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Abstract: In this paper, microbial fuel cell technology with heterotrophic anodic denitrification, based
on a new membrane-cathode assembly, was tested for slurry treatment and bioenergy production.
Slurry is used due to its high chemical oxygen demand and a high content of nutrient compounds
of nitrogen which can contaminate soil and water. The new membrane-cathode assembly systems
were based on different ammonium and phosphonium cations combined with chloride, bistriflimide,
phosphate, and phosphinate anions and a non-noble catalyst composed of copper and cobalt mixed-
valence oxides. The influence of ionic liquids on the catalytic membrane was studied. The best
membrane-cathode assembly was based on the ionic liquid catalyst [MTOA*][C]1™]-CoCu which
achieved 65% of the energy reached with the Pt-Nafion® system. The [MTOA*][C]l™]-CoCu system
improved the water purification parameter, reducing the COD by up to 35%, the concentration of
nitrates by up to 26%, and the organic nitrogen by up to 70% during the experiments. This novel
membrane-cathode system allows for easier manufacturing, lower costs, and simpler catalysts than
conventionally used in microbial fuel cells.
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1. Introduction

Livestock farms are one of the most economically active sectors. The high demand for
meat products has led to the development of intensive farms that generate large quanti-
ties of slurry. Untreated slurry can lead to contamination of the atmosphere and soil by
nitrogenous compounds. This has made conventional slurry treatment infeasible and has
motivated the scientific community and the business sector to look for new solutions for the
treatment of slurry. Slurry is a mixture of approximately 40% faeces and 60% urine, with un-
consumed feed material and water used for hygienic purposes. Farm slurry is characterised
by a high biochemical and chemical oxygen demand (BOD and COD) and a high content
of macronutrients, such as nitrogen, phosphorus, and potassium compounds [1]. Nitrogen
is mainly found in the form of ammonium and organic nitrogen [2]. Organic nitrogen is
converted into ammonium through the process of ammonification by heterotrophic bacteria.
Ammonium in slurry can be biologically oxidised to nitrate, with nitrite as an intermedi-
ary. Nitrogen, in the form of nitrates, is easily washed out, reaching groundwater, rivers,
and lakes, and most probably contributing to eutrophication [3]. In addition, ammonia
and other compounds derived from untreated slurry are released into the atmosphere,
significantly contributing to greenhouse gas emissions (N,O, CHy, and COy).

Microbial fuel cells (MFCs) are a new technology that makes it possible to convert
the organic waste present in wastewater into electrical energy [4-7]. An MFC typically
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comprises a cathode, an anode, and an ion-exchange membrane. Platinum (Pt) has been
widely used as catalyst in the cathode to address sluggish reactions, but its high cost
poses a barrier to commercialisation. Additionally, Pt is employed in the ion-exchange
membrane, typically constructed from perfluorinated organic polymers [8]. While most
research publications in the field of MFCs primarily focus on laboratory-scale applications,
there is also a growing body of work related to pilot- or semi-industrial-scale applications.
This shift in scale necessitates the exploration of more cost-effective materials compared to
traditional options [9-11].

Recent research in this field has been centred on the development of novel nanos-
tructured catalysts capable of matching platinum’s reaction velocity. This is achieved
by leveraging low-cost catalysts which are composed of non-noble metals, with the aim
of paving the way for industrially viable technologies. Non-noble catalysts have been
developed and tested for MFCs, including (i) MnO, [12], (ii) carbon [13,14], and (iii) bio-
cathodes [15,16].

Ionic liquids (ILs) have emerged as an innovative immobilised phase in proton-
exchange membranes. ILs are a class of salts that remain in a liquid state at or close
to room temperature. They consist of organic cations, including common ones like am-
monium, phosphonium, pyridinium, and imidazolium cations, paired with anions like
chloride, hexafluorophosphate, and bistriflimide anions. ILs have garnered substantial
attention due to their exceptional properties, such as high ionic conductivity, a broad
electrochemical stability range, and thermal stability. They have been studied as alterna-
tive electrolytes for fuel cells, batteries, and sensors [17,18]. In the realm of MFCs, new
generations of proton-exchange membranes based on ionic liquids have been employed,
such as polymer ionic liquid inclusion membranes, also known as ionogels, based on ionic
liquids [19].

Regarding the fuel in a microbial fuel cell, organic matter is oxidised by electrochemi-
cally active bacteria (EAB), while electrons produced by their metabolism pass from the
anode to the cathode through an external electrical circuit. In the cathode, the electrons are
transferred to an electron acceptor, such as oxygen [20]. MFCs can also integrate cathodic
denitrification by microorganisms without energy input but coupled with anodic energy
recovery for direct electron delivery. In these systems, nitrogen oxides act as electron
acceptors to be reduced to nitrogen gas in the cathode, allowing simultaneous treatment of
organic substrates in the anode chamber [21-23].

Nitrogen removal can also be carried out in the MFC using heterotrophic anodic
denitrification (HAD). Drewnowski and Fernandez-Morales (2016) [24] found that HAD
did not negatively affect the MFC power at low concentrations of nitrate in the influent. On
the contrary, HAD can reduce energy recovery from the substrate at high concentrations
of nitrate in the influent. Zhang et al. (2020) employed a dual-chamber microbial fuel cell
(MEC) for the purpose of nitrogen removal. The cathode was responsible for ammonium
oxidation and subsequent production of nitrate, which was then transported to the anode
for heterotrophic denitrification (HAD) [25].

In this work, slurry purification using a heterotrophic anodic denitrification microbial
fuel cell based on a new type of ionic liquid membranes was studied. Until now, MFCs
based on ionic liquids used catalysts sprayed onto a carbon cloth [20]. In the new procedure
described herein, the catalyst is suspended in the ionic liquid, which allows simpler
manufacturing of the membrane—catalyst system, thus reducing costs. The power density,
as well as COD reduction in the microbial fuel cells, was analysed, along with other
physicochemical parameters such as BOD and nitrogen compounds. The influence of the
nature of the ionic liquid in the membrane—catalyst system on the performance of the MFC
was also studied.
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2. Materials and Methods
2.1. Fuel and Chemicals

Slurry from the livestock farm of the Veterinary Faculty of the Universidad de Murcia
was used as the fuel. The slurry also acted as a source of microflora to form the anodic
bacterial community. The soluble chemical oxygen demand (COD) of the wastewater was
2286 mg/L. Polyvinylidene chloride, which was used to prepare the polymer inclusion
membranes, was purchased from Sigma-Aldrich-Fluka (Darmstadt, Germany).

2.2. Ionic Liquids

The ILs studied were based on ammonium and phosphonium cations and were
supplied by Sigma-Aldrich-Fluka Chemical Co. (Darmstadt, Germany) and IoLiTec (Heil-
bronn, Germany), and were of the highest purity available. Ionic liquids of different
cation and anion compositions and different toxicities were tested. The ecotoxicity was
measured as the inhibition ratio for Saccharomyces cerevisiae [26] and Shewanella sp. [27].
The higher the inhibition ratio, the higher the toxicity of the ionic liquids. Table 1 in-
cludes the full and abbreviated names of the ionic liquids used, their structures, and their
chemical-physical properties.

2.3. Synthesis of Mixed-Valence Copper and Cobalt Oxides

(Cup3Co07)C0,04 was synthesised using the thermal decomposition method. In
a previous investigation [28], copper-cobalt oxides with varying Cu:Co atomic ratios
were prepared. Notably, the (Cug3Cop7)C0,04 composition demonstrated the highest
maximum power output in an MFC study [29].

The catalysts were synthesised using CuCl, and CoCl; as starting materials. Ini-
tially, copper and cobalt hydroxide (CuOH; and CoOH;) co-precipitates were formed.
This was achieved by slowly adding an excess of 3 M NaOH solution drop by drop into
a mixture of the metal salt solutions (CuCl, and CoCl,) at specified atomic ratios for
Cu/Co-based oxides. The resulting mixture was stirred for 7 h at a temperature of 25 °C.
After precipitation, the solid materials were separated from the solution through filtration
and then thoroughly washed with deionised hot water. Subsequently, the wet precipitates
were dried at 60 °C for 24 h using an oven. To obtain the final catalyst, the dried powder
was subjected to heat treatment at temperatures ranging from 350 to 400 °C for 8 h. All
chemicals used in this process were of reagent-grade quality and were procured from
Sigma-Aldrich (Darmstadt, Germany).

The oxides were analysed for their crystallographic structure and purity using X-ray
diffraction (XRD) carried out on a Bruker diffractometer (Bruker; Karlsruhe, Germany)
equipped with a copper anode X-ray generator (X-ray Kristalloflex K 7608-80 F). Addi-
tionally, particle size measurements were performed using a JEOL JEM2100 transmission
electron microscope (TEM).

The TEM images revealed the presence of copper-cobalt oxide nanoparticles, which
exhibited dimensions ranging from 17 to 45 nanometres. Furthermore, the XRD patterns of
the catalyst exhibited a cubic-packed spinel lattice structure, indicating a purity level of
100%, as determined by semi-quantitative analysis.
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Table 1. Full and abbreviated names of the ionic liquids (ILs) analysed, and their structures and properties.

Full Name Abbreviation Structure Water Miscibility State at 25 °C Radius of Inhibition (RI) (cm)
HsC o
Methyltrioctylammonium T — HAC \HS/\ . CH Lo 0.6 £ 0.2 [16]
chloride [Nsg,3171[C17] ’ \He/\'f N Insoluble Liquid 3.0 + 0.7 [17]
CHs
4Hg
Tetrabutylphosphonium dibutyl ! 0501
[Ps444%][BuyPhos™] HgC4—P—C4Hg O=P—0C4H,q Partially soluble Liquid [16]
phosphate o | 09+ 0207
Cy4Hg OC4Hq ’ 21171
HaC
H3C. \HS/\ CH
3 + 3
NN
Methyltrioctylammonium CH 0.0
o .. [Nggs1 1INTf, ] ? Insoluble Liquid [16]
bis(trifluoromethylsulfonyl)imide £ ﬁ ﬁ . 12 +07[17]
T
F O 0O F
Hyf
- CHy
Trihexyl(tetradecyl)phosphonium 613 HC. 05+0.1
bis 2,4,4- [Ps,6,6,14 " 1[TMPPhos ™| H13C6—PLCBH13 by G Insoluble Liquid [16]
(trimethylpentyl)phosphinate CHy 2.6 £0.1[17]

CiHy = CHy
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2.4. Preparation of New Proton-Exchange Membranes with Catalytic Activity Based on
Ionic Liquids

The new membranes were obtained by casting methods using a PVC polymer and
an ionic liquid. The amount of the ionic liquid in all cases was 70% w/w of the PVC/IL
mixture. A mixture of IL (328 mg) with PVC (140 mg), Tetrahydrofuran (THF) (3 mL), and
15.6 mg of the catalyst was stirred for 10 min. The mixture was poured directly into a Fluka
glass ring (28 mm inner diameter, 30 mm height) and onto a 3 cm diameter piece of carbon
cloth (5% waterproof, Fuel Cell Earth, EEUU, Woburn, MA, USA) placed between the Fluka
glass ring and a Fluka glass plate. This procedure resulted in the formation of a composite
material known as IL/CuCo, consisting of a proton-exchange membrane, a catalyst, and a
diffusion layer.

As a control (C), a Nafion® 117 proton-exchange membrane and a platinum cathode
were used. The 15 x 15 cm Nafion® 117 sheets were purchased from Fuel Cell Earth,
USA. Nafion® 117 must be pre-treated to activate the sulphonic acid group in its structure,
replacing any positive ions that may have previously attached to the membrane with
protons, using sulphuric acid. In this way, the activation protocol described in Pujiastuti
and Onggo (2015) [30] was carried out. The Nafion® 117 membrane was immersed for 1 h
in a 3% p/p hydrogen peroxide solution at 80 °C, then the membrane was immersed for 1 h
in deionised water at 80 °C to remove any traces of HyO;, followed by 1 h in 1 M sulphuric
acid solution at 80 °C. Finally, it was immersed for 1 h in deionised water at 80 °C. It was
kept in a deionised water solution until use. As the catalyst, 60% platinum was used on a
high-surface-area carbon support (HiSPEC® 9100, Alfa Aesar, Thermo Scientific, Waltham,
MA, USA). The platinum mixture was sprayed onto a 3 cm diameter piece of waterproof
carbon cloth 5% (Fuel Cell Earth, EEUU). The mixture was prepared by suspending the
appropriate amount of platinum (6.3 mg of platinum or 10.5 of mixture Pt/C, 0.6 purity)
in a 50/50 water/isopropanol solution, to which 20 puL of PTFE was added as a binder.
The final load of platinum on the carbon cloth was 0.5 mg Pt cm~2. The membrane and
the platinum catalyst adsorbed on the piece of carbon cloth were fixed to the one-chamber
reactor with a round joint clip (see Figure 1).

- Carbon cloth
electrode

IL1234/PVC-
(Cup3C007)C0204-
MEC reactor "./CUCO Carbon Cloth
(anode chamber)
Wastewater 4 Nafion® 117
(organics + g
bacteria) g Sprayed Platinum
2 Carbon Cloth
Graphite
granules
Anode: Organics + bateria + H,0 -> CO, + H* + e Cathode: 4H" + 4e"+ 0, -> H,0

Figure 1. Schematic diagram of the reactor used in the experiments.
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2.5. MFC Studies

New embedded membrane-cathode assemblies were implemented in one-chamber
MECs for slurry depuration and were evaluated in terms of their power output, COD
reduction, and N removal. One-chamber MFCs of 250 mL were used for the experiments.
The temperature was kept constant at 25 °C. The membrane-cathode assemblies used were
those mentioned in the previous section ([Ngg g1 *][Cl]/CuCo, [Py 44 4*][BuyPhos]/CuCo,
[Ngss1*1[INTf,]/CuCo, and [P 66147 ][ TMPPhos]/CuCo). Nafion® /Pt were used as the
membrane/cathode in the control assay (C). The anode in all cases consisted of 100 cm’
of graphite granules of 2-6 mm diameter (Graphite Store, Northbrook, IL, USA) and a
3.18 mm diameter graphite rod (Graphite Store, USA) to connect to the cathode through
a 1 kQ) resistor. The anode chambers were filled with 200 mL of feedstock. All reac-
tors contained the membrane-cathode assembly at the end of the cylindrical flange. The
membrane-cathode system was attached to the end of the reactor flange with a round joint
clip. All experiments were conducted using a batch mode approach, utilising wastewater
as the sole source of microorganisms and fuel. Two replicates were made for each of the
experimental conditions.

The experiments were always started with a clean anode, the anode was filled with
wastewater and the biofilm developed on the anode surface (maturation period). After
the maturation period, the wastewater was changed, and the depuration experiment was
started. The total duration of the test was 312 h. The first polarisation test was carried out
about 24 h after the beginning of each experiment. Then, polarisation tests were performed
at48 h, 72 h, 144 h, and 312 h to study the evolution of the MFC performance over time.

2.6. Analytical Methods
2.6.1. Chemical Analysis

The fuel was characterised during wastewater depuration from the point of view
of its purification in terms of COD (chemical oxygen demand), total nitrogen (organic
and inorganic nitrogen), nitrates (NO3 ™), nitrites (NO, ™), ammoniacal nitrogen (NH4",
NHj3), and BODs (biochemical oxygen demand at 5 days), among others. Wastewater
samples were taken periodically. The samples were previously filtrated with 0.45 nm
nylon syringe filters (Fisherbrand-Fisher Scientific, Waltham, WA, USA). As needed, the
samples underwent digestion using a TR 420 thermoreactor for Spectroquant from Merck
Millipore (Darmstadt, Germany). The chemical composition analysis of these samples was
conducted via spectrophotometry, utilising the SpectroQuant Prove 300 apparatus from
Merck Millipore, in conjunction with specialised kits. The following methods were applied:

e  Chemical oxygen demand (COD) tests were conducted using COD 145,541 Supelco
cuvettes from Sigma-Aldrich, following the procedure outlined in DIN ISO 15705.
This method has received approval from the USEPA for wastewater analysis.

e  Total nitrogen (organic and inorganic nitrogen) tests were conducted in nitrogen
(total) 114,763 Supelco cuvettes (Sigma-Aldrich). The digestion is analogous to EN
ISO 11906-1.

e Nitrates (NOs ™) tests were conducted in nitrates 100,614 Supelco cuvettes (Sigma-
Aldrich). The procedure is analogous to DIN 38405-9.

e Nitrites (NO; ™) tests were conducted in nitrites 114,547 Supelco cuvettes (Sigma-
Aldrich). The procedure is analogous to EPA 354.1, APHA 4500-NO2 B,
DIN EN 26 777, and ISO 6777.

e Ammoniacal nitrogen (NH4*, NHj3) tests were conducted in ammonium 114,559 Su-
pelco cuvettes (Sigma-Aldrich). The procedure is analogous to EPA 350.1,
APHA 4500-NH3 F, ISO 7150-1, and DIN 38406-5.

e  Biochemical oxygen demand at 5 days (BODs) was determined. A system of six Velp
Scientifica instruments was employed for the manometric assessment of BOD. In this
process, dicyanamide served as an inhibitor for nitrification.
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2.6.2. Electrochemical Analysis

To analyse the electric performance of the new materials, polarisation tests were
carried out and the internal resistance was calculated.

Polarisation Test

The voltage was continuously monitored using a data acquisition system (PCI 6010,
National Instruments, Austin, TX, USA) at a scan rate of one data point per minute. At
intervals, readings were taken offline using a DVM891 digital multimeter manufactured by
HQ Power in Germany. Polarisation measurements were conducted utilising a variable
resistor box with a range of resistance values, including 5.77 M(}, 953 k), 486 k2, 96.5 k(},
50 k), 11 kO, 6 kO, 1.1 k), 561 (2, 94.5 (), and 1.5 Q).

The voltage value in each case was taken once the cell had reached the pseudo-steady
state under the corresponding resistor value; the average time to reach the pseudo-steady
state was taken as 1 min.

Internal Resistance

The internal resistance R;,;(Q)) of each MFC was calculated from Equation (1):

oCVv (V
Rin(@) = 258~ Reut@) <1>
where OCV (V) represents the open circuit voltage, I(A) denotes the current density at
peak power, and R.y¢((2) stands for the external resistance at peak power.

2.7. Statistical Analysis

The data were analysed using PASW Statistics 28 for Windows (SPSS Inc., Chicago, IL,
USA). The Student’s t-test with a significance level at p < 0.05 was performed to compare the
different treatments analysed. Values are the mean =+ standard deviation of two replicates.

2.8. SEM-EDX Characterisation

A scanning electron microscope (SEM, APREO S) and AXS analyser for energy-
dispersive X-ray (EDX, JEOL-6100) were used to study the appearance and chemical
composition of the membrane-cathode assembly systems. They were characterised after
preparation (fresh) and after operation in the MFCs.

3. Results and Discussion
3.1. Electrochemical Analysis

Initially, 200 mL of slurry was added to form a biofilm around the graphite granules
(maturation period). The MFC voltage with different membrane-cathode systems was
continuously monitored for more than 100 h with a 1 k() external resistor during the
maturation period. During the first period of 96 h the voltage increased until a plateau
was reached of 201 mV for Nafion® /Pt, 159 mV for [Nggg1*][C17]/CuCo, and 6 mV for
[Ngss1*]INTf,"]/CuCo. When the maximum voltage was reached or the voltage sta-
bilised during the maturation period, the residual water was changed, and the depuration
experiment was started. The voltage profiles of the different depuration experiments over
time are shown in Figure 2. As expected, in the depuration experiments, the maximum
voltage was reached faster when compared to the maturation period, since the biofilm
around the graphic granules had already been created.
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300

—&— Nafion®/Pt

—O— [N8,8,8,1+][CI-]/CUCO

250 1 e [P4,4,4,4+][BU2PhOS_ J/CuCo
—b— [Ns,s,8,1+][Nsz_]/CUCO
—— [P6,6,6,14+][TMPPhOS']/CuCo
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150 ~

100 {/}/E/: 1
50 1 '*.\'\i
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Figure 2. Voltage output under 1 k() external resistance during the depuration exper-
iment for different embedded membrane-cathode assembly systems (Nggg*][C1~]/CuCo,
[Py 444" 1[BusPhos™]/CuCo, [Nggg1*][NTf, " ]/CuCo, and [Pg 6 6,14+ [TMPPhos ~]/CuCo) and con-
trol (Nafion®/Pt) working in batch mode. Mean values and standard deviations are shown in
the figure.

As shown in Figure 1, the Nafion® /Pt control system produces the highest voltage
over time, as expected, but the good performance of the [Nggg1*][C1™]/CuCo system,
which reaches values of around 71% of the control, is noteworthy.

Polarisation curves were obtained at 24 h, 48 h, 72 h, 144 h, 192 h, and 312 h by varying
the resistance between the two electrodes and determining the voltage and intensity pro-
duced. As an example, Figure 3A shows the polarisation curves for [Nggg1*][C1~]/CuCo,
[P4,4,4,4+] [BuyPhos™]/CuCo, [N8,8’8,1+][NTf2_ 1/CuCo, and [P6,6,6,14+] [TMPPhos™]/CuCo
and Nafion® /Pt at 24 h. Polarisation curves at 48 h, 72 h, 144 h, and 192 h are included in
Appendix A (Figures A1-A4).

Figure 3A shows the maximum value of OCV for Nafion® /Pt at 512 mV. [Nggg1*1[Cl7]/
CuCo and [Py 444" ][BuyPhos™]/CuCo showed the maximum value of OCV at 424 and
360 mV, respectively. The lowest OCV values were found for [Pg 6 6,14 ][ TMPPhos™]/CuCo
and [Nggg1*[[NTf, ~]/CuCo, being 316 and 155 mV, respectively. Polarisation curves also
provide information on the electrochemical behaviour of the system. At lower densities,
the curve’s shape is associated with the activation energy of the electrode reaction. This is
followed by a linear segment where the microbial fuel cell (MFC) adheres to Ohm’s law,
with the system’s limiting step being the charge transfer through the system. Toward the
end of the curve, if linearity is lost once more, it signifies that mass transport becomes
the limiting step. In a first stage, for low current densities, all of the ionic liquid systems
show an exponential voltage loss curve. The exponential voltage loss is much lower in the
case of the Nafion®/Pt system, resulting in a lower activation loss. At medium current
densities, a linear decrease in voltage over intensity is observed due to ohmic losses. In
the case of Nafion® /Pt and [Nggs1"1[Cl~]/CuCo, the slopes of the linear sections of their
polarisation curves are not as steep due to the lower internal resistance of these systems
compared to the other IL/CuCo systems. At high current densities, no mass transfer loss is
observed in the polarisation curve. One of the advantages of single-chamber MFCs is that
oxygen mass transfer losses are minimal or non-existent as the cathode is exposed to air.
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The limiting current densities range from 1600 mA m~2 for Nafion® /Pt to 50 mA m~2 for
[Pe,6,6,14 [ TMPPhos™]/CuCo.

—— Nafion®/Pt A
500 4 —0— [Ngss, I CUCO
—w— [P, ..'IBu,Phos)/CuCo
g —L— [Ngvs‘s,;][Nsz_]/CUCO
400 - &¢ —8— [Py46.44 ITTMPPhos™)/CuCo
S
E 3
~ 300 %
(0] "
(o)) "
S
)
> 200 |
100 -
i
0 4
T T T T T . ’ .
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Intensity (mA/cm?)
175
—8— Nafion®/pPt .
—0— [Nggg4 JICI)/CuCo
150 4 —v— [P, ... lBu,PhoslCuCo
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—8— [Py, ITMPPhos)/CuCo
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=
3
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2
9
& —
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C {
25
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Intensity (mA/cmz)

Figure 3. Polarisation (A) and power (B) curves of MFCs with different embedded membrane-cathode
assembly systems at 24 h. Calculations are based on the surface of the membrane-cathode assembly.

The power output curves of the different membrane-cathode assembly systems are
shown in Figure 3B. In almost all of the systems, the maximum power is reached in
the range of 560 () to 1110 €). As can be seen in Figure 3B, the Nafion® /Pt system (C)
generates the highest power, with a maximum power of 145 mWm™~?2, followed by the
[Ngs1*][C17]/CuCo system, which presents a maximum power of 93 mWm~ 2, which
represents a power value that is 64% of that of the Nafion® /Pt control. The maximum
power for the rest of systems follows the sequence: [Py44 4 47 ][BuyPhos™]/CuCo (20%C) >
[P6,6/6,14+][TMPPhOS_ 1/CuCo (6%C) > [N8’8,8,1+][NTf2_]/CuCO (0.6%C). Kiely etal. [31]
utilised an air cathode microbial fuel cell. The cathode was constructed by applying plat-
inum at a loading of 0.5 mg/cm? and four diffusion layers made of polytetrafluoroethylene
(PTFE) onto carbon cloth. They employed dairy manure wastewater with a COD concentra-
tion of 450 mg/L. Their research findings indicated that they achieved a maximum power
density of 189 mW/ m?2.

Polarisation curves were also recorded over time at 48 h, 72 h, 144 h, 192 h, and 312 h.
The trends mentioned above for the polarisation curve at 24 h were confirmed for the
polarisation curves at different times. Figure 4 shows the variation in the maximum poten-
tial, obtained from the polarisation curves, over time. A decrease in the maximum power
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reached over time was observed for the systems with higher power, (Nafion®/Pt) and
[Nggs1"][C1~]/CuCo, which is related to the decrease in the residual water concentration
over the 312 h of testing. It is important to note that the differences observed between the
Nafion®/Pt system (Nafion-Pt) and the [Nggs,1*][C1~]/CuCo system decreased over time.

220

—8— Nafion®/Pt

—O— [Nggg4 lICI'lICUCO

—v— [P, 444" IBu,Phos J/CuCo
—A— [Nggg4 JINTF, J/CuCo
—8— [Pgg6.4 [[TMPPhos J/CuCo

200 A
180 A

160 -
140 A
120 A 3
100 -
80 A

Power (mW/m2)

60 -

4 v
40 - Y

w T

0 - r_tz * :_]
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Figure 4. Maximum power over time, obtained from the polarisation experiments, during the
depuration experiment for different embedded membrane-cathode assembly systems and the control
system (Nafion® /Pt) working in batch mode. The mean values and standard deviation are shown in
the figure.

The polarisation curves also allow the calculation of the approximate internal resis-
tance. The internal resistance is a parameter that influences the capacity of the different
systems to produce electricity. In MFCs, it is related to diffusion limitations and structural
barriers, which entails energy losses. In our systems, the different internal resistance is
mainly related to the different membrane-cathode compositions. Figure 5 shows the inter-
nal resistance for different membrane—catalyst systems over time. The control (C), which
was composed of Nafion® and Pt, showed the lowest internal resistance (over 1033 ),
which remained the same over time. Consequently, the highest maximum power was
obtained for the Nafion® /Pt system. The IL; resistance (1203 () is similar to that of the
control system. Higher internal resistance values were obtained for the other IL/CuCo
systems. It is important to note that this resistance remains constant over time for the
control, [Nggg17][Cl17]/CuCo, and [P4 44 4 ][BusPhos™]/CuCo, which implies a stability
of the membrane during the experiment.

To understand the relationship between the composition of the ionic liquids and
their activity in the integrated cathode-membrane systems in MFCs, we will consider the
properties of the ionic liquids represented in Table 1. It can be concluded that there is no
close relationship between the ecotoxicity of the ionic liquid and the maximum power of the
MEC, as the ionic liquids that showed the highest radius of inhibition (i.e., [Ngg g1 *][CI"])
presented the highest maximum power. In relation to this issue, it should also be noted
that the ionic liquids selected for this application are very insoluble and, moreover, they are
entrapped as ionogels, which makes their release from the membrane-cathode assembly
difficult. Therefore, if a small amount of ionic liquids was released from the membrane-
cathode assembly, the concentration of ionic liquids in the medium would be below ecotoxic
concentrations for the microorganisms present in the anode.
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Figure 5. Internal resistance values over time, obtained from the polarisation experiments, during
the depuration experiment for the different embedded membrane-cathode assembly systems and
control system (Nafion® /Pt) working in batch mode. The mean values and standard deviation are
shown in the figure.

Furthermore, a low viscosity does not significantly affect the action of ionic liquids
as proton exchangers by diffusion through the membrane, since the power values using
the chloride-based ionic liquid were higher than those obtained for the bistriflimide-based
ionic liquid, which has a lower viscosity than the chloride ionic liquid. It is important to
note that the degree of hydration of the ionic liquid [Nggg1*][C1™] is higher than that of
the ionic liquid [Ngg g 1" ][NTf, "] as the latter is more hydrophobic. This fact could affect
the viscosity of [Nggg1"][Cl~] and its capacity to transport protons. On the other hand,
the chloride anion has a more localised charge than the bistriflimide anion, which could
improve the interaction with cations such as protons and, thus, the transport of protons and
the power of the MFC. The higher charge density of chloride may also facilitate interaction
with water and, consequently, hydration of the ionic liquid. All these design factors are
currently being studied in more detail in our laboratories.

Furthermore, it is very important to note that the most common methodology for cath-
ode preparation is based on the spraying of Pt/C, water, isopropanol, and PTFE [32,33]. The
new methodology is simpler than the conventional one and is based on a mixture of the ionic
liquid phase, the catalyst, and a plasticiser that acts as a membrane/catalyst composite ma-
terial. Using this new technique, and the procedure for obtaining the [Nggg1*][C1~]/CuCo
membrane-cathode system, very good results were obtained compared to the conventional
Nafion® /Pt system. The new preparation technique is much easier to mechanise if we
intend to prepare industrial cathodes.

3.2. Slurry Wastewater Treatment Using Microbial Fuel Cells

Since the possibility of using complex substrates was discovered, different wastewaters
have been tested in MFCs to demonstrate the feasibility of this technology for water
treatment [34-36]. Slurry wastewater has been chosen because of the high environmental
problem it generates due to its high organic load and high nutrient content, as discussed
above. The physicochemical characteristics of slurry wastewater can be seen in Table 2.
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Table 2. Chemical composition of the slurry wastewater before and after 312 h of treatment (as
% reduction) with the different MFC technologies. [COD]: Chemical oxygen demand. [NO,-N]J:
concentration of nitrites. [NO3-N]: concentration of nitrates. [NHy-N]: concentration of Ammoniacal
nitrogen. [Nr]: Total nitrogen. [Norganic]: concentration of organic nitrogen.

Initial Values

[Nggg1*I[C1-1/CuCo  [Py444*1[BuzPhos—1/  [Nggg1*IINTf,~1/Cu  [Pgg14* IITMP-

Parameter (mg/L) Nafion®/Pt (%) %) CuCo (%) Co (%) Phos 1/CuCo(%)
[coD] 2286 + 5.66 5346 + 347 3533 + 11.79 23.03 + 21.16 38.83 + 11.41 32.67 + 345
[NO,-N] 0.104 + 0.02 0+1205 1057 + 434 1451 + 1248 6.89 + 15 178+ 573
[NO5-N] 525+ 0.64 12.01 +9.54 26.64 + 1535 17.27 +2.09 1464+ 5.82 312+ 442
[NH,-N] 622 + 24.04 26+ 251 0+ 201 2.79 + 535 0+193 0+ 665

[N1] 680 + 14.14 951 +5 3.64 + 3.04 58+82 213 +7.23 0.75 + 1.06
[Norganic] 52.65 + 1056 96.68 + 56.5 70.03 + 3271 4526 + 52.03 69.96 + 86.96 1550 + 87.82

Values are the mean = standard deviation of two replicates.

Chemical oxygen demand (COD) was one of the parameters used to measure the
slurry treatment capacity of the microbial fuel cells. The initial COD of the slurry wastew-
ater sample was determined to be 2286 mg/L. The evolution of this parameter was
also determined over the test time (312 h) for the different types of microbial fuel cells
(Naﬁon®/Pt, [Ng,glg,lJr][Cli]/CuCO, [P4,4,4,4+][BuzPhos’]/CuCo, [N8,8,8,1+][NTf27]/CUCO,
and [Pg 6 6,14 ][TMPPhos™]/CuCo) (see Figure 6). The percentages of COD reduction in
each MFC are shown in Figure 6.

COD removal increased during all experiments. After 300 h, the COD reduction
was 54% for the Nafion®/Pt system, 23% for the [Py444"][BuyPhos™]/CuCo system,
and around 35% for the other membrane-cathode assembly systems. In the case of the
[P4.444"][BuyPhos™]/CuCo system, a significantly lower COD reduction was observed,
which may be because this ionic liquid is partially soluble in the aqueous phase, which
could increase the COD value.

N Nafion®/Pt
60 1 [Ny IICI/CuCo
BN [P, ,,, ][Bu,Phos]/CuCo
< 50 BB [Nggs 1 IINTF,/CuCo
< Bl [P, . ITMPPhosJ/CuCo
(@]
C
QO 40 ~
o
=
(0]
S 30 -
o)
€
g
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Q ) 8
S z
N
/ D
10 ’ kX
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K
? K3
0 T A T T T T T T T T

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384
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Figure 6. COD removal yields at different times for the Nafion® /Pt control system and the ILq, IL,,
IL3, and IL, systems.

It is worth noting that there is a scarcity of research in the literature that delves into the
utilisation of slurry as a fuel source in microbial fuel cells. Furthermore, previous studies
typically involved slurry with significantly lower COD levels than the one employed in our
research. For instance, in the study conducted by Yokohama et al. [37], they investigated
the purification of a slurry containing faeces and urine from Holstein cows using cathode-
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in-air microbial fuel cells. Their cathode featured a platinum catalyst with a loading of
0.5 mg/cm?, which was attached to a Nafion-115 proton-exchange membrane. Initially,
the chemical oxygen demand (COD) values in the slurry stood at 1010 mg/L, and their
research demonstrated an approximate 71% reduction in COD within a 70 h timeframe.
Their maximum power density was approximately 0.34 mW /m?. The lower COD reduction
in our sample may be attributed to the elevated ammonium concentration. Our wastewater
initially contained approximately 622 mg/L of ammonium, whereas in the prior study
it was around 38.9 mg/L. Therefore, the lower COD reduction in our MFC could be
correlated with a higher ammonium content, which is known to be toxic and can impede
the degradability of organic matter.

In contrast, our system exhibited a lower limit for the maximum power density of
approximately 50 mW/m?, with the highest value being around 225 mW/m?.

Regarding the elimination of the different forms of nitrogen, the initial and final
values are presented in Table 2. General behaviours can be observed that are helpful when
analysing the technology of microbial fuel cells. In all systems except the control system,
there was a reduction in nitrite and nitrate forms in the feed water. This can be explained
by the fact that under anoxic conditions in the anode, denitrifying bacteria use nitrate as an
electron acceptor. In some systems, such as [Nggg1*][Cl~]/CuCo, reductions of up to 26%
of NO3;™ can occur. In all cases, a decrease in total and organic nitrogen was observed, the
highest values being close to 10% and 96%, respectively, for the control system. The increase
in ammoniacal nitrogen observed for some systems can be explained by the mineralisation
of organic hydrogen in the anode. The [Nggg1*][C1™]/CuCo and [Nggg1*][NTf,~]/CuCo
systems, which contain an ammonium cation, could influence the total nitrogen value, as
some of these ionic liquids could be released from the surface membrane despite their low
solubility. Yokohama et al. [37] also studied the total nitrogen and ammoniacal nitrogen,
and they found a reduction of 16% for total nitrogen and the ammoniacal nitrogen was
increased after treatment.

When analysing the data, we must consider that the great variability obtained in some
cases, as indicated by the statistical values of the parameters, is mainly due to two different
reasons: (i) microbial fuel cells are very complex systems with high variability, even when
performing repeated tests under identical conditions [38]; and (ii) the low concentration
of some chemical compounds (like the oxidised forms of nitrogen) in the microbial fuel
cell system.

3.3. Characterisation of Membrane—Catalyst Assembly Systems

The best membrane—catalyst assembly system, [Nggg1*][Cl~]-CuCo, was charac-
terised using SEM-EDX techniques. Figure 7 shows SEM micrographs of the membrane
assembled to the cathode ([Nggg1*][C1~]-CuCo) on the side in contact with the anodic
solution before testing and after more than 300 h of testing. Figure 7 shows the air side
after operation.

Figure 7. Scanning electron micrographs of the membrane—catalyst assembly system [Nggg1*][C1™]-
CuCo, 30% PVC, and (Cup3Cog7)Co004 (200 um scale, blue double-headed arrow). (A) Anodic
solution side before operation; (B) anodic solution side after operation; and (C) air side after operation.

Figure 7A shows a relatively homogeneous surface, with some roughness, grooves,
and filaments attributed to the carbon fibre. After the use of the catalytic membrane, some
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deposits appear on the surface (see details in Figure 7B). In Figure 7C, we can observe the
SEM micrograph of the side exposed to air after 300 h of operation. This side exhibits a
greater degree of uniformity compared to the opposite side, which is in contact with the
anodic solution (Figure 7B). Furthermore, there are no deposits visible on its surface.

EDX spectra of the membrane-cathode assembly were performed after and before
operation. Table 3 provides a summary of the elemental peaks in atomic percentage (%)
based on the EDX spectra of the PEM-catalyst assembly, utilising [MTOA*][C]1™] ionic
liquids, 30% PVC, and (Cug3Cop7)C020y. It is important to note that the EDX spectra
were obtained from a sample with a thickness/depth of only a few micrometres, which
means that the analysis pertains to the surface of the catalytic membrane.

Table 3. Peak element vs. atomic % for EDX spectra of PEM-catalyst assembly based on
[Nggg1*1[Cl™] ionic liquids, 30% PVC, and (Cug3Cop7)Co,04. A: Anodic solution side before
operation; B: anodic solution side after 300 h operation; and C: air side after 300 h operation.

PEM-Catalyst Assembly
(IMTOA*][C1™ ]-PVC-(Cug3Cop.7) Co,O4)-Carbon Cloth

Peak Element Atomic % A Atomic % B Atomic % C

CK 87.16 65.8 76.21
NK - - -

OK - 22.69 3.17
ClK 13.29 11.02 20.82
CakK - 8.09 -

CoK 0.22 0.15 0.79
CukK 0.10 - 0.15
PtM 0.37 0.68 0.70

Furthermore, it should be considered that EDX is a semi-quantitative technique;
however, it is a very powerful technique that provides a lot of information.

The EDX spectra of the membrane-cathode assembly always showed the characteristic
peaks assigned to Cu and Co K, demonstrating the stability of the catalyst on the membrane
surface after operation. The EDX spectra showed the presence of Ca salt (Ca K peaks) on
the side of the catalyst membrane in contact with the anode solution after operation due to
salt deposits on the membrane. The platinum M peak was observed due to the need to coat
the sample with platinum in the technique used. The nitrogen K peaks were very small
due to the technique being very sensitive to the molecular weight of the atom analysed.
The presence of the ionic liquid [Ng g g 1*][Cl~] could be determined due to the atomic % of
Chloride in the sample. The theoretical atomic % for Cl in [Nggg1*][C1™] is 3.7% (without
considering H, which does not appear in EDX spectra), and the theoretical atomic % for
Clin PVC (CyH;3Cl) (without considering H) is 33.3%. Therefore, the atomic Cl % content
should be between 3.7% and 33.3% in the mixture of the ionic liquid/PVC. In fact, in all
cases the chloride atomic % of chloride was within this range. However, in the air side (C),
the Cl atomic % was increased and approached the % of free PVC. As previously noted,
EDX provides insights into the composition of the membrane’s surface within the first few
micrometres. Keeping this in mind, it can be inferred that the ionic liquid had undergone
some degree of rinsing. The choice of ionic liquids (specifically, [Nggg1*][Cl~]) was made
with consideration of their low solubility in water (<0.02% (v/v)), aimed at enhancing the
membrane’s stability in aqueous solutions. Furthermore, the use of the occlusion method
with PVC has been demonstrated to further bolster the stability of the liquid membrane in
aqueous environments [39].

4. Conclusions

In this work, a microbial fuel cell technology based on a new type of membrane-
cathode systems based on ionic liquids was studied. Slurry was used as the fuel due to
its high organic matter and high concentration of nitrogen compounds, which are able
to contaminate soil and water. The new membrane-cathode assembly system was based
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on different ammonium and phosphonium cations combined with chloride, bistriflimide,
phosphate, and phosphinate anions and a non-noble catalyst composed of copper and
cobalt mixed-valence oxides. The best membrane-cathode assembly was the [Nggg1*][Cl™]-
CuCo system based on the ionic liquid [Nggg1*][C1~]. With this ionic liquid the power
reaches 65% of the Nafion® /Pt system’s power. The localised negative charge of chloride
of this ionic liquid with respect to other anions looks like a key factor in favouring the
higher proton conductivity and, consequently, the power of the microbial fuel cell. The
[Ng 881" ][C17]-CuCo system also reduces the COD by 35%, the concentration of nitrates by
26%, and the organic nitrogen by 70%.

The novel membrane-cathode composite materials allow for easier manufacturing and
cheaper membranes and catalyst than the conventional ones used in microbial fuel cells.
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Figure Al. Polarisation curves of MFCs with different embedded membrane-cathode assembly
systems at 48 h.
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Figure A2. Polarisation curves of MFCs with different embedded membrane-cathode assembly
systems at 72 h.
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Figure A3. Polarisation curves of MFCs with different embedded membrane-cathode assembly
systems at 144 h.
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Figure A4. Polarisation curves of MFCs with different embedded membrane-cathode assembly

systems at 312 h.
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