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Abstract

Increasing pressures on the animal and cropland agriculture sectors have led to the
realization of problems with animal waste management and ammonia-based fertilizer supply.
Bioelectrochemical systems (BES) are a new-age technology that offer a way to address these
problems. Microbial fuel cells (MFCs), one type of BES, are traditionally used for electricity
generation from microbial degradation of organic matters, but can also be used to recover
nutrients from wastes simultaneous with treatment. This research investigated an MFC for
ammonia recovery from the organic nitrogen (orgN) fraction of synthetic dairy manure, using the
simple amino acid glycine as the orgN source. We used five different synthetic manure
compositions to determine their effects on MFC performance, and found minimal sacrifices in
performance under orgN conditions when compared to the base condition without orgN. The
MFC achieved greater than 90% COD removal in all orgN conditions. Nitrogen (N) removal
efficiencies of between 40% and 60% were achieved in orgN conditions, indicating that organic
nitrogen can be used as the substrate for ammonia mineralization and further recovery as
fertilizer. In addition, we found the MFC was largely populated by electrogenic organisms from
the phyla Bacteroidota, Firmicutes, Proteobacteria, and Halobacterota, with organisms in both
Bacteroidota and Firmicutes capable of N mineralization present. Lastly, we found that in
conditions where orgN is scarce and the only N source provided, microbes preferentially
degraded organic matter from other dead organisms, especially as an N source. This increases the
concentration of N in the MFC system and introduces important operational constraints for

MFCs operated for ammonia recovery from orgN.

Keywords: Microbial fuel cells, organic nitrogen, ammonia recovery, microbial nitrogen

mineralization, manure remediation
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1. Introduction

Global population growth continues to drive demand for food higher than ever before,
putting excess pressure on both crop and livestock agriculture sectors. Nitrogenous fertilizers are
among the most widely used stimulants for crop growth and yield, with the majority of fertilizer
nitrogen (N) in the form of ammonia (NH3) (Wang et al., 2021). More than 96% of this ammonia
is produced via the Haber-Bosch process, which is a high pressure, high temperature
thermochemical reaction combining atmospheric N> and H> (Smith et al., 2020). The Haber-
Bosch process is largely powered by fossil fuels, and greenhouse gas emissions from this process
are responsible for nearly 1% of global emissions (Wang et al., 2021). With the demand for NH3-
based fertilizers expected to further increase, sustainable NH3 production represents an

increasingly important challenge.

Simultaneously, increasing production in the livestock agriculture sector has led to
exponential growth in both the number and size of animal feeding operations nationally. In 2020,
the United States Environmental Protection Agency (US EPA) reported nearly 21,000
concentrated animal feeding operations (CAFOs) throughout the country (EPA, 2022). Under
The Clean Water Act, CAFOs are operations which house confined animals for more than 45
days per year and meet specified size thresholds, for example, more than 1000 beef cattle or 700
dairy cows, or discharge manure or wastewater directly into a waterway (EPA, 2008; Long et al.,
2018). CAFOs are under pressure to become more environmentally sustainable. Many issues
stem from the mismanagement of livestock manure, a mixture of animal feces, urine, and other
system by-products (e.g., wash waters, waste feed). Manure constituents, including nutrients,

pathogens, and organic matter, can be lost to the environment, degrading both surface and
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ground water quality, contributing to climate change, causing nuisance odors, and creating

environmental and human health issues.

Current manure remediation techniques include direct land application and
microbiological processing; however, the unique properties of animal manures complicate these
approaches. For example, direct land application of manure is often limited to geographic areas
immediately surrounding the CAFO of origin. Manure properties like high water content and low
nutrient density increase transportation costs, restricting effective use of manure. Additionally,
the majority of nutrients in manure are in organic forms, which are unusable to plants without
prior mineralization to inorganic forms. While this mineralization can happen in situ once
manure is applied to croplands, it is a slow, microbial process that is difficult to control. The
combination of delayed fertilization effects and challenging transport of manure often leads to
excess manure application in one geographic area. This results in localized manure nutrient
loading to exceed agronomic need, increasing nutrient losses to the environment and reducing
nutrient use efficiency. Microbiological processes, such as anaerobic digestion (AD) and
composting, are somewhat effective at treating the organic load of animal manures; however,
these remediation techniques do not address the high concentrations of nutrients in manure.
Oftentimes, the orgN and NH3 contained in manure inhibits the activity of microorganisms in
AD, and N losses in composting due to NHj3 off gassing typically exceed losses from
conventional manure storage (Hansen et al., 1998; Pardo et al., 2015). Additionally, methane gas
can leak from these processes, increasing the potential for greenhouse gas emissions. These
shortcomings support the need for development of new technologies capable of both treating the
organic load of manure and recovering nutrients in readily usable forms. Bioelectrochemical

systems (BES) are a relatively new approach to waste treatment, and when applied to manure
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remediation, BES optimized for nutrient recovery offer a unique solution to both NH3 production

and manure management issues.

BES are traditionally categorized as microbial electrolysis cells (MECs), microbial
desalination cells (MDCs), or microbial fuel cells (MFCs) depending on the desired treatment
and output (Wang and Ren, 2013; Kelly and He, 2014; Lu and Ren, 2016; Gul and Ahmad,
2019; Chu et al., 2020). Generally, BES operation combines principles of microbiology and
electrochemistry to engineered systems which utilize microbe-mediated degradation reactions to
treat waste streams and produce value-added products, such as electricity, hydrogen fuel, or
concentrated chemical solutions (Gul and Ahmad, 2019; Kelly and He, 2014; Lu and Ren, 2016).
When an ion exchange membrane is placed between the anode and cathode chambers of an
MFC, ion transport across the membrane is enabled by simultaneous current generation.
Therefore, MFCs are considered an efficient chemical recovery system, especially for recovering
NH3; from waste streams (Kelly and He, 2014; Zhang et al., 2014; Rodriguez Arredondo et al.,
2015; Rodriguez Arredondo et al., 2017). In MFCs operated for NH3 recovery, free ammonium
(NH4") in the anode chamber is transported to the cathode chamber across a cation exchange
membrane (CEM) via both electromigration and diffusion (Liu et al., 2016). The NH4" is then
converted to NH3 due to the high pH of the catholyte and can be recovered via air stripping. This
recovery is dependent on an abundance of NH4" in the anolyte, which is heavily influenced by

the anolyte composition.

Although MFCs have been demonstrated to effectively recover NH4* from wastewater,
little research has been conducted related to anodic conversions of organic nitrogen (orgN) to
NH4" prior to recovery. Previously, substrates used in MFC research have contained minimal

orgN, and in the cases where N recovery has been studied, the anolyte N is typically already in
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the form of NH4" when fed to the MFC. As such, NH3 recovery is solely the product of NH4"
transport from anode to cathode chamber to balance the influx of electrons in the cathode
chamber. The majority of N in animal manures is as orgN, which would first need to be
converted to NH4" via N mineralization before transport across the CEM and recovery in the
catholyte. Microbial N mineralization can be cultivated in the biological anode of the MFC under
the proper conditions. It is important to study the impact that this additional step of N
mineralization will have on MFC performance if MFCs are to be used as future manure

remediation and NH3 recovery technologies.

In contribution to the application of MFCs as chemical resource recovery mechanisms,
this research investigated MFC operation for NHj3 recovery from orgN in a synthetic dairy
manure substrate. Glycine, a simple amino acid, was used as a model orgN substrate. Multiple
electrolyte compositions were evaluated to determine their impacts on overall MFC performance,
the orgN to NH4" conversion pathway, and NHs" removal from the anolyte. This work focused
specifically on anodic processes, and as such, the recovery of NH3 gas was outside the scope;
however, this has been studied in detail elsewhere (Kuntke et al., 2012; Kim et al., 2021). The
objectives of this work were to (1) determine if it is possible for microbes in an MFC anode to
mineralize orgN to NH4", (2) investigate the optimal MFC conditions for N mineralization and
removal from the anolyte, and (3) propose potential degredation pathways for simple orgN

compounds and acetate in an MFC operated for NH;3 recovery from orgN.
2. Materials and Methods

2.1. MFC setup and operation
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The MFC used in this study was a two-chamber design with a biological anode and a
chemical cathode, separated by a cation exchange membrane (Logan et al., 2006; Cord-Ruwisch
et al., 2011; Kuntke et al., 2012; Qin and He, 2014; Qin et al., 2016; Yang et al., 2017; Ye et al.,
2019) (Figure 1). Dual-chamber MFC operation relies on a biological anode cultivated with
exoelectrogenic microbes and fed with the wastewater as the anolyte (Logan et al., 2006). As the
microbes degrade the organic matter available in the anolyte, extracellular electrons are produced
and sent to the cathode, where they are consumed by a reduction reaction (Logan et al., 2006). In
this study, we cultivated for microbial N mineralization in the anode chamber, and selected
varying conditions to investigate the optimization of N mineralization on the anode and NH4"

transport to the cathode across the CEM, as shown in Figure 1.
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Figure 1. Schematic of the microbial fuel cell (MFC) set up. The essential processes and
reactions occurring during operation include microbial degradation of acetate (1) and organic
nitrogen (orgN) (2), transport of NH4" across the cation exchange membrane (CEM) (3), and
consumption of electrons at the cathode by the oxygen reduction reaction (ORR) (4). Two
carbon fiber brushes were entwined with titanium wire for the anode and the cathode consisted
of a platinum-catalyst treated carbon cloth supported with metal mesh and wrapped in titanium
wire. Electrodes were connected via a 10 Q resistor and a voltage multimeter recorded the
potential drop across the resistor. An air pump was connected in-line with the catholyte
recirculation system to deliver oxygen to the cathode to fuel the ORR. Electrolyte solutions were
replaced at the beginning of each experimental cycle, such that the hydraulic retention time for
each cycle was 48h. Chemical components added as part of anolyte feed solution(s) are indicated
in black outlines and chemical components produced through microbial metabolism are indicated

in brown outlines.

A stacked-plate MFC was constructed with two endplates (McMaster-Carr, Chicago, IL,
USA) and three inner rubber frames (McMaster-Carr, Chicago, IL, USA). The rubber frames
were sandwiched between the endplates to create the internal chamber volumes of 200 mL and
100 mL for the anode and cathode chambers, respectively. Electrode chambers were separated
by a cation exchange membrane (CMI 7000S, Membranes International, Inc., Ringwood, NJ,
USA). The anode chamber housed two carbon fiber brushes (The Mill-Rose Company, Mentor,
OH, USA) as the electrode, and was inoculated with mesophilic anaerobic digestion sludge from
Nine Springs Wastewater Treatment Plant (Madison, WI, USA). A carbon cloth cathode (area =

39 cm?, Zoltek Companies, Inc., Bridgeton, MO, USA) was coated with a platinum-carbon
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catalyst (10% wt/wt Pt/C, Fuel Cell Earth, Woburn, MA, USA) (Zhang et al., 2013; Qin et al.,
2017). Electrolyte solutions were continuously recirculated at a rate of 76 mL min™! between the
internal chambers and external reservoirs (500 mL total anolyte volume and 600 mL total
catholyte volume) for hydraulic retention times of 48h per experimental cycle. This recirculation
rate allowed for the entire internal chamber volume to be replaced every 1-3 minutes, ensuring

adequate mass transfer conditions were sustained.
2.2. Experimental Conditions

Experiments were conducted in five stages corresponding to five different electrolyte
conditions: the original acetate and NH4Cl feeding condition (“Original”), a glycine and
phosphate buffer anolyte condition (“GP”), a glycine and reduced phosphate buffer condition
(“GPred”), a glycine only anolyte condition (“GO”), and an ultra-low glycine only anolyte
condition (“GOiow”) (Table 1). For all electrolyte conditions, 0.024 M sodium acetate served as
the main source of organic carbon (Angenent and Sung, 2001; Qin et al., 2017). Detailed notes
on trace solution composition are provided in the SI. The simple amino acid glycine was used as
the source of orgN in these experiments. Different concentrations of phosphate buffer solution
(PBS) were used as the catholyte, based on the electrolyte condition under investigation (Table
1). In later stages of the experimental work, the concentration of catholyte PBS was decreased in
order to more closely mimic the conductivity of typical tap water while still yielding significant
control over specific solution composition. Other chemical components of the electrolyte
solutions varied throughout the study in correspondence with the purpose for studying the given
condition, as described in Table 1 and in the SI. Within each electrolyte condition, data from at
least three, 48h cycles (determined as the time required for current density to drop below ~ 0.25

A m cathode area, the chosen threshold for significant COD removal) was collected. Chemicals
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used for preparation of the stock and electrolyte solutions were purchased from Carolina
Chemical (Charlotte, NC, USA), Alfa Aesar (Thermo Fisher Scientific, Tewksbury, MA, USA),
and Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Anolyte solutions were purged with

N> gas for ~ 15 minutes immediately prior to use.

Table 1. Electrolyte compositions for each condition and a brief description of the purpose for
investigating each electrolyte condition. Exact compositions for the stock, trace, and phosphate

buffer (PBS) solutions can be found in Table S1.

Electrolyte = Purpose Anolyte Catholyte Composition
Condition Composition'
Original Facilitated microbial 0.56 M NH4"-N 0.02 M PBS
feeding growth on anode and
conditions collection of baseline 0-01 M stock
(“Original”)  cell performance 0.1 M PBS
Glycine Introduced glycine as 0.14 M glycine-N 0.02 M PBS
Phosphate orgN source
Anolyte 0.01 M stock
(“GP7) 0.02 M PBS
Glycine and Investigated MFC 0.14 M glycine-N 0.002 M PBS
Reduced capacity to self-buffer
Phosphate under orgN conditions 0-01 M stock
(“GPred”) via removal (anolyte)
and reduction
(catholyte) of the
buffer solution
Glycine Investigated orgN 0.14 M glycine-N 0.002 M PBS
Only degredation capability .
Anolyte in absence of readily 0-01 M stock
(“GO”) available inorganic N-
source
Ultra-low Investigated MFC 0.005 M glycine-N 0.002 M PBS
Glycine performance under .
Only ultra-low orgN  0.01 Mstock
Anolyte concentrations
(“Golow”)

TAnolyte under all conditions was prepared with 0.024 M sodium acetate and 0.001 M trace

solution.
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*A separate stock solution without NH4Cl was prepared and used in place of the original stock

solution for these preparations. See Table S1 for further information.
2.3. Analytical Methods
2.3.1. Electrolyte Characterizations

pH and conductivity of electrolyte solutions were measured via electrode probe and
benchtop meter (Orion Versa Star Pro, Thermo Fisher Scientific, Waltham, MA, USA).
Chemical oxygen demand (COD), total nitrogen (TN) and ammonia nitrogen (NH3-N, measured
as the sum of NH3(q) and NH4") were measured via standard colormetric methods (COD
Digestion Vials High Range, Total Nitrogen Persulfate Digestion Test ‘N Tube, and High Range
Ammonia Nitrogen AmVer Salicylate Test ‘N Tube, Hach, Loveland, CO, USA). The difference
in TN and NH3-N concentrations for individual samples was assumed to be entirely organic
nitrogen (orgN) in the form of glycine, although later analysis determined this to be unlikely
under certain operative conditions (see section 3.3). Percent removal of nutrients, R, was

calculated via Eq. 1:

R= 4100 (Eq. 1)

where C; is the initial anolyte concentration of the nutrient of interest and Cris the final anolyte

concentration of the nutrient of interest.
2.3.2. MFC Electrochemical Characterization

The current generation was continuously monitored using a data acquisition and logging
multimeter system from Keithley Instruments (Tektronix, Inc., Beaverton, OR, USA). The cell

was operated with an external resistance of 10 Ohms throughout the study. The current density
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was normalized to the area of cathode electrode. For each cycle, the total charge transferred (Q,
in Coulombs) between anode and cathode was computed as the area under the current-time curve

using the trapezoidal method for approximate integration (Eq. 2):

=tr I+ 1
Q = Z?:of(t 2t+At) At (Eq. 2)

where /; is the current (in Amperes) at time 7, [¢+4¢ s the current (in Amperes) at time 7+A¢, tris

the final recorded time of the cycle, and At is 5 minutes. The total nitrogen removal efficiency
(R, in mole N mole™! electrons) is a measure of how current was partitioned to drive nitrogen

transport from anode to cathode chambers. Ry was calculated via Eq. 3:

VanF(TNi,an_ TNf,an)

RN: 0

(Eq. 3)

where V, is the total volume of anolyte (in L), F'is Faraday’s constant (96,485 Coulombs per
mole of electrons), and TN; ., and TNya, are the initial and final total nitrogen concentrations in

the anolyte (in M), respectively.

2.3.3. Microbial Community Analysis

Microbial community analysis was performed on selected replicates of samples taken
during 5 different sampling conditions throughout the study: the inoculant anaerobic digestate
(“Inoculant”), after resistance decrease to cultivate for electrogenic organisms (“Initial
Electrogens”), after the completion of several experimental cycles with the original acetate and
NH4Cl electrolyte condition (“Original”, see Table 1), during and after the experimental cycles
in the glycine only electrolyte condition (“GO”, see Table 1), and during and after the
experimental cycles in the ultra-low glycine only electrolyte condition (“GOiow”, see Table 1).

Samples for microbial community analysis were further divided into three intra-condition



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

sampling time categories, denoting samples either taken at the start (“Condition Start”), middle
(“Mid-Condition™), or end (“Condition End”) of the cycles in the relevant electrolyte condition.
Sample replicates labeled with “No Time” indicate those collected at only one time within the

electrolyte condition cycles.

DNA extraction was performed using the DNeasy PowerSoil Pro Kit (Qiagen,
Germantown, MD, USA) per the manufacturer’s procedure. DNA samples were sent to the
University of Wisconsin—Madison Biotechnology Center (Madison, WI, USA) for 16S rRNA
analysis. Sequenced reads were denoised and filtered for quality using the DADA2 program.
Resultant amplicon sequence variants (ASVs) were assigned taxonomy according to a Bayesian
classifier based on a pre-trained silva database curated to the 16S rRNA amplicon region.
Diversity analysis and statistical comparison were performed in R using the “phyloseq” and
“DivNet” packages for microbiome analysis (McMurdie and Holmes, 2013; Team, 2022; Willis
and Martin, 2022). Alpha diversity of each sample was calculated as the Shannon diversity

index, H, via Eq. 4:

H= —Yp=*Inp (Eq. 4)

where p is the number of appearances of a given operational taxonomic unit (OTU) normalized
to the total number of OTU appearances in the sample. Beta diversities were calculated using
Bray-Curtis dissimilarity, BCj;, via Eq. 5:

2Cij

BCU =1- Si+Sj

(Eq. 5)
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where Cj; is the lower count of OTU appearances for a given OTU that appears in both samples i
and j, and S; and S; are the total number of OTU appearances in each sample 7 and j, respectively

(Bray and Curtis, 1957).

3. Results and Discussion

3.1. MFC Performance

MFC performance was evaluated at five different conditions: the original acetate and
NH4Cl1 (“Original”) condition to establish the baseline performance, a glycine-phosphate (“GP”)
and a reduced glycine-phosphate (“GPreq””) condition to introduce organic nitrogen to the system
and to test the MFC’s ability to self-buffer, a glycine-only (“GO”) condition to test the MFC’s
ability to operate on only orgN, and an ultra-low glycine only (“GOiow”) condition to test the
MFC performance in an N-limiting environment (Table 1). The anolyte solution compositions
represented a synthetic dairy manure, and sequential removal/replacement of various
components of the original electrolyte conditions allowed for slow, selective optimization of the
microbial anode. MFC performance was evaluated based on pH, conductivity, and total charge
transfer per cycle, as well as COD, TN, and NH3 removal from the anolyte, and total nitrogen

removal efficiency.

3.1.1. Electrochemical Performance

Results from the original electrolyte condition were used as a basis for comparison with
results from the orgN electrolyte conditions. In the original electrolyte condition, the average pH
values of final electrolyte solutions remained neutral at 7.13 = 0.10 and 7.17 + 0.03 for anolyte
and catholyte solutions, respectively, which was relatively unchanged from the initial solution

pH values of 7.03 and 7.28 for anolyte and catholyte solutions, respectively. This indicates stable
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acid/base conditions for the entirety of the cycles and condition. For the orgN electrolyte
conditions, different patterns in electrolyte pHs were observed (Figure 2a). All of the orgN
conditions showed a significant increase in average final catholyte pH; from 7.61 £ 0.07 to 8.97
+ (.25 for the GP condition, 7.61 = 0.07 to 9.04 + 0.15 for the GPreq condition, 7.89 £ 0.10 to
8.85 +0.02 for the GO condition, and 7.88 = 0.05 to 9.12 + 0.07 for the GOjow condition. The GP
and GPreq conditions showed no change from initial to final anolyte pH (7.06 to 7.32 + 0.24 and
7.82 £0.31 to 7.71 £0.17, respectively). The GO and GO\ow conditions showed slight decreases
from initial to final anolyte pH measurements (7.85 + 0.12 to 7.40 + 0.06 and 7.33 + 0.20 to 6.68
+ 0.04, respectively). The increase in final catholyte pH under orgN conditions is likely due to
reduced NH4" transfer, as there is less readily available NH4" in these conditions. Additionally,
the decreases in concentrations of catholyte PBS in the GPreq, GO, and GOjow conditions could

result in reduced catholyte buffering capacity and thus the decreases in catholyte pH.

Comparatively, the stagnant nature of the anolyte pH across all conditions is
advantageous for current production. Many studies have shown that a neutral anodic pH yields
higher current generation in MFCs (Gil et al., 2003; Cheng et al., 2007; Ren et al., 2007; He et
al., 2008; Ren et al., 2008; Zhang et al., 2012). Additionally, the stability of anodic pH in the
absence of an added buffer solution (as in the GPr4, GO, and GOiow conditions) indicates that
MFCs can successfully operate on decreased added resources and are likely to be more cost
effective. He et al. (2008) suggest that bacterial metabolism can act as a buffering system within
the anode chamber, as microbes continuously produce weak acids to maintain appropriate pH for
life that can buffer the increase in pH resulting from proton transport out of the anode chamber
via the CEM. The slight decrease observed from initial to final anolyte pH in GO and GOjow

conditions is likely due to partial degradation of substrates to organic acids (see section 3.3).
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Figure 2. System performance at different feed conditions: the original acetate and NH4Cl
feeding condition (“Original”), a glycine and phosphate buffer anolyte condition (“GP”), a
glycine and reduced phosphate buffer condition (“GPeq”), a glycine only anolyte condition
(“GO”), and an ultra-low glycine only anolyte condition (“GOiow”). (A) initial and final pH in
anolyte and catholyte, (B) initial and final conductivity in anolyte and catholyte; (C) total charge
transfer (Q) and total nitrogen removal efficiency, calculated via Eq. 2, and (D) COD removal

efficiency, calculated via Eq. 1.

The original condition showed a decrease in anolyte conductivity from 12.4 mS cm™! to

8.88 mS cm™! and an increase in catholyte conductivity from 3.52 mS cm™! to 14.5 mS cm’! from
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initial to final measurements, which supports the occurrence of desired NH4" transport from
anolyte to catholyte (Figure 2b). Similar trends in anolyte and catholyte initial and final
conductivities were observed for the GP and GOiow conditions (from 7.69 mS cm™ to 4.88 mS
cm’! in the anolyte and from 3.52 mS cm™ to 4.77 mS cm! in the catholyte for the GP condition,
and from 3.09 £ 0.28 mS cm™! to 2.08 = 0.06 mS cm™! in the anolyte and 0.634 £ 0.03 mS cm™' to
1.32+£0.02 mS cm™! in the catholyte for the GOiow condition). The GPred and GO conditions
exhibited unchanged anolyte conductivities from initial to final measurements. The catholyte
conductivities in the GPrq and GO conditions exhibited the increases from initial to final
measurements, as seen in other experimental conditions (from 0.57 = 0.02 mS cm™ to 1.24 +
0.03 mS cm™! in the GPreq condition and from 0.59 + 0.04 mS cm™ to 1.11 £ 0.03 mS cm™! in the
GO condition). The decreases in magnitude of the electrolyte conductivities correspond with
decreasing concentrations of available ions, which changed with varied electrolyte compositions
outlined in Table 1. In later experimental conditions (GPreq4, GO, and GOiow), the decreased
conductivity and corresponding low concentration of ions in the catholyte solutions likely
increased the resistance of the solution, introducing important charge transfer constraints.
However, there were minimal sacrifices observed in average total charge transfer in these
conditions (Figure 2c), and the increases in catholyte conductivity observed from initial to final
measurements (Figure 2b) indicate that flow of ions from anode to cathode chambers was not

greatly inhibited by the increased resistance of the catholyte.

The average total charge transfer, O, for almost all electrolyte conditions was between
500 and 600 Coulombs, except for the GO condition, where Q dropped to around 450 Coulombs
(Figure 2¢). A baseline average maximum current density of 1.44 = 0.29 A m™ was generated in

the original electrolyte condition, and the average maximum current densities recorded for the
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orgN cycles were all within the one standard deviation of the baseline (Figure S1). The highest
recorded average current density was 1.69 = 0.31 A m™ in the GOow condition, and the lowest
was 1.37 £ 0.01 A m? in the GPreq condition. The O values and average maximum current
densities generated in this study are equal to or greater than those produced in previous MFC
research, where the sole focus was electricity production from organic removal in wastes (Pant et
al., 2010; Syed et al., 2022). Additionally, our MFC achieved COD removal efficiencies greater
than those reported in studies where electricity produciton and organic removal were the only
focus and nitrogen removal/recovery was not investigated (see section 3.1.2) (Liu et al., 2004;
Rasouli Sadabad and Badalians Gholikandi, 2018; Syed et al., 2022). These findings support our
conclusion that nitrogen recovery is an advantageous application of MFC technology (Pant et al.,
2010; Kuntke et al., 2012; Kelly and He, 2014; Rodriguez Arredondo et al., 2015; Gude, 2016;

Gul and Ahmad, 2019).
3.1.2. Nutrient Removal Performance

Under all electrolyte conditions, the MFC achieved excellent organics removal (measured
as COD) efficiencies, at 87% removal in the original condition and above 95% removal for all
orgN electrolyte conditions, as shown in Figure 2d. COD removal in this study was higher than
what has been previously reported for similar systems (Liu et al., 2004; Rozendal et al., 2009; De
Paepe et al., 2020; Syed et al., 2022). This may suggest that more complex substrates and
cultivation for N mineralizing organisms provide compounding advantages, however, more
research is needed to definitively substantiate this statement. Total nitrogen removal efficiency,
Ry, decreased from 2.16 + 0.31 mol N mol! electrons in the original condition to between 0.3
and 0.8 mol mol™! in the orgN electrolyte conditions, with the GOow condition having the lowest

Rn (0.33 £ 0.02 mol mol™) and the GO condition having the highest Ry (0.75 £ 0.45 mol mol™)
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(Figure 2¢). This decrease is likely due to the change in initial available NH4" concentration from
the Original to the orgN conditions. For all the orgN conditions, the majority of substrate N was
orgN, with readily available NH4" omitted from the substrate entirely in the GO and GOjow
conditions. Regardless of availability of NH4" in the feed substrate, all final anolyte
measurements in orgN conditions indicated the majority of nitrogen was in the form of NH4"
(Figure 3). This finding, coupled with measured NH3-N in the final catholyte solutions for all
conditions, indicates the occurance of N mineralization in the anode chamber and subsequent
NH,4" transfer to the cathode chamber via the CEM. It is inferred that microbes capable of N
mineralization were responsible for these reactions, as discussed in section 3.2.1. In the orgN
conditions, the microbe-mediated process of N mineralization was a limiting process, meaning it
had to occur before NH4" was available for transport across the CEM. This added step resulted in
decreased Ry compared to the original condition, in which there was ample NH4" available for

transport via the feed anolyte solution. This phenomenon is further discussed in section 3.3.

100 T
L - 3 Catholyte OrgN
_ T @3 Catholyte NH3
L T I Anolyte OrgN
80 | | mmm Anolyte NHz |

——
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Percent Initial N

40
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Figure 3. Nitrogen partitioning in final electrolyte solutions as percentages of initial anolyte total

nitrogen at different feed conditions. NH3 is the sum of NH3(q) and NH4". Organic nitrogen
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(OrgN) fractions are omitted for the Original feed condition as all N-addition was as NH4ClI.
Categories along the x-axis correspond to feed conditions as outlined in Table 1: the original
acetate and NH4Cl feeding condition (“Original”), a glycine and phosphate buffer anolyte

condition (“GP”), a glycine and reduced phosphate buffer condition (“GPrd”), a glycine only

anolyte condition (“GO”), and an ultra-low glycine only anolyte condition (“GOiow”).

In the Original electrolyte condition, a baseline anolyte nitrogen removal efficiency of
approximately 72% was established. Under orgN electrolyte conditions, anolyte N removal
dropped to around 60% for the GOjow condition and to around 40% for the GP, GPreq, and GO
conditions (Figure 3, represented as the difference between 100%, the maximum bar height
possible, and the sum of the remaining anolyte N). The majority of N remaining in the anolyte in
orgN conditions was NH3-N, with a maximum of 22 £ 19% of initial N remaining in the anolyte
as orgN in the GPrq condition. While the majority of nitrogen transferred to the catholyte was
NH3-N, some orgN was observed to have transferred into the catholyte (5.1 = 4.2% in the GP
condition, 8.5 + 8.8% in the GPreq condition, 2.9 + 2.6% in the GO condition, and 15 + 3.5% in
the GOiow condtion). In the GO\ow condition, this orgN made up the majority of remaining N in
the catholyte (Figure 3). Glycine was ruled out as the source of this catholyte orgN through
diffusion experiments (Table S2), so it is inferred that the catholyte orgN consists of small
degradation intermediates. Future work investigating the speciation of anolyte and catholyte

orgN is necessary to fully understand the degradation pathways in the MFC.

3.2. Microbial Community Analysis
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Microbial communities collected at five representative cell conditions were analyzed via
16S rRNA sequencing to evaluate changes in anode microbial community structure under
varying electrolyte conditions. Sampling conditions included the “Inoculant” anaerobic digestate,
the “Initial Electrogens” present directly after resistance decrease to 10 Ohms, and the
“Original”, glycine only (“GQO”), and ultra-low glycine only (“GOiow”) electrolyte conditions
(see Table 1 for descriptions of each condition). Samples from both the GO and GOiow conditions
were collected at multiple time points throughout the sampling condition, denoted as either
“Condition Start”, “Mid-condition”, or “Condition End”. Community composition and structure,

as well as alpha and beta diversities, were evaluated.

3.2.1. Community Composition

The top four most abundant phyla across all samples were Bacteroidota (4.7%),
Firmicutes (2.2%), Proteobacteria (2.0%), and Halobacterota (1.7%) (Figure 4a). The phyla
Bacteriodota, Firmicutes, and Proteobacteria are of the kingdom Bacteria, and all contain
organisms capable of electricity generation (Sun et al., 2014; Chen et al., 2016; Yuan et al.,
2017; Jin et al., 2018; Liu et al., 2018; Guang et al., 2020; Shi et al., 2021; Li et al., 2022). The
phylum Halobacterota is in the kingdom Archaea, and is the phylum of many known
methanogenic and methanotrophic microorganisms (Sun et al., 2014). Operation at the Original
feed condition, which constituted frequent changing of the electrolyte solutions to replenish
depleted COD and nutrient concentrations (as opposed to the infrequent solution changes during
the resistance decrease that helped characterize the Initial Electrogens sampling condition),
enriched the number of Bacteroidota and Actinobacterota present in the community. Of the
organisms of phylum Bacteriodota present, the top three most abundant operational taxonomic

units (OTUs) were identified as belonging to the genus Lentimicrobium. Organisms of this genus
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are known to have electron-dense extracellular polymeric substances (EPS) on their cell surfaces,
making them good facilitators of extracellular electron transport (EET) in the anode chamber
(Liu et al., 2018). Other prominent Bacteroidota genera identified were Petrimonas (protein-
degrading, fermentative organisms having known synergistic interactions with exoelectrogenic
bacteria), PHOS-HE36 (sulfur oxidizing bacteria), and Blvii2§ (fermentative organisms with
known synergistic interactions with exoelectrogenic bacteria) (Sun et al., 2014; Chen et al.,
2016; Shi et al., 2021). The top genus among the organisms of Actinobacteriota present was
identified as Rhodococcus, a genus of organism responsible for acetate degradation and

possessing exoelectrogenic capabilities (Cheng et al., 2018).
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430  Figure 4. Microbial community analysis for anodic biomass under different feed conditions and
431  at different intra-condition sampling times: (A) relative abundances of the top 15 most abundant

432  phyla across all electrolyte conditions for which biomass samples were collected, and (B)
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principle coordinate analysis (PCoA) comparing community diversities for different electrolyte
conditions and intra-condition sampling times. Sampling Conditions are as follows: “Inoculant”
indicates the community in the mesophilic anaerobic sludge used to inoculate the MFC, “Initial
Electrogens” indicates the community present directly following resistance decrease to 10 Q,
“Original Feed” indicates the community present after several experimental cycles were
completed at the original acetate and NH4Cl feed condition (see Table 1), “GO” indicates the
community present during and after several experimental cycles at the glycine only (GO) feed
conditions (see Table 1), and “GOjow” indicates the community present during and after several
experimental cycles at the ultra-low glycine only (GOiow) feed condition (see Table 1). Sampling
Time denotes the relative time within the specific Sampling Condition of the community sample
collection; prior to the start of the Sampling Condition (““Condition Start”), during the course of
the Sampling Condition (“Mid-condition”), or directly after the completion of the Sampling
Condition (“Condition End”). Samples indicated as having “No Time” denote those that were
collected in replicate at only one time. PCoA is based on Bray-Curtis dissimilarity. Community
composition data was obtained via 16S rRNA sequencing. Graphic prepared using the “ggplot2”

package in R (Wickham, 2016; Team, 2022).

Under orgN conditions (e.g. GO and GOiow), organisms of phyla Bacteroidota and
Actinobacteriota continue to persist, but decrease in number towards the end of the GOiow
condition (Figure 4a). Instead, the phylum Firmicutes emerges as an increasingly dominant
group. Of the Firmicutes present, organisms belonging to the genera Bacillus are the most
abundant. Bacillus organisms are known to facilitate N mineralization, which converts orgN to
inorganic nitrogen, usually NH4" (Mandic-Mulec et al., 2016). Furthermore, members of the

phylum Firmicutes have been shown to exhibit exoelectrogenic capabilities (Wrighton et al.,
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2008; Zhou et al., 2019). It is possible that the decrease in abundance of Bacteriodota and
Actinobactriota phyla and corresponding increase in relative abundance of Firmicutes phyla
indicates a selection for organisms capable of both exoelectrogenic and nitrogen mineralizing

abilities as the conditions increasingly select for both capabilities.

Interestingly, the presence of the phyla Campilobacterota, a known sulfate oxidizer
which can use nitrate as an electron acceptor, is unique to the initial electrogenic community.
This indicates that, under the imposed selection pressures for electrogenic N mineralizers, the
need for sulfate oxidation is diminished (Begmatov et al., 2021). Furthermore, the phylum
Cloacimonadota, while present under both GO and GOow conditions, decreases in relative
abundance as selection pressures are increased from the initial electrogenic community to that
present under the GOiow condition (Figure 4a). Cloacimonadota contains members known to
perform propionate oxidation, and decreased numbers of Cloacimonadota in anaerobic digestion
processes are suggested to indicate instability due to increasing NH3-N concentrations (Bi et al.,
2020; Christou et al., 2021). As NH3-N production is a desired outcome of this research, the

decrease in Cloacimonadota organisms is a promising finding.

3.2.2. Diversity Metrics

Alpha diversity of each sample was calculated using Shannon diversity (Eq. 3) for the
richness of a microbial community; for the inoculant, initial electrogenic, and original feed
communities, Shannon diversity was equal to 2.11, dropped to 2.08 for the community present
during the GO condition, and then varied from 2.11 at the start of the GOiow condition to 2.02 at
the end of the experimental cycles in this condition. Statistical analyses revealed that the initial
electrogenic community was the only community where the electrolyte condition was not a

statistically significant predictor of Shannon diversity (p-value = 0.346). Interestingly, when
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tested against only the GO condition samples, the samples from the end of the GOiow condition
were not significant predictors of Shannon diversity (p-value = 0.593), despite the large
difference in calculated Shannon diversities (2.08 for GO samples versus 2.02 for GOiow samples
at the end of the condition). The generally decreasing trend in the Shannon diversity of samples
as the electrolyte conditions progress from unchanged inoculant to highly cultivated orgN
conditions (i.e. GO and GOiow) suggests that the changes in electrolyte compositions permitted
cultivation of an increasingly specific microbial community. The comparatively large Shannon

diversity of the initial GO1ow community warrants further research and evaluation.

Figure 4b presents a principle coordinate analysis (PCoA) based on Bray-Curtis
dissimilarity metrics comparing the community diversities for different electrolyte conditions
(color) and intra-condition sampling times (marker shape), with both axis representing > 57% of
total dissimilarity. The majority of the sampling conditions tested present as highly clustered and
distinctly different, indicating distinct communities in each sampling condition. For the GO and
GOuow conditions, multiple samples were collected at various time points within the sampling
condition. In the GO sampling condition, the microbial community showed no change in respect
to intra-condition sampling time, indicated by the clustering of the GO sample points in Figure
4b. For the GO\ow condition, the microbial community differed from the beginning and middle to
the end of the sampling condition, as indicated by the split clustering for this condition at
different time points in Figure 4b. This split clustering is further evidence of community

adaptation to varying conditions, as is discussed in section 3.3.

3.3. Microbial degradation pathways under differing electrolyte conditions

The electrolyte condition had significant effects on the MFC’s nutrient removal

efficiency, leading to several key inferences regarding the microbial degradation pathways for
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organic matter in different conditions. Of specific interest are the total and NH3-N concentrations
measured in initial and final electrolyte solutions while the MFC was operated in the GOjow
condition. Figure 5 shows the difference in TN removed from the anolyte and accumulated in the
catholyte for nine separate experimental cycles in the GOiow condition. Cycles 1 and 2 have final
anolyte TN concentrations higher than that of the initial anolyte solution (Figure S2), implying
an increase of TN within the system. Furthermore, the final NH3-N concentration is greater than
that of the initial NH3-N concentration in only 4 of the 9 cycles at this condition (Figure S2), in
contradiction to the hypothesis that, with no other form of N provided, orgN (in the form of
glycine) will be degraded to NH4", thus increasing NH3-N concentration from initial to final
measurements. Additionally, cycles 1, 2, 5, and 6 exhibited excessive accumulation of catholyte
TN throughout the cycle, meaning that the amount of TN accumulated in the catholyte was
greater than that which was removed from the anolyte (Figure 5). Based on how samples were
collected and analyzed, which included a filtration step prior to measuring the nutrient
concentrations for all solutions, it is inferred that this excess N, which appears in the catholyte as
both NH3-N and orgN, is N that was previously contained within microbial cells. We infer that
this release of N occurred due to a combination of system instability and ultra-low concentrations
of available N in the anolyte. The early cycles in the GOiow condition (cycle 1-6) saw
fluctuations in TN and NH3-N removal and accumulation as the system worked to re-establish
equilibrium after the changed condition. This instability was compounded by the low
concentration of available orgN which characterized the GOiow condition, as it led to cell death
and lysis, releasing more organic matter and orgN into the system and pushing it further from an
equilibrium state (Figure 6). The proposed microbial metabolism and its impacts on MFC

operation are discussed further below.
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Figure 5. Difference between TN removed from the anolyte and that accumulated in the
catholyte for experimental cycles in the ultra-low concentration glycine only (GOlow) condition.
Negative values indicate higher accumulated catholyte N than removed anolyte N, based on

measurements of filtered samples.

Figure 6 depicts the suspected pathways for microbial degredation of orgN and acetate in
representative electrolyte feed conditions. Under the original feed condition (Figure 6a), acetate
degradation to carbon dioxide (CO2) and a small quantity of partially-degraded intermediates is
the main source of electron generation, while NH4" in the anolyte feed is transferred to the
cathode chamber to maintain the charge neutrality. Under the GPr.q condition (Figure 6b), acetate
degradation is still the main source of electron production for current generation, but glycine
degredation to NH4" and orgN intermediates also contributes a small portion of current. We note
that NH4" produced from orgN degredation also contributes to the NH4" flux from anolyte to
catholyte. The GO condition (Figure 6¢) is the same, except for the omission of readily available
NH4" in the anolyte feed solution, making all available N for electro-driven transport a product
of microbe-mediated degredation. Finally, in the GOiow condition (Figure 6d), competition for

scarce orgN resources leads to cell death on the anode brush. This microbial necromass
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represents an additional source of organic matter, specifically orgN, for the active microbes, and
is preferentially degraded as an N source over the complex and scarce glycine orgN provided in
the feed. The NH4" and orgN intermediates produced from the degradation of microbial
necromass are measured in the final solution characteristics, but did not appear in the initial
solution measurements due to a filtration step. Thus, the preferential degradation of microbial
necromass shows as an overall increase in nitrogen within the MFC at ultra-low orgN conditions

(Figure 5).

Or|g|na| @cathode GPred ﬁocathode GO ﬁt'ocathode GO|0W
| 1 |
, D ©
Unused Glycine

Cell Death
and Lysis

-
.O

NH,* and OrgN
Intermediates

= Electron Generation/Flow
== Microbe-Mediated Degradation
Cation Transport

Figure 6. Schematic representation of anodic microbial processes occurring under selected
representative feed conditions: (A) the Original acetate and NH4Cl feed condition (see Table 1),
where current generation was solely the result of acetate degradation and NH4" transport was
physically/chemically mediated; (B) the glycine and reduced phosphate buffer (GPrq) condition
(see Table 1) where orgN as glycine was introduced and it’s degradation contributed to both the
current generation and the mediation of NH4" transport; (C & D) the glycine only (GO) and
ultra-low glycine only (GOiow) conditions (see Table 1), respectively, where orgN was the only

N-source and it’s degradation contributed to current generation and was the main mediator of
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NH4" transport, or, in the GOjow condition, was unused in preference of easily-degradable
microbial necromass and released organic matter (OM). Chemical components added as part of
the anolyte feed solution at the given condition are indicated in black outlines and chemical

components produced through microbial metabolism are indicated in brown outlines.

4. Conclusions

Microbial fuel cells are considered a promising technology for NH3 recovery from dairy
manure as they can convert the orgN fraction into NH4" and also recover this NH4" as NH3
fertilizer. This work specifically investigated the impacts of various anolyte feed compositions
on the MFC’s ability to recover NHs from orgN. We demonstrate that MFCs operated for NH3
recovery can achieve similar performance to those operated for electricity generation, with the
added benefit of recovering NH3 from the orgN fraction of a synthetic dairy manure. This work
also provides insight to the microbial degradation pathways governing orgN to NH4" conversion
in MFCs fed with synthetic dairy manure. The findings in this research can be used to inform
future work regarding optimizing MFC conditions for orgN to NH4" conversion in the anode
chamber and NH4" transport from anode to cathode chambers. Namely, it is important to balance
the feed concentration of orgN, as it is shown that low orgN concentration can lead to
preferential degradation of microbial biomass for N instead of from converting orgN in manure

to NH4" .
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