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Abstract Enhancing the treatment capacity of complex wastewater has a contributing role to the green development
of the environment. In this paper, the wastewater treatment capacity of microbial fuel cells is enhanced based on
the excellent properties of nanocarbon materials. Nitrogen-doped porous carbon materials and biomass carbon
materials are prepared as the material basis for the modified anode of the cell. The microbial fuel cells were
constructed and the effluent treatment capabilities of the three types of cells, L-N/PCs-MFC, N/PCs-MFC, and PCs-
MFC, were compared by multiple sets of experiments. The electrochemical performance of L-N/PCs-MFC was
analyzed based on cyclic voltammetry, polarization and power density tests. The water purification effect of L-
N/PCs-MFC was verified by COD, TP, and TN removal tests. The results showed that the CV curves of L-N/PCs
anode showed obvious redox peaks at both -0.45 V and 0.5 V voltage, which was higher than the capacitance. The
open-circuit voltage was 820.59 mV and the slope was smaller than that of the comparison cell, and the internal
resistance was minimized during the operation. The removal rates of COD, TP, and TN were all higher, and the
water purification effect was good and could maintain the microbial activity effectively.

Index Terms carbon nanomaterials, microbial fuel cells, L-N/PCs, electrochemical performance, water purification
effect

. Introduction

In the current process of social functioning, economic development, industrial and agricultural production, and
ecosystem circulation, water is one of the crucial elements, as well as in human survival, water is also a core
element to reduce diseases and improve environmental quality [1]-[4]. However, along with the rapid development
of industrialization and the massive use of water resources, water sanitation problems have arisen. UNESCO
pointed out in 2017 that 80% of the sewage wastewater is discharged into the ecosystem without treatment or is
not recycled, which puts great pressure on the restoration of the ecological environment [5], [6]. In fact, sewage
wastewater is also a kind of resource, the discharged sewage wastewater usually contains a large amount of organic
matter, but the conventional wastewater treatment farms are unable to make full use of these resources, instead,
they need to consume a large amount of energy to run and operate the wastewater treatment equipment, and if
they can make full use of the chemical energy in these organic matter, they can not only reduce the consumption
of energy, but also obtain energy from the sewage [7]-[9]. In addition, traditional wastewater treatment technologies
usually require a large amount of power supply and chemical inputs, which not only has the problem of energy
waste and environmental pollution, but also keeps the cost of wastewater treatment high, which is not conducive to
the economic and green development, and limits the treatment sustainability [10]-[12].

In this context, the emergence of microbial fuel cell (MFC) brings a new solution for wastewater treatment with
many potential advantages. MFC is a novel bioelectrochemical technology, which can degrade organic nutrients in
wastewater through the electricity-producing microorganisms in the anode chamber, and at the same time, release
electrons and protons, and the electrons are transferred to the cathode of the fuel cell through the external circuit
to realize the energy yield [13]. The advantages of its mild working conditions, green environment, capacity, and
low sludge volume have also gradually gained attention and have a broad prospect [14], [15]. However, in practical
applications, the poor stability of MFC in long-term working scenarios, high requirements on working environment
and electrode materials, and low power generation have hindered the further application of MFC [16]-[18].

While nanocarbon materials bring a new turn to the above problems, nanocarbon materials are carbon materials
where the dispersed phase scale has at least one dimension less than 100 nm. The dispersed phase can be
composed of either carbon atoms or heterogeneous atoms (non-carbon atoms), or even nanopores. Among the
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nanocarbon materials, new carbon materials such as carbon nanofibers, carbon nanotubes, graphene, and carbon
quantum dots have excellent physical and chemical properties such as ultra-high specific surface area, three-
dimensional porous structure, high electrical conductivity, and catalytic properties, which have been widely used in
many fields, and also serve as an effective material for the performance enhancement of MFC [19], [20].

In large-scale application scenarios, the effect of MFCs is constrained by the performance of their anode
electrodes. In graphene-based MFC performance enhancement, literature [21] evaluated the effectiveness of a
homemade 3D graphene electrode as an anode electrode material for MFCs, obtaining the maximum power density
under tetravalent potassium ferricyanide configuration conditions. The nitrogen-doped graphene oxide prepared by
literature [22] increased the power density of MFC (708.3 mW/m?), which promoted the bioelectrocatalytic activity
and enhanced the wastewater treatment. Literature [23] prepared a low-cost, high-performance composite anode
material for MFC by utilizing derivatized graphene from oil palm biomass waste and adding lead-containing
wastewater.

In the carbon nanotube-based MFC performance enhancement, literature [24] verified that the modification of
multi-walled carbon nanotubes effectively enhanced the maximum power density of MFC (560.40 mW/m?),
optimizing the biofilm formation, biodegradation, and electron transfer of the MFC anode with its single-bonded
carboxylate group. Literature [25] explained that the large-scale porosity and nanostructure of carbon nanotubes
through the woven fiber process colonized electroactive bacteria on the surface of MFC electrodes, which resulted
in superior electrode performance than ordinary carbon electrode materials. Literature [26] used composite
nanomaterials formed by carbon nanotubes and platinum to act as the cathodic catalyst for MFC, and the cathodic
catalytic effect of MFC was optimal under the concentration condition of 0.3 mg/cm?, with high COD removal rate
(88%), which provides a pathway for the production of sustainable clean energy.

In the carbon nanofiber-based MFC performance enhancement, literature [27] found that 600°C heat treatment
of nitrogen-doped electrostatically spun carbon nanofibers reduced the treatment cost in addition to maintaining the
original excellent performance, while the treated carbon nanofibers enhanced the anode electrode bacterial growth
performance of single-compartment MFC. Literature [28] used multi-walled carbon nanotube-carbon nanofiber
composite nanomaterials as MFC anode materials to obtain the maximum power density (362.20 mW/m?), which
enhanced the microbial attachment strength and electron transfer capability. Literature [29] combined cobalt-nickel
alloy, nitrogen-doped carbon nanotubes, and carbon nanofibers to fabricate three-dimensional layered graphitic
carbon, which achieved the maximum power density (210045 mW/m?) and can be used as an MFC air cathode
catalyst to enhance MFC performance. In addition, literature [30] prepared iron/iron oxide nanoparticles with
nitrogen-doped carbon quantum dots as an anode material for MFC, which showed high performance in microbial
attachment, electron transfer, and could convert waste microorganisms into green energy, and achieved the
maximum power density (836 mW/m?). Literature [31] embedded low-cost and sustainable plant carbon dots, a
carbon-based nanomaterial, into the MFC anode catalysis and improved the output power and wastewater
treatment of MFC.

In this paper, microbial fuel cells are optimized using nanocarbon materials. Based on the preparation of multiple
types of experimental materials, the microbial fuel cell is constructed and activated for complex wastewater
treatment experiments. The performance advantages of the constructed cell are verified from two dimensions,
electrochemical analysis and water quality analysis. Analyze the power production performance of anode materials
such as L-N/PCs in combination with cyclic voltammetry test. Compare the magnitude of internal resistance of
anode materials etc. by polarization and power density test. The water purification ability of multiple microbial fuel
cells is measured by COD, TN, and TP removal rates to determine the advantages of L-N/PCs-MFC for wastewater
treatment.

Modeling and computational method analysis of carbon nanomaterials enhanced microbial fuel cell for treatment of complex wastewater

Il. Pre-laboratory preparation
This chapter lays the foundation for subsequent modeling and analysis of wastewater treatment through
preexperimental material preparation and microbial fuel cell construction.

Il. A.Materials purchased for the experiment
Il. A.1) Experimental materials
Polyacrylonitrile graphite felts with pore size 205-305 um, thickness 5 mm, carbon content 99%, purchased from
Beijing Sanye Carbon.

Multi-walled carbon nanotubes (MWCNT) OD <8.5 nm, purity >96%, purchased from Chengdu Organic Chemistry
Co.

Graphite rods 7mm in diameter, 10cm in length, 99.9% carbon content, purchased from Curious Teaching
Laboratory Equipment.
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DuPont Nafion117 proton exchange membrane with thickness of 185 um, density of 365 g/m?, conductivity of
0.085 s/cm, exchange capacity of 0.90 meq/g, purchased from Beijing Fengxiang Technology Co.

Sodium acetate anhydrous, yeast extract, sodium bicarbonate, potassium dihydrogen phosphate were purchased
from Tianjin Hengxing Chemical Reagent Manufacturing Co., Ltd; potassium chloride, magnesium chloride were
purchased from Tianjin Kemi Chemical Reagent Co., Ltd; disodium phosphate dodecahydrate, disodium phosphate
dihydrogen dihydrate, potassium ferricyanide, potassium ferrocyanide and aniline were purchased from China

National Pharmaceutical Corporation Chemical Reagent Co.
High-purity nitrogen (99.99%) was purchased from Henan Keyi Gas Engineering Co.

Modeling and computational method analysis of carbon nanomaterials enhanced microbial fuel cell for treatment of complex wastewater

Il. A.2) Experimental reagents

Microbial fuel cell (MFC) anode liquid: sodium acetate 1.65g/L, yeast extract 3.0g/L, potassium dihydrogen
phosphate 0.5g/L, sodium bicarbonate 2.6g/L, potassium gasification 0.2g/L, magnesium gasification 0.2g/L,
calcium gasification 0.2g/L. Prepare 260mL of anode liquid, plug the mouth of the bottle with cotton, and then
wrapped in newspaper and cotton thread intact, sterilized at 120°C. Sterilize at 120°C for 25min, and store in
refrigerator at 5°C for spare.

MFC cathode solution: 0.06M potassium ferricyanide, 0.15M potassium chloride, dissolved and fixed in 260mL
brown wide-mouth bottles, stored at room temperature.

PBS reserve solution (60mMPBS): weigh 0.2965g of sodium dihydrogen phosphate dihydrate, 2.899g of disodium
hydrogen phosphate dodecahydrate, first dissolve with ultrapure water, then adjust PH to 7.4, and finally volume to
260mL, put it in a triangular flask and seal it with aseptic film, sterilize it at 120C for 25min, and put it into the
refrigerator at 5°C for storage.

PBS solution (20mMPBS): Dilute the PBS solution 3 times with ultrapure water.

Potassium ferricyanide solution: 6mM potassium ferricyanide, 2M potassium chloride, dissolve and set in a brown
bottle, store at room temperature. All the above solutions are prepared with ultrapure water.

Il. B.Preparation of the anode material
Il. B.1) Preparation of nitrogen-doped porous carbon materials
1) Drugs used in the experiment

The reagents used in the experiment included melamine, sodium citrate dihydrate and L-cysteine, all of which
were chemically pure. Melamine and sodium citrate dihydrate were produced by Sinopharm Chemical Reagent Co.
and L-cysteine was produced by Shanghai McLean Biochemical Technology Co.

2) Material preparation steps

(1) Preparation of N/PCs

Weigh sodium citrate solid and melamine solid (mass ratio 15:1), mix them and put them into a mortar and grind
them to make a homogeneous mixture. The mixture was put into a magnetic cup, calcined in a tube furnace under
argon atmosphere at an elevated temperature (6 °‘C/min) to 850 C for 6 hours, after cooling down, the product
was ground and washed with dilute hydrochloric acid, then rinsed with deionized water, pumped and filtered, and
then dried at 85 ‘C in a vacuum drying oven for 10 hours, nitrogen-doped porous carbon materials (N/PCs) were
prepared.

(2) Preparation of L-N/PCs

Sodium citrate solid and L-cysteine solid (mass ratio 15:1) were weighed and mixed into a mortar and pestle to
make a homogeneous mixture. The mixture was put into a magnetic cup and calcined in a tube furnace under argon
atmosphere at an elevated temperature (6 °C/min) to 850 °C for 6 h. After cooling down, the product was ground
and washed with dilute hydrochloric acid, then rinsed with deionized water, filtered and dried in a vacuum drying
oven at 85 °C for 10 h. Nitrogen-doped porous carbon materials (L-N/PCs) were prepared.

(3) Preparation of porous carbon materials (PCs) for comparison materials

Several sodium citrate solids were weighed and ground in a mortar. Put the sodium citrate powder into the
magnetic cup, in the tube furnace, argon atmosphere, heating (6 ‘C / min) to 850 °C calcination for 6 hours, after
cooling down, the product will be ground with dilute hydrochloric acid cleaning, and then rinsed with deionized water,
filtration in a vacuum drying oven at 85 “C after drying for 10 hours to prepare the contrasting material porous
carbon materials (PCs).

3) Preparation of composite materials used as electrodes for modified anodes

Take two centrifugal tubes, each centrifugal tube were measured 20uL Nafion solution and 120uL ultrapure water,
and then weighed 15mg N/PCs, L-N/PCs and PCs materials (used for modification of the carbon cloth anode), were
placed into the three centrifugal tubes, manually mixed and then placed into the ultrasonic instrument in the
ultrasonic 45min, to form N/PCs slurry, L-N/PCs slurry and PCs slurry, the three parts of the slurry, and the three
parts of the slurry, the three parts of the composite material as a modification of the electrode. PCs slurry, the three
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slurries were applied to the three treated carbon cloths (all slurries were applied to the carbon cloths as much as
possible), and air-dried or low-temperature dried for spare.

Il. B.2) Preparation of biomass carbon materials
1) Drugs used in the experiment

The reagents used in the experiment included rice bran (produced in Nanchang farmland, Jiangxi Province),
potassium hydroxide (chemically pure, Xilong Chemical Co., Ltd.).

2) Steps of material preparation

First, the rice bran was pretreated by submerging it in 5 M potassium hydroxide solution for 60 min, then rinsed
with deionized water, filtered and vacuum dried. Weighing the same mass of pretreated rice bran 3 parts, in the
tube furnace, argon atmosphere, respectively, temperature (6 ‘C / min) to 750 ‘C, 850 ‘C, 950 C, 1050 C
calcined for 2.5 hours, to produce carbon materials containing aluminum, calcium, silicon, and oxygen and other
mixed elements.

3) Preparation of composite materials used as modified anode electrodes

Take two centrifugal tubes, each centrifugal tube were measured 20uL Nafion solution and 120uL ultrapure water,
and then weighed 15mg M/PC750-PCs, M/PC850-PCs, M/PC950-PCs, and M/PC1050-PCs materials (used for
modification of the anode of the carbon cloth), were placed into four centrifugal tubes, and then manually mixed
before being put into the Ultrasonic instrument in the ultrasonic 45min, the formation of M/PC750-PCs slurry,
M/PC850-PCs slurry, M/PC950-PCs slurry and M/PC1050-PCs slurry, four copies of the slurry were coated to the
four treated carbon cloth (as far as possible all the slurry coated to the carbon cloth), air-drying or low-temperature
drying standby.

Il. C.Construction and startup of microbial fuel cells

Il. C.1) Construction of microbial fuel cells

The dual chamber microbial fuel cell consisted of two reaction tanks of the same volume (65mL). A proton exchange
membrane 2.5 cm x 5 cm (12.5 cm?) formed a sandwich structure with the two reaction tanks. Bare graphite felts
or graphite felts modified with carbon nanotubes and polyaniline were used as the anode of the microbial fuel cell,
and carbon fiber cloth 2.5 cm x 5 cm (12.5 cm?) was used as the cathode of the microbial fuel cell to construct
different microbial fuel cells. The anode chamber was enriched with anode solution inoculated with
Schizosaccharomyces pombe. The cathode chamber had 50 mL of cathode solution (0.05 M K3[Fe(CN)6]/0.1
MKCI). The microbial fuel cell was placed in a constant temperature incubator at 35°C, and the anode solution was
continuously magnetically stirred at a stirring rate of 550 r/min.

Il. C.2) Start-up of microbial fuel cells

A constant resistance of 1.95 kQ is applied between the cathode and anode to make the connection, data is
collected through USB data collector and voltage data is displayed through computer related software and real time
voltage data is monitored.

lll. L-N/PCs-MFC's wastewater treatment capacity practice

In this chapter, the constructed microbial fuel cell is put into practice for wastewater treatment, and the enhancement
of microbial fuel cell by nanocarbon materials is analyzed in terms of both electrochemical performance and water
purification effect.

lll. A. L-N/PCs running on MFCs

lll. A. 1) L-N/PCs-MFC construction

The coated anode materials L-N/PCs, PCs and blank carbon cloth with uncoated materials were used as anodes,
and the three anodes were placed in the same anode chamber, and carbon brushes were used as cathodes, which
were fixed with titanium wires to the anode and cathode chambers, respectively, with a resistance value of 650 Q
of the external resistance, and the microorganisms were stabilized to grow on the surface of the anode materials
over time, and decreased the resistance value in order, with 550 Q, 450 Q, 350 Q, 350 Q, and 250Q, 150Q, 15Q,
5Q), to the anode microorganisms generate a microbial film resistant to high current passage.

lll. A.2) Results of performance testing of L-N/PCs in MFCs _

Figure ﬂ shows the XRD pattern and Raman pattern of L-N/PCs. Figure [1(a) demonstrates the X-ray diffraction
(XRD) pattern of L-N/PCs, where two broad diffraction peaks are observed in 16.4° and 40.8°, corresponding to the
reflective crystal planes of (001) and (101) carbon, respectively. The absence of other impurity peaks indicates that
the impurity ions have been removed. Fig. [1(b) is the Raman profile of L-N/PCs and PCs showing two peaks located
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between 1245.6 cm™' and 1518.2 cm-! from defective carbon (sp3) and graphitic carbon (sp?) atoms, respectively.
The density ratio of the two peaks (ID/IG) is usually used to evaluate the defect density of carbon. The ID/IG of L-
N/PCs is higher than that of PCs, which implies that the nitrogen dopant in L-N/PCs produces more defective
structures in L-N/PCs. Combining the specific surface areas of L-N/PCs and PCs, it was found that the specific

surface area of L-N/PCs was larger, suggesting that the defects in L-N/PCs could provide a high density of active
sites.

Modeling and computational method analysis of carbon nanomaterials enhanced microbial fuel cell for treatment of complex wastewater

750
16.4 40.8 06 L24508)  isies
[ L-N/PCs pC
600 —— L-N/PCs
= 1800
&
2 4501 =
g 2
E z
3 Z 1200
S 2
5 3001 =
.“D.:
600
150
0 . . . . | 0 T T T
0 15 30 45 60 75 0 750 1500 2250 3000
2 theta(®) Raman Shift(cm™)
(a) XRD pattern of N/PCs of MFCs (b) Raman spectra of N/PCs of MFCs

Figure 1: XRD pattern and Raman spectra of N/PCs of MFCs

lll. B. Indicators and methods of analysis
lll. B. 1) Electrochemical analysis methods
1) Output Voltage

A paperless recorder is used to determine the voltage of the MFC wastewater treatment system, the output
voltage of the system is collected every minute and the collected data is stored in the paperless recorder.

2) Output current

The current is calculated by Ohm's law with the following formula:

U

I:E (1)

where: [ -output current, A4 ,U -Output voltage, V', R -external resistance, ().

3) Tafel (Tafel) curve

The Tafel curve represents the relationship between current and potential for different electrodes, and its physical
meaning is the degree of electrode potential that needs to be changed to achieve a certain current. In this thesis,
the Tafel curve of the anode was determined using an electrochemical workstation. The working electrode is an
anodic carbon brush, the counter electrode is a cathodic carbon brush, and the reference electrode is an Ag/AgCl
electrode, which is placed between the working electrode and the counter electrode. The potential scanning speed
was 1.2mV/s, and the membrane potential scanning range was 0~100mV. Then the Tafel curve was plotted with
the voltage as the horizontal coordinate and the logarithm of the reciprocal of the current as the vertical coordinate.

4) Polarization curve

Polarization curve can be used to characterize the relationship between the output voltage of the coupled
wastewater treatment system and the current density, reflecting the output voltage of the coupled wastewater
treatment system with the increase in current changes, is an important characterization of the electrical performance
of the MFC wastewater treatment system. In this paper, the output voltage of the MFC sewage treatment system is
recorded after each change of resistance by changing the resistance, and then the polarization curve is drawn with
the current as the horizontal coordinate and the voltage as the vertical coordinate.

5) Power density

Volumetric power density is used in this experiment and is calculated as follows:
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Where, P -volume power density, W /m’, U -Total voltage at the output, ' , R -Total external resistance, (),

V - effective volume, m?.

The power density curve is then plotted with current as the horizontal coordinate and power density as the vertical
coordinate.

Modeling and computational method analysis of carbon nanomaterials enhanced microbial fuel cell for treatment of complex wastewater

lll. B.2) Methods of water quality analysis
1) Determination of chemical oxygen demand (COD)

In this experiment, COD was measured by multiparameter water quality meter, 2.0mL of water samples to be
tested and blank distilled water samples were taken and added into different colorimetric tubes, the solution was
fully mixed by shaking and shaking after adding the elimination reagents into the colorimetric tubes, and then put
into the elimination instrument for elimination for 15min; after the elimination was completed, the colorimetric tubes
were taken out for cooling and 2.0mL of distilled water was added; after the cooling was completed, the COD was
determined by using blank distilled water samples. After cooling, use the blank distilled water sample to calibrate
the multi-parameter water quality meter, and then put in the water sample to be measured for COD determination.

2) Ammonia nitrogen determination

In this experiment, ammonia nitrogen was measured by multiparameter water quality tester, 15mL of water
samples to be tested were taken from blank distilled water samples to be added into different colorimetric tubes,
1.5mL of ammonia nitrogen special detection reagent was added into each of the colorimetric tubes, and the test
reagents were shaken well and left to stand for 15 minutes, and then the practical blank distilled water samples
were used to calibrate the multiparameter water quality tester, and then put into the water samples to be tested to
be measured for ammonia nitrogen determination.

3) Determination of total nitrogen (TN) and total phosphorus (TP) water quality indicators

In this experiment, TN and TP were measured by automatic chemical analyzer.

lll. C. L-N/PCs-MFC electrochemical performance testing

lll. C. 1) Cyclic Voltammetry

Based on the different shapes, peak potentials, peak currents and peak areas presented by the CV curves,
information about the specific capacitance of the electrodes, the activity of the electroproducing microorganisms,
the reaction mechanism on the electrode surface, and whether or not the reaction is reversible can be analyzed.
Figure 2 shows the test results. From the figure, it can be seen that the CV curves of the two groups of anode-
modified MFCs showed relatively obvious redox peaks at -0.45 V and 0.5 V voltage. Among them, the peak area of
L-N/PCs anode MFC was the largest, and N/PCs anode MFC was the second largest.

—— L-N/PCs
N/PCs

Current (mA)
v (=]
1

'9 T T T T T T
-05 -04 -03 -02 -0. 00 0.1 02 03
Voltage (V)

Figure 2: Cyclic voltammetry curves of three sets of electrodes as MFC anodes

The unmodified PCs, on the other hand, showed no obvious redox peaks, which indicates that the L-N/PCs anode
MFC possesses the largest specific capacitance, which is closely related to the high capacitance property of L-
N/PCs itself. In addition, at the same voltage (e.g., 0.1 V and -0.1 V), the response current values of the L-N/PCs
anode MFCs are also consistently the highest (4.5 mA and 3.05 mA), followed by the N/PCs, and the smallest for
the PCs. It is well known that current is generated by electron migration, therefore, a higher current value means
that more electron migration was generated, which indicates that the electricity-producing microorganisms on the
surface of the L-N/PCs anode have a stronger electron output capacity, and at the same time, a higher peak current
represents a stronger biofilm activity, so this also indicates that the amount of active microorganisms on the L-N/PCs
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anode material is the highest, and the electrons are constantly generated and transferred to the anode. This is
attributed to the unique structure of L-N/PCs anode which provides a better survival and metabolism place for the
microorganisms, and on the other hand, the excellent hydrophilicity and biocompatibility of L-N/PCs anode
accelerates the diffusion of molecules in the anode liquid on the electrode, and the two factors synergize with each
other to jointly improve the performance of MFCs in terms of electricity production.

lll. C.2) Polarization and power density tests

In order to further investigate the influence of L-N/PCs and N/PCs modified anodes on the overall performance of
MFC, the polarization and power density curves of N/PCs, L-N/PCs, PCs three groups of electrodes and MFC were
measured by steady state method after the stable operation of the battery, in the polarization area diagram, if there
is a sudden drop in the voltage, it indicates that the anode is polarized. The output power density of MFC was
calculated based on the area of anode and PCs. area of the electrode was calculated.

Figure @ shows the polarization curves of MFCs at the three sets of electrodes. The highest points of the three
curves indicate the open-circuit voltage (OCV) of the three groups of MFCs, and the open-circuit voltages of the L-
N/PCs, N/PCs, and PCs anode MFCs are 820.59 mV, 767.14 mV, and 751.10 mV, respectively. Comparing the
three polarization regions in the figure, it can be seen that the slope of the polarization curve of the L-N/PCs anode
MFC is smaller than that of the other two groups, and the degree of polarization is larger than that of the other two
groups of electrodes. Moreover, from the open-circuit voltage, the open-circuit voltage of the L-N/PCs anode MFC
is 53.45 mV and 69.49 mV higher than that of the N/PCs anode and the PCs anode MFC, respectively, indicating
that the L-N/PCs anode MFC has the smallest internal resistance during the whole operation.

It is shown that the internal resistance of MFC is mainly composed of three parts, activation internal resistance,
ohmic internal resistance and diffusion internal resistance, and similarly the polarization curve is divided into three
parts, namely, activation polarization region, ohmic polarization region and diffusion polarization region. The
activation internal resistance is mainly related to the activation reaction rate on the electrode surface; the ohmic
internal resistance is mainly related to the electrode material, the cathode and anode chamber solutions and the
proton exchange membrane; and the diffusion internal resistance, also known as the concentration internal
resistance, is mainly related to the ion diffusion rate or charge transport efficiency. As can be seen in Fig. @ the
slopes of the polarization curves of the three groups of MFCs changed less throughout the reaction process, which
was analyzed to be due to the fact that in the activation polarization region, the activation reaction rate on the
electrode surface was larger, especially more active sites on the anode surface of the L-N/PCs accelerated the
reaction rate on the surface of the electrodes, which resulted in a lower activation internal resistance. In the ohmic
polarization zone, the ohmic internal resistance mainly comes from the transfer resistance of electrons and protons,
and the three groups of MFCs have the same conditions except for the different anode materials, and the difference
in anode materials determines the difference in the electron generation and transfer ability, and the size of the
electron generation and transfer ability of the three groups of electrodes is in the order of L-
N/PCs>N/PCs>PCs>PCs, so that the size of the ohmic internal resistance of the three groups of electrodes is L-
N/PCs<N/PCs<PCs. In the diffusion polarization zone, the diffusion internal resistance mainly comes from the mass
transfer resistance of reactants and products, thanks to the good hydrophilicity and biocompatibility of the L-N/PCs
electrode, which accelerates the infiltration of the anode liquid on the electrode and the diffusion of ions, strengthens
the adhesion of the electroproducing microorganisms on the surface of the anode, and improves the electron
transfer ability to the anode, which greatly reduces the diffusion internal resistance, and therefore no modification
of the polarization curves is found in the results of the tests. Therefore, no polarization phenomenon was found in
the polarization curves of the modified electrode.

Since the factors affecting the activation internal resistance and diffusion internal resistance during the whole
MFC operation process are relatively small, the ohmic internal resistance caused by the different anode materials
becomes the main influencing factor, which makes the slope of the whole polarization curve change in a single way.

Fig. 4 shows the power density curves of MFC with three sets of electrodes. From Fig. 4, it can be seen that at a
current density of 928.15 mA+sm?, the PCs electrode MFC obtained the maximum power density of 706.31 mWem?;
at a current density of 2085.37 mA+sm?, the N/PCs electrode MFC obtained the maximum power density of 1674.14
mWem?; at a current density of 1992.70 mA-m?, the L-N/PCs electrode MFC obtained a maximum power density of
2022.20 mWem?2. Compared to the PCs electrode MFC, the L-N/PCs electrode MFC and the N/PCs electrode MFC
obtained a maximum power density of 2022.20 mW-+m?2. PCs electrode MFC increased the maximum power density
by 186.30% and 137.03%, respectively. Obviously, the L-N/PCs electrode MFC possesses the highest output power
density. Since the power density of MFC is proportional to the square of the voltage and inversely proportional to
the internal resistance of the system and the anode area, this indicates that the composite of L-N/PCs reduces the
internal resistance of the system and improves the anode mass-transfer efficiency, and it also indicates that per unit
area of the anode material, the N/PCs electrode hosts more power-producing microorganisms than the other two
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groups of electrodes, provides more active sites, the reaction rate of the electrode surface is faster, the power-

producing microorganisms have a stronger ability to reproduce and metabolize, and the MFC output power density
is higher, which is consistent with the results of the CV and polarization tests.

Modeling and computational method analysis of carbon nanomaterials enhanced microbial fuel cell for treatment of complex wastewater
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Figure 3: Polarisation curves of MFC at three sets of electrodes
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Figure 4: Power density profile of MFC with three sets of electrodes

lll. D. L-N/PCs-MFC water purification effect test

lll. D.1) COD removal
Figure 5 5, it can be seen

that the COD removal rate of L-N/PCs reactor was higher than that of control N/PCs reactor and PCs reactor,
indicating that the L-N/PCs electrode is more favorable for COD degradation in MFC, and it is the addition of L-N in
MFC that promotes the removal of COD in the reactor.

The total COD was 5657.24 mg/L in the C1 case, 7259.05 mg/L in the C2 case, and 9132.35 mg/L in the C3 case.
Among the L-N/PCs, N/PCs, and PCs reactors in the three different substrate cases with different carbon amounts
(C1, C2, and C3), C2-L-N/PCs had the COD removal was the highest at 44.12%, N/PCs reactor COD removal was
23.22%, and PCs reactor was 39.08%.C1 had the second highest COD removal, L-N/PCs and PCs had COD
removal of 35.04% and 31.28%, respectively; and N/PCs had 16.18%.C3 had the lowest COD removal, L-N/ PCs,
PCs with COD removal of 20.70%, 21.72%, and N/PCs with 10.34%, which may be due to the high concentration,
resulting in the inactive growth of the bacterial colony, which makes the COD degradation efficiency lower than the

rest of the concentration.
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Figure 5: COD removal rate of MFC with different substrate concentrations
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fis
lll. D.2) TN and TP removal rates

Figure @ shows the TP removal in the L-N/PCs-MFC system during the 65-day experimental cycle. The TP removal
in L-N/PCs-MFC was greatly affected at the beginning of the experiment. The graph shows that the TP removal rate
was high and low during the first 19 days of the experiment, with a maximum of about 0.92 and a minimum of 0.25.
This is due to the instability of the microbial community associated with TP removal under the stress of antibiotics.
From about day 19 to day 43, the TP removal efficiency of L-N/PCs-MFC began to gradually increase from about
0.82 to a maximum of about 0.99 as the antibiotic tolerance of bacteria increased. After the 43rd day, the TP removal
efficiency of L-N/PCs-MFC decreased, but still maintained above 0.75. From the TP removal experiments, it can be
seen that L-N/PCs-MFC has a good effluent purification effect and high microbial activity, which can persist for at
least 65 days or more.
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Figure 6: The removal situation of TP in the L-N/PCs-MFC system

TP concentration (mg/L) and removal rate (%)

Figure 7| shows the TN removal in the L-N/PCs-MFC system. During the first 23 days or so at the beginning of
the experiment, the TN removal in the L-N/PCs-MFC fluctuated considerably, reaching a high of 0.91 and a low of
only 0.41. TN removal from L-N/PCs-MFC was consistently above 0.8 during the 23-65 day end-of-experiment
period, with removal closer to 0.9 for most of the time. This indicates that the TN removal effect of the L-N/PCs-
MFC system is superior, and at the same time, the microbial activity in it was again verified.
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Figure 7: The removal situation of TN in the L-N/PCs-MFC system

IV. Conclusion

In this paper, carbon nanomaterials were added to microbial fuel cells (MFCs) to realize the efficient purification of
complex wastewater. Through several sets of tests, it was found that the CV curves of L-N/PCs-MFC showed
obvious redox peaks at both -0.45V and 0.5 V voltage, and the peak area and specific capacitance were the largest.
The open-circuit voltages of L-N/PCs-MFC showed an increase of 53.45 mV and 69.49 mV compared with the other
2 types of cells, and the operation internal resistance was the smallest. The COD removal rates at 3 different The
removal rates of TN and TP fluctuated greatly in the early stage of the experiment, but were maintained at a high
level in the middle and late stages of the experiment. The L-N/PCs-MFC constructed in this paper was able to
realize the full purification of complex wastewater. The purification rate of this cell can be further improved in the
future to realize the rapid purification of complex sewage.
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