Chinese Chemical Letters 31 (2020) 28-38

journal homepage: www.elsevier.com/locate/cclet

Contents lists available at ScienceDirect CCL

Chinese Chemical Letters

Review

N>O emission in partial nitritation-anammox process ®

Check for
updates

Li Li*®€, Yu Ling*®¢, Haiyan Wang®®“*, Zhaosheng Chu®“%* Guokai Yan®P*,

Zewen Li*®¢, Tong Wu?P<

2 State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental Sciences, Beijing 100012, China

b Engineering Center for Environmental Pollution Control, Chinese Research Academy of Environmental Sciences, Beijing 100012, China

€ National Engineering Laboratory for Lake Pollution Control and Ecological Restoration, Chinese Research Academy of Environmental Sciences, Beijing 100012, China
d State Environmental Protection Key Laboratory for Lake Pollution Control, Chinese Research Academy of Environmental Sciences, Beijing 100012, China

ARTICLE INFO

Article history:

Received 19 March 2019

Received in revised form 14 June 2019
Accepted 18 June 2019

Available online 19 June 2019

Keywords:

N,O emission

Greenhouse gas

Partial nitritation-anammox
N>O production mechanisms
Influencing factors
Microbial community

ABSTRACT

Nitrous oxide (N,O) is one of the significant greenhouse gases, and partial nitritation-anammox (PNA)
process emits higher N,O than traditional nitrogen removal processes. N,O production in PNA mainly
occurs in three different pathways, ie., the ammonia oxidizing bacteria (AOB) denitrification, the
hydroxylamine (NH,OH) oxidation and heterotrophic denitrifiers denitrification. N,O emission data vary
significantly because of the different operational conditions, bioreactor configurations, monitoring
systems and quantitative methods. Under the common operational parameter scopes of PNA, N,O
emission via NH,OH oxidation dominates at relatively low dissolved oxygen (DO), low inorganic carbon
(IC), high pH or low NO, ~ concentration, while N,O emission via AOB denitrification dominates at relative
higher DO, higher IC, lower pH or higher NO,~ concentration. AOB are highly enriched while nitrite-
oxidizing bacteria (NOB) are rarely found in partial nitritation process, and the order Nitrosomonadales of
AOB is the dominant group and N,O producer. Anammox bacteria, AOB and certain amount of
heterotrophic denitrifying bacteria are observed in the anammox process, the genus Denitratisoma and
the heterotrophic denitrifying bacteria in the deep layer of anammox granules are the dominant N0
generation bacteria. In one-stage PNA reactors, anammox bacteria account for a large fraction of the
biomass, AOB account for small portion, and NOB account for even less. The microbial community,
diversity and N,O producers in one-stage PNA reactors are similar with those in two-stage PNA reactors.
The dominant anammox bacteria, AOB and NOB in PNA are the species Candidatus Brocadia, the genera of
Nitrotoga, Nitrospira and Nitrobacter, and the genus Nitrosomonas, respectively. The relations between
N,O emission pathways and microbial communities need further study in the future.
© 2019 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

which has increased steadily at 0.73 + 0.03 ppb per year in the past
three decades, and was 40% higher than that of pre-industrializa-

About 10 Gt CO,-eq total anthropogenic greenhouse gas (GHG)
had increased in each year between 2000 and 2010, which was
mainly from energy consumption, industrial production, transpor-
tation and building activities, and the emissions of methane (CHy),
nitrous oxide (N,0), and fluorinated gases accounted for 27% of the
total non-CO, GHG emissions in 2010 [1]. Since the beginning of
industrialization, N,O concentration in the atmosphere increased
1.2 times, which accounted for 6.2% of the total anthropogenic GHG
emissions in 2010. In 2011, atmospheric N,O reached 324 ppb,

* Corresponding authors at: State Key Laboratory of Environmental Criteria and
Risk Assessment, Chinese Research Academy of Environmental Sciences, Beijing
100012, China.

E-mail addresses: wanghy@craes.org.cn (H. Wang), chuzs@craes.org.cn (Z. Chu).

https://doi.org/10.1016/j.cclet.2019.06.035

tion period [2]. Compared with CO,, the global warming potential
of N0 is about 265-fold higher and its temperature influence
capacity is 234-fold greater on a 100-year time horizon. The mean
residence time of N,O in the atmosphere is 121 years, which results
in the difficulty of self-purification [3]. Moreover, it is predicted to
be the strongest ozone layer depleting substance [4]. N,O can
transform into nitric oxide (NO) and nitrogen dioxide (NO,), thus
leads to the destruction of stratospheric ozone layer [5,6] and the
formation of photochemical smog and acid rain, which increases
the risk of skin cancer and other illnesses of human beings [7]. In
addition to its impacts on the atmosphere, N,O has great biological
influences for its inactivation of vitamin B;, (cobalamin) [8].

Soil ecosystem is the dominant N,O emission source, and more
than 65% of the atmospheric N,O is derived from the nitrification and
denitrification processes in this ecosystem [9]. Agricultural soils
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approximately account for 50% of the world’s anthropogenic N,O
emissions [10], which is mainly resulted from fertilizer utilization
[1]. Marine and forest ecosystems, followed by fossil fuels burning
and chemical production processes are important N,O emission
sources as well [3]. Wastewater treatment plants (WWTPs) have
been proved to be a key anthropogenic source of atmospheric N,O
[11-14], and N,O from wastewater treatment accounts for 3.2%-
10.0% of the total emissions including N,O emissions from cultivated
soils, biomass burning, combustion, industrial and waste treatment
processes [15-17]. Some studies reported that N,O emissions
contribute to more than 80% of the total GHG discharged from
WWTPs [18,19]. N,O emission from WWTPs increases rapidly with
the fast construction of WWTPs in these years. Tallec et al. reported
that global N,O emissions rise at certain rate with the increase of
N,O0 emission from WWTPs [20], which is mainly resulted from the
introduction of anoxic zones and low dissolved oxygen (DO)
concentration for nitrogen removal improvement to meet the
stricter legislation [21]. An inventory of USEPA [22] shows that N,O
emission from domestic wastewater treatment systems increases
1.6 Tg CO,-eq during 20 years, and it contributes to 1.6% of the global
N,O emissions in 2010. Brandes et al. estimated that N,O from
WWTPs accounts for 2.3% of its total emissions in Netherlands [23].
Even if 0.5% of the removed nitrogen transforms into N,O, the GHG
footprint of N,O emission is comparable to that of the indirect CO,
emission caused by energy consumption in conventional biological
nutrient removal WWTPs [24]. Several enhanced biological
nitrogen removal (BNR) processes including partial nitritation-
anaerobic ammonium oxidation (anammox) (PNA) and simulta-
neous nitrification and denitrification (SND), are developed to make
up for the cost and effect deficiencies of conventional BNR processes
for the treatment of high ammonium (NH4") wastewater [25,26].
PNA reactions are illustrated at Egs. (1) and (2) [27], in which about
half of the influent NH," converts to NO,~ by ammonia-oxidizing
bacteria (AOB), while the residual NH4" reacts with the generated
NO,~ to produce N, by anammox bacteria, and small amount of
NOs5~ is generated simultaneously.

NH,* + 1.380, + 1.98HCO;~ — 0.018CsH;NO, + 0.98NO,~ + 1.89CO,
+2.93H, (1)

NH4" + 1.32NO,~ + 0.066HCO3~ + 0.13H" - 1.02N, + 0.26NO5~ +
0.066CH»0¢5Ng 15 + 2.03H,0 (2)

PNA can be classified into one-stage and two-stage systems. The
one-stage system integrate the partial nitritation process and
anammox process in a single reactor, while the two-stage system
separate them into two reactors. The critical step of partial
nitritation is AOB enrichment and nitrite-oxidizing bacteria (NOB)
suppression achieved by the control of DO and related chemical
substances.

One-stage PNA is usually applied in the side-flow treatment
process, and the two-stage system can be applied in mainstream
treatment processes under different conditions, such as low
effluent concentration requirement, low temperature and high
hydraulic loading [28]. Compared with conventional processes,
PNA systems can substantially save energy because of less oxygen
consumption, no external carbon source addition and lower sludge
production [29]. However, N,O emission of PNA systems is
obviously higher than traditional nitrification/denitrification
systems, which might be resulted from the high NO,~ accumula-
tion and NH,4" conversion rates [30]. Kampschreur et al. reported
that N,O emission from one-stage PNA systems is lower than that
from two-stage systems [31].

In this paper, the N,O emission mechanisms in PNA processes
are reviewed, and then the N,O emission data in different scale

PNA processes are compared. The key N,O emission influencing
factors such as DO, pH, inorganic carbon (IC)/alkalinity/IC to
nitrogen ratio (IC/N) ratio, temperature and NO,  concentration
are thoroughly discussed as well. Furthermore, different N,O
sampling and analytical techniques for gas-phase, liquid-phase
and sludge granule N,O are introduced. N,O emission related
microbial communities in separate partial nitritation or anammox
reactor of two-stage PNA as well as one-stage PNA reactor are
analyzed. Finally, the perspectives of N,O emission control in PNA
are put forward.

2. N0 production mechanisms in PNA
2.1. N>0 production mechanisms in partial nitritation

During partial nitritation process, N,O is generated by AOB in
two different pathways (Fig. 1). One is AOB denitrification, i.e., the
reduction of NO,~ to N,O via NO reaction by AOB. AOB including
Nitrosomonas europaea and N. eutropha affiliated with the order
Nitrosomonadales contains homologues of nirK and norQB that
encode periplasmic copper containing NO, ™~ reductase (NirK) and
NO reductase (Nor), respectively [32]. Under high NO,~, oxygen
limiting, complete anoxia or aerobic conditions, AOB can reduce
NO,~ with hydrogen gas or pyruvate as possible electron donor to
produce certain amounts of N,O and NO. The other pathway is
hydroxylamine (NH,OH) oxidation, i.e., N,O is produced as by-
product during incomplete oxidation of NH,OH to NO;~
[29,33,34]. During the oxidation of NH,OH to NO,~, nitrosyl
radical (NOH) or NO acts as intermediate, and N,O can be
generated from both NOH decomposition and NO reduction [35].
Harper et al. discovered a novel abiotic N,O generation reaction
between NH,OH and NO, ™ in activated sludge system (Eq. (3)), and
its generation rate was 1-3 orders of magnitude greater than the
biological generation rate. What is more, the existence of activated
sludge strengthens the abiotic N,O production rate [36].

NH,OH + HNO, — N,O + 2H, (3)

N,O emission via abiotic pathway accounts for 1.1% of the total
nitrogen loading in partial nitritation reactor [37], which is
comparable with the N,O emission via biological pathways in
anoxic condition recovery process during AOB cultivation [38].

N,O can be generated simultaneously by the pathway of NH,OH
oxidation and AOB denitrification, which is verified by isotope
labeling technique [39]. In the initial aeration phase of a lab-scale
granular SBR partial nitritation for the treatment of 300 — 400
mg N L' synthetic wastewater, N,O generation by NH,OH
oxidation accounts for 65% of the total N,O production, and in
the latter phase N,O production via AOB denitrification is almost
equivalent with that via NH,OH oxidation [39]. AOB denitrification
is the dominant N,O production pathway during the partial
nitritation process [32,40,41].

N,O
Abiotic
pathway

NHs === NH,0H == NO, === NO;,
1 AOB

NH,OH denitrification
oxidation NO or
heterotrophic
NO.N:O N/ denitifiers
ﬂ denitrification

N,

Fig. 1. N,0 production pathways during PNA process.
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2.2. N0 production mechanisms in anammox

Anammox process accounts for a small part of N,O emission in
PNA. The most likely N,O emission pathway in anammox reactor is
heterotrophic denitrifiers denitrification occurred in the inner part
of anammox granule (Fig. 1) [42]. Complete heterotrophic denitrifi-
cation process contains four steps, i.e., NO3~—=NO, —-NO—-N,0—-N,,
and N,O discharge is caused by inappropriate DO, C:N ratio
limitation, low pH, NOs;~ and NO,~ concentration inhibition,
etc. [43,44].

It is reported that N,O emission in anammox process account
for 0.10% + 0.07% [42], 1.67% [45] and 0.46% [46] of nitrogen
loading, and the predicted N,O production factor of mechanistic

model range from 1.7% to 2.9% [47]. Ali et al. reported that 70% N,O
emission occurred in the AOB-dominated aerobic surface zone of a
one-stage PNA granular reactor while 30% occurred in the
anammox bacteria-dominated anoxic zone, and NH,OH oxidation
and AOB denitrification had almost the same contribution for N,O
emission by AOB-related pathways [48]. In full-scale two-stage
PNA reactor, N,O emission in anammox process is always
negligible [49].

3. N>O emission comparison

N,O emission varies greatly for different scale partial nitritation
and PNA processes (Table 1), which accounts for 0.35%—6.60%

Table 1

N,O emission data reported during partial nitritation and PNA process for different scales.
Wastewater Bioreactor configuration Process N0 emission Comments Ref.
1. Full-scale

Digested potato industrial wastewater
(264mgN L 1)

Retrofitted four-stage new
activated sludge plant

Two-stage PNA 5.10%-6.60% of the nitrogen

No N,0 emission detected from [49]

loading in partial nitritation the followed anammox reactor

Local potato processing plant wastewater — Granular sludge reactor One-stage PNA  2.00% of the total influent Intense aeration resulted in [50]
(N-loading, 1750 mg NH4*-N L™1 d™ 1) nitrogen higher N,O emission

Anaerobic reject water (1050-1500 mg Single reactor high activity Partial 3.70% of the influent NH;*-N Low DO concentration and [51]
NH4*-N L) NH,4" removal over NO, nitritation loading longer anoxic phase led to

(SHARON)

Reject water (1476 mg NH,*-N L) bio-film MBBR (1400 m?)
2. Pilot-scale
Reject water

(977 mg NHs-N L)

MBBR (2001L)

One-stage PNA 0.35%-1.33% of the total

increased N,O emission
N,O production related to [52]

nitrogen loading aeration and nitrogen loading

One-stage PNA  0.51%-1.29% of the total - [52]

nitrogen loading

Fresh raw landfill leachate (2184 mgN L~') SBR (111-250L) Partial 3.60% of the nitrogen loading  N»O production took place [53]
nitritation mainly during the anoxic phase
(60%)
3. Lab-scale
Liquid effluent of an UASB reactor for Continuous reactor Partial 0.60%-2.60% (average 1.90%) of - [54]
concentrated without intentional biomass nitritation the total nitrogen loading

black water treatment

(1500 mg NH,*-N L)
Synthetic wastewater

(5.8-54mg NH,*-N L)

retention (3.2L)

film reactor (800 mL)
Up-flow granular sludge
anammox reactor (150 mL)

Synthetic reject water SBR (81L)

(1000 mg NH,-N L)

Up-flow partial nitritation bio- Two-stage PNA 4.00% + 1.50% and 0.10% =+

Partial
nitritation

N,O emission from the partial [42]
nitritation reactor correlated to

NO, ™ concentration

The active N,O production zone
located in the inner part of the
anammox granule

Specific N,O production was [55]
the lowest when pH ranged

from 6.0 to 7.0, which increased

with pH to the maximum value

at pH 8.0

0.07% of the influent nitrogen
loading for partial nitritation
and anammox reactor,
respectively

1.00% + 0.10% of the NH,*
converted

Synthetic wastewater Sequencing batch Partial 1.50 & 0.22% of the influent The intermittently aeration was [56]
(389 mg NH4*-N L™ 1) bio-film reactor (SBBR) nitritation nitrogen loading likely to induce more N,O
production
Synthetic wastewater Granular sludge SBR (21L) Partial 0.80% + 0.40% of the influent  NH,OH oxidation pathway [39]
(350 mg NH,*-N L) nitritation nitrogen load accounted for 65% of the total
N,O production
Synthetic wastewater SBR (4L) Partial 0.10% + 0.41% of the influent Most N,O produced in the oxic [57]
(600mg NH,*-N L) nitritation nitrogen surface layer of flocs
Synthetic wastewater Granular SBR (1L) Partial 1.40%-2.90% of the oxidized pH and DO have positive [58]
(220mg NH4*-N L™ 1) nitritation NH,* influence on N,O production

Synthetic wastewater SBR (21L) One-stage PNA 0.98% + 0.42% of the influent  The contributions of NH,OH [48]
(300mg NH;*-N L 1) nitrogen loading oxidation and AOB
denitrification to N,O
production were roughly equal
Synthetic wastewater SBR (1.5L) Partial Around 3.30% of the nitrogen  AbioticN,O emission accounts [37]
(365 mg NH,*-N L) nitritation oxidized in nitritation for 1.1% of the total nitrogen in
nitritation
Synthetic wastewater SBR (4 L) Partial 0.57%-2.35% of the influent N,O production increased with [59]
(600 mg NH;*-N L") nitritation nitrogen the decreasing of DO
concentration
Synthetic wastewater Granular sludge airlift reactor  Partial 1.50% + 0.30% and 3.70% =+ N,O gas emission increased [29]
(70 mg NH4*-N L™ 1) (1.5L) nitritation 0.50% of the converted NH;" at when the temperature was
10°C and 20°C, respectively higher than 15°C
Synthetic wastewater SBR (4L) One-stage PNA 1.10% + 0.50% of the removed 80% N,O production occurred [60]

(300 mg NH;*-N L")

NH4*-N

during aerated phase, 20%
occurred in non-aerated phase




L. Li et al. /Chinese Chemical Letters 31 (2020) 28-38 31

[49-52] of nitrogen loading for full-scale plants, 0.51%—3.60%
[52,53]for pilot-scale reactors and 0.08%—4.00% [54-60] for lab-
scale reactors. The operational conditions, bioreactor configura-
tions and processes are probably the key reasons for N,O emission
variation, while the monitoring systems and quantitative methods
also have influences on the results. Since N,O emission proportion
of both nitrogen loading and converted/oxidized/removed NH,"
are frequently used in different studies, the N,O emission data
listed in Table 1 are incomparable. Therefore, standardized
monitoring and quantification methods are urgently needed for
the comparison of N,O emission in different studies and the
exploration of N,O generation mechanisms, and unified N;O
emission evaluation method will benefit all of the studies. Up to
now, most studies focus on lab-scale researches for synthetic
wastewater treatment, and further studies should be carried out
for pilot-scale and full-scale biological treatment of practical
wastewater, thus to assess the contribution of N,O emission in PNA
process to the GHG footprint.

4. Influencing factors
4.1. DO

4.1.1. DO concentration

N,O generation and emission in PNA are significantly influ-
enced by DO concentration, e.g., N,O emission decreases from
2.35% 4+ 0.32% to 0.57% + 0.08% of the influent nitrogen loading
when DO increases from 0.35 mg/L to 0.85 mg/L in an autotrophic
partial nitritation reactor for high-NH," (600 mg NH,"-N L71)
wastewater treatment [59]. N,O generation by NH,OH oxidation
way is suppressed when the increasing DO inspires the nitrifying
activity of complete conversion of NH,OH to NO,~, and the
comparatively large N,O emission decrease indicates that NH,OH
related way is an important pattern of N,O production [59]. Similar
conclusions are obtained in a granular airlift nitritation reactor, in
which N,0 emission increases with DO decrease in the range of
1-4.5mg 0, L1 [61], and this phenomenon might be caused by
the variation of N,O production pathway. N,O emission increases
with DO increase (with maximum to 0.2 mg/L) in a one-stage PNA
reactor, which is resulted from the enhanced nitrifier denitrifica-
tion related to NO,~ accumulation [62]. In autotrophic partial
nitritation process, DO increase in the bulk (from 1.1 mg/L to
2.3 mg/L) stimulates N,O production [58] due to the reinforcement
of NH3/NH," oxidation, NO,~ accumulation and nitrifier denitrifi-
cation in the reactor.

It is difficult to distinguish the influence of DO and NO,~
concentration on N>O emission because DO always influences N,O
emission via NO,~ accumulation. N,O emission decreases prelim-
inarily with DO increase as the N,O emission via NH,OH oxidation
is suppressed. However, when NO,~ accumulates to certain
amount in the reactor, N,O emission increases with DO increase
for the inducement of AOB denitrification by high NO,~
concentration. The influences of NO,~ accumulation on its
oxidation and N,O emission under high DO conditions are not
discussed in the researches mentioned above, and the influencing
mechanisms of DO on N,O emission should be further investigated
by advanced technologies.

4.1.2. Aerobic or anoxic conditions

N,O0 production during the aerobic or anoxic periods varies in
different studies. Aerated zones in WWTPs have greater probability
of N,O emission compared with non-aerated zones or anoxic
conditions[12,63].Ina full-scale one-step intermittent aeration PNA
process, over 90% N,O emits from the aerated stage, and less than 8%
emits form the non-aerated stage [52]. In a lab-scale one-stage
intermittent aeration SBR PNA process with 300 mg NH,*-N L'

influent, about 80% N,O emits from the aerated phase while 20% from
the non-aerated phases [60]. Even though the aerobic phase is 4
times longer than the anoxic phase, the latter produces 60% of the
N,O of partial nitritation SBR reactors for treatment of fresh landfill
leachate. Higher rate of NO, ™ denitrification than N,O denitrification
in anoxic phase is the main reason for high N,O accumulation [53].
Similar conclusion is obtained in a full-scale partial nitritation SBR,
and 66% N,O is generated in the anoxic phase, which accounts for
only 36% of the whole cycle time [51].

4.1.3. Aeration pattern

The aeration pattern (the transition of aeration intensity and
time) influences N,O emission strongly by impacting the pathway
and rate of N,O formation and stripping during PNA process
[50,52,60].

Intense aeration improves DO concentration and then
increases N,O emission during the PNA processes, while DO
decreases during mild aeration periods and then strengthens N,O
production by heterotrophic denitrification. Since PNA processes
have high susceptibility of DO concentration, both one-stage and
two-stage processes are affected by aeration pattern. The N,O
emission rate during intense aeration is higher than that in mild
aeration period, which is mainly caused by the enhanced N,O
stripping and the higher rate of NO,~ accumulation [50].
Transient aeration patterns, i.e., improving the DO from low level
to high level in a short time, have higher N,O emission rate than
continuous aeration patterns in a full-scale granular PNA process
[50]. Yu et al. demonstrated that the metabolism imbalance of
nitrifying bacteria for recovery from transient anoxic period
generates N,O during nitrification [32].

Frequent switch of anoxic-oxic conditions also produces much
N,O by AOB. When the continuous NH5 feed system changes from
strict anoxic to oxic condition, high NH; oxidation rate causes the
transient accumulation of NH,OH and then increases N,O
production through NH,OH oxidation pathway [35]. Nevertheless,
this conclusion is inferred only from the substrate and electron
equilibrium theory, and the mechanism of N,O production
increase by AOB in transient anoxic-oxic condition remains to
be verified experimentally. However, since the heterotrophic
denitrifying bacteria often exist in one-stage PNA reactor, the
frequent switch of anoxic-oxic conditions suppresses heterotro-
phic denitrifying bacteria activity and then decreases N,O
generation through heterotrophic denitrification pathway [52].
The N,O generation trend is complicated during intermittent
aeration. N,O concentration increases to a peak rapidly at the
beginning of aerated phase, and gradually decreases to a transient
minimum, then increases again as aeration continued. When the
aeration stopped, N,O reduces to nearly the background concen-
tration in a lab-scale intermittent aerated SBR [60]. The importance
of N,O production through the pathway of triggering AOB or
suppressing heterotrophic denitrifying bacteria in PNA with
intermittent aeration should be further studied. The aeration
intervals also influence N,O emission during PNA process.
Prolonged aeration period enhances N,O generation, and short
aeration time is recommended to reduce N,O emission [50,64].

It seems that smooth and low frequency transition between
different aeration patterns reduce N,O emission while sudden and
frequent switch strengthen N,O emission in PNA reactors.

4.2. pH

pH has been widely used as controlling factor for the
improvement of nitrogen removal efficiency in PNA reactor, and
its remarkable influence on N,O production is reported in different
studies [40,55,58,65]. The effect of pH on N,O production in PNA
can be classified in two pathways, one is realized by direct
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influence on bacteria activity while the other is achieved indirectly
by the influence of free ammonia (FA) and free nitrous acid (FNA)
concentration (Egs. (4) and (5)) [55].

NH,* < NHj + H* pKa=9.25 at 25°C (4)

NO,~ + H,0 < HNO,+OH~ pKa=3.25 at 25°C (5)

FA is reported as the true substrate used by AOB [66], which
increases with the increase of pH and thus inhibits AOB activity
[67]. FNA is the protonated species of NO,  depending on the
accumulated NO,~ and pH in BNR systems (Eq. (5)). The decrease
of pH increases FNA concentration, which inhibits the activity of
both AOB and NOB, and thus influences N,O production
accordingly [68]. In addition, FNA is reported as the actual
inhibitor of N»O reduction. 0.004 mg HNO»-N L~! FNA can inhibit
N,O reduction completely in denitrification using the denitrifying-
enhanced biological phosphorus removal sludge [69].

The probable mechanism of FNA influence on N,O reduction is as
follows: the two metal centers, i.e., Cua (a binuclear copper center)
and Cuyz (atetranuclear copper-sulfide center), are contained by N,O
reductase, and FNA inhibits N,O reduction by binding to the active
sites of Cu-containing enzymes [70]. Similar conclusion is obtained
in BNR sludge, and NO3™ reduction is totally inhibited when FNA is
greater than 0.2 mg HNO,-N L~ '. NO, ~ reduction is also inhibited by
FNA, but the inhibitory effect on NO, ~ reduction is weaker than that
on NOs;~ reduction [71]. AOB activity decreases 50% when
0.42 — 1.72 mg HNO,-N L~ ! FNA is applied in BNR system [70],
and 50% AOB activity inhibition occursin a partial nitritation reactor
with 1.32 mg HNO,-N L™ ' FNA [72]. As shownin Egs. (6) and (7), FNA
[73] and FA [74] are related with NO,~ concentration, total NH5-
nitrogen concentration, pH and temperature.

47  NO, —-N

FNA (mg HNO, N L'!) = 147 %9 . 100"

(6)

17 TAN x 10”1

-1
FA (mg NH3 L ) :ﬁ X e[267334f[] +1OPH

(7)

In PNA process, N,O is principally generated through AOB
denitrification, NH,OH oxidation and denitrifiers denitrification. In
high AOB enriched partial nitritation system fed with synthetic
anaerobic digester liquor, the maximum N0 production occurs at
pH 8.0 and the minimum production occurs in pH 6.0-7.0. When
pH ranges from 6.0 to 8.5, positive linear relationship between N,O
production rate and NH," oxidation rate is observed [55], which
indicates that pH affect N,O production by direct influence on AOB
activity. N,O production decreases in a partial nitritation SBR while
pH decreases gradually from 8 to 6.5 [75]. Similarly, N,O
production rates increase with pH increase after influent addition
in two lab-scale nitritation SBRs, and the dominant N,O generation
pathway is AOB denitrification during the whole nitritation
process [40]. The exact mechanisms of pH influence on enzymes,
N,O production pathways and relative bacteria are not revealed.
However, opposite conclusion is obtained in a lab-scale partial
nitritation SBR, in which N,O production decreases when pH
increases from 7.5 to 8.5 during the aeration period of a single
cycle, and AOB denitrification is the dominant N,O generation
pathway at pH 7.0 and 7.5 while NH,OH oxidation becomes the
dominant pathway at pH 8.0 and 8.5 [76]. The above-mentioned
phenomenon indicates that lower pH is favorable for N,O
production through AOB denitrification pathway. When pH
increases from 7.5 to 8.0, the decrease of AOB denitrification
N,O production is greater than the increase of NH,OH oxidation
N,O production.

The indirect pH influence on N,O production through FNA
pathway during PNA process is also studied. The highest N,O
emission is obtained at pH 7.5 in the pH range of 7.0 to 8.5, and the
FNA concentrations at pH 6.5 and 7.5 are high enough to inhibit
N,O reductase completely according to equation (Eq. (6)).
Furthermore, N,O emission via AOB denitrification decreases as
pH increases from 6.5/7.5 to 8.5 in partial nitritation granules,
which is resulted from the increase of N,O reduction activity
caused by FNA decrease [58].

N,0 emission in PNA is influenced by pH directly or indirectly. It
seems that N,O generation via AOB denitrification decreases while
that via NH,OH oxidation increases with the pH increase. The
overall N,O production in PNA reactor depends on the proportion
of the two reported pathways, NO, /NH3 concentration and DO
level. Up to date, most researches focus on the pH influence on N,O
emission in PNA process, and the exact mechanisms of pH
influence on enzymes, bacteria and pathways of N,O production as
well as the optimum pH for minimum N,O emission need further
investigation.

4.3. IC, alkalinity and IC/N ratio

IC is competitively used by AOB, NOB and anammox bacteria,
which are all autotrophic microorganisms, as the preferred
assimilative carbon source in PNA system. Sufficient IC is required
to guarantee high nitrogen removal efficiency. The popular IC, i.e.,
bicarbonate, is usually served as alkalinity to buffer pH in PNA
process. Alkalinity is often consumed to neutralize pH during the
partial nitritation stage, which leads to acid production, and
contrary phenomenon happens in the anammox stage. Therefore,
IC is a crucial factor for N,O generation in PNA process. Alkalinity
(mostly contributed by IC) varies greatly for different wastewaters,
which ranges from 1.5 mmol C L™ to 3.5 mmol C L~! for domestic
wastewater and reaches 20 mmol C L~! for high-strength leachate,
septic sludge and digester supernatant [77]. Since alkalinity has
close relation with IC concentration, it can also affect N,O
production during PNA process.

Large number of studies focus on the effect of IC concentration
on microbial activity and diversity. The responses of AOB, NOB and
anammox bacteria to IC limitation are quite different in PNA. The
bioactivities of AOB and anammox bacteria are suppressed by low
IC or IC shortage while that of NOB is slightly affected even at
0.1 mmol C L' IC [27,78-80], and 250 mmol C L~! influent IC is
suggested as the optimal value for PNA process [27]. Researches
demonstrate that NOB can utilize small amount of CO,, which is
produced by heterotrophic biomass, to sustain their slow growth.
Another explanation is that NOB can grow mixotrophically, i.e.,
they can grow in heterotrophic mode with limited IC [78,79,81,82].
The increase of IC enhances the activity of AOB, NOB and anammox
bacteria [83], but anammox bacteria limitation occurs at too high
IC concentration in one-stage granular PNA reactor [48]. Sufficient
IC is necessary in PNA to sustain bacterial activity and nitrogen
removal efficiency, and sufficient IC is usually supplied to avoid
negative effects in engineering applications [84].

Moreover, IC/N is another index for the evaluation of IC
influence on bacteria activity and diversity in PNA reactor. 1.2 [85]
and 1.5-2.0 C/N [80] are recommended for stable high-rate PNA in
consideration of the low IC/N inhibition on AOB activity and high
IC/N inhibition on anammox activity. The IC/N direct influence on
N,0 emission has not been studied.

Researches about the relationship of N,O emission and IC
concentration are quite limited. Decrease of IC addition increases
N,O emission in PNA process, and the N,O is supposed to be
produced by AOB-related pathway [79]. The possible reason is that
decreased IC suppress AOB activity and then strengthen N,O
generation via NH,OH oxidation. N,O emission in anammox
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correlates positively with IC concentration within the range of 20-
180 mg/L at fixed nitrogen loading rate, and 55-130 mg/L IC are
optimal for relatively high nitrogen removal rate and low N;O
emission [84]. N,O emission increases in both excessive and
limited IC conditions [86]. Quite a few studies investigate the IC
influence on N,O production-related microbial communities, but
few focus on the effect of IC on N,O production pathway and its
emission. More studies should be carried out to research the N,O
production mechanism under different IC conditions in PNA
system, thus to support practical applications.

4.4. Temperature

Two-stage and one-stage PNA processes are usually operated at
similar temperature ranges. In two-stage PNA processes, partial
nitritation reactors are often operated at 30-35°C [55,56] due to
the higher growth rate of AOB than NOB at this scope [87], and
anammox reactors are successfully performed in a wider range of
30-37°C. In one-stage PNA system, the reactors are frequently
operated at 29-37 °C to guarantee high nitrogen removal efficiency
[48,50,60,88]. Low temperatures as 16°C [89], 15.3°C [90] and
15°C [91] are applied to PNA process to decrease energy
consumption [92], and 15°C is successfully applied in lab-scale
one-stage PNA systems [88,93], which implies the possibility of
economical and effective application of PNA for low-temperature
wastewater treatment in cold areas. However, the anammox
growth rate decreases at 15 °C [94] or high temperature as 40 °C,
and the biomass starts to lyse at 45°C [95].

Temperature influences N,O generation by affecting bacteria
activity and N,O stripping rate. The increase of temperature
enhances the AOB growth rate and the specific growth rate
discrepancy between AOB and NOB, thus eliminates NOB gradually
and further stimulates N,O production via AOB denitrification and
NH,OH oxidation [96]. Besides, high temperature also enhances
N,O stripping. Temperature also affects AOB activity through
influencing FA and FNA. FA inhibition of AOB activity happens
mainly at 25°C while both FA and FNA inhibition occurs at 35°C in
partial nitritation SBR [97], which is resulted from the strong
dependence of FA and FNA on temperature (Eqgs. (6) and (7)).

In an enriched nitrifying granular sludge reactor with
37 £ 8 mg/L influent NH4*-N, which performs partial nitritation
at 10-20 °C, the highest N,O production is observed at 20 °C, and
3.7% 4+ 0.5% NH4"-N is converted. Furthermore, it is speculated that
high N,O generation rate and stripping ratio result in great N,O
emission at high temperature [29], but the exact reason is still
unclear. N0 is less soluble at 25 °C or higher temperatures, so its
stripping from wastewater to gas phase is more intensive, which
leads to N,O emission enhancement [29,98].

4.5. NO,~ concentration

NO,~ concentration can influence N,O production amount
(rate) and its main generation approach because it is involved in
both partial nitritation and anammox processes. NO,  increase
enhances N,O emission during nitritation process [30,31,99], but
NO,~ variation slightly influences N,O emission in anammox
process [31]. In a lab-scale nitrification activated sludge reactor,
N,O emissions are significantly enhanced by adding NO,~ to
10 mg/L at different DO concentrations [21]. Similar trend is also
observed in SBR with nitrification mixed culture, and N,O emission
attains to 37.5% when NO,  increases to 15mgN L [100]. In
another lab-scale nitrification activated sludge bioreactor, N,O
production by AOB denitrification is enormously enhanced when
NO, " is added to the NH,"-oxidizing system, and the N,O emission
rate increases slightly with the increase of NO,~ concentration
[33]. Both intermittent (5-50mgNO, -N L!) and continuous

(0-150 mg NO,~-N L') NO,~ addition obviously stimulate N,O
generation during NH4" oxidation in a nitrification lab-scale
reactor [30]. NO,~ increase promotes AOB denitrification by
stimulating nirK gene expression [101] and inhibiting N,O
reductase activity [102], thus leads to higher N,O production via
AOB denitrification pathway.

However, NO,~ stimulating effect on N,O production only
exists in specific NO, ™ range in AOB culture, and N,O production
decreases when the NO, ™ of nitritation system is too high, which is
resulted from the suppress of AOB denitrification by NO,™. In an
AOB culture enriched SBR, NO,~ stimulation on N,O production
rate occurs when NO, ™ is below 50 mg N L™, and AOB related N,O
production rate decreases gradually when NO, ranged from
50mgN L~! to 500mgN L™, which is about zero when NO,~ is
above 500 mgN L! [103].

NO,~ concentration also influences the dominant N,O pathway.
AOB denitrification is the dominant N,O production pathway
under low DO, moderate NO,~, low NH5 concentration conditions
while NH,OH oxidation is dominant at high DO, low (e.g., under
11.5mgN L 1) or high (e.g. exceeded 500 mg N L ') NO,~ and high
NH;3 conditions [104]. Few studies focus on the NO,- influence on
N,O emission in anammox process. No obvious N,O emission
fluctuation is observed with the variation of NO, ™ in a full-scale
anammox reactor [31].

Current studies mainly focus on the influence of NO,~ on AOB-
related N,O emission in mixed nitrifying culture. AOB-related N,O
emission is also dominate in one-stage PNA and the partial
nitritation reactor of two-stage PNA, and further studies are
needed to investigate the influence of NO,™ on N,O production in
PNA systems.

5. N,O measurement

N,O emission varies greatly for different PNA bioreactors and
operating conditions. Apart from the inherent differences of
bioreactors and operation conditions, the sampling, measuring and
analytical methods also play important roles in the high disparity
of N,O emissions, and thus influence the investigation of N,O
generation and its transfer mechanisms.

5.1. Sampling methods

For off-line analysis, gas or liquid samples are needed for
analysis. In lab-scale bio-reactors, the gas-phase samples are
usually grasped by gas sampling bag, which is equipped with
turning screw open/close valve at specific time of cycle operation
and located at the upper part of the bioreactor. The accurate
volume is measured using inverted cylinder filled tap water at pH 3
[84]. Then, the gas samples are injected into evacuated glass serum
vials which are sealed with rubber stopper and aluminum cap for
sample preservation [48]. In full-scale WWTPs, closed chambers
are commonly used to measure the gas fluxes from water surface.
The dissolved N5O strip from the liquid phase to gas phase during
aeration, and the gas is blown into the chamber headspace for
sampling in non-aerated stages. The samples are obtained from the
headspace manually or automatically at specific intervals [17]. The
sampling chamber is placed over the water surface to collect and
then analyze N,O change for a period of time [105]. For off-line
liquid phase N0 analysis, samples are collected directly from the
bioreactor. Then the dissolved N,O will be extracted by headspace
equilibration technique through heating the samples at constant
temperature and shaking them to reach partition equilibrium
quickly. The concept of equilibrium solubilities implies that there is
a partition equilibrium between gas-phase and liquid-phase N,O
at constant temperature equilibrium state. Therefore, the head-
space equilibration technique can be used to calculate the
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dissolved N,O from the equilibrated concentration in the
headspace gas-phase N,O [106]. The headspace equilibration
technique is simple, reliable and can be applied to determine
various GHGs [107]. However, the diverging ratios of carrier gas:
water (v/v) and shaking time affect the equilibration efficiencies
for different samples [107]. N,O in sludge granules can’t be
captured and measured off-line.

On-line N,O gas analysis is usually realized by computer-
controlled sampling systems [31]. The off gas is continuously
sampled from the reactor headspace and injected to on-line
analyzer via gas tube [29], and filter is applied to prevent moisture
from entering the on-line analyzer. To avoid overpressure in the
analysis system, a T-shape joint is equipped on the pipeline
connecting the gas outlet of the reactor and the gas analyzer to
release the excessive gas. During the whole analysis process, the
gas flow rate of the analyzer sampling pump is lower than the total
gas flow rate in the reactor [34,108].

5.2. Analytical techniques

5.2.1. Gas-phase N>O

For off-line N,O measurement, the samples are usually injected
into gas chromatograph (GC) equipped with electron-capture
detector (ECD), and argon or nitrogen gas is often applied as carrier
gas for their enhancement of ECD response to N,O [109]. GC
method is firstly used for N,O emission analysis of a full-scale
wastewater treatment plant in 1995 [110]. GC is less expensive
than other analytical methods, and its results can be easily
compared with the large amount of previous research data
obtained by GC technique. Moreover, isotopomer ratios of N,O
in the samples can be measured by gas chromatograph isotope
ratio monitoring mass spectrometry (GC-IRMS) if N,O is labeled by
isotope tracer method [33,48]. However, N,O analysis by GC takes
relatively long time, i.e., 4-6 min per sample [105], which impedes
its application in on-line measuring. Off-line sampling and analysis
systems can only capture gas samples at specific time intervals,
which can not reveal the real-time changes of N,O concentration
and generation.

On-line monitoring can achieve real-time capture and analysis
of N,O in gas-phase, thus increase the accuracy of N,O emission
analysis. The most widely used on-line sensors are infrared
analyzers due to their wide N,O measurement range up to
2000 ppm [17], low detection limit as less than 1.0 ppm [21] and
short data logging time varied from 15s to 1 min for different
apparatus [62]. Less calibration requirements is another advantage
of the infrared analyzers compared with GC methods. Fourier-
transform infrared (FTIR) spectroscopy is the most frequently used
analytical instrument for continuously gaseous N,O flux analysis,
which can measure multiple components, reanalyze spectra,
detect isotopomers with the same molecular mass directly, and
has lower calibration requirements. However, FTIR also has the
disadvantages of high cost and complicated data analysis. Laser
absorption spectroscopy is a rapid and sensitive analytical
technique. It can hardly be interfered by other trace gases, but
requires cryogenic cooling and allows only a single species or pair
measurement per laser [105]. Other on-line sensors include
chemiluminescence and mass spectrometry, and chemilumines-
cence is the higher sensitive one with detection limit of parts per
trillion [17].

Some new methods have been developed to measure gaseous
N,O. Since SnO, reacts with N,O [111], the prototype sensors with
modified-SnO, surfaces are employed for N,O detection in air,
whose detection scope ranges from 10 to 300 ppm at 500 °C [105].
Traditional dissolved N,O Clark-Type sensor is used for on-line
assessment of gaseous N,O emission in full-scale WWTPs (Fig. 2).
N,O Clark-type sensor is a reliable alternative to conventional
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Fig. 2. (A)Full-scale N,0 gas sensor and controller box; (B) Full-scale dissolved N,O
sensor and controller box; (C) Close-up of gas sensor placed in the sampling hood;
(D) Sampling hood placed in full-scale activated sludge SBR. Copied with
permission [112]. Copyright 2019, Elsevier.

methods when N,O concentration is above 500 ppm, which is
more accurate than commercial N,O on-line analyzer [112].

Both gaseous and liquid phase N,O can be measured by micro-
sensors [113]. Various micro-sensors are used to detect GHGs
including electrochemical sensors, resistive semi-conductor sensors
and non-dispersive infrared sensors. Electrochemical gas sensors,
which use the current generated by the reaction between gas and
electrode materials to determine the gas concentration, have the
characteristics of low power consumption, high measurement
accuracy and strong anti-interference [114]. Because the resistance
value of semiconductor device will change when the gas contacts
with it, the gas concentration can be measured by resistive semi-
conductor sensors. Non-dispersive infrared sensors determine the
gas concentrations according to the near-infrared spectroscopy
selective absorption characteristics and the relationship between
gas concentration and absorption intensity (Lambert-Beer law). A
N,O measurement system is conducted based on electrochemical
gas sensors with gold working electrode and silver quasi reference
electrode, and the N,O detection limit is 0.07% (v/v) [115]. N,O can
also be measured by photoacoustic spectroscopy with excellent
repeatability and accuracy, and these methods can be used for N,O
detection in various substances as gas, liquid and solid phases [116].
Nanotubes have the advantages of high surface, high sensitivity and
quick response, and their application for gas adsorption become an
attractive subject. N,O can be weakly adsorbed on pristine
magnesium oxide nanotubes, which is beneficial to N,O micro-
sensor production [117].Samadizadeh et al. replaced a boron atom of
boron nitride sheet with an aluminum atom, and the constructed
“two-dimensional” materials presented higher van der Waals forces
reactivity with N,O molecule than boron nitride sheet, which can be
used to detect N,O [118].

Seven atmospheric N,O analytical instruments as GC instru-
ment (Agilent), FTIR spectrometer (Ecotech), cavity ring-down
spectrometer/quantum cascade laser (CRDS-QCL), G5101-I instru-
ment (Picarro), IRIS 4600 (Thermo Fisher Scientific), OA-ICOS-QCL
instrument (Los Gatos Research) and QCL Mini Monitor (Aerodyne)
are compared in seven aspects, ie., continuous measurement
repeatability and drift, short-term repeatability (STR), long-term
repeatability, linearity, stabilization time, temperature depen-
dence and water vapor correction [119], which shows that new
techniques demand less maintenance and lower operational cost
than traditional GC method for the elimination of unnecessary
consumables as carrier gas, and these new techniques have the
potential to replace GC methods.
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5.2.2. Liquid-phase N>O

For off-line liquid-phase N,0 assessment, GC analysis has been
widely used both in lab-scale reactors and full-scale plants.
Dissolved N,O cannot be measured directly by GC instrument, and
it must be calculated according to headspace equilibration
technique mentioned in Section 5.1 based on the equilibrated
concentration of N,O gas.

On-line dissolved N,O measurement can be achieved by N,O
micro-sensors. N,O-R Clark-type micro-sensor (UNISENSE A/S,
Arhus, Denmark) is used for liquid N,O analysis of a nitrifier-
denitrification system, and the device linked to the micro-sensor
records data every 30 s [40]. N,O micro-sensor with wide range is
applied to the measurement of liquid N,O concentration continu-
ously in partial nitritation reactors with high nitrogen loading [53].

However, traditional GC analysis and Clark type electrode
methods also have disadvantages. It is reported that on-site
sampling method with GC analysis can’t be used for on-line N,O
measurement due to its complicated operation. On-line micro-
sensor measurement needs relatively strict operational process,
which is mainly caused by the delicate, easily contaminated
electrode and its short service time (generally 4-6 months). Based
on gas stripping method, the on-line monitoring device is
integrated by a gas stripping flask, a scum trap flask and an
Emerson MLT4 Rosemount FTIR analyzer [120]. When the
continuous liquid sample stream enters the stripping flask at
certain rate, the N,O generated from sample can be carried out by
the constant-flow nitrogen stripping gas to the Emerson MLT4
Rosemount FTIR analyzer, and the entrained scum in the liquid
flow of stripping flask is collected by the scum trap flask (Fig. 3).
Liquid-phase N,O can be measured by this method, and its
variation can be observed accurately.

5.2.3. N>0 in sludge granules

Micro-electrode is a kind of electrode with micro or nanoscale
size, which has the advantages of fast response, high signal/noise
ratio, strong spatial resolution and small impact on samples due
to its tiny size [121]. Micro-electrode can be used to determine
fast or transient electrochemical reactions, high resistance system
and rapid displacement rate constants, thus to achieve on-line in
situ N,O monitoring in sludge granules and bio-film [122]. N,O
spatial distribution in sludge granules or bio-film of PNA reactors
are generally measured by micro-electrodes. Combined with
fluorescence in situ hybridization (FISH) results, the micro-profiles
detected by micro-electrode can be used to investigate and explain
the N,O generation, migration and transformation. However, only
qualitative mechanism of N,O emission can be obtained by the
methods mentioned above, and more techniques as isotopomer
analysis are needed to research the exact mechanisms.
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Fig. 3. Novel method for on-line monitoring of dissolved N,O by gas stripping
device. Copied with permission [120]. Copyright 2019, Taylor & Francis Group.

For micro-electrode measurement, 2-3 mm sludge granules
are sampled and positioned by 3-5 insect needles in a flow
chamber (2-4 L), which is filled with synthetic medium for the
pre-incubation and profile-stabilization of the granules. The
medium used for pre-incubation is consistent with the reactor
influent, and the DO of which is kept at certain value by
continuous bubbling with N, gas (99.9%) and/or atmospheric air,
and the bubbling provides sufficient mixing at the same time. The
sludge granule acclimation time usually lasts for 1-3 h, and the
N,O profile is measured only once for a granule to prevent
bacteria activity deterioration. Based on the average steady-state
N,O concentration profiles, Fick’s second law of diffusion is used
to estimate the net N,O volumetric production rates in the
granules [39,42,48].

Micro-electrode is applied to measure the steady-state N,O
production of the granules in a single partial nitritation reactor,
and the results illustrate that net N,O production rate in oxic
layer (within 300 wm) is higher than that of other layers [39].
Similar conclusion is obtained in a partial nitritation reactor by
micro-electrode, which shows that N,O generation mainly occur
in oxic layer (upper 200 wm) and increase with bulk DO [58].
N, O distribution in anammox granules is analyzed by the same
micro-electrode method, and the inner part of the granule is
identified as the active N,O production zone in a lab-scale two-
stage PNA [42]. The steady-state N,O concentration profiles in
sludge granules of one-stage PNA reactor can be also measured
by micro-electrode, and the calculated net volumetric N,O
production rates suggest that about 70% of the total N,O
generation occur in oxic zone [48]. In the bio-film of a PNA
nitrogen removal system, the N,O concentrations measured by
micro-electrode (Fig. 4) are all under 40 mmol/L and 1-2 orders
of magnitude less than NH,4* and NO,~ concentrations, which
indicates that only a small fraction of nitrogen is transformed to
N,O [122].

6. N,O emission related microbial community
6.1. In partial nitritation process

The existence of AOB and NOB in partial nitritation granules
can be detected by FISH [123], real-time quantitative poly-
merase chain reaction detecting system (QPCR), denaturing
gradient gel electrophoresis (DGGE) and other combined
molecular biological analysis methods. Since low DO and high
NO,~ concentration favor AOB growth and suppress NOB
activity, NOB are much less than AOB in partial nitritation
granules (Fig. 5) [55]. Besides, high temperature and controlled
aeration can also wash out NOB as the genera of Arcobacter and
Nitrospira from the bio-film [56]. The phyla of Sphingobacteria,
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Fig. 4. Schematic of the batch test system for the measurement of bio-film NO.
Copied with permission [122]. Copyright 2019, Elsevier.
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Fig. 5. Fluorescence in situ hybridization (FISH) images during the partial
nitritation-SBR operation. Semi-quantification was based on a minimum of
n =30. Copied with permission [123]. Copyright 2019, Elsevier.

Flavobacteria, Bacteroidetes and Proteobacteria (including the
classes of Alphaproteobacteria, Betaproteobacteria and Gammapro-
teobacteria) have been detected in partial nitritation granules.
Furthermore, the classes of Alphaproteobacteria and Betaproteo-
bacteria can denitrify N,O to N, using endogenous organic matter
and the influent easy-biodegradable COD during anoxic periods,
and the phylum Bacteroidetes can oxidize the remaining biode-
gradable COD during aerobic phases [53]. In partial nitritation
reactors, the order Nitrosomonadales of AOB, which accounts for
62.1% + 5.6% [58] or 67.0% + 7.0% [55] of the total microorganisms,
is the most abundant bacteria and the dominant N,O production
group [58]. Moreover, the unconventional phylum Acidobacteria,
the orders of Burkholderiales, Rhodocyclales and Cytophagales, the
family Hyphomicrobiaceae, the genera of Nitrosospira and Nitro-
sococcus are also found in partial nitritation bio-film reactor [56].
The genus Nitrotoga is observed in partial nitritation at low
temperature, whose population is enhanced in wastewater
treatment systems [124], and 10°C is the optimal temperature
for its growth [125]. The spatial distribution of microbial
community can be explored by micro-sensor measurements
combined with FISH, QPCR and other molecular biological
techniques. AOB are primarily detected in the oxic surface layer
of partial nitritation granules [39,58,126].

6.2. In anammox granules

Except anammox bacteria, AOB and uncultured micro-
organisms are also observed in granules of different anammox
systems. The anammox bacteria distribute throughout the
anammox granules, which account for over 90% of the total
bacteria in anammox reactor, and Candidatus Brocadia anam-
moxidans and Candidatus Kuenenia stuttgartiensis are the domi-
nant species. What is more, AOB are detected in the anammox
granule surface and around anammox bacteria clusters with the
main genera of Nitrosomonas europaea, Nitrosomonas halophila and
Nitrosomonas eutropha [42]. The phyla of Planctomycetes, Chloro-
flexi and Chlorobi and uncultured microorganisms are also found in
anammox reactor [84]. The genus Denitratisoma and the hetero-
trophic denitrifying bacteria in the deep layer of anammox
granules, which do not belong to AOB, NOB and anammox bacteria,
are reported as N,O generation bacteria [42,84].

6.3. In one-stage PNA process

AOB, NOB, anammox bacteria and other heterotrophic commu-
nities can be detected in one-stage PNA reactor. Anammox bacteria
are the main fraction of the biomass, and AOB account for less
while NOB even less in PNA reactor. In a one-stage PNA granular
reactor for synthetic wastewater treatment, the 16S r-RNA gene
amplicon deep sequencing illustrates that anammox bacteria, AOB
and NOB account for 12.5% + 0.6%, 5.0% + 0.4% and 12.1% + 0.3% of
the total bacteria [48]. The microbial communities of an
intermittently aerated PNA reactor are analyzed by QPCR, and
the anammox bacteria, AOB, NOB and other bacteria account for
about 30%,18%, 0.2% and 52% of the total bacteria, respectively [60].
The dominant groups of anammox bacteria, AOB and NOB are the
species Candidatus Brocadia, the order Nitrosomonadales, the
genera of Nitrotoga, Nitrospira and Nitrobacter accordingly in
one-stage PNA reactors [48,127]. Besides, heterotrophic bacterial
communities also exist in one-stage PNA reactor [127].

Moreover, the obvious stratified distribution of AOB, NOB and
anammox bacteria in the PNA granules is observed by FISH. AOB is
detected in the granular surface layer and NOB is detected under
AOB layer, both of AOB and NOB layers are quite thin. Anammox
bacteria mainly exist inside of the PNA granule [48]. The bacteria
stratified distribution in one-stage PNA is almost consistent with
that in respective partial nitritation and anammox reactor
[58,126].

7. Conclusions

As an important GHG, N,O has great global warming potential
as well as biological toxic impact, and its content in the
atmosphere increases continuously in recent years. PNA process
emits higher N,O than traditional nitrogen removal process.
During PNA process, N,O production mainly occurs in three
different pathways, i.e., the AOB denitrification, NH,OH oxidation
and the heterotrophic denitrifiers denitrification.

N,O emission varies greatly in different scale partial nitritation/
PNA processes, which accounts for 0.35%—6.60% of nitrogen
loading in full-scale plants, 0.51%—3.60% in pilot-scale reactors
and 0.08%—4.00% in lab-scale reactors. The operational conditions,
bioreactor configurations and processes are probably the key
reasons for the significant variation of N,O emissions, while the
monitoring systems and quantitative methods also influence the
results.

N,O emission and dominant generation pathway in PNA are
influenced by various factors as DO, pH, IC/N, temperature and
NO,~ concentration. Under the common operational parameter
scopes of PNA, N,O emission via NH,OH oxidation dominates at
relative low DO, low IC, high pH or low NO,~ concentration, while
N,O emission via AOB denitrification dominates at relative high
DO, high IC, low pH or high NO,~ concentration. Besides, the
increase of temperature always enhances N,O production via AOB
denitrification and N,O stripping. The influencing mechanisms of
these factors on N,O production pathways and their optimal
control range are rarely studied.

GC and GC-IRMS are popular methods for off-line N,O
measurement. The N,O on-line sensors include infrared analyzers,
chemiluminescence, mass spectrometry, laser absorption spec-
troscopy, micro-sensor, etc. Liquid phase N,O is usually measured
by GC and micro-sensor, and the latter is often used to explore N,O
concentration and its spatial distribution in sludge granules or bio-
films in PNA reactor. However, disadvantages of these methods
impact their popularization and application, and the measuring
methods should be improved urgently.

AOB are highly enriched while NOB are rarely found in partial
nitritation process, and the order Nitrosomonadales of AOB is the
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dominant group and N,O producer. Anammox bacteria, AOB and
certain amount of heterotrophic denitrifying bacteria are observed
in anammox process, and Candidatus Brocadia anammoxidans and
Candidatus Kuenenia stuttgartiensis are the dominant anammox
bacteria species. The genus Denitratisoma and the heterotrophic
denitrifying bacteria in the deep layer of anammox granules are the
dominant N,O generation bacteria.

The microbial diversity, community and N,O producers in one-
stage PNA reactors are similar with those in two-stage PNA reactors.
In one-stage PNA reactors, anammox bacteria account for a large
fraction of the biomass, AOB account for a small portion, and NOB
account for even less. The dominant anammox bacteria, AOB and
NOB inone-stage PNA are the species Candidatus Brocadia, the genera
of Nitrotoga, Nitrospira and Nitrobacter, and the genus Nitrosomonas,
respectively. AOB are detected in the granule surface, while NOB are
observed under the AOB layer and anammox bacteria are inside
the granule.

Further studies should be carried out to illustrate the accurate
N,O production pathway, and then optimize the key operational
factors to reduce N,O emission in PNA. More attention should be
paid to the relations between N,O emission pathways and
microbial communities.
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