricity.
We use thermal limits between 0°C and 40°C; therefore, Experiments were accomplished for
MFCs operating temperatures, 18°C, 23°C, 29°C, 37°C, and 40 °C. Related parameters were
estimated through experimental results at 23°C, 29°C, and 37°C. The accuracy of the model
parameters was later confirmed by comparing the experimental data of two other MFCs,
operating at 20°C and 40°C. In the first series of experiments, the independent variable being
studied was the type of those four bacteria present, E. coli, Shewanella putrefaciens, Geobacter
sulfurreducens, and Lactobacillus (Figure 4) in related samples of the waste materials. We also
fabricated our MFCs of these bacteria at room temperature (23°C) by measuring 3.0 cm x 3.0
cm x 4.0 cm dimensions for each type of sample. Therefore, 36 cm® volume of sample was
used in each experiment for those four bacteria. For each sample, we measured electricity
production using a digital multimeter within 5 minutes of MFC fabrication. Electricity
production from several waste samples of various bacteria at 23°C is listed in Table 1. The
measured amounts indicated that the MFC powered by the Lactobacillus waste sample
produced the least electricity, and the MFC powered by the E. coli sample produced the most.
Lactobacillus is a genus of Gram-positive facultative anaerobic or microaerophilic bacteria.
The genus Lactobacillus is one of the major subgroups of the lactic acid bacteria, which convert
lactose and other sugars into lactic acid. They are widely distributed and generally benign.

Table 3. Electricity production from several Waste samples of various bacteria at 23°C.
First trial Second trial Third trial Percentage of each

Waste sample (mV) (mV) (mV) trial, respectively Medium
E. coli 150 155 160 20%, 25%, 30% 155
Shewanella putrefaciens 146 144 147 15%, 16%, 17% 145.7
Geobacter sulfurreducens 140 145 142 18%, 19%, 20% 142.4
Lactobacillus 130 125 123 10%, 9%, 8% 126

Moreover, we completed several experiments through various percentages of organic
matter in each of the waste samples. In the second test category, we selected two temperatures
(0°C and 40°C) as the independent variable, while the dependent variable was electricity
production in each MFC. In addition, for a better comparison among the results, we also used
the room temperature (23°C). We created MFCs using topsoil and measuring 3.0 cm x 3.0 cm
x 4.0 cm for each temperature. Table 4 presents the results of the experiments and indicates
that electricity production was greatest at 0°C and lowest at 40°C. In addition, we tested
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temperatures slightly above and below 0°C and 40°C. By this testing, we confirm that an MFC
cannot function at temperatures at or below —8°C or temperatures at or above 46°C. On the low
temperature end, electricity production increases from —4°C to —1°C and to 0°C, and then
decreases from 0°C to 4°C and then to 5°C. Interestingly, 0°C is a peak for all samples.

Table 4. Electricity production according to various temperature ranges for 4 samples.

Temperature E. coli Shewanella putrefaciens Geobacter sulfurreducens Lactobacillus

(9 (mV) (mV) (mV) (mV)
-8 None None None None
-4 45 38 32 30
-1 98 76 65 59
0 165 148 145 130
4 89 73 64 56
5 81 70 60 55
18 90 82 75 63
23 155 145.7 142.4 126
29 71 66 64 60
37 65 59 56 50
40 49 39 36 33
43 19 12 9 8
46 None None None None

According to the data in Table 4, the electricity production uniformly decreases from
29°C to 37°C, 40°C, and finally 43°C. Because we were unable to control the temperature in
the enclosed environment, we were also unable to test performance at temperatures very close
to —8°C or 46°C. Thus, for the purpose of this study, we considered —8°C and 46°C the thermal
limits for MFC designing.

In the third range of experiments, we tested the independent amounts of the anode
chamber size as well as the type of sample that fills the chamber, 10.0 cm x 10.0 cm x 13.0 cm
versus 2.0 cm x 2.0 cm x 4.0 cm. Consequently, the MFC of medium size measuring 3.0 cm x
3.0 cm x 4.0 cm was selected and fabricated for comparison with other sizes. Table 5 presents
the measured data for each category of our tests, and we found that electricity production
increases with sample size, whereas, in contrast to our expectations, the efficiency of electricity
production decreases with sample size. The volume of the largest MFC is 36.11 times the
volume of the medium MFC. Still, the electricity production of the largest MFC for E. coli is
approximately 1.13 times that of the medium MFC. Similarly, the volume of the medium MFC
is 2.25 times the volume of the smallest MFC. Still, the electricity production of the medium
MFC is only 1.24 times the electricity production of the smallest MFC. Therefore, we found
that the amount of electricity production does not depend on the sample size and power in the
various MFCs, directly. Although electricity production increased with larger sample sizes,
efficiency gradually decreased; therefore, an important conclusion was that simply increasing
the MFC size may not be very effective due to diminishing returns.

Table 5. Electricity production versus sample size.

Anode chamber E. coli Shewanella putrefaciens Geobacter sulfurreducens Lactobacillus
size (mV) (mV) (mV) (mV)
20x2.0x4.0 125 120 114 99
3.0x3.0%x4.0 155 145 .7 142.4 126
10.0 x 10.0 x 13.0 175 159 152 131

3.2. Parameter estimation and model validation.

In this work, the COMSOL software, which enables coupled-physics simulations, was
used for numerical calculations [57]. Parameter fitting regression analysis based on the Nelder-
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Mead simplex optimization method was applied to estimate the model [11,12]. The target
function was established based on theoretical and experimental data for power density as a
function of current density. Figure 6 shows the experimental and fitted polarization at 23°C,
29°C, and 40°C, as reported in Table 4.

Power Density(Wm'z)

1.2 4
.5.‘"\..\ — 37 0C
1.0 o' @ 29°C
L ™ 3‘\
0.8 o 1‘.“ ‘. t\“.
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Figure 6. Power density vs current density for MFCs fabricated by E.coli at 23°C, 29°C, and 37°C;
Experimental data are shown by solid color circles and numerical fitting is shown by dotted color line.

As shown, the numerical technique can be predicted by an accurate fitting to
experimental data. The parameters obtained from fitting with the parameters that were obtained
from experiments are also confirmed by other works. To prove our model's applicability in a
wide range of temperatures, we used related parameter estimation compared with literature
data. We found that this model can be applied to predict the power density of MFCs operating
at temperatures above and below, using numerical fitting. Consequently, there is good
agreement between the numerically calculated and experimental data, so the model's efficiency
can be confirmed over a wide range of temperatures. It is notable that the model has a strong
potential to predict the nonlinear trend in power density as a function of various temperatures.
From the experimental data, we found that the power density of MFCs at various temperatures
increases linearly between 23°C and 37°C; however, as the operating temperature increases,
the power density begins to decrease. Both the experimental data and the numerical analysis
have shown approximately 6% decrease in power density for an operating at 40°C compared
to 37°C. These results were related to the deviation amounts of the power increase yielded
during the enhancement temperature from 23°C to 37°C. Recent researchers have developed
the influence of temperature on MFC performance [58-63]. Liu et al. [58], Feng et al. [59], and
Min et al. [49, 61] all confirmed a linear relationship in power output vs temperature in 20°C
to 32°C, 20°C to 30°C, and 22°C to 30°C. Larrosa-Guerrero et al. [63] also found a similar
increase in power density vs temperatures from 4°C to 35°C. It is notable that in all previous
studies, the maximum operating temperature is up to 35°C. We also studied the electrode
spacing, lonic strength, bacterial culture in biofilm, substrate composition, and its
concentration. Obviously, an optimal correlation between power density and temperature
cannot be achieved unless all other factors are accounted for simultaneously. This fact
necessitates the use of numerical simulation to increase the efficiency of the electrical power
in advanced MFCs. In addition, the current steady-state investigation, which couples the energy
balance with the effect of temperature, can also be suitable for considering the influence of
other physical parameters. The scope and capability of the numerical calculations could be
investigated by power density changing as a function of ionic strength of the substrate and
electrode distance. In addition, several recent studies on the performance of MFCs using
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different sources of microorganisms have investigated waste materials, including Dairy
Industry Waste Water (DIWW), Dyeing Waste Water (DWW-2), and Cow Dung, which were
used as sources of microorganisms [64-77].

3.3. lonic strength effects.

We studied electrolyte conductivity (1) and the effect of ionic strength for the substrate
solution on the MFC efficiency (equations 3-5). As can be seen in Figure 7, the highest power
density initially increases linearly versus electrolyte conductivity between 0.12 W m~2 at o) =
1le *Sm 1to 1.1 W m ?for o1= 16 2Sm™ 1. Then, by enhancing conductivity, the power density
gradually decreases towards o =21 Sm™ 1. These results confirm our experimental data on
the power density of the ionic strength from several bacterial substrates, where an increase in
conductivity does not result in any further improvement in power density.
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Figure 7. Power density of the E.coli system in various conductivities vs current density.

In Table 6, the ionic strength effects for E. coli, Shewanella putrefaciens, Lactobacillus,
and Geobacter sulfurreducens are listed, both experimentally and numerically.

Table 6. Electricity production from several waste samples of various bacteria at 23°C.

Waste sample/distance Electrolyte conductivity (e1) with Power density = 1.1 Wm2
2¢"1Sm! le"'Sm~! le?2Sm~! le3Sm~! le “Sm~?

E. coli experimental 1.4 1.3 1.0 0.6 0.2
' numerical 1.35 1.33 0.95 0.65 0.25
Shewanella experimental 1.35 1.15 0.90 0.6 0.18
putrefaciens numerical 1.25 1.05 0.85 0.55 0.2
Geobacter experimental 1.2 1.0 0.85 0.58 0.15
sulfurreducens numerical 1.25 0.95 0.88 0.55 0.15
Lactobacillus experim_ental 1.15 0.9 0.8 0.55 0.12
numerical 11 0.9 0.8 0.58 0.1

3.4. Electrode chambers structural size effect.

Since conductivity reflects the rate of ion transfer, higher conductivity promotes ionic
conduction, thereby reducing Ohmic losses and power output in MFCs. The effects of electrode
chamber structural size and the inter-electrode distance between the anode and cathode have
been investigated for E. coli, Shewanella putrefaciens, Lactobacillus, and Geobacter
sulfurreducens. Inter-electrode distances were varied from 1 cm to 5¢cm. In all items, maximum
power density increases as the distance between the two electrodes is decreased. Based on our
experimental results and numerical studies, in general, as the inter-electrode distance
decreased, the internal resistance also decreased. The effect of electrode distance also depends
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on the ionic strength change of the solution. It was observed that when electrolytes with
conductivities more than 0.02 S m™ were used, decreasing the electrode spacing does not result
in any significant gain in power output, but power output changes with electrolyte conductivity
smaller than 0.02 S m™. With electrolyte conductivity equal to 0.01 S m™, we calculated
approximately a 10% increase in power output by reducing the distance from 5 cm to 1 cm.
Moreover, using an electrolyte with a weak ionic strength equal to o1 = 1" 4S m™ %, maximum
power density changes from 0.7 Wm towards 1.3 Wm during reducing distance from 5 cm
to 1 cm (Figure 8).

Power density ( Wmr®)

lcm —

1.5 4

1.4 4

19 2cm —

1.2

L1 3cm —

1.0

09 4cm —

0.8

0.7 —

o 5 cm

0.5

0.4

0.3

0.2

0.1

00 A
7 8 9 10

Current density (Am 5]

Figure 8. Power density of E.coli system in various distances vs current density with electrolyte conductivity =
0.01Sm™.

In Table 7, the distance effect for E. coli, Shewanella putrefaciens, Lactobacillus, and
Geobacter sulfurreducens has been listed both in experimental and numerical calculations.

Table 7. Electricity production from several waste samples of various bacteria at 23°C.
Power density (Wm-2) with conductivity =0.01 S m

Waste sample/distance andei=1e*Sm™
lcm 2cm 3cm 4cm 5cm
E. coli experim_ental 1.3 1.1 0.95 0.85 0.7
numerical 1.35 0.9 0.9 0.80 0.75
Shewanella putrefaciens experim_ental 1.25 1.05 0.90 0.8 0.65
numerical 1.2 1.0 0.85 0.75 0.7
Geobacter sulfurreducens experim_ental 1.2 1.0 0.85 0.75 0.6
numerical 1.25 1.1 0.9 0.80 0.65
Lactobacillus experimental 1.2 0.9 0.8 0.7 0.55
numerical 1.1 0.95 0.8 0.75 0.6

4. Conclusions

This work clearly shows the effects of temperature and cell dimensions on MFC
efficiency, in agreement with the experimental data. The two-dimensional analysis enables us
to examine ionic changes, including electronic current densities, as well as local reaction rates
in the two cathodic and anodic chambers. According to this work, a method has been defined
for numerical calculations that allows us to explain the non-linear trend in efficiency with
temperature. It is also discussed that all parameters are interlinked and are essential for
obtaining a realistic definition of MFC efficiency. This mathematical simulation is a general
model that can be applied to various MFC configurations due to its fast convergence and quick
optimization. Our mathematical approach is related to the following hypothesis: 1- The biofilm
was constructed on a solid, porous, conductive matrix and was controlled with a fixed

conductivity and pH. 2- Addition of substrate was supposed to be identical, mixed in the
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analyte, and the substrate gradient only occurs in the biofilm. 3- A concentration boundary
layer exists between the biofilm matrix and the analyte. In addition, for future work, they can
be properly applied to study dynamic efficiency over time. In addition, the scope of this model
extends beyond temperature studies in various MFCs and can also be used for other parametric
studies, such as ionic strength, dimensions, ionic conductivities, and electronic currents.
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