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ABSTRACT: Wastewater treatment plants (WWTPs) are
among the major anthropogenic sources of N2O, a major
greenhouse gas and ozone-depleting agent. We recently devised
a zero-energy zero-carbon biofiltration system easily applicable
to activated sludge-type WWTPs and performed lab-scale proof-
of-concept experiments. The major drawback of the system was
the diminished performance observed when fully oxic gas
streams were treated. Here, a serial biofiltration system was
tested as a potential improvement. A laboratory system with
three serially positioned biofilters, each receiving a separate feed
of artificial wastewater, was fed N2O-containing gas streams of
varied flow rates (200−2000 mL·min−1) and O2 concentrations
(0−21%). Use of the serial setup substantially improved the
reactor performance. Fed fully oxic gas at a flow rate of 1000 mL·
min−1, the system removed N2O at an elimination capacity of 0.402 ± 0.009 g N2O·m

−3·h−1 (52.5% removal), which was
approximately 2.4-fold higher than that achieved with a single biofilter, 0.171 ± 0.024 g N2O·m

−3·h−1. These data were used to
validate the mathematical model developed to estimate the performance of the N2O biofiltration system. The Nash-Sutcliffe
efficiency indices ranged from 0.78 to 0.93, confirming high predictability, and the model provided mechanistic insights into
aerobic N2O removal and the performance enhancement achieved with the serial configuration.

■ INTRODUCTION

Biological nitrogen removal (BNR) is an integral component
of modern wastewater treatment plants (WWTP). In the most
typical form of modern WWTPs, that is, activated sludge
bioreactors in A2O (anaerobic/anoxic/oxic) configuration,
NH4

+ in the wastewater influent is biologically oxidized to
NO3

− in the oxic tank via nitrification and NO3
− recycled to

the anoxic tank is reduced to N2 via denitrification.1 Both
nitrification and denitrification of the BNR process contribute
to emissions of N2O, a potent greenhouse gas with
approximately 300-fold higher global warming potential per
molecule than CO2 and the most influential ozone-depletion
agent.2−4 The relative contributions of the two biological
processes to the net N2O emission from the activated sludge
process are largely unknown; however, in situ measurements of
N2O fluxes from the anoxic, anaerobic, and oxic tanks have
repeatedly confirmed that release of produced N2O occurs
predominantly in the oxic tank due to the stripping effect.2,5,6

Thus, N2O is emitted in relatively low concentrations (usually
<100 ppmv) in fully oxic gas streams, and these restraints
makes N2O removal a difficult undertaking. The low N2O
concentration demands minimal use of energy and chemicals,
which are inevitably associated with lifecycle CO2 emissions.7,8

Therefore, the only feasible means of N2O removal at
unelevated temperature is the biological N2O reduction to
N2 mediated by nosZ-possessing nitrous oxide reducing
organisms; however, N2O reduction by such organisms is
severely inhibited by the presence of O2.

9,10 Despite an
ongoing search for O2-tolerant N2O reducing organisms, N2O
reduction at the atmospheric O2 concentration has yet to be
observed.11,12 The low N2O concentration was another
obstacle, as microbial reactions follow Michaelis−Menten
kinetics and low metabolic rates were expected at low N2O
concentration.10,13

In our previous study, a biofiltration system was successfully
developed targeting the low-concentration N2O in off-gases
from activated-sludge type WWTPs without additional inputs
of energy or chemicals.8 Reduction of N2O presumably
occurred in the inner anoxic niches of biofilms developed on
the packing materials,14,15 and modest N2O removal was
observed for 100 ppmv N2O prepared in compressed ambient
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air (O2 concentration of 21%). This biofiltration system was
one of the first successful attempts of utilizing naturally formed
consortium of high-affinity N2O-reducing organisms for
removal of N2O from oxic gas streams; however, the drawback
of the system was the low removal efficiency (≤40%) at high
gas flow rates (≥600 mL·min−1), most likely due to the high
O2 concentration in the bulk gas phase. To resolve this issue
and further improve the N2O removal efficiency of the system,
the single-biofilter system was modified to a triple-biofilter
system. The intended effect was the gradual decrease in bulk
O2 concentration as the N2O-containing gas stream passes
through the serially installed biofilters. The reduced bulk O2
concentrations in the ensuing biofilters would result in
enlargement of the anoxic niches in the biofilms, where N2O
reduction can take place. The concept was experimentally
verified with a laboratory-scale system. In addition, a
mathematical model was developed to estimate the perform-
ance of low-flow rate biofiltration systems utilizing obligate
anaerobic metabolisms, for example, N2O reduction and
reductive dehalogenation, for treatment of oxic contaminated
gas streams and was validated using the experimental data.16,17

The model verified the aforementioned hypothetical mecha-
nism of N2O removal from oxic streams and explained that
compression of oxic layer was the rationale for enhanced N2O
removal at lowered O2 concentrations.

■ MATERIALS AND METHODS
Design Modifications to the N2O Biofiltration System

and Construction of a Lab-Scale System. Design
modifications were made to the previously designed biofiltra-
tion system to improve the efficiency of N2O removal by at
least partially resolving the “oxygen problem”.8 In the modified
multiplex system, the gas stream containing N2O is to be
passed through the biofilters in a serial manner, while the
wastewater streams serving as the source of microbial
inoculum, carbon source, and nutrients are to be supplied to
the biofilters in a parallel manner (Supporting Information
(SI) Figure S1). As with the previous single-biofilter system,
the full-scale system to be installed at a WWTP will require no
external source of energy or chemicals, as the system is
designed to utilize gravitational force and pressure for directing
gas and liquid flow through the biofilters and to be supplied
with raw wastewater providing electron donors and nutrients.
The serial setup has two expected advantages, in that (1) it
allows for longer gas retention time and larger reactive surface

area and (2) O2 in the gas stream is partially consumed as the
gas stream passes through the upstream biofilters and the
ensuing biofilters will be operated at lower O2 partial pressures,
thus ensuring more effective N2O removal.
A laboratory-scale serial biofiltration system was constructed

with three acryl biofilters with the dimensions identical to the
biofilter used in the previous study (Figure 1).8 Each biofilter
was built to the following dimensions: height: 1,000 mm; inner
diameter: 160 mm; and wall thickness: 5 mm. Each biofilter
was packed with polyurethane foam cubes (JLO, Nürnberg,
Germany) carved to the dimensions of 2 × 2 × 2 cm. The
packed bed height, the packed volume, and the surface-area-to-
volume ratio were 800 mm, 16.1 L, and 8.2 cm2/cm3,
respectively, for each biofilter. The biofilters were connected
with PharMed BPT tubing with 3.175 mm diameter (Saint-
Gobain Performance Plastics, Courbevoie, France). The
biofilters were operated in a cocurrent setup with the gas
and liquid inlets located at the top and the outlets at the
bottom. Gas sampling ports for monitoring of N2O
concentrations were installed at the gas inlet and outlet of
each biofilter and fiber-optic oxygen sensor spots (Pyroscience,
Aachen, Germany) were attached onto the inner surface of the
biofilter walls for monitoring of O2 concentrations in the gas
streams.

WWTP Site Description and Wastewater Sampling.
Wastewater used as the inoculum for the laboratory-scale
biofiltration system was obtained from Daejeon municipal
WWTP in Daejeon, Korea (36°23′5” N, 127°24′28” E).
Daejeon WWTP is a typical multitrain A2O activated sludge
system with primary sedimentation basins located upstream of
A2O bioreactors. The day before start of the experiment, 60 L
wastewater was grab-sampled from one of the primary
sedimentation basins. The wastewater sample was immediately
transported to the laboratory in ice-filled carriers. One liter of
the collected wastewater was stored at −20 °C for analysis of
the microbial community composition. In order to emulate the
biofilm development at the actual on-site biofiltration system,
the rest of the collected wastewater was immediately passed
through the biofilters for inoculation as described below.
Synthetic wastewater was automatically generated in a 60 ×

45 × 45 cm glass tank mimicking the primary sedimentation
basin.8 In a 5 L Duran bottle (Sigma-Aldrich, St. Louis, MO),
100× concentrate of model synthetic wastewater was prepared
containing per liter, 16.0 g peptone, 11.0 g meat extract, 3.0 g
urea, 2.8 g K2HPO4, 0.7 g NaCl, 0.4 g CaCl2·2H2O, 0.2 g

Figure 1. Schematic representation of the experimental setup of the laboratory-scale serial biofiltration system with three biofilters receiving
continuous feed of synthetic wastewater in parallel manner.
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MgSO4·7H2O, and 5 mg CuCl2.
18 The concentrate was

pumped at a rate of 2.7 mL·min−1 into a 2 L duran-bottle
located at the center of the glass tank and was diluted with tap
water added to the bottle at 270 mL·min−1. The mixture was
continuously stirred with a homogenizer operated at 200 rpm
to ensure uniform mixing. The synthetic wastewater over-
flowing from the bottle fed the glass tank. After the glass tank
was half-filled, the peristaltic pumps distributing the synthetic
wastewater into the three biofilters were switched on. At all
times during the experiment, the glass tank was covered with
sheets of black cotton to prevent algal growth and the room
temperature was maintained at 25 °C.
Operation of the Laboratory-Scale Biofiltration

System. The biofiltration system was operated abiotically
with tap water for ∼152 h before inoculation to measure the
rates of O2 and N2O dissolution into the trickling medium. Air
containing 100 ppmv N2O was passed through the biofilters at
200−2000 mL·min−1 and tap water was trickled into the
biofilters at 90 mL·min−1. After the initial abiotic operation,
each biofilter was inoculated separately with the raw waste-
water by passing 20 L wastewater at a flow rate of 90 mL·
min−1. The synthetic wastewater was then pumped into each
biofilter at the same flow rate. N2O-containing gas was
prepared in five different O2 concentrations (0, 5, 10, 15, and
21% v/v) by mixing >99.999% N2 gas and >99.999% air, each
carrying 100 ppmv N2O (Deokyang Gas Co., Ulsan, Korea), at
different ratios in a 5 L glass bottle that served as an
antechamber to the biofilter A. N2O-containing N2 gas (no
O2) was passed through the biofilters at the flow rate of 600
mL·min−1 during inoculation and the initial phase of
biofiltration operation (for 330 h; designated as phase 0) to
ensure that N2O-reducing biofilms were sufficiently estab-
lished. The gas flow rate was gradually increased to 2000 mL·
min−1 over the next 150 h (phases 1−6). After the anoxic
operation, biofiltration system was operated with varying flow
rates (200−2000 mL·min−1) and O2 concentrations (5−21%)
for the next 430 h (phases 7−29) (Table 1). Each phase was

sustained for at least 5× EBRT (empty bed retention time), to
ensure that O2 and N2O concentration measurements were
taken after pseudo-steady state was established. Upon
completion of the experiment (at t = 580 h), biofilters were
dismantled and three sets of foams were collected from the
top, middle, and bottom thirds from each biofilter. The foams
were stored separately at −20 °C until use.
Analytical Procedures. The N2O concentrations were

measured with HP6890 Series gas chromatograph equipped
with an HP-PLOT/Q column (30 m x 0.320 mm inner
diameter and 20.00 μm film thickness) and an electron capture

detector (Agilent, Palo Alto, CA) with the temperatures of
injector, oven and detector set to 200, 85, and 250 °C,
respectively.12 Helium (>99.999% purity) and 95% Ar/5%
CH4 mixed gas (Deokyang Gas Co., Ulsan, Korea) were used
as the carrier gas and the makeup gas, respectively. A 1700-
series gastight syringe (Hamilton Company, Reno, NV) was
used to collect gas samples from the sampling ports at the
inlets and outlets of the biofilters and manually inject the
samples into the chromatograph. At each time point, triplicate
measurements were taken with 3 min intervals. The removal

efficiencies ( = ×−RE(%) 100C C
C

in out

in
, where Cin and Cout are

N2O concentrations at the system inlet and the system outlet,
respectively) and elimination capacities (EC(gN2O·m

−3·h−1) =
×− QC C

V gas
in out , where V is the bed volume and Qgas is the gas

flow rate) were calculated with the measured N2O
concentrations. The O2 concentrations in the biofilters were
measured with a FireSting-O2 oxygen meter (Pyroscience,
Aachen, Germany).

Analyses of the Microbial Community Compositions.
The biofilm samples for microbial community analyses were
processed as previously described.8 The foams previously
stored in 50 mL plastic tubes in −20 °C freezer were thawed
on ice and 30 mL sterile double-distilled water (>18 MΩ·cm)
was pipetted into the tubes. To detach the biofilms from the
foams, tubes were vortexed for 5 min and sonicated for 10 min.
Two-milliliter aliquots of the cell suspension were pipetted into
autoclaved nuclease-free 2 mL Eppendorf tubes. After
centrifuging at 10 000g, DNA was extracted from the cell
pellets using DNeasy PowerSoil DNA Isolation kit (QIAGEN,
Hilden, Germany). Amplicon sequencing targeting the hyper-
variable V6−8 region of the 16S rRNA gene (amplified with
926F: 5′-AAACTYAAAKGAATTGRCGG-3′ and 1392R: 5′-
ACGGGCGGTGTGTRC-3′ primer set) was outsourced to
Macrogen Inc. (Seoul, Korea), where an Illumina MiSeq
platform was used for acquisition of sequence data. The
sequences from three subsections of each biofilter were
analyzed separately first and combined for further analyses.
The raw sequence data sets have been deposited at the NCBI
SRA database (http://www.ncbi.nlm.nih.gov/sra) and are
accessible to the public (accession number: SRP150324).
The raw sequence data from the previous study were also
included in the analysis.
The raw sequence data sets were processed using the QIIME

pipeline v1.9.1 with options set to default values.19 After
quality trimming, the filtered reads were assigned into
operational taxonomic units (OTUs) in the Greengenes
v13.8 database using the USEARCH algorithm.20 The reads
with no matching sequences in the database were clustered de
novo into new OTUs.21 In either case, a cutoff value of 97%
was used for OTU assignments. The new OTUs were assigned
to taxa using RDP classifer against the Greengenes database
and unclassified reads were discarded. Hierarchical clustering
of the microbial community profiles was performed using the
hclust command of the R package “stats”.

Mathematical Model Development. A mathematical
model was developed for estimation of biofiltration perform-
ance for N2O removal from gas streams with varying O2
concentrations and flow rates (thus, varying EBRT). Each
biofilter was modeled as a fully mixed reactor despite the
longitudinal flow direction, as the longitudinal N2O concen-
tration profiles indicated near-complete mixing of the gas

Table 1. Description of the Operating Conditions of the
Lab-Scale Serial Biofiltration System

O2 mixing ratio (%)

gas flow rate (mL·
min−1)

EBRT
(min) 0 5 10 15 21

200 80.5 1a, 6 7, 12 13, 18 19, 24 25
400 40.3 2 8 14 20 26
600 26.9 3 9 15 21 27
1000 16.1 4 10 16 22 28
2000 8.1 5 11 17 23 29

aThese numbers (1−29) correspond to the phase numbers in the
header of Figure 2.
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phase due to the long EBRT (8.05−80.50 min).8 The
constricted connections between the biofilters and resulting
high linear velocity ensured negligible mixing between the
biofilters. The model was developed with well-founded
assumptions based on reliable reference and experimental
observations that (1) N2O reduction only occurs in the
absence of dissolved O2 (<0.01 mg·L−1),14 (2) biofilms are
developed with uniform thickness (Lf) and cell density (ρ) on
the surfaces of the packing materials, (3) nutrients other than
the electron acceptors are supplied in excess, and (4) neither
significant growth nor decay of biofilms is expected after the
reactor has reached steady state. Additionally, a simplified one-
dimensional system with a biofilm layer separated from the
bulk gas by a diffusion layer (thickness: Ld) was assumed for
modeling of gas (O2 and N2O) penetration into biofilms. The
descriptions and the input values of the parameters used in the
modeling analysis are summarized in Table 2 and SI Table S1,
respectively.
A zero-order reaction kinetics was assumed for O2

consumption in the biofilms, as the simplification from the
Michaelis−Menten kinetics to the zero-order kinetics did not
have substantial impacts on the model outcome (SI Figure
S2).15 Zero-order O2 utilization within an one-dimensional
biofilm can be modeled with the dimensionless parameter
Thiele modulus (ϕ), defined as

ϕ
ρ

=
| = _

V L
C D f

(
2

)
x

max f
2

O2 0 aq O2

1/2

(1)

where Vmax is the maximum O2 utilization rate (g O2·g
biomass−1·s−1), ρ is the biomass density (g biomass·m−3), CO2
is the dissolved O2 concentration (g O2·m

−3) at the biofilm
depth x (μm), Daq_O2 is the O2 diffusion coefficient in water
(μm2·s−1), and f is the conversion factor for estimation of
diffusion coefficient in biofilm (unitless).22 Using the Thiele
modulus, O2 utilization in the biofilm between the boundary
layer−biofilm interface (x = 0) and the oxygen penetration
limit (x = a) is modeled with the following dimensionless
equation.

δ
ϕ=ud

d
2

2

2
2

(2)

where the dimensionless variables u and δ are the dimension
concentration CO2/CO2|x=0 and the dimensionless depth x/Lf,
respectively. The steady-state dissolved O2 concentration

profile along the biofilm depth was obtained with eq 2 and
the following boundary conditions.

δ= =u 1 at 0 (3)

δ
δ= = =u

u a
L

d
d

0 at
f (4)

eq 5 is the analytical solution to this differential equation. The
only value of a satisfying the boundary conditions is Lf/ϕ.

ϕ δ ϕδ δ
ϕ

= − + ≤ ≤u 2 1, 0
12 2

(5)

Assuming that no chemical or biological removal of dissolved
O2 takes place in the boundary layer, the O2 concentration
profile, CO2 (−Lb≤ x ≤ 0), is governed by Fick’s second law eq
(eq 6).

= − ≤ ≤_D
C
x

L x
d

d
0, 0aq O2

2
O2
2 b (6)

The two boundary conditions are specified by the dissolved O2
concentrations at the bulk gas−boundary layer interface (eq 7)
and the boundary layer−biofilm interface (eq 8). The
dimensionless Henry’s constant of O2 at 25 °C was calculated
to be 0.032.23

| ==− _C C Hx LO2 b gas O2 O2 (7)

| ==
→ +

C Climx
x

O2 0
0

O2 (8)

where Cgas_O2 is O2 concentration (g·m−3) in the bulk gas
phase. As the fluxes at both sides of the boundary layer−
biofilm interface need to be balanced,

=_
→ −

_
→ +

D
C

x
D f

C
x

lim
d

d
lim

d
dx x

aq O2
0

O2
aq O2

0

O2
(9)

In the mathematical model, complete inhibition of biological
N2O removal was assumed at 0<x < a, as N2O reduction is
inhibited by the presence of dissolved O2. At a < x < Lf, the
N2O concentration distribution was modeled with the
following governing differential equation.

ρ= ·
+

≤ ≤_
_D f

C
x

r
V C

K C
a x L

d
d

,N Oaq 2

2
N2O
2

max N2O N2O

s N2O
f

(10)

where CN2O is dissolved N2O concentration (g·m−3) at the
depth x, r is the proportion of N2O-reducing organisms in the

Table 2. Parameters Used for Mathematical Modeling of the Biofiltration System

symbol parameter literature value calibrated source

A reactive surface area per biofilter (m2) 13.19 calculated
Daq_N2O N2O diffusion coefficient in water (cm2·s−1) 1.92 × 10−5 36
Daq_O2 O2 diffusion coefficient in water (cm2·s−1) 2.10 × 10−5 37
f conversion factor for estimation of the diffusion coefficients in biofilm (unitless) 0.4a 26
HN2O dimensionless Henry’s law constant of N2O 0.594 23
HO2 dimensionless Henry’s law constant of O2 0.032 23
Ks whole-cell half saturation constant for N2O reduction (μM) 0.3−11.2 7.8 13
Lb boundary layer thickness (μm) 100 27
Lf biofilm thickness (μm) 100−400 276 28
r proportion of N2O-reducing organisms in the biofilm 0.64 SI Table S3
Vmax_O2 maximum O2 utilization rate (g O2·g biomass−1·h−1) 0.10 38
Vmax_N2O maximum N2O utilization rate (g N2O·g biomass−1·h−1) 0.002−0.599 0.003 13
ρ biomass density (g biomass·m−3) 0.88 × 104 - 1.75 × 104 0.91 × 104 29

aAccording to the reference, experimentally determined f values ranged from 0.2 to 0.8 with a weighted average of 0.4.
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biofilm (unitless), Vmax_N2O is the maximum N2O utilization
rate (g N2O·g biomass−1·s−1), Ks is the whole-cell half-
saturation constant for N2O reduction (μM). The boundary
conditions are defined by the N2O concentration at O2
penetration depth (x = a) and the no-flux condition at the
base of the biofilm (x = Lf).

| ==
→ −

C Climx a
x a

N2O N2O (11)

= =
C

x
x L

d
d

0 atN2O
f (12)

Unlike the case of O2 where a simplified zero-order kinetics
was assumed, no analytical solution can be deduced from eq 10
and the boundary conditions; thus, the differential equation
was solved numerically.
As with the dissolved O2 concentration distribution in the

boundary layer (eq 6), Fickian diffusion governs the N2O
concentration distribution in the boundary layer and the oxic
domain of the biofilm, where biological N2O reduction activity
was assumed negligible. The mathematical methods used are
essentially identical to those described in eqs 6−9 except for
that the domain consisted of two layers with distinct diffusion
coefficients.
An in-house MATLAB script (MathWorks Inc., Natick,

MA) was used to calculate the N2O elimination capacity of the
serial biofiltration system by numerically solving the above
differential equations. For each biofilter in the system, the
biological consumption rate of O2 or N2O was calculated by
multiplying the estimated reactive surface area by the flux at x
= −Lb. Theoretically, this rate should have the same value as
the elimination capacity of the biofilter minus the abiotic
removal rate (eq 13). Given a fixed input gas concentration,
both sides of eq 13 are functions of Cb (the bulk gas phase
concentration in g·m−3).

−
∂

∂
| × = − −=−D

C x C
x

A QC QC R
( , )

x Laq
b

in b abioticb

(13)

where C is the dissolved O2 or N2O concentration at the depth
x, A is the area of biofilm surface in the biofilter (m2), Q is the
gas flow rate (mL·min−1), Cin is the inlet bulk gas (O2 or N2O)
concentration (g·m−3), H is the dimensionless Henry’s
constant, and Rabiotic is the experimentally determined abiotic
removal rate in the biofilter (g·h−1). The Cb value satisfying eq
13 was iteratively determined. The removal efficiency and the
elimination capacity were calculated with this Cb value.
Model Calibration and Validation. The data obtained

from the system operation with 100 ppmv N2O and 5% O2 in
the inlet gas (at the flow rates of 200, 400, 600, 1000, and 2000
mL·min−1; t = 150−292 h) were used for calibration of the
model parameters. In the calibration process, the biofilters A,
B, and C were considered as separate reactors with the inlet
N2O concentrations set to the measured inlet concentrations
and the parameters were manually calibrated to yield the
highest Nash-Sutcliffe efficiency (NSE) index between the
observed and computed EC (eq 14).

= −
∑ − ̂
∑ − ̅

=

=

y y

y y
NSE 1

( )

( )
i
n

i i

i
n

i

1
2

1
2

(14)

where n is the number of data points, yi and ̂yi are the observed
and computed values, respectively, at the ith data point, and ̅y
is the average of the n observed values.
Initially, the biofilm parameters (Lf, r, and ρ) and the

microbial kinetic parameters (Ks, and Vmax_N2O, and Vmax_O2)
were subjected to calibration. These parameters were
iteratively calibrated within the ranges of literature values
using NSE as an objective function.13,24−29 Sensitivity analyses
and identifiability analyses were then used to screen out the
parameters that were either insensitive or collinear to other
parameter(s). For instance, the parameter Vmax_O2 was fixed to
0.1 g O2·g biomass−1·h−1 to enhance the parameter
identifiability, as the sensitivity analysis confirmed that the
model outcome was insensitive to this parameter. The final
selection of the calibrated parameters consisted of four
parameters (Lf, ρ, Ks, and Vmax_N2O).
Sensitivity analyses were performed locally using the relative

sensitivity function (RSF: eq 18) with the model output for the
following input: 100 ppmv N2O, 5% O2, and 2000 mL·min−1

gas flow rate.30 One at a time, each input parameter was
increased by 10% and the model output, the elimination
capacity of a standalone biofilter, was recalculated to compute
the RSF index (eq 18).

=
Δ

×
Δ

RSF
output

output
parameter
parameter (18)

Identifiability analysis was performed by calculating the
collinearity indices (γk) of all possible combinations of the
calibrated parameters.31,32 The sensitivity matrix S was
constructed with the local sensitivity function and normalized
to ̅S (eq 19).

=
Δ

·
∂
∂ ̅ =s
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s
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i j

i j
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,
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m
ooo
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ooo

|
}
ooo
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ooo
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ooo
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ooo

|
}
ooo
~
ooo (19)

where Δpj is the uncertainty range of the parameter pj, yi is the
model output value, sf i is the scale factor of yi, and ||sj|| is the
Euclidian norm of the j th column of the matrix S. The
collinearity index γk was then computed for the subsets of the
matrix ̅S using eq 20.

γ =
[ ̅ ̅ ]Eig S S

1

min( )
k

k
T

k (20)

where Eig is the eigenvalue of the matrix in the square brackets
[] and Sk is the kth subsets of matrix ̅S . Sets of parameters
yielding collinearity index values lower than 15 were
considered identifiable in this study.33

After the parameters were calibrated to yield the highest
NSE index and identifiability of the parameters was confirmed
(Table 2), the mathematical model was validated using the
biofiltration system operation data acquired with inlet gases
with 10%, 15%, and 21% O2 concentrations. Multiple
validation methods including root mean squared error
(RMSE; eq 15), mean absolute error (MAE; eq 16) and
variance accounted for (VAF; eq 17) methods were also
employed to evaluate the model without bias.34,35
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Figure 2. (a) O2 mixing ratios in the gas-mixing bottle (yellow) and the bulk gas phases of biofilters A (red), B (blue), and C (green) and (b) net
N2O removal efficiencies after biofilter A (red), B (blue), and C (green). The shaded areas represent the data obtained during initial anoxic
operation with N2O-containing N2 gas and the white areas during partially or fully oxic operation with N2O-containing air. Each data point is
averages of three consecutive measurements with five-minute intervals and the error bars indicate their standard deviations.

Figure 3. O2 mixing ratios in the gas-mixing bottle (yellow) and the bulk gas phases of biofilters A (red), B (blue), and C (green) at flow rates
varied between 200 and 2000 mL·min−1 when the treated gases initially contained 0, 5, 10, 15, and 21% O2 are presented in the panels a, c, e, g, and
i, respectively. The cumulative elimination capacities (Δ: biofilter A; □: biofilter A+B; ○: biofilter A+B+C) are calculated for the same operating
conditions (the panels b, d, f, h, and j presenting the data from the experiments with the initial O2 mixing ratios of 0, 5, 10, 15, and 21%,
respectively. The solid curves are the elimination capacities estimated using the mathematical model and the dotted diagonal line demarcates 100%
removal.
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where var(x) is the variance of x.

■ RESULTS

Performance of the Lab-Scale Serial-Biofilter System.
The performance of the lab-scale system was monitored at
varying gas flow rates and O2 mixing ratios over a 580-h period
(Figure 2). The abiotic N2O elimination capacity, measured
before inoculation, was constant (0.033 ± 0.012 g N2O·m

−3·
h−1; removal efficiency varies with the gas flow rate) regardless
of the gas flow rate (SI Table S2). Abiotic O2 removal was
negligible. Immediately following inoculation and initial anoxic
incubation (i.e., t = 0), the overall N2O removal efficiency

reached >99% and complete N2O removal was maintained as
the gas flow rate was gradually raised to 2000 mL·min−1

(phases 1−5 in Table 1 and Figure 2). Except at the gas flow
rate of 2000 mL·min−1, removal efficiencies were higher than
50%, even with elevated O2 mixing ratios in the gas stream;
52.5 ± 1.3% of N2O was removed when supplied with gas
stream with 21% oxygen at the flow rate of 1000 mL·min−1. At
the flow rate of 2000 mL·min−1, the biofiltration system
exhibited limited performance (28.5% < RE < 35.9%) at any
O2 concentration tested.
The N2O elimination capacities of the three biofilters in the

system were calculated with the measured N2O concentrations

Figure 4. Illustration of the biofilm modeling results. N2O (dotted blue curves) and O2 (solid red curves) concentration profiles along the depth of
the biofilms in the biofilters A, B, and C were calculated for the biofiltration system operated with gas flow rates of (a) 200, (b) 400, (c) 600, (d)
1000, and (e) 2000 mL·min−1 using the mathematical model developed in this study. The shaded domains are the boundary layers and the white
domains are biofilms. Only the modeling results for operation with 21% O2 gas are shown and the results for different O2 concentrations are
presented in SI Figures S4−S6.
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at the inlets and outlets of the biofilters (Figure 3). At a fixed
gas flow rate, the N2O elimination capacity decreased with
increase in the O2 concentrations; however, at any fixed O2
concentration, increased flow rate invariably resulted in
increased elimination capacity. As anticipated, the bulk gas
O2 concentration gradually decreased from the biofilter A to
the biofilter C. Despite the reduced O2 concentrations, the
elimination capacities of the biofilters B and C were lower than
that of the biofilter A at all conditions, likely due to the lower
influent N2O concentrations. Nevertheless, adoption of the
multiple-biofilter system enhanced the overall N2O elimination
capacities by factors of 1.45 (200 mL·min−1 with 5% O2 mixing
ratio) to 3.25 (2000 mL·min−1 with 10% O2 mixing ratio), as
compared to that of a standalone biofilter A.
Microbial Composition of the Biofilms Developed in

the Biofilters. After operation of the biofiltration was
complete, the microbial compositions of biofilms developed
in the biofilters were analyzed. From all 10 samples (the
inoculum and biofilms from the three subsections of the
biofilters A, B, and C), > 100 000 reads were recovered after
quality-trimming and paired-end assembly. For each biofilter,
the microbial compositions of three subsections were virtually
indistinguishable, in support of the assumption that biofilms
were uniformly developed throughout the length of the
biofilters (SI Figure S3); thus, the reads from the subsections
were combined for further analyses. The Shannon−Wiener
index was significantly higher (p < 0.05) for the raw wastewater
sample used as the inoculum (9.10) than those of the biofilter
microbial communities (7.76, 7.35, and 7.48 for the biofilters
A, B, and C, respectively), indicating a selective pressure on the
biofilter microbial communities.
Microbial compositions were not distinguishable between

the three biofilters despite the obvious difference in the bulk
N2O concentrations during the reactor operation. The OTUs
affiliated to the Flavobacterium genus were invariably the
dominant population in all three biofilters with relative
abundances of 21.1%, 23.0%, and 25.2% in the biofilters A,
B, and C, respectively. All completed genomes of the
Flavobacterium genus sequenced up to date contain nosZ
genes without exception, and these organisms were clearly
enriched in the biofilters as their relative abundance was 0.31%
in the inoculum. Therefore, the organisms affiliated to the
Flavobacterium genus were presumably the major consumers of
low-concentration N2O in biofilters. Despite the difference
between the microbial community profiles of the biofilters
used in this study and the previous study, Flavobacterium was
invariably the presumed N2O reducers with the largest relative
abundance. Apart from Flavobacterium, the OTUs affiliated to
Rhodobacter, Pseudomonas, Azospirillum, and Paracoccus genera
and Rhizobiaceae and Comamonadaceae families (not assigned
to a specific genera) were likely the main players for N2O
reduction, based on the likelihood of possessing nosZ genes in
available genome sequence data. These nosZ-possessing
facultative anaerobes were the majorities in all three biofilters
(>60% of the microbial population), suggesting that organisms
capable of reducing N2O persisted during oxic operation. As
observed in the previous study, both obligately aerobic genera
(Pedobacter, Leucobacter, Sphingobacterium, Acinetobacter) and
obligately anaerobic genera (Fusibacter, Sedimentibacter,
Clostridium) were recovered from the biofilm microbial
community, suggesting the development of anoxic niches
beneath the aerobic biofilm surfaces. The entire list of genera

(or family or order) with relative abundances larger than 0.5%
in at least one sample is summarized in SI Table S3.

Mathematical Modeling of N2O Biofiltration. A
mathematical model was developed to describe the N2O
removal mechanism in the biofiltration system and to estimate
its performance at varying scales and operating conditions.
After initial calibration, a local sensitivity analysis was
performed and the parameter Vmax_O2 was excluded from
calibration as the model output was insensitive to this
parameter (SI Table S5).39 The identifiability analysis detected
that the parameter r was collinear with Vmax_N2O. Thus, the
parameter r was fixed to the proportion of the N2O-reducing
organisms calculated from the microbial analyses data (SI
Figure S3). Calibration of the four remaining calibrated
parameters (Ks, Lf, Vmax_N2O, and ρ) yielded an NSE index of
0.93 (SI Figure S4). The collinearity indices for all possible
combinations of these calibrated parameters (Ks, Lf, Vmax_N2O,
and ρ) were within acceptable range (<15), confirming the
identifiability of these parameters (SI Table S6). The results of
model validation support that the mathematical model
accurately predicted the performance of each biofilter in the
system (Figure 4, SI Figures S5−S6). The NSE indices
calculated from validation with data acquired from the
biofilters at 10%, 15%, and 21%, were 0.78, 0.81, and 0.78,
respectively (SI Table S4).25 The high VAF indices and low
RMSE and MAE indices all indicate high predicting power of
the model.
Somewhat contrary to the initial hypothesis that expansion

of anoxic niches in the biofilms would cause enhanced N2O
removal in the downstream biofilters, the O2 and N2O profiles
along biofilm depth suggested that the thickness of oxic layer is
actually the determinant factor for biofilter performance
(Figure 4 and SI Figures S4−S6). For example, in the
operation with the input gas containing 21% O2 supplied at the
flow rate of 600 mL·min−1, the calculated thickness of the oxic
biofilm layer decreased from 112.3 μm in the biofilter A to 71.9
μm in the biofilter C as the O2 concentration in the bulk gas
phase decreased from 19.8% to 16.9% (Figure 4). Mass
transfer is substantially slower ( f = 0.4) in the biofilm than the
aqueous boundary layer, and thus, the mass transfer through
the oxic layer of the biofilm determines the amount of N2O
transferred to the anoxic layer where active N2O reduction
takes place.
The mathematical model successfully provided mechanistic

explanations to several unanticipated results from the
experimental operations of the biofiltration systems in this
study and the previous study.8 The biofilm modeling explained
how biological N2O reduction could take place in apparently
fully oxic condition in the biofilter. Incorporation of the
Michaelis−Menten kinetics into the model explained (1) the
higher elimination capacities observed at higher gas flow rates
despite the lower removal efficiencies and (2) the lower
elimination capacities observed at the biofilters B and C
despite the shallower O2 penetration depths in these biofilters
than the biofilter A.

■ DISCUSSION
Employing microbial reactions for removal of gaseous
contaminants or greenhouse gases from industrial off-gases
may sound as a cliche ́ to many, as biofiltration of contaminated
gas is a common engineering practice.40−43 Biofiltration of
gaseous or volatile contaminants mostly involve aerobic
oxidation as the removal mechanism; however, a few
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exceptions exist, where degradations of certain contaminants
occur only via anaerobic reductive pathways.43−46 N2O is one
of such gaseous contaminants that can only be removed via
reductive biological pathway. Although most, if not all, N2O-
reducing organisms are facultative anaerobes, N2O reduction
activity is severely inhibited in the presence of O2 and no
organism has yet been found capable of reducing N2O under
fully oxic condition.11,12 The complete removal of the low-
concentration (100−200 ppmv) N2O from anoxic gas stream
in the previous study was certainly promising; however, the
caveat with the system was the significantly lower efficiency
observed in treatment of fully oxic gas streams, as anticipated
from the physiology of N2O reduction.8 As off-gas from any
BNR system has high oxygen content (>15%), the N2O
removal system has value only if it is capable of achieving high
removal efficiency with oxic gas inputs. Several ideas to
improve the reactor performance have been experimentally
tested, including use of packing materials with larger inner
surface areas, without success (data not shown).
The only successful improvement in the N2O removal

efficiency was achieved by modification of the reactor
configuration to a serial biofiltration system, the results of
which are presented here. Comparing the single-biofilter
system to the serial biofiltration system with three times larger
reactive surface area may seem unjust. Thus, the mathematical
model was used to calculate the removal efficiency and
elimination capacity of a hypothetical single-biofiltration
system with the same reactive surface as the serial biofiltration
system (SI Figure S7; only fully oxic operation was
considered). Throughout the entire range of flow rates from
200 to 2000 mL·min−1, at least 17% higher elimination
capacity was expected for the serial setup and the model also
predicted that the comparative advantage of the serial setup
would be particularly pronounced when the reactors are
operated with high EBRT (up to 44%).
One of the unique features of the designed N2O biofiltration

system is the long EBRT uncharacteristic for the reactor
type.40,47 Due to the long EBRT, the bulk gas in each biofilter
was well mixed and thus, the O2 and N2O concentrations were
largely uniform throughout the entire length of the biofilter.8

Therefore, a unique approach was taken for mathematical
modeling of the reactor performance. While biofilters are often
modeled as a plug flow reactor,42,48,49 the biofilters in this

study were modeled as continuously stirred tank reactor with
microbial reactions taking place in biofilms on the uniformly
distributed reactive surface of packing materials. The
mathematical model, once validated with the experimental
data, proved useful in understanding the N2O removal
mechanism and estimating the reactor performance. The
modeling outputs illustrate that N2O removal from oxic gas
stream is always mass transfer-limited to some extent, as N2O
is reduced only in the inner anoxic biofilm and thus, needs to
be diffused through the diffusion-resistant (low diffusion
coefficient) outer biofilm layer. The mathematical model also
proved against the previous hypothesis that the higher removal
efficiencies and elimination capacities observed at lower O2
mixing ratios were due to expansion of anoxic niche in the
biofilm. The saturation of the reactor performance (in terms of
elimination capacity) at relatively high gas flow rates (e.g.,
2000 mL·min−1) was also explained with the model, implying
that these N2O biofilters will need to be operated with low
EBRT.
The microbial compositions were largely indistinguishable

between the biofilm samples from the biofilters A, B, and C,
while notable difference was observed between the microbial
compositions of biofilms and the inoculum (Figure 5). This
observation was as anticipated, as the biofilters were initiated
using the same inoculum and enrichment method and
sustained by the same carbon sources, nutrient medium, and
gaseous electron acceptors (O2 and N2O). Although the
inoculum was collected from the same source, the microbial
compositions of the biofilters in this study were substantially
different from that obtained in the previous study and possibly,
the difference in the performance of the biofilters (biofilter A
vs the biofilter in the previous study) may be the result of this
disparity in the microbial compositions.8 As the N2O biofilters
rely heavily on natural formation of biofilm consortium, the
microbial community in the inoculum or initial inoculation and
enrichment methods may have significant impact on the
performance. Precise identification of functional N2O-reducing
organisms cannot be made with these 16S rRNA amplicon
sequencing data; however, the taxa previously found to have
subtaxa possessing clade I or clade II nosZ were examined
closely as the likely candidates as the N2O-reducing
populations. Among these taxa, the Flavobacterium genus was
singled out as the most abundant in the biofilm communities

Figure 5. Hierarchical clustering analysis of microbial community profiles of the biofilters A, B, and C and the inoculum in this study and the N2O
biofilter in the previous study.8 Only OTUs with relative abundance higher than 0.5% in at least one of the analyzed samples were used in the
analysis. The dots denote the presence of subtaxa with clade I (red) or clade II (blue) nosZ genes under the taxa represented by the OTUs.
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and this observation was consistent with the previous result.
The enrichment of this specific clade II nosZ-possessing
organismal group in the biofilters provide a strong support that
it is capable of growth on high-affinity reduction of N2O.

13,50

Despite the observed Flavobacterium domination, the pre-
viously suggested clade I/II dichotomy in explaining the widely
varying affinity for N2O may need to be revised, as the
organismal groups potentially carrying clade I nosZ were also
recovered in abundance in the biofilm communities that were
enriched with N2O concentrations no higher than 100 ppmv.
In several recent researches, reactor operations with N2O as
the sole electron acceptor mostly resulted in simultaneous
enrichment of both clade I and clade II nosZ-possessing
organisms, while the results from different research groups are
largely contradictory.10,51,52 Further investigations would be
necessary to clarify whether specific organismal groups suited
for high-affinity N2O reduction exist.
As the increase in the atmospheric N2O concentration has

been recognized as a growing concern for the environment,
several strategies have been devised for end-of-the-pipe N2O
removal.53−55 The physicochemical N2O treatments using
metal oxides and zeolites as the catalysts have proven effective
in removal of highly concentrated (e.g., >1%) N2O-containing
off-gases; however, due to the high temperature necessary for
achieving high removal efficiency (>500 K), these strategies are
unsuitable for treating WWTP off-gas streams emitted at
ambient temperature with generally low (<100 ppmv)
concentrations.53 Biological N2O treatment strategies have
recently attracted attention as alternative removal technologies,
but O2 inhibition of biological N2O reduction activity needed
to be resolved.8,56 The biofiltration system described here and
the bioscrubber system developed by Frutos et al.56 took two
different approaches to resolve the “oxygen problem”. The
bioscrubber system, where N2O was dissolved into the
scrubbing fluid in a packed bed column and removed in an
anoxic fixed bed reactor via biological reduction, shared
similarities with the biofiltration system described here: high
EBRT (3−80 min), relatively low N2O removal efficiencies
(8−94%), and use of untreated wastewater as the source of
organic electron donor and carbon. The two systems also
exhibited comparable removal efficiencies and elimination
capacities. While the bioscrubber system has advantage of
being able to be operated at a lower EBRT and thus, a higher
gas flow rate, the biofiltration system is advantageous in that no
energy is needed for its operation in situ and is more resistant
to system failure due to its simpler setup and low biomass
build-up. Thus, the decision as to which N2O control
technology is better may need to await life cycle analyses
based on pilot or full scale experimentations. Nevertheless,
both technologies have certainly shown prospects of engineer-
ing cost-efficient systems for removal of low-concentration
N2O from oxic air streams previously deemed infeasible.
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Nitrous oxide reduction kinetics distinguish bacteria harboring clade I
versus clade II NosZ. Appl. Environ. Microbiol. 2016, 82 (13), 3793−
3800.
(14) Kinh, C. T.; Suenaga, T.; Hori, T.; Riya, S.; Hosomi, M.; Smets,
B. F.; Terada, A., Counter-diffusion biofilms have lower N2O
emissions than co-diffusion biofilms during simultaneous nitrification

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b05924
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

J

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.est.8b05924
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05924/suppl_file/es8b05924_si_001.pdf
mailto:syoon80@kaist.ac.kr
http://orcid.org/0000-0002-9933-7054
http://dx.doi.org/10.1021/acs.est.8b05924


and denitrification: insights from depth-profile analysis. Water Res.
2017. 124363.
(15) Stewart, P. S.; Zhang, T.; Xu, R.; Pitts, B.; Walters, M. C.; Roe,
F.; Kikhney, J.; Moter, A. Reaction−diffusion theory explains hypoxia
and heterogeneous growth within microbial biofilms associated with
chronic infections. NPJ. Biofilms Microbiomes. 2016, 2, 16012.
(16) Kuhn, E. P.; Suflita, J. M., Dehalogenation of pesticides by
anaerobic microorganisms in soils and groundwater-a review. In
Reactions and Movement of Organic Chemicals in Soils; Soil Science
Society of American and American Society of Agronomy: Madison,
WI, 1989; pp 111−180.
(17) Esaac, E.; Matsumura, F. Metabolism of insecticides by
reductive systems. Pharmacol. Ther. 1980, 9 (1), 1−26.
(18) OECD, Test No. 303: Simulation Test - Aerobic Sewage
Treatment − A: Activated Sludge Units; B: Biofilms; OECD Publishing.
(19) Caporaso, J. G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.;
Bushman, F. D.; Costello, E. K.; Fierer, N.; Pena, A. G.; Goodrich, J.
K.; Gordon, J. I. QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 2010, 7 (5), 335.
(20) DeSantis, T. Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie,
E. L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G. L.
Greengenes, a chimera-checked 16S rRNA gene database and
workbench compatible with ARB. Appl. Environ. Microbiol. 2006, 72
(7), 5069−5072.
(21) Schloss, P. D.; Westcott, S. L.; Ryabin, T.; Hall, J. R.;
Hartmann, M.; Hollister, E. B.; Lesniewski, R. A.; Oakley, B. B.; Parks,
D. H.; Robinson, C. J. Introducing mothur: open-source, platform-
independent, community-supported software for describing and
comparing microbial communities. Appl. Environ. Microbiol. 2009,
75 (23), 7537−7541.
(22) Fogler, H. S., Diffusion and Reaction. In Elements of Chemical
Reaction Engineering; Fogler, H. S., Ed.; Pearson Education, Inc.:
London, U.K., 1999; pp 813−866.
(23) Sander, R. Compilation of Henry’s law constants (version 4.0)
for water as solvent. Atmos. Chem. Phys. 2015, 15 (8), 4399−4981.
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(31) Brun, R.; Reichart, P.; Künsch, H. R. Practical identifiability
analysis of large environmental simulation models. Water Resour. Res.
2001, 37 (4), 1015−1030.
(32) Brockman, D.; Rosenwinkel, K.-H.; Morgenroth, E. Practical
identifiability of biokinetic parameters of a model describing two-step
nitrification in biofilms. Biotechnol. Bioeng. 2008, 101 (3), 497−514.
(33) Brun, R.; Kühni, M.; Siegrist, H.; Gujer, W.; Reichart, P.
Practical identifiability of ASM2d parameters − systematic selection
and tuning of parameter subsets. Water Res. 2002, 36 (16), 4113−
4127.
(34) Willmott, C. J.; Matsuura, K. Advantages of the mean absolute
error (MAE) over the root mean square error (RMSE) in assessing
average model performance. Clim. Res. 2005, 30 (1), 79−82.

(35) Smith, G.; Gooding, M. Models of wheat grain quality
considering climate, cultivar and nitrogen effects. Agric. For. Meteorol.
1999, 94 (3−4), 159−170.
(36) Thomas, W. J.; Adams, M. J. Measurement of the diffusion
coefficients of carbon dioxide and nitrous oxide in water and aqueous
solutions of glycerol. Trans. Faraday Soc. 1965, 61, 668−673.
(37) Cussler, E. L. Diffusion: Mass Transfer in Fluid Systems;
Cambridge University Press: Cambridge, U.K., 2009.
(38) Vesilind, P., Secondary treatment. In Wastewater Treatment
Plant Design; Vesilind, P., Ed.; IWA publishing, 2003; Vol. 2.
(39) Pianosi, F.; Beven, K.; Freer, J.; Hall, J. W.; Rougier, J.;
Stephenson, D. B.; Wagener, T. Sensitivity analysis of environmental
models: A systematic review with practical workflow. Environ. Model.
Software. 2016, 79, 214−232.
(40) Iranpour, R.; Cox, H. H. J.; Deshusses, M. A.; Schroeder, E. D.
Literature review of air pollution control biofilters and biotrickling
filters for odor and volatile organic compound removal. Environ. Prog.
2005, 24 (3), 254−267.
(41) Kong, Z.; Farhana, L.; Fulthorpe, R. R.; Allen, D. G. Treatment
of volatile organic compounds in a biotrickling filter under
thermophilic conditions. Environ. Sci. Technol. 2001, 35 (21),
4347−4352.
(42) Yoon, S.; Carey, J. N.; Semrau, J. D. Feasibility of atmospheric
methane removal using methanotrophic biotrickling filters. Appl.
Microbiol. Biotechnol. 2009, 83 (5), 949−956.
(43) Popat, S. C.; Deshusses, M. A. Reductive dehalogenation of
trichloroethene vapors in an anaerobic biotrickling filter. Environ. Sci.
Technol. 2009, 43 (20), 7856−7861.
(44) Yap, M.; Ng, W.; Chua, H. Performance of an anaerobic
biofilter for 2-ethylhexanoic acid degradation. Bioresour. Technol.
1992, 41 (1), 45−51.
(45) Philip, L.; Deshusses, M. A. Sulfur dioxide treatment from flue
gases using a biotrickling filter-bioreactor system. Environ. Sci. Technol.
2003, 37 (9), 1978−1982.
(46) An, T.; Wan, S.; Li, G.; Sun, L.; Guo, B. Comparison of the
removal of ethanethiol in twin-biotrickling filters inoculated with
strain RG-1 and B350 mixed microorganisms. J. Hazard. Mater. 2010,
183 (1−3), 372−380.
(47) Cudmore, R.; Gostomski, P., Biofilter design and operation for
odor control - the New Zealand experience. In Biotechnology for Odor
and Air Pollution Control; Shareefdeen, Z.; Singh, A., Eds.; Springer
Science & Business Media: Berlin, Germany, 2005; pp 235−252.
(48) Mpanias, C. J.; Baltzis, B. C. An experimental and modeling
study on the removal of mono-chlorobenzene vapor in biotrickling
filters. Biotechnol. Bioeng. 1998, 59 (3), 328−343.
(49) Kim, S.; Deshusses, M. A. Development and experimental
validation of a conceptual model for biotrickling filtration of H2S.
Environ. Prog. 2003, 22 (2), 119−128.
(50) Betlach, M. R.; Tiedje, J. M. Kinetic explanation for
accumulation of nitrite, nitric oxide, and nitrous oxide during bacterial
denitrification. Appl. Environ. Microbiol. 1981, 42 (6), 1074−1084.
(51) Conthe, M.; Wittorf, L.; Kuenen, J. G.; Kleerebezem, R.; van
Loosdrecht, M. C. M.; Hallin, S. Life on N2O: deciphering the
ecophysiology of N2O respiring bacterial communities in a continuous
culture. ISME J. 2018, 12 (4), 1142−1153.
(52) Conthe, M.; Wittorf, L.; Kuenen, J. G.; Kleerebezem, R.; Hallin,
S.; van Loosdrecht, M. C. M. Growth yield and selection of nosZ clade
II types in a continuous enrichment culture of N2O respiring bacteria.
Environ. Microbiol. Rep. 2018, 10 (3), 239−244.
(53) Frutos, O. D.; Quijano, G.; Aizpuru, A.; Muñoz, R. A state-of-
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