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ABSTRACT: Wastewater treatment plants (WWTPs) are a major
source of N2O, a potent greenhouse gas with 300 times higher global
warming potential than CO2. Several approaches have been proposed
for mitigation of N2O emissions from WWTPs and have shown
promising yet only site-specific results. Here, self-sustaining
biotrickling filtration, an end-of-the-pipe treatment technology, was
tested in situ at a full-scale WWTP under realistic operational
conditions. Temporally varying untreated wastewater was used as
trickling medium, and no temperature control was applied. The off-gas
from the covered WWTP aerated section was conveyed through the
pilot-scale reactor, and an average removal efficiency of 57.9 ± 29.1%
was achieved during 165 days of operation despite the generally low
and largely fluctuating influent N2O concentrations (ranging between
4.8 and 96.4 ppmv). For the following 60-day period, the continuously
operated reactor system removed 43.0 ± 21.2% of the periodically augmented N2O, exhibiting elimination capacities as high as 5.25
g N2O m−3·h−1. Additionally, the bench-scale experiments performed abreast corroborated the resilience of the system to short-term
N2O starvations. Our results corroborate the feasibility of biotrickling filtration for mitigating N2O emitted from WWTPs and
demonstrate its robustness toward suboptimal field operating conditions and N2O starvation, as also supported by analyses of the
microbial compositions and nosZ gene profiles.
KEYWORDS: nitrous oxide, biotrickling filtration, activated sludge, metagenome, nitrous oxide reductase, in situ pilot test

■ INTRODUCTION
Nitrogen, along with organic carbon and phosphorous, is the
primary target of municipal sewage treatment.1,2 In a typical
WWTP implementing biological nitrogen removal (BNR),
NH4

+ is aerobically oxidized to NO3
−, and internally recycled

NO3
− is reduced to N2. These microbial reactions contribute

to the production and emission of N2O, a greenhouse gas with
a global warming potential ∼300 times greater than CO2.3−7

Recent studies estimate that N2O emissions may account for
>50% of wastewater treatment plants’ (WWTPs’) carbon
footprints, calling for the urgent development of mitigation
strategies.8,9

Nitrification and denitrification are known to be the
microbial pathways responsible for most of the N2O produced
and emitted during BNR processes.3,6,8 Previous studies have
attributed N2O production to incomplete heterotrophic
denitrification, abiotic turnover of hydroxylamine produced
from ammonia oxidation, and nitrifier denitrification.6,9 The
relative contributions of these sources vary across WWTPs and
temporally within a given WWTP, and thus, whether anoxic

(denitrification) or aerobic (nitrification) processes are the
major culprits of N2O emissions from WWTPs remains
ambivalent.8,10 Another confounding common observation
reported from recent long-term in situ N2O monitoring
campaigns is the large temporal emissions variability that has
eluded parametrization and/or modeling efforts.8,11,12 In a
recent monitoring campaign at a full-scale A2O (anaerobic−
anoxic−oxic)-type WWTP in South Korea, the aerated-
segment N2O fluxes measured in two contiguous months
differed by as much as 10-fold (17.5 g N2O−N m−2 d−1 in
August vs 1.7 g N2O−N m−2 d−1 in September).8 Similar
inexplicable variabilities were observed in the dissolved N2O
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concentrations monitored at a carrousel-type BNR reactor in
Denmark over a 2-year period.11

Earlier mitigation efforts focused mostly on reducing N2O
production via modulation of WWTP operation condi-
tions.13−15 Several operating parameters, including dissolved
oxygen (DO) concentration and chemical oxygen demand-to-
nitrogen ratio (COD/N), have been suggested to affect N2O
emissions from nitrification and denitrification, and N2O
emission mitigation efforts via optimization of these parame-
ters have yielded promising results at limited temporal and
spatial scales.16,17 However, considering the aforementioned
lack of consistency in N2O generation and emission
mechanisms, and the dynamics recently witnessed within and
across WWTPs, the general efficacy of such approaches
remains questionable at best.

More recently, end-of-the-pipe N2O elimination technolo-
gies are gaining attention as alternative N2O emission control
strategies for WWTPs.18−20 Resorting to biological processes is
often considered the most appropriate solution for the removal
of trace pollutants occurring at micro- or nanomolar
concentrations in soil and aquatic environments, as microbial
metabolisms are diverse and resilient, and their engineering
implementation generally requires relatively little input of
chemicals and energy.21−23 Microorganisms capable of
reducing N2O to N2 are no exception: their phylogenetical
and phenotypical diversity enables effective N2O reduction at a
broad range of concentrations and confers robustness to
communities’ aggregrate N2O-reducing capability.24−26 Recent
investigations have revealed that groups of N2O-reducing
microorganisms possessing clade II nosZ, namelyDechloromo-
nas spp. andAzospira spp., exhibit remarkably high affinity
toward N2O and, therefore, would effectively consume N2O at
the range of concentrations detectable in WWTP off-
gases.26−28 Further, the omnipresence and abundance of
these putative efficient N2O consumers in activated sludge
microbiomes render these organisms as promising biocatalysts
for WWTP-related engineered systems.29,30

A central hurdle in developing biological N2O emission
mitigation technologies for WWTP has been the inactivation
of NosZ-mediated N2O reduction under oxic conditions.31−33

Earlier, Yoon et al. devised a biotrickling filtration system that
circumvented this challenge and achieved substantial N2O
removal from fully oxic gases by exploiting the different degree
to which O2 and N2O diffuse into wet biofilms, demonstrating
the technical feasibility of the approach.19,20 However, many
factors that may affect long-term in situ performance of the
system awaited to be assessed toward full-scale implementation
of the technology. The previously reported laboratory systems
were fed with synthetic wastewater, and the impacts of diurnal
and seasonal temperature fluctuations and varying influent
N2O concentrations on the system performance have not yet
been examined. Here, an in situ long-term test was performed
using a pilot-scale biotrickling filtration system integrated into
a full-scale WWTP to examine the performance of the reactor
under the stressors unaccounted for in the laboratory
experiments. Furthermore, the effect of intermittent short-
term N2O starvations to the biofiltration performance was
examined with bench-scale reactor operated in situ, which
enabled a tighter control of the inlet N2O concentration.

■ MATERIALS AND METHODS
Site Information. All experiments were performed at a

typical full-scale A2O (anaerobic−anoxic−oxic) WWTP

located in Gapyeong, Korea (37.816491° N, 127.520316° E).
The WWTP consists of four identical trains, each treating 2850
m3 d−1 of wastewater at a hydraulic retention time of 11.0 h
and a solid retention time of 10.2 d (Figure S1). The minimum
and maximum mean monthly average air temperatures
recorded during the period of study (September 2018 to
November 2019) were −7.8 ± 5.0 and 31.2 ± 2.9 °C,
respectively. The region received highly variable precipitation,
with the monthly net precipitation ranging between 15.9 mm
(November, 2018) and 252.2 mm (July, 2019) during the
period of study (Table S1).
Installation and Operation of the In Situ Pilot-Scale

N2O-Removal Biotrickling Filtration System. A pilot-scale
N2O biotrickling filtration system was constructed at the Daega
Powder Systems Co. factory (Seoul, South Korea) and
transported to Gapyeong WWTP (Figure S2). The pilot-
scale system consisted of three rectangular filter columns with
1300 L empty bed volume, of which 400 L was packed with 4
× 4 × 4 (cm) polyurethane foams. Each filter column was
fitted with an open 220 L water storage tank placed on top.
Each tank was equipped with a water level sensor, which
automatically switched on a 0.95 kW pump to refill the tank
with wastewater drawn from the primary sedimentation basin
when the water surface level dropped below the preset
threshold. The trickling rate was approximately 2.4 L min−1

column−1. This design emulates the conceptual design where,
elevation-wise, the filter columns are to be positioned between
a primary sedimentation basin and an activated sludge tank
such that the columns are supplied with gravitationally fed
wastewater.19 The oxic segment of the activated sludge tank,
aerated at a nominal flux of 1.95 L m−2 s−1, was partially
covered with a floating 5 m × 6 m polycarbonate cover with a
submerged depth of 0.3 m. An air duct with an inner diameter
of 11 cm connected the covered headspace to the biotrickling
filtration system. The gas flowrate into the biotrickling filters
was controlled with an air damper and, thus, was decoupled
from the aeration rate of the activated sludge tank. Gas samples
for N2O concentration measurements were collected from the
sampling ports installed at the inlet of each filter column and
the gas outlet from the system. As the temperature of the gas
effluent from the reactor was not statistically different from the
ambient air temperature (p > 0.05), only the ambient air
temperature is presented (Figure S3).

The start-up procedure for the initial testing of the pilot-
scale biotrickling filtration system began on October 31, 2018.
Initially, N2O-reducing biofilms were enriched in the
biotrickling filters via 168 h of anoxic incubation with N2 gas
containing ∼100 ppmv N2O (Gyeongwon Co., Wonju, Korea)
passing through each filter column at a volumetric flowrate of
300 L h−1. After the start-up procedure, the gas tanks were
detached from the biotrickling filters, and the air duct leading
from the activated sludge tank cover was connected to the
system inlet, and the three filter columns were connected in a
serial manner (day 0 in Figure S4). The initial testing of the
pilot-scale biofiltration system ended after 29 days of
operation. The long-term system operation and monitoring
began after the winter hiatus with an identical start-up
procedure and treated unaltered waste gas from the activated
sludge tank until day 165 (day 0 being March 4).

Without discontinuation or disruption of reactor operation,
the performance of the reactor system was then examined with
N2O-augmented gas streams over four short periods (days
175−184, 203−207, 229−235, and 253−256). During these

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c08818
Environ. Sci. Technol. 2023, 57, 3883−3892

3884

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c08818/suppl_file/es2c08818_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c08818/suppl_file/es2c08818_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c08818/suppl_file/es2c08818_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c08818/suppl_file/es2c08818_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c08818/suppl_file/es2c08818_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c08818?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


periods, the main gas stream was augmented with a stream of
20:80 N2O/air mixed gas with negligible flowrates (<0.1 L
min−1), such that the total gas flowrate and the chemical
composition of the waste gas were unaffected while the N2O
concentration was augmented to 28−312 ppmv. During the
interim periods between the N2O augmentation experiments,
the reactor system was continuously operated without N2O
augmentation. The originally planned continuation of the long-
term operation through the year 2020 had to be cancelled due
to the COVID-19 situation in South Korea.
In Situ Experiments with the Bench-Scale Biotrickling

Filtration System. A bench-scale biotrickling filtration
system, previously used for the laboratory tests, was operated
alongside the pilot-scale system (Figure 1) to independently
examine the response of the N2O removal performance to
short-term N2O starvations.19,20 Three cylindrical filter
columns with 1000 mm height and 160 mm inner diameter
were packed with polyurethane foams cut into 2 × 2 × 2 cm
cubes to a packed bed volume of 16.1 L. Wastewater pumped

from the primary sedimentation basin was passed through each
filter column at 89 mL min−1. N2O-reducing biofilms were
established by the start-up operation, during which N2 gas
containing ∼100 ppmv N2O was passed through each filter
column in a parallel manner at a flowrate of 600 mL·min−1.
After 168 h, the gas source was changed to air containing ∼100
ppmv N2O (Gyeongwon Co.), and the system setup was
changed to a serial configuration. After operating with air
carrying 100 ppmv N2O as the influent gas for 150 days, the
influent N2O concentration was intentionally varied, using air
containing four different concentrations of N2O (100, 50, 20,
and 0 ppmv). The gas cannisters were switched every 40 h to
lower the influent N2O concentration in a stepwise manner
and then gradually raise it back after 40 h of starvation. Gas
samples for determination of N2O concentration were
collected every 3−4 h. The experiments were repeated three
times, once each month from August to October. During the
intervening periods between the experiments, the reactor
system was operated with air containing 100 ppmv N2O. The

Figure 1. Performance of the pilot-scale biotrickling filtration system through the continuous operation from March to November 2019 conducted
in two phases, i.e., (a) day 0−165 without N2O augmentation and (b) day 175−256 with periodic N2O augmentation. The cumulative N2O
removal efficiencies after treatment in the filter columns A (◆), B (●), and C (■) are presented. The measured N2O concentration at the system
inlet was presented in dark gray shading. Additionally, the average daily ambient air temperature (gray line) is shown in the panel (a), and the gas
flowrate (□)is presented in the panel (b). The legend applies to both panels (a,b). (c) The graphical correlation matrices, constructed with the data
collected from the pilot plant operation (left: day 0−165; right: day 175−256), illustrate the significance and the strengths of correlations between
the operating parameters and conditions and the N2O-removal performance (RE and EC) of the system. The size and color of the circle indicate
the sign and the magnitude of the correlation, respectively, and the number of the asterisk mark(s) denotes the strength of the statistical
significance (*p < 0.05, **p < 0.01, ***p < 0.001).
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gas flowrate was maintained constant at 600 mL·min−1

throughout the experiment regardless of the N2O concen-
tration.
Sample Collection and Analytical Procedures. The gas

samples for N2O concentration measurements were collected
using Tedlar gas sampling bags (pilot) or disposable syringes
(bench). Duplicate gas samples were collected with a 120 min
(pilot) or 30 min interval (bench). N2O concentrations were
measured using an HP6890 series gas chromatograph
equipped with an electron capture detector (Agilent, Palo
Alto, CA).20

The removal efficiency (RE) and elimination capacity (EC)
were calculated based on the measured N2O concentrations
(eqs 1 and 2).

C C
C

RE (%) 100in out

in
= ×

(1)

C C
V

QEC in out
gas= ×

(2)

where Cin and Cout are the system inlet and outlet N2O
concentrations (ppmv), respectively, V is the bed volume (m3),
and Qgas is the instantaneous gas flowrate (m3 h−1). The gas
flowrate of the pilot-scale system was measured at the system
inlet and outlet with an Omniport 30 device (E + E Elektronik
GmbH, Engerwitzdorf, Austria).

The chemical properties of the wastewater in the primary
sedimentation basin were also monitored. Wastewater was
grab-sampled from the tank, and the pH and water
temperature were immediately measured. After a brief settling,
the supernatant was filtered through a 0.45 μm syringe filter
(Jet Bio-Filtration Co., Guangzhou, China), and the filtrate was
immediately frozen in a −20 °C freezer. The concentrations of
NO3

−, NO2
−, and NH4

+ were measured using colorimetric
methods as previously described.34,35 The dissolved organic
carbon (DOC) concentration was measured with a TOC-L
TOC analyzer (Shimadzu, Kyoto, Japan).

The polyurethane foam elements were collected from the
middle of each column bed for microbial analyses of the
biofilms. The biofilm samples were collected from the pilot-
scale filter columns each month from August to November
2019, and from the bench-scale filter columns each month
from July to October 2019. The polyurethane foams were
placed in 500 mL glass bottles (pilot) or sterilized 50 mL
conical tubes (bench) and immediately frozen and stored at
−20 °C. For the extraction of DNA from the biofilms, the
polyurethane cubes were thawed on ice in a new 50 mL Falcon
tube, to which 30 mL sterilized double-distilled water was
added. The tube was vortexed for 5 min and sonicated for 10
min, and DNA was extracted from 2 mL of the cell suspension
using the DNeasy PowerSoil DNA Isolation Kit (QIAGEN
Hilden, Germany).
Bioinformatics Analyses. For analyses of the microbial

compositions of the biofilms, the V6−V8 region was amplified
with the 926F (5′-AAACTYAAAKGAATTGRCGG-3′) and
1392R (5′-ACGGGCGGTGTGTRC-3′) primer set and
sequenced at Macrogen Inc. (Seoul, Korea) using the MiSeq
sequencing platform (Illumina, San Diego, CA). The quality-
trimmed and merged reads were processed using the QIIME2
v2020.8 pipeline, and the amplicon sequence variants (ASV)
were assigned taxonomic classification using the naiv̈e Bayes
scikit-learn classifier pre-trained with SILVA SSU Ref NR 99
database release 138.36

Select biofilm samples were subjected to shotgun meta-
genome analysis for identification, taxonomic classification, and
relative quantification of nosZ genes. Shotgun metagenomes
were sequenced as paired-end reads (2 × 150 bp) on an
Illumina HiSeq 4000 platform at Macrogen Inc. with a targeted
throughput of 5 Gb. The quality-trimmed reads acquired from
the four sequenced metagenomes were combined and
assembled de novo using metaSPAdes v3.14.0.37 Gene-coding
sequences were predicted and translated in silico using Prodigal
v2.6.3 and annotated using DIAMOND blastp v0.9.29 against
NCBI’s nr database (accessed September 1, 2020) with the e-
value cutoff set to 1E-10 and the minimum identity and query
coverage set to 30 and 70%, respectively.38,39 The quality-
trimmed raw reads from each sample were mapped separately
onto the nosZ-containing contigs using the Bowtie2 v2.3.5.1
(default parameters), and their coverages (reads per kilobase of
contig) were normalized by the tallied coverage of all rpoB-
containing contigs from the same sample.40−42 The closest full-
length blastp hits (limited to those with e-value < 1E-20 and
identity > 70%) to the unique full and partial metagenomic
NosZ sequences were downloaded from the NCBI nr protein
database, and these sequences were organized into clusters
with a 75% amino acid similarity threshold using cd-hit v4.6.43

The metagenomic sequences were distributed into these
clusters according to the affiliation of their best blasp hits.
The putative NosZ sequences not meeting the e-value and
identity thresholds or not belonging to any of the 19 major
clusters were discarded, as none of these sequences was found
in substantial abundance in any of the metagenomes (<0.0005
nosZ/rpoB). All raw amplicon and metagenomic sequence data
were deposited in the NCBI SRA database (accession number:
PRJNA842158).
Statistical Analyses. Statistical analyses were performed

with the R statistical software package (version 4.0.2) via the R
Studio (v. 1.3.959) interface.44 Statistical significance of a
pairwise comparison was evaluated using Tukey’s honestly
significant difference post-hoc tests or Wilcoxon rank-sum tests.
Kruskal−Wallis tests were used for statistical evaluation of
comparison among n ≥ 3 samples. The significance threshold
was set to a p-value of 0.05. The pairwise correlations between
the parameters were analysed via Spearmna’s rank correlation
analyses.

■ RESULTS
Physicochemical Characterization of Wastewater

Supplied to the Filter Columns. The characteristics of
the wastewater in the primary sedimentation basin, supplied to
the filter columns as the trickled medium, were temporally
variable (Table S1). The highest and the lowest monthly
average water temperatures in the primary sedimentation basin
were 16.1 ± 0.1 °C (Dec 2018) and 22.4 ± 0.5 °C (August
2019), respectively. The pH values fluctuated between 6.0 and
7.9 without any distinct trend. The monthly average DOC
concentrations ranged between 15.6 ± 0.7 (October 2018)
and 40.5 ± 10.2 mg/L (March 2019). Dissolved nitrogen
consisted mostly of NH4

+, with the monthly average NH4
+−N

concentrations varying between 11.9 ± 2.3 mg/L (September
2018) and 26.2 ± 1.9 mg/L (July 2019).
Long-Term Performance Consistency of the Pilot-

Scale System. The data collected from the pilot-scale
operation showed that, from a technical perspective, consistent
mitigation of N2O emission from a BNR system is feasible
using biotrickling filtration under realistic in situ operating
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conditions (Figure 1). After the brief initial 30 day test run in
2018 (the result presented in Figure S4), the pilot-scale system
was continuously operated for 256 days (day 0 being March 4,
2019) in two phases: day 0−165 without gas amendment and
day 175−256 with periodic N2O augmentation. Despite the
largely fluctuating and unanticipatedly low influent N2O
concentrations, the pilot plant removed 57.9 ± 29.1% of
16.6 ± 19.5 ppmv N2O in the waste-gas stream introduced
between day 0 and 165, averaging an EC of 0.96 ± 1.34 g N2O
m−3·h−1. Although short periods of diminished RE were
observed, e.g., between day 102 and 109, the system
performance recovered spontaneously.

Starting from day 175, the operation of the pilot plant was
continued with periodical N2O supplementation, exhibiting a
consistent removal of >50 ppmv N2O until the system started
to be adversely affected by the wintry weather (Figure 1b).
The biotrickling filtration system removed 47.6 ± 19.4% of
N2O in the gas stream during the three N2O augmentation
experiments performed between day 175 and 235. The
performance during these experiments, in terms of RE and
EC, was comparable with those observed between days 85 and
91 and on day 127 (55.9 ± 18.4% RE and 3.63 ± 1.56 g N2O
m−3·h−1 EC) when the N2O concentration in the waste gas
peaked above 30 ppmv. The observations from these N2O
augmentation experiments suggested that the biotrickling
filtration system would exhibit a larger N2O EC if installed
at facilities with consistently higher N2O emissions, as also
supported by the significant positive correlations between the
influent N2O concentration and EC (p < 0.01 for both phases;
Spearman’s rank correlation test; Figure 1c). The performance
of the system was clearly diminished in the experiment
performed between days 253 and 256, as the average daily air
temperature dropped to 4.9 ± 3.1 °C). During this period,
occasional production of N2O was observed in individual filter
columns; however, net negative N2O removal was prevented,
thanks to the serial configuration of the system (the red curve
in Figure 1b).

Throughout the two phases of the pilot-plant operation, the
biotrickling filtration system exhibited performance robustness
toward widely varying operating conditions (Figure 1c). No
significant correlation between either RE or EC and any of the
examined physicochemical parameters (i.e., the daily average
air temperature, DOC, NH4

+−N, NO3
−−N, and pH) was

observed during the phase without gas amendment. In the
analysis performed with the data collected from the N2O-
augmentation experiments, the daily average air temperature
exhibited strong positive correlations with both RE and EC (p
< 0.001), statistically supporting the observed vulnerability of
the system to wintry weather. No chemical parameter apart
from NH4

+−N concentration correlated significantly with
either RE or EC in this dataset (p > 0.05).
Resilience to Short-Term N2O Starvations (Bench-

Scale). The bench-scale experiment was designed to examine
the response of the filter system to intermittent N2O
starvations, events that are expected to frequently occur during
full-scale operations but could not be effectively examined with
the pilot plant (Figure 2). The bench-scale reactor had been
operated with consistent RE (51.6 ± 15.4%; Figure S5) for 150
days before a series of short-term experiments simulating
intermittent N2O starvations were performed. A gradual
decrease in the inlet N2O concentration resulted in
significantly reduced RE (p < 0.05) (Figure 2a,b). During
the experiment performed in August, RE decreased to 22.6 ±

6.2% as the influent N2O concentration was lowered from 50
to 20 ppmv. Apparently, 40 h of N2O starvation did not
significantly affect the performance of the biotrickling filtration
system, as RE measured before and after the starvation period
were not significantly different at either influent N2O
concentration (p > 0.05). The replicate experiment performed
between September 23 and October 2 yielded statistically
indistinguishable RE at each stage (Figure S6). Interestingly, in
the experiment performed when the daily average air
temperature decreased to 15.2 ± 0.9 °C (Oct 18−27), the
capability to remove N2O did not immediately recover when
the influent N2O concentration was increased back to 20 ppmv
after starvation (−1.8 ± 18.7 vs 29.6 ± 9.5% before starvation;
p < 0.05), and the performance at 20 ppmv N2O concentration
was unstable. Nevertheless, the performance was fully
recovered to the level on par to that measured before
starvation when the inlet N2O concentration was increased
back to 50 ppmv (40.7 ± 7.5% RE; p > 0.05). These
observations suggested that not only removal performance but
also the resilience of the system to short-term N2O starvations
may be affected by the wintry weather condition, especially
when the baseline N2O concentration is low, although the
process otherwise proved to be only marginally impacted by
short periods of N2O absence.
Biofilm Microbial Community Composition and nosZ

Profiles. The microbial compositions of the biofilms showed a
relative robustness toward both fluctuating bulk-gas N2O
concentrations and temporally varying wastewater character-

Figure 2. Performance of the bench-scale biotrickling filtration system
during the short-term experiments performed with a 40 h N2O
starvation in (a) August and (b) October 2019. The cumulative N2O
removal efficiencies after treatment in the filter columns A (◆), B
(●), and C (■) are presented. The shaded areas represent the
measured inlet N2O concentrations. The result from the replicate
short-term experiment performed in September 2019 is shown in
Figure S6.
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istics, while also featuring modest seasonal transitions from
summer to fall (Figure 3a, Tables S2, S3 and S4). The pilot-
and bench-scale reactor biofilms were largely similar in their
compositions, as shown with the non-metric multidimensional
scaling (NMDS) analysis (Figure 3a,b). The periodic N2O
augmentation to the pilot plant had a limited impact on the
overall microbial composition, i.e., samples collected before
(day 165) and during N2O augmentation (day 207−256)
showed largely similar compositions. Similarly, short-term
starvation did not substantially affect the bench-scale biofilms.

The most abundant taxa in the biofilms, at the phylum level,
were Actinobacteria (14.4 ± 4.7 and 7.8 ± 7.1% in the pilot-
scale and bench-scale reactor biofilms, respectively), Bacter-
oidota (16.0 ± 12.0 and 15.0 ± 4.4%), Firmicutes (4.7 ± 2.5
and 5.1 ± 4.0%), and Proteobacteria (31.8 ± 8.8 and 34.9 ±
10.1%). Apart from Bacteroidota, these phyla were also the
most abundant in the wastewater, with a cumulative relative
abundance of 78.9%. Bacteroidota became highly enriched in all
analyzed biofilms (16.0 ± 12.0 and 15.0 ± 4.4% for the pilot-
and the bench-scale systems, respectively), while representing a
relatively minor fraction of the wastewater microbiome (0.9%).
The presence of ASVs affiliated to the taxa known to be strictly
anaerobic (e.g., Holophaga spp. and Clostridium spp.
constituting 0.36 ± 0.21 and 0.73 ± 0.42%, respectively, of
the pilot plant biofilms), supported the presence of anoxic
niches in the biofilms crucial for N2O reduction.

The only taxonomic group that exhibited substantial
temporal variation in its relative abundance was the Firmicutes
phylum. The relative abundances of the genera Trichococcus,
Lactococcus, and Clostridium, affiliated to this phylum, were
substantially less abundant in the pilot-plant samples collected
prior to day 165 (Table S2). Low abundances of Firmicutes
were also observed in the bench-scale reactor biofilms sampled
in July and August, when the bench-scale reactor had been fed
air containing 100 ppmv N2O for 6 months. Thus, it is unlikely
that the increase Firmicutes population after day 165 was
related to N2O augmentation. Rather, a more plausible
rationale is that the high reactor temperatures adversely
affected the Firmicutes population during the summer months.
Also noteworthy was the distinct divergence of the biofilm
communities from those of the wastewater, despite the
continued introduction of wastewater microbiota to the filters.
Furthermore, only 80 out of 500 of the genus-level taxa with
>0.1% abundance in at least one biofilm sample could be
traced back to the wastewater microbiome (Table S4).

The metagenomic analyses of the biofilms, focusing on semi-
quantitative characterization of genomic potential to reduce
N2O, identified diverse nosZ genes that belonged to both
clades of nosZ (Figure 3c, Table S5). The abundance ratios of
nosZ to that of the single-copy marker gene rpoB ranged
between 2.0 and 4.4%. The cumulative abundance of clade I
nosZ genes was 1.1- to 16.8-fold higher than that of the clade II

Figure 3. Biofilm microbial compositions and nosZ profiles. (a) Time-series microbial community analyses of the biofilms sampled from the pilot-
scale filter columns A, B, and C (left: between day 165 and 256) and the bench-scale filter columns A, B, and C (right: between July 23 and
October 25, 2019). The ASVs (complete data presented in Table S4) from 16S rRNA gene amplicon sequencing have been organized to phylum-
level taxa. The numbers in the x-axis labels indicate the time of sampling (the day number and the date for the pilot-scale data and the bench-scale
data, respectively). (b) The beta diversity of the biofilm communities visualized in a Bray−Curtis non-metric multidimensional scaling (NMDS)
plot. The numbers indicate the time of sampling. (c) Maximum-likelihood phylogenetic tree constructed for the 19 clusters of metagenomic nosZ
sequences. Each cluster was represented by the best BLASTP hit of the NosZ sequence translated in silico from the most abundant metagenomic
nosZ within the cluster. Bifurcations with <50% bootstrap support are indicated with circles. The archaeal nosZ of Halogeometricum borinquense,
downloaded from the NCBI database, was added as the outgroup. The abundances of each nosZ cluster, as normalized by the abundances of the
single-copy housekeeping gene rpoB in the respective metagenomes, are presented in the heatmap on the right.
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nosZ genes in all analyzed metagenomes. The nosZ clusters
represented by Alicycliphilus denitrificans (clade I), Rhodobacter
sp. C06 (clade I), Hyphomicrobium sp. GJ21 (clade I), a
Burkholderiales bacterium (clade I), Methylocella tundrae (clade
I), and Dechloromonas sp. H13 (clade II) were found in all four
biofilms. The Hyphomicrobium sp. GJ21 cluster was the most
abundant one among those belonging to clade I nosZ (6.5 ±
1.3 × 10−3 per rpoB), while the Dechloromonas sp. H13 cluster
and the Ferruginibacter sp. BO-59 cluster were the two most
abundant clade II nosZ clusters (1.7 ± 1.6 × 10−3 and 3.1 ±
3.1 × 10−3 per rpoB, respectively). None of the nosZ genes
affiliated to the Firmicutes phylum was found in the
metagenomes, suggesting against a potential relevance of this
taxon, featuring the most conspicuous temporal fluctuation in
relative abundance, to the N2O-removal performance (day
165).

■ DISCUSSION
Several end-of-pipe technologies for abatement of N2O
emission from BNR systems have been proposed to
date.18−20,45,46 Yet, the technical feasibility of these tech-
nologies has been experimentally verified only in tightly
controlled laboratory settings, and the environmental adver-
sities the systems may encounter in situ have never been
accounted for. The hereby studied N2O biotrickling filtration
system exhibited a remarkable performance stability despite
the variability in influent N2O concentrations and chemical
characteristics of wastewater fed as the trickling medium. Even
though the N2O concentration of the gas stream into the pilot-
scale reactor remained below 20 ppmv for over 78 days after
the startup, the pilot plant exhibited an immediate response to
abrupt peaks in N2O concentrations between day 85 and 91
(Figure 1a). Additionally, the bench-scale reactor experiments
showed that recovery of N2O removal following short-term
N2O starvation was immediate. Consistently, the correlation
analyses statistically corroborated the reactor system’s
resilience to marked variations in influent wastewater
characteristics. In particular, the parameter that was expected
to be the most critical was the DOC concentration, as
heterotrophic O2- and N2O-respiring organisms depend on the
wastewater DOC as the sole source of carbon and electrons.
However, despite DOC values fluctuating between 15.6 and
40.5 mg/L, the performance of the pilot-scale reactor was
unaffected. Moreover, as the influent DOC level at Gapyeong
WWTP was on the low end, labile organic carbon availability is
unlikely to be a factor that would limit the performance of N2O
biotrickling filtration systems under realistic settings.8,47,48

The observed process stability was supported by the
examination of the biofilm microbial communities. The only
noticeable dynamic of the biofilm microbial communities was
the modest transition from summer to fall months. The
community shifts were primarily limited to ASVs affiliated to
the Firmicutes phylum, while all pilot- and bench-scale biofilm
communities were highly similar. This consistency, observed in
spite of continuous ingress of the wastewater microbiota,
highlights the resilience and robustness of the biofilm microbial
communities, a critical feature for long-term operation of
environmental bioreactors.49,50 At the functional gene level, the
sustained abundance of diverse nosZ genes in the biofilms
suggested that N2O-respiring potential persisted in the biofilms
regardless of the highly variable operating conditions. In both
the pilot- and bench-scale reactors, the nosZ-to-rpoB ratios
before and during N2O concentration alterations remained

relatively constant. As most of the abundant nosZ belong to
facultative anaerobes, the metagenomic data are not sufficient
to specifically point out the organisms responsible for actual
N2O reduction.51−53 Nevertheless, most of the nosZ genes
found in high relative abundance across all biofilms belonged
to the organisms with experimentally verified capability to
utilize N2O as the sole electron acceptor.26,54,55 Along with the
consistent net nosZ abundance, the consistent abundance of
N2O-respiring taxa, especially those affiliated or closely related
to the genus Dechloromonas with high affinity to N2O, strongly
suggests that an N2O-repairing potential can be sustained
despite inconsistent N2O availability.26−28

A common dilemma for biological environmental processes
has been their vulnerability to low temperatures.56−58 The pilot
plant operation demonstrated its resilience to moderate
temperature changes while also showcasing the necessity for
design considerations for an improved winter performance.
Low-temperature performance is especially important for
wintertime operation, as heating would incur CO2 emissions
that may outweigh N2O removal achieved by the system.
Considering the general effect of temperature on the kinetics of
microbial metabolism, the sustenance of the N2O removal
activity into November, when the average daily air temperature
dropped to ∼5 °C, was remarkable. However, the correlation
analyses showed that the reactor performance was significantly
affected by the decreasing air temperature (Figure 1c). As the
water temperature of the activated sludge tank was higher than
15 °C even during the coldest winter months, water-jacketing
of the filter columns with wastewater as a warming agent could
be a design consideration to constantly sustain the reactor
temperature above 15 °C, the temperature at which the pilot-
scale reactor exhibited consistent RE at ∼40% (Figure 1b).
Moreover, many new activated sludge WWTPs are being
constructed underground for aesthetic and/or wintertime
performance reasons.59−61 If incorporated into the designs of
these underground WWTPs, the biotrickling filtration system
will not be exposed to outdoor temperatures. In sum, the
vulnerability to near- or below-freezing wintry air temperatures
that would diminish the applicability of the N2O biotrickling
filtration system can be avoided via practical design
modifications in most conceivable settings.

Beyond the proved in situ robustness of N2O biotrickling
filtration under highly variable operational conditions including
short-term N2O starvations, the practical and economic
viability of the proposed system remains to be explored. No
regulation for N2O emission is in place as of October 2022.
Nor is it expected that new regulations will be promulgated in
the foreseeable future, even in the most environmentally
progressive regions. In this perspective, any N2O removal
technologies for WWTPs need to be discussed in the context
of carbon trading and, thus, the volumetric removal would be
the key metric. The total amount of N2O removed during 165
days of operation without N2O augmentation, estimated via
integration of EC values, amounted to 1.45 kg N2O, or 0.45
tons CO2eq. Even applying the most optimistic forecast for
carbon credit price (currently traded at 74 euros per ton CO2eq
as of 11/22/2022 according to http://tradingeconomics.com),
the pilot data collected at Gapyoung WWTP would suggest
against the economic viability of the technology. However,
based on the multiple studies that have reported reliable long-
term N2O emissions data, it can be clearly inferred that N2O
concentrations or fluxes measured at full-scale BNR WWTPs
are often an order of magnitude higher than those observed at
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Gapyoung WWTP.8,11,12,59 Considering the highest EC
performance observed during the N2O augmentation period
between day 203 and 207 (0.047 kg N2O in 103 h), a
hypothetical application of the identical system to BNR
WWTPs with an annual off-gas average N2O concentration of
∼50 ppmv would be able to achieve a volumetric N2O removal
as high as several tons of CO2eq yr−1. These numbers warrant a
more detailed cost-to-benefit analyses with the increasing
carbon price and cost reduction of further scaling, which would
reduce the per-unit-volume cost. Moreover, the N2O removal
system may also be adopted as a complement to PN (partial
nitritation)-anammox systems widely implemented for side-
stream treatment of NH4

+-rich anaerobic digester effluents,
where N2O emissions are known to consistently occur at much
higher concentrations (up to 500 ppmv; Figure S7) on a more
consistent basis.62−64 In this configuration, the temperature
impacts would be negligible, as sidestream PN-anammox
reactors are generally controlled between 30 and 35 °C.63 As
such, this new technology has a great potential to serve as a
crucial next step toward carbon neutrality in the wastewater
treatment sector, and the increasing availability of WWTP
N2O emissions data will help guide the selection of the target
systems where the proposed self-sustaining biotrickling
filtration system would be most effective.
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