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Microbial electrosynthesis is a promising solution for removing nitrate from

water with a low concentration of electron donors. Three single-chamber

microbial electrosynthesis reactors were constructed and operated for

almost 2 years. The single-chamber reactor design saves on construction

costs, and the pH of the solute is more stable than that in the case of a

two-chamber reactor. Nitrate reduction started at the working electrode

potential of −756 mV versus standard hydrogen electrode (SHE), and

subsequently, the working electrode potential could be increased without

hindering the process. The optimal potential was −656mV versus SHE,

where the highest Faradaic efficiency of 71% and the nitrate removal rate of

3.8 ± 1.2 mgN-NO3/(L×day) were registered. The abundances of nitrite

reductase and nitrous oxide reductase genes were significantly higher on

the working electrode compared to the counter electrode, indicating that

the process was driven by denitrification. Therefore, a microbial

electrosynthesis reactor was successfully applied to remove nitrate and can

be utilized for purifying water when adding organic compounds as electron

donors is not feasible, that is, groundwater. In addition, at the lower working

electrode potentials, the dissimilatory nitrate reduction to ammonium was

observed.
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1 Introduction

In many regions worldwide, the nitrate (NO3) concentration

exceeds the safe drinking threshold of 50 mgNO3/L in the

groundwater and is increasing health risks as specified by the

World Health Organization (WHO, 2017). Consumption of

NO3-rich water can be hazardous and cause

methemoglobinemia in humans or play a potential role in the

development of digestive tract cancers (Camargo and Alonso,

2006). The NO3 concentration is increasing in groundwater

aquifers and surface water bodies due to the use of chemical

fertilizers in agriculture and the discharge of untreated

wastewater (Pärn et al., 2018). In surface water, high NO3

concentrations can cause eutrophication and, therefore, a loss

of biodiversity (Camargo and Alonso, 2006). Therefore,

developing different applicable technologies to remove NO3

from water is essential.

NO3 can be removed from waters by utilizing the activity of

various microbes. The denitrification process can turn NO3

stepwise into nitrogen gas (N2) as the final product, thereby

eliminating nitrogen compounds from water to the atmosphere

(Lam and Kuypers, 2011). In the case of heterotrophic

denitrification, some microbes, that is, Alicycliphilus

denitrificans and Pseudomonas stutzeri, use organic

compounds as electron donors and carbon sources (Eq. (1))

(Mechichi et al., 2003; Pang and Wang, 2021). Autotrophic

denitrification occurs when bacteria, that is, Thiobacillus

denitrificans, use hydrogen, sulfur, ferrous iron, or other

inorganic compounds as electron donors and inorganic

carbon such as carbon dioxide or carbonate as carbon

sources for growth (Eq. (2)) (di Capua et al., 2016; Pang and

Wang, 2021; Szekeres et al., 2002). A description and graphical

representation of the process have been published previously,

where NO3 reduction was studied in a two-chamber microbial

electrosynthesis reactor (MESR) (Lust et al., 2020).

5CH2O + 4NO−
3 + 4H+ → 5CO2 + 2N2 + 7H2O (1)

5H2 + 2NO−
3 + 2H+ → N2 + 6H2O (2)

One of the main aspects that hinder NO3 removal from

water is a low concentration of electron donors (Andalib et al.,

2018). In 2004, it was demonstrated that Geobacter species

could acquire electrons provided by electrodes (Gregory et al.,

2004) and use these electrons to reduce NO3 when organic

carbon was absent. Since then, hundreds of studies have been

conducted to optimize various processes by changing cell

design, inoculation, and operating practices (Dehghani et al.,

2018; Ding et al., 2018; Sharma et al., 2019; Kadier et al., 2020).

From the other perspective, many researchers have been

working intensively to describe the mechanisms of

interaction between the microbe and the electrode

(Rosenbaum et al., 2011; Bonanni et al., 2012; Ding et al.,

2018; Pankratova et al., 2019).

There has been a significant development in wastewater

treatment related to bioelectrochemical systems. Regarding the

purification of urban wastewater, the use of electrically

conductive materials for constructing filter bodies in wetlands

is shown to be a feasible way to increase the nutrient removal

efficiency (Aguirre-Sierra et al., 2020). In these systems, the

whole filter body acts as an electrical network for microbes,

and it can be described as a short-circuited fuel cell (Wang et al.,

2020). In other cases, microbial fuel cells are used to harvest

energy and raise the removal efficiency simultaneously (Afsham

et al., 2015;Wang et al., 2019; Huang et al., 2020; Ren et al., 2020).

Microbial fuel cells are effective and applicable. However,

they share the same shortcoming as these systems cannot reduce

NO3 when the electron donor concentration is low. The solution

can be utilizing the microbial electrosynthesis (MES) technology.

The concept is based on the substitution of the microorganisms’

demand for electron donors with electrons provided via the

electrode (Andalib et al., 2018; di Capua et al., 2019; Pang

and Wang, 2021). A large-scale experiment on surface water

with total nitrogen and phosphorus concentrations over the

acceptable threshold was conducted in China, where the

authors used MES to remove these nutrients from the

Liushaxin River in Guang-dong Province (Liu et al., 2021).

According to the available literature, only a few studies of

MES have targeted real-life applications of drinking water

purification, indicating the gap in the knowledge. In recent

publications, a NO3 reduction in MESR has been achieved

(Pous et al., 2016; Ceballos-Escalera et al., 2021). To achieve

the goal of removing nitrogen from low-carbon waters, for

example, groundwater, the development of feasible MES-based

reactors with varied designs and finding the necessary conditions

for operating the system are vital.

The main goal of this study was to achieve a long-term stable

NO3 reduction by denitrification in the constructed MESR for

treating wastewater with a low electron donor concentration.

However, in our previous study (Lust et al., 2020), where a two-

chamber MESR was used, the NO3 reduction rate was relatively

low, and a lack of electroactive bacteria was thought to be the

cause. The use of two-chamber MESR caused the pH to drift and

therefore needed constant neutralizing. Using the sludge taken

from the municipal wastewater treatment plant as the inoculum

caused NO3 reduction to occur in the control reactor due to the

addition of organic compounds (Lust et al., 2020). Thus, in this

study, a single-chamber MESR was designed to ensure that

pH remains unchanged. In addition, by removing the cation-

exchange membrane from the reactor, the construction cost can

be lowered. To ensure that the electroactive autotrophic bacteria

are present in the MESR and allowing an evaluation of the

difference between MESR and the control reactor, a pure

culture of T. denitrificans was used as the inoculum. T.

denitrificans was chosen as it is an autotropic denitrifier

identified in higher abundance where denitrification in MESR

has been studied (Nguyen et al., 2016; Xu et al., 2017). The second
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aim was to find the optimal working electrode (WE) potential,

where the Faradaic efficiency was the highest and no ammonium

(NH4) or nitrite (NO2) accumulated. After these goals are

achieved, it would be possible to move toward evaluating

whether MESR could be used for enhancing the NO3 removal

efficiency in constructed wetlands or applied to purify drinking

water.

2 Materials and methods

2.1 Reactor design

Experiments were carried out in three single-chamber

MESRs made of Plexiglas. All of them had the same design

and had a total volume of 5.86 L (Figure 1). The same reactors

were used in the previous study (Lust et al., 2020), except the

cation-exchange membrane with its carrier module, which was

removed.

To decrease oxygen production on the counter electrode

(CE), the outer electrode, with a 3.6 times larger geometric

surface area compared to WE, was used as CE, and the inner

electrode was WE (Figure 1). A 3 mm thick graphite felt

(Graphite felt PGF 3 × 1.200 m, CGT Carbon GmbG, Asbach,

Germany) was used to prepare CE and WE and had geometric

surface areas of 930 and 255 cm2, respectively.

For mixing the electrolyte, two outlets on top and two inlets

at the bottom of the reactor were connected via a pump

(Figure 1). At the bottom of the reactor, two outlets were

used to collect water samples. On top of the reactor, two

sampling ports were used only for filling the reactor during

this experiment (Figure 1).

The electrode contacts were made from Grade-1 titanium

wire with a cross-section of 0.2 mm (Grade-1 Titanium Round

Wire 0.2 mm × 50 m, Metal Clays 4 You, Mayfield,

United Kingdom). Since the graphite felt is a relatively brittle

material, glue was used to ensure proper contact between

graphite and titanium. The glue was made from a graphite-

based paint (Electric paint, Bare Conductive, London,

United Kingdom) mixed with epoxy (Moment 5-min repair

Epoxy, Henkel AG, and Co. KgaA, Düsseldorf, Germany) in a

ratio of 1 to 1.

The reactors were operated as three-electrode systems and

were equipped with reference electrodes (REs) (Figure 1). All

potentials are presented as potential versus standard hydrogen

electrode (SHE) throughout the article.

The study was set up for nearly 2 years, and three different

potentiostats were used as controls in the experiment.

Multiple measurement cycles (batches) were conducted

under various conditions during the experiment. Reactor

1 was mainly used to determine the WE potentials where

NO3 reduction occurs and to find the optimal WE potential.

One cycle was also conducted to verify how much the reactor

could be disturbed without ceasing the NO3 reduction after

the NO3 reduction was initiated. Reactor 2 was mainly used as

a control reactor, and reactor 3 was used only to conduct the

secondary abiotic control. The respective potentiostats and

reference electrodes that were used and applied WE potentials

and additional preparations that were applied for each

measurement cycle are described in Supplementary Tables

S1–S3 in more detail.

2.2 Inoculum and synthetic wastewater
composition

The actively growing culture of T. denitrificans was ordered

from DSMZ (German Collection of Microorganisms and Cell

Cultures GmbH, Leibniz Institute, Brunswick, Germany) and

cultivated anaerobically as instructed by the supplier in medium

113. The cultivation was conducted in three stages. At first, 5 mL

of the ordered culture was cultivated in a 25 mL medium. After

3 days, the inoculum was diluted by adding 270 mL of a fresh

medium. Thirty days later, the inoculum was further diluted by

adding 200 mL of the medium. Ten days later, the inoculum was

stirred, and 200 mL of the inoculum was used for each reactor

(1 and 2). To ensure that there are enough trace elements, 20 mL

of trace element solution SL-4, described in medium 113, was

also added to the reactor.

Synthetic wastewater was used as an electrolyte and was

made from tap water, where 4.64 g/L Na2HPO4, 1.75 g/L

NaH2PO4, 1.39 g/L NaHCO3, and 0.165 g/L KNO3 were added

(Cecconet et al., 2018).

FIGURE 1
Reactor design. The blue area in the reactor represents the
electrolyte.
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2.3 Operating conditions

Whenever the reactor was assembled and filled with synthetic

wastewater, the reactor was purged with N2 until the dissolved

oxygen (DO) concentration dropped below 0.2 mgO2/L. At the

beginning of each cycle, the level of the electrolyte was adjusted to

the 5.5 L mark, and the NO3 concentration was increased to

100 mgN-NO3/L by the addition of KNO3 unless stated

otherwise. Every cycle was ended when NO3 was depleted, or no

change in the concentration was registered. All three reactors were

operated differently, and the conditions of the cycles are described in

Supplementary Tables S1–S3. Throughout the study, the cycles are

referred to as “cycle (1:2)”, where the first digit indicates the reactor,

and the second digit refers to the number of cycles of that reactor.

2.4 Enumeration of heterotrophic bacteria

For enumeration of culturablemicroorganisms in the electrolyte

during the cycle (1:3), the samples were withdrawn from the reactor

and kept in sterile containers at 4°C andwere analyzed within 4 h for

viable cell count. Decimal dilution series with dilution factors from

101 to 106 were performed using sterile MilliQ water on ice, and

1 mL of each dilution was immediately inoculated. The method for

enumeration of culturable microorganisms in water samples was

performed according to the ISO 6222:1999 standard. All the

inoculations were performed in two technical parallels. The

colony counts were recorded after 3 days (70 h) and 4 days

(94 h) at 22°C, and 2 days (46 h) and 3 days (70 h) at 37°C. As

the growth of the colonies was slow, the results from longer time

points were used in calculations. The results were expressed as the

number of colony-forming units (CFU) per 1 mL of the initial water

sample. At each time point of the reactor process, the average CFU/

mL was calculated from 4 to 6 parallel plates.

The number of denitrifying bacteria was determined by using

the most probable number (MPN) method. Decimal dilutions

with dilution factors from 101 to 104 of the samples were

inoculated to Hiltay medium (2 g/L KNO3, 1 g/L asparagine,

5 g/L Na-citrate, 2 g/L KH2PO4, 2 g/L MgSO4×7H2O, 0.2 g/L

CaCl2 × 6H2O, 0.08 g/L bromothymol blue, traces of FeCl3,

pH 6.8). Inoculum sizes of 1 mL were applied to 10 mL Hiltay

test tubes. All the inoculations were performed in three replicates

and incubated at 22°C for up to 14 days under static conditions.

The number of positive test tubes showing pH shift and nitrogen

gas formation was registered. MPN indexes were used to

calculate the MPN per 1 mL of the initial water sample using

the MPN calculator (MPNcalc v1.2.0).

2.5 Analysis of gene abundances

Three sets of electrodes were used to analyze the presence and

abundance of different genes. Each set consisted of two electrodes:

WE and CE. Electrodes from every set were crushed into a fine

powder using a coffee bean grinder (Robert Bosch GmbH,

Germany) under sterile conditions. The ground electrodes were

weighed (0.25 g) and processed further for DNA extraction. DNA

was extracted using a PowerSoil DNA Isolation kit (MO BIO

Laboratories Inc., Carlsbad, CA, United States) according to the

manufacturer’s recommendations. Homogenization was performed

at 5,000 rpm for 20 s (Precellys 24, Berlin Technologies, Montigny-

le-Bretonneux, France). The extracted DNA samples were analyzed

for their concentrations and quality using a spectrophotometer

Infinite M200 (Tecan AG, Grodig, Austria).

Qualitative polymerase chain reaction (qPCR) analysis was

carried out to evaluate the abundances of the bacterial 16S rRNA

gene, archaeal 16S rRNA gene, and nitrogen transforming genes

such as bacterial amoA, archaeal amoA, comammox (complete

ammonia oxidation) amoA, nirK, nirS, nosZI, nosZII, and nrfA

genes. The reaction was carried out in 10 µL of the reaction

mixture, consisting of 1 µL of template DNA, 5 µL of Maxima

SYBR GreenMaster Mix (Thermo Fisher Scientific Inc., Waltham,

MA, United States), and optimized volumes of primers (Espenberg

et al., 2018), and the remaining was nuclease-free water. All

reactions were carried out in triplicates, with negative controls

without template DNAs. The reactions were carried out using the

RotorGene Q equipment (Qiagen, Valencia, CA, United States).

The gene-specific primer sets and the optimized reaction

conditions were followed as described by Espenberg et al. (2018).

The modifications were made for nirS and bacterial amoA primers:

forward primer nirSCd3af was used instead of nirSC1F (Kandeler

et al., 2006); the annealing temperatures for the qPCR program used

were 55 and 57°C for the nirS gene and bacterial amoA gene,

respectively. Comammox amoA genes were amplified using the

comamoA AF and comamoA SR primer sets (Wang et al., 2018).

The optimized program for the comammox amoA gene was as

follows: 10 min at 95°C, 40 cycles of 15 s at 95°C, 30 s at 55°C, and

30 s at 72°C; the program ended with a melting curve analysis (the

temperature was increased from 65 to 95°C at a rate of 0.35°C/step

and held at each step for 3 s).

The standard stocks used for the determination of the gene

abundances were prepared by serially diluting solutions of the

target sequences (Eurofins MWG Operon, Ebersberg, Germany).

The analysis of the runs was carried out using RotarGene® Series
Software v.2.0.2 from Qiagen and LinRegPCR program v 2020.0

(Ruijter et al., 2009). Gene abundances were calculated as themean

fold differences between samples and the corresponding 10-fold

standard dilution in respective standards (Ruijter et al., 2009). The

gene abundances were represented as gene copy numbers per gram

of dry weight (copies/g dw).

2.6 Chemical analysis

Water samples were collected for chemical analysis once a

week unless stated otherwise. Total carbon, total organic carbon

Frontiers in Environmental Science frontiersin.org04

Lust et al. 10.3389/fenvs.2022.938631

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.938631


(TOC), and total inorganic carbon were analyzed with a Vario

TOC cube (Elementar Analysensysteme GmbH, Langenselbold,

Germany) following the EVS-EN 1484 standard. Total nitrogen

(TN) was analyzed using the same device following the EVS-EN

12260 standard. NH4, NO3, and NO2 concentrations were

measured spectrophotometrically using USEPA-8038 Hach

Nessler, SFS 5752, and SFS 3029 standards, respectively. DO

and pH were measured using a WTW Multi 3420 instrument

(Xylem Analytics, Singapore) with a WTW FDO 925 and WTW

pH-Electrode SenTix 940-3, respectively.

2.7 Calculation of the nitrate removal rate
and the Faradaic efficiency

The calculations of TN and removal rate of NO3 and NH4

and Faradaic efficiency were performed as follows: the reactors

were used as batch reactors where each cycle can be divided into

three phases (Supplementary Figure S1): 1) the lag phase where

the current density |j| increases significantly and the NO3

removal rate accelerates, 2) the stable phase where the current

density and NO3 removal rate are stabilizing to the constant

value, and 3) the end phase which begins with a rapid current

density |j| drop, and it is associated with the depletion of NO3.

Since the cycles lasted over 20 days, it was impossible to

determine the exact moment when NO3 is fully depleted.

Therefore, to compare different cycles, the NO3 removal rates

and Faradaic efficiency were calculated based on the data

gathered during the stable phase (Supplementary Figure S1).

The rate of NO3 reduction was calculated by evaluating the

quantity of reduced NO3 per day. For calculating the Faradaic

efficiency, the following formula was used:

Faradaicefficiency � amountof NO−
3 reducedinmoles × 5

molesof electrons
× 100%

Here, the moles of electrons are calculated based on the

integrated charge, divided by the Faraday constant. Five

indicates the number of electrons required to reduce one NO3

according to half-reaction (di Capua et al., 2019).

3 Results and discussion

3.1 Initiating the nitrate reduction, the
open circuit, and abiotic controls

WE potentials were varied, and the initial NO3 concentration

was increased multiple times to reach the initiation of the NO3

reduction during cycle (1:1). At first, the WE potential was set

to −320 mV and the initial NO3 concentration was 14.6 mgN-

NO3/L (Figure 2 and Figure 3; Supplementary Table S1). The

potential was chosen based on previous studies, where

autotrophic denitrification by MES has been researched (Yu

et al., 2015; Pous et al., 2016; Yang et al., 2020). Within the

first week after starting up the system, there was no change in

NO3 concentration (Figures 2B, 3B). On day 7, the NO3

concentration was increased approximately by half for

Reactors 1 and 2 in an attempt to initiate the active

proliferation of denitrifying microorganisms (Supplementary

Tables S1, S2). Still, by day 36, NO3 concentrations remained

unchanged, and then the NO3 concentration was increased again,

up to 82.4 and 70.8 mgN-NO3/L for Reactors 1 and 2,

respectively. The DO was in the range of 0.3–0.5 mgO2/L, but

it was still in the range to allow autotrophic denitrification

(Gómez, 2002; Qambrani and Oh, 2013).

From day 77 to 122, theWE potential was lowered after every

3–7 days by 50 mV (Figure 2A). As there was no change in

current density (Figure 2A) until day 122, the WE potential was

increased from −706 mV to −156 mV. In both reactors (1 and 2),

the NO3 concentration showed no change either (Figures 2B, 3B).

On days 141 and 147, the WE potential was increased even

further up to +43 mV, which was then the anodic potential,

without a change in current density (Figure 2A). Even though the

reduction peak, which is observed in other MESR-related

publications, appeared in cyclic voltammograms

around −300 mV during the first 43 days (Figure 4), in

contrary to other studies, no NO3 reduction occurred

(Gimkiewicz and Harnisch, 2013; Kondaveeti and Min, 2013;

Pous et al., 2014; Zhou et al., 2016; Ceballos-Escalera et al., 2021).

Therefore, on day 152, theWE potential was lowered to −756 mV

(Figure 2A). Very low WE potentials were avoided at first due to

the lack of knowledge about the values of cathodic potentials that

cause damage to themicroorganisms’ cell structure. After theWE

potential was set, the current density |j| started to rise already on

the next day (Figure 2A).

On day 186, the NO3 concentration drop was registered from

82.4 mgN-NO3/L to 50 mgN-NO3/L (Figure 2B). The adverse effect

was that 45% of NO3 was reduced and turned into NH4 (the

concentration increased from 7.4 mgN-NH4/L up to 21.9 mgN-

NH4/L). By day 215, all NO3 in the system was reduced (Figure 2B).

In the Reactor 2 cycle (2:1) the NO3, NH4, and TN concentrations

remained the same as before (84 mgN-NO3/L, 1 mgN-NH4/L, and

104 mg N/L, respectively) (Figure 3B). Therefore, it can be

concluded that the NO3 reduction in Reactor 1 was driven by

the applied current. The pH stayed stable in both reactors.

The cycle (1:2) was conducted in Reactor 1, with the goal to

confirm the replicability of NO3 reduction (Supplementary Table

S1). For this, KNO3 was added, increasing the NO3 concentration

to 102 mgN-NO3/L, and the WE potential was kept at −756 mV

(Figure 2). NO3 was completely reduced in 43 days; however, the

NH4 concentration continued to rise, meaning that 49% of NO3

was reduced toNH4 (Figure 2B). Usually, the accumulation of NO2

as an intermediate is observed during the autotrophic

denitrification if the system is not functioning optimally;

however, reduction down to NH4 was not anticipated (Al-
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Mamun and Baawain, 2015; Li et al., 2017). The dissimilatory

nitrate reduction to ammonium (DNRA) can cause NO3 reduction

to NH4, and it seemed to be competing with the autotrophic

denitrification in the current system, and we found that it has been

observed in some other cases also (Su et al., 2012). Consequently,

during cycle (1:2), the pH increased from 7.3 to 7.5.

After the first successful replication of the denitrification

process, the electrolyte was replaced for cycle (1:3) and the

reactor was filled again with synthetic wastewater (Supplementary

Table S1). This time, the reactor was expected to have the biofilm of

denitrifying microbes, that is, T. denitrificans, developed on the

electrodes. During cycle (1:3), the NO3 reduction rate was the same

as for cycle (1:2). The DNRA’s share in NO3 reduction was lower

this time than before, and only 15% of NO3 was reduced to NH4

(Figure 2B). During cycle (1:3), the pH value lowered from 7.4 to 7.2.

As the NO3 reduction was effective in Reactor 1, the abiotic

electrochemical control was conducted to ensure that it was

caused by MES (Supplementary Table S2). TheWE potential was

set to −756 mV. For 19 days (from day 208 to 227), the current

density stayed stable at around −37 mA/m2 (Figure 3A), and no

NO3 reduction was registered (Figure 3B). Since it took 19 days

until the NO3 reduction occurred under the conditions, there is a

low possibility that the NO3 reduction seen in Reactor 1 was

caused purely by electrochemical reactions because

electrochemical reactions tend to have a much shorter lag time.

After day 19, the current density started to increase rapidly, and by

day 265, it had reached −1,100mA/m2 (Figure 3A), which was

significantly higher than the −550mA/m2 that was previously seen

on cycle (1:3) (Figure 2A). Only 3% of NO3 was reduced to NH4 in

cycle (2:2) compared to 49% that we observed during cycle (1:2). The

initiation of NO3 reduction that occurred during the abiotic cycle (2:2)

was caused by the growth of microbes in the reactor since it got

contaminated during themeasurements. The gene abundance analysis

that was conducted for electrodes also supports this assumption.

To confirm the results, another abiotic control cycle (3:1) was

conducted, and to keep the contamination probability as low as

FIGURE 2
Dynamics of key parameters in Reactor 1 during cycles (1:1) to (1:8). (A) Change of current density and working electrode potential in time. (B)
Area graph of total nitrogen, nitrate, nitrite, and ammonium concentrations in the electrolyte; the red, blue, and yellow dots represent when the CV
measurements (shown in Figures 4, 9) were performed. (C) Area graph of total carbon, total inorganic carbon, and TOC concentrations in the
electrolyte. The blue vertical lines represent borders between the cycles.
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possible, a new reactor body was made and sterilized. Also, the

electrodes and the synthetic wastewater with a trace element

solution were autoclaved to be used in the new reactor

(Supplementary Table S3). As shown in Supplementary Figure

S2B, there was no significant NO3 reduction during cycle (3:1)

which lasted for 30 days. The rise in current density |j|

(Supplementary Figure S2A) was probably caused by the O2

getting into the system. The rise of current density |j| was also

observed in the previous study when WE was exposed to the

gaseous phase (Lust et al., 2020). O2 can access the reactor by

electrolyte inlets when fittings are not airtight.

In conclusion, it can be said that the NO3 reduction seen in

Reactors 1 and 2 was taking place in synergy between the

electrochemistry and microorganisms. We proved that the WE

potential is critical when starting the NO3 reduction in the one-

chamber MESR, and it was found to be around −756 mV.

However, it has been previously shown that after inoculation

the NO3 reduction occurs on higher WE potentials, that

is, −300 to −500 mV (Yu et al., 2015; Cecconet et al., 2019).

Most probably, the H2 production on WE is necessary at the

beginning to provide an energy source formicrobes for inoculation

and enhancing anaerobic conditions (Chen et al., 2015).

Our study clearly indicates that the single-chamber design is

suitable for conducting denitrification, and the biofilm of T.

denitrificans was successfully inoculated on the WE. We

determined that if CE has a significantly larger surface area

compared to the WE’s surface area, the O2 production on CE is

decreased, and therefore, the denitrification is not inhibited. By using

the single-chamber reactor, the pH also remained relatively stable,

and no NaOH or HCl was needed to neutralize the electrolyte.

3.2 Optimal working electrode potential

As NH4 was produced at theWE potential of −756 mV and it

was unclear how much the WE potential could be increased

before nitrogen reduction stopped and microorganisms were

harmed, it was decided to increase the WE potential during

the following cycles (Supplementary Table S1). For cycle (1:4),

the WE potential was set to −656 mV and in consequence, NO3

FIGURE 3
Dynamics of key parameters in Reactor 2 during cycles (2:1) to (2:5). See Figure 2 for the explanation of plots (A)−(C).

Frontiers in Environmental Science frontiersin.org07

Lust et al. 10.3389/fenvs.2022.938631

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.938631


was still reduced, and the concentration of NH4 decreased

(Figure 2B). It is difficult to determine what process could

have caused the removal of NH4 since there are at least two

possible pathways, a combination of comammox and

denitrification or anammox (Lam and Kuypers, 2011;

Maddela et al., 2021). It was also not known if DNRA was

still active at that point since there is a possibility that the NH4

removal was taking place at a faster rate and therefore masking

the production of NH4.

As shown in Figure 5A, the TN and NO3 removal rates were

the highest at the WE potential of −656 mV, with the daily

removal rate of 3.9 and 3.8 ± 1.2 mg N/(L × day), respectively.

The removal rate of TN and NO3 slowed with the increase of the

WE potential and dropped down to 0.35 and 0.27 mg N/(L ×

day), respectively, at the WE potential of −256 mV. The NO3

removal rate achieved in the current reactor was relatively high.

Compared to Pous et al. (2016), where a NO3 removal rate of

345 ± 166 mg N/(m2 × day) was achieved in their reactor setting,

the NO3 removal rate in our experiment was 819 ± 258 mg N/

(m2×day). However, the ratio of WE geometric surface area to

electrolyte volume could have caused the difference in removal

rate since it was 31 cm2/L in the experiment of Pous et al. (2016)

and 43.5 cm2/L in the current experiment. The electrode material

was also different; graphite felt was used in the current reactor

instead of graphite rod, meaning that the ratio ofWE surface area

to electrolyte volume was even higher in the current experiment

(Pous et al., 2016).

NH4 was produced at the WE potentials of −756 mV

and −656 mV; however, at higher WE potentials, NH4 was

not formed. Therefore, the system is able to remove NH4

from the wastewater since in Reactor 1, the NH4 accumulated

during cycle (1:3) was removed during cycle (1:4). On the

contrary, Su et al. (2012) showed that DNRA could occur

even when the WE potential of −303 mV was applied, but in

our experimental setup, the NH4 concentration did not increase

above a WE potential of −556 mV.

As shown in Figure 5B, the average current density drops

from −560 mA/m2 at the WE potential of −756 mV to −190 mA/

m2 at the WE potential of −256 mV. The decrease of current

density is expected since theWE potential gets closer to the open-

circuit potential and away from very cathodic potentials where

hydrogen evolution and oxygen reduction are possible. On

higher WE potentials, the NO3 reduction rate also decreases,

causing the current density to drop.

The Faradaic efficiency was the highest at the WE potential

of −656 mV, resulting in an efficiency of 71%. As the potential

was increased, the current density |j| decreased and the NO3

reduction rate slowed down. At the same time, the Faradaic

efficiency also substantially decreased (only 12% at −256 mV)

because the proportion of side reactions increased. On the other

FIGURE 4
Cyclic voltammetry conducted during cycles (1:1) and (1:2). From days 0 to 43, CV was performed in the range of −556 to +846 mV at the
potential sweep rate of 10 mV/s. Time points when the wide range of measurements was conducted are shown with the red dots in Figure 2B. The
inset section shows the situation where CV is performed in the range of −756 to −456 mV at the potential sweep rate of 0.25 mV/s on days from
152 to 260, and the time points are shown in Figure 2B with the blue dots.
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hand, the NH4 production at the most negative potential

of −756 mV also caused the drop in Faradaic efficiency.

In conclusion, we recorded that even relatively small changes

in the WE potential can significantly affect the rate of the

denitrification process and which processes are dominating in

the system, therefore contributing to the Faradaic efficiency to a

substantial extent. In this study, the WE potential of −656 mV

was found to be optimal for NO3 reduction with the NO3 removal

rate of 819 ± 258 mg N/(m2×day).

3.3 Changes in TOC

Throughout the study, no organic carbon was added into the

system since the goal was to assess the NO3 reduction in the

absence of organic carbon. Based on our data, it is possible to

assume that the increase in TOC concentration is related to the

growth ofmicroorganisms. During the experiment, it was observed

that the TOC concentration was increased during the cycles where

electrosynthesis took place, that is, the current density |j| was high.

However, the TOC concentration increased only up to 110 mgC-

TOC/L in all three reactors, and later in the cycles, the increase

stopped. The rise in TOCwas relatively rapid, for example, in cycle

(3:1), the TOC concentration increased from 10 to 110 mgC-TOC/

L in 2–3 days. During cycle (2:1), where the open-circuit control

was conducted, TOC stayed around 6 mgC-TOC/L for the whole

208 days and no NO3 was reduced.

During cycle (1:1), the TOC was also around 45 mgC-TOC/L

before NO3 reduction was initiated. Therefore, an increase in

TOC shows that some microorganisms are present and growing,

but it does not necessarily mean that the consortium can also

reduce NO3.

3.4 Analysis of numbers of heterotrophic
bacteria in the electrolyte solution

During cycle (1:3), samples were taken to evaluate the

numbers of heterotrophic bacteria in the electrolyte solution

(Supplementary Table S1). This was the cycle where all

electrolyte was replaced shortly after the NO3 reduction was

achieved in the reactor (Figure 2B). Although it was anticipated

that the bacterial numbers expressed by CFU per 1 mL of

electrolyte would increase during the cycle, no constant

increase of heterotrophic microorganisms could be seen

FIGURE 5
Relationship between the electrode potential (mV vs.
standard hydrogen electrode), nitrogen removal rate, and current
density. (A)Daily removal rate for total nitrogen (TN), nitrate (NO3),
and ammonium (NH4) on different WE potentials. (B) Faradaic
efficiencywith the average current density is shown at differentWE
potentials. At the WE potential of −756 mV, there are three parallel
measurements, and at −656 mV, there are two parallel
measurements for NO3 and NH4. Error bars represent standard
deviations.

FIGURE 6
Evaluation of bacterial numbers during cycle (1:3) (days
260–302) in the electrolyte solution (Supplementary Table S1).
Heterotrophic culturable microorganisms were enumerated by
CFU/mL on nutrient agar, and heterotrophic denitrifying
bacteria numbers were evaluated by MPN/mL in Hiltay medium
(see chapter 2.4 for details).
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(Figure 6). TOC increased significantly from 0 to 20 and then to

40 mgC-TOC/L on days 0, 6, and 14, respectively (Figure 2C). No

correlation between detected bacterial numbers (CFU/mL) and

TOC concentration was observed. The difference in TOC values

is most probably caused by the proliferation of autotrophic

denitrifiers in the electrolyte which are unable to grow on

nutrient agar standardly used for assessing the number of

water microbes.

At the beginning of the cycle, the CFUs/mL value was

somewhat higher, and this might have been caused by the

replacement of the electrolyte which caused some of the

biofilm-living bacteria to detach from the electrodes. The

CFUs/mL values dropped insignificantly during the cycle, and

the heterotrophic bacteria count in the electrolyte solution did

not reach its initial number.

The abundance of heterotrophic denitrifying bacteria

followed a similar pattern, and only 1–5% of cultivated

heterotrophs were heterotrophic denitrifying bacteria. Similar

to total heterotrophic bacterial count, no growth of bacterial

numbers was seen (Figure 6). These data indicate that despite the

presence of heterotrophic bacteria in the reactor, the effective

denitrification process is taking place mostly by autotrophic

denitrifiers that are unable to grow in the test media. It has

been recently shown that the shift of the microbial community

from heterotrophic to autotrophic denitrification is feasible, but

it is rather tedious and needs specific conditions (Huang et al.,

2022). Our results also confirm that the autotrophic denitrifying

community probably remains stable and is not replaced with

heterotrophs during the cycle. Based on the trends and

replicability of other measurements (Figure 3), the stabile

denitrifying community is expected to reside attached to the

WE of Reactor 1.

3.5 Abundance of nitrification genes on
the electrodes

Three sets of electrodes were collected during the study.

Electrode set 1 was used for 612 days in Reactor 1 for all eight

cycles (1:1) to (1:8) (Figure 2). Electrode set 2 was used for

169 days in Reactor 2 cycles (2:2) to (2:5) (Figure 3), and

electrode set 3 was used for 30 days in Reactor 3 cycle (3:1)

(Supplementary Figure S2).

The abundances of bacterial and archaeal 16S rRNA,

bacterial and comammox amoA, nirS, nirK, and nosZI genes

were quantified. The bacterial 16S rRNA gene abundance was the

highest on set 1 for the CE and WE (Figure 7). The difference in

16S rRNA genes abundance is much smaller between the three-

electrode sets on the CEs compared to the WEs, indicating that

on the CEs, time has a smaller impact on microbes’ growth

(Figure 7). For archaeal 16S rRNA, the gene abundance followed

the trend where the electrode that was used for a longer period

had a higher gene abundance.

Electrodes from set 3 showed a high abundance of nitrogen

cycle-related genes (Figure 7). Still, no significant NO3 reduction

was observed after 30 days in the abiotic control reactor

(Supplementary Figure S2). Compared to other electrode sets,

WE (set 3) from cycle (3:1) showed significantly low copy

numbers of the nirS gene, which is related to the second step

of denitrification, reducing NO2 to NO (Lam and Kuypers, 2011),

and might have been the reason why the NO3 reduction did not

occur. The abundances of archaeal 16S rRNA genes and the

commamox community were also very low on this electrode.

The presence of the nirS gene along with the nosZ gene is more

abundantly found in denitrifiers over the nirK gene (Hallin et al.,

2018). Therefore, there is relevant evidence of the presence of

complete denitrifiers on the WE (Figure 8) as the abundances of

nirS and nosZI genes are similar. Abundances of the nosZI gene are

relatively higher onWE in comparison to CE (Figure 8) and can be

an indication of the participation of the reductive electrode in the

denitrification process by the nosZI gene-possessing microbes.

Most of the N-transforming microbes have shown to be

compromised by electrochemical manipulation, but complete

denitrifiers are able to sustain themselves (Hallin et al., 2018).

Microbes possessing nirK genes are naturally in high abundances

in nature, and therefore, their presence on the WE should not

always be correlated to any specific activity (Lam and Kuypers,

2011; Hallin et al., 2018). The previous study on the microbial

electrochemical systems also showed increased abundances of nirS

and nosZI gene-harboring microbes (Gadegaonkar et al., 2020),

supporting our results and indicating probable complete

denitrification.

amoA and comammox amoA genes are related to oxidizing

ammonia and were found in higher numbers on the CE

(Figure 8) (Lam and Kuypers, 2011). It was a predictable

finding because there is a need for electron acceptors during

the oxidation, and the CE could be used for this purpose.

3.6 Cyclic voltammetry

Throughout the experiment, cyclic voltammetry (CV)

measurements were performed to describe the changes that

were happening on the WEs. All shown measurements are

taken from Reactor 1 and cyclic voltammograms presented

are taken at different time points, which are shown in

Figure 2B with different colored dots.

At first, CV was conducted in a wide potential range

(from −556 to +846 mV). A relatively quick potential sweep

rate (10 mV/s) was used to harm the microorganisms as little as

possible (Figure 4). On day 0, CV followed a typical carbon-based

electrode shape with no distinctive redox peaks (Pous et al.,

2014). On day 7, the reduction peak of around −300 mV

appeared. The peak in the same position is detected in

multiple articles that have shown the autotrophic

denitrification in MESR (Kondaveeti and Min, 2013; Pous
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et al., 2014; Yu et al., 2015; Zhou et al., 2016; Ceballos-Escalera

et al., 2021).

After lowering the WE potential to −756 mV and observing

the changes in NO3 concentration, the cyclic voltammograms

were made only in a smaller potential range (−756 to −456 mV)

to lower the possibility of harming the microorganisms and a

potential sweep rate of 0.25 mV/s (as shown in the inset of

Figure 4). The lower potential sweep rate was used because at a

higher sweep rate, the main current comes from charging of the

electrical double layer. However, at a low sweep rate, it is possible

to measure mainly Faradaic current. The time points when these

CV measurements were taken are shown in Figure 2B marked

with blue dots. With time progressing, the overall current density

|j| increased, and at lower potentials, the increase of current

density |j| was much more pronounced compared to higher

potentials (Figure 4). Therefore, WE got more active in time.

On day 260, when NO3 was consumed from the reactor, the

FIGURE 7
Gene abundances of electrode sets 1–3 on a logarithmic scale. Counter electrode data are shown in the CE section, andworking electrode data
are shown in the WE section. See Chapter 3.5 for the explanation of gene symbols and electrode names.

FIGURE 8
Average abundances of gene copies on WE and CE over all
three electrode sets on a logarithmic scale. 16S rRNA, nirK, amoA
bac, nirS, nosZI, and comammox gene abundances are shown. See
chapter 3.5 for the explanation of gene symbols. Error bars
are used to show the standard error.

FIGURE 9
CV during cycles (1:3) to (1:8). Measurements were made in
the potential range of −756 mV to −356 mV at the potential sweep
rate of 0.25 mV/s. Time points when the measurements were
conducted are shown with the yellow dots in Figure 2B.
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current density |j| dropped, as can be seen from CV (Figure 2A

and in the inset of Figure 4), that is, the current density is directly

related to the nitrate concentration.

During the search for the optimal WE potential, cycles (1:3) to

(1:8), CVwas conducted in a smaller range (−756mV to −356 mV)

with the potential sweep rate of 0.25 mV/s (Figure 9). All the cyclic

voltammograms that are shown are chosen from times when the

cycle was in a second phase and the NO3 concentration was as

similar as possible during the measurement. The times when the

measurements were conducted are shown in Figure 2B with the

yellow dots. During the experiment, the WE capacitance increased

with time significantly, that is, there is a visible difference between

anodic and cathodic scans (Figure 9). It could be caused by the

increase of WE surface area which is in contact with water, and

better wetting of the graphite felt was achieved over time. The

increase of capacitance could also be caused by the changes in WE

structure and related to the growth of the biofilm on the WE,

therefore making the bacterial community more active. However,

the initial WE potential had to be at least −756 mV for the NO3

reduction to start the process, which was still active at lower

potentials.

The CV measurements indicate that even at higher

potentials, the T. denitrificans biofilm surface area probably

was still expanding as the WE current density |j| constantly

increased (Figure 9) even during the cycles where higher

potentials were used (Figure 2A).

4 Conclusion

A stable nitrate reduction by denitrification in the

constructed one-chamber MESR was achieved. The WE was

successfully inoculated by using T. denitrificans at the WE

potential of −756 mV, without any additional treatment. It

was observed that after initiation, the WE potential could be

increased without stopping the process of denitrification. The

optimal potential was found to be −656 mV, where the highest

Faradaic efficiency of 71% and the nitrate removal rate of 3.8 ±

1.2 mgN-NO3/(L×day) were registered. The oxygen

concentration was kept low throughout the experiment by

using CE with a 3.6 times larger geometric surface area

compared to WE. The abundance of nirS and nosZI genes

was much higher on WE compared to CE, indicating that the

process was driven by autotrophic denitrification.
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