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A Review on Emission and Mitigation of N,O in Biological Wastewater Treatment
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Department of Environmental Science and Engineering, Ewha Womans University, Seoul 03760, Republic of Korea

Nitrous oxide (N2O) is a potent greenhouse gas as well as an ozone-depleting substance. N;O is emitted
during the biological nitrogen removal process in wastewater treatment systems (WTSs), and has signifi-
cant environmental impacts. In this study, NoO emission in WT'Ss was comprehensively reviewed to better
understand the effects of key parameters on NyO emission and obtain useful guidelines for NoO mitigation
strategies in WT'Ss. Three biological pathways leading to N2O emission are hydroxylamine oxidation, nitri-
fier denitrification, and heterotrohic denitrification. Measurements at lab-, pilot- and full-scale WT'Ss have
shown large variations in N2O emission (0-95% of N-loaded) during wastewater treatment. In the full-scale
WTSs (0-14.6% N3O of N-loaded), the average and median values were 1.95% and 0.2% of N-loaded, respec-
tively. Dissolved oxygen, nitrite concentrations, and chemical oxygen demand (COD)/N ratio are the most
important parameters leading to N;O emission. A variety of operational strategies have been suggested to
minimize N;O emission from WTSs. A new N2O mitigation strategy involving the introduction of microor-
ganisms with high N»;O reductase activity or oxygenic denitrification ability has been proposed as an alter-
native canonical denitrification.
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Amo, ammonia monooxygenase

Nar, membrane-bound nitrate reductase
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Nos, nitrous oxide reductase

Hor, hydroxylamine oxidoreductase
Nap, periplasmic nitrate reductase
Nor, nitric oxide reductase

Fig. 1. Major pathways for biological N,O generation during wastewater treatment.
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Fig. 2. N,O emission (% of N-load) in lab-, pilot- and full-scale
wastewater treatment processes.
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Fig. 3. N,O emission (% of N-removed) in lab-scale wastewa-
ter treatment processes.
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Table 1. Main N,O emission factors in wastewater treatment processes.

Process Factor

Operation condition

Nitrification

High nitrite concentration

Denitrification High DO concentration

High nitrite concentration

Low COD/N ratio

Low DO (dissolved oxygen) concentration

Insufficient aeration

High orgainc loading

Insufficient aeration

Low SRT (solid retention time)
Existence of toxic compounds
Low temperature

High ammonium concentration
Over aeration in nitrifying process
Carbon source limitation

Nitrite transfer from nitrifying process
Influent property

Too efficient pre-sedimentation
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EHEY 5E, 25, 98 E 5, 4%, g4 5ol 9
7). 27] FErt o S22 9 opitEtd ATt At
oSt AR AEYY F £ gtk BY, 1Y E A FAIL
ol 4T, ATt BETE, YBE 5 EEFE, 2
=7t RE4E, FEY F2 EHELY 5t 244 F
opitEA 4 HjETFo| TSt ACE BEIEI 9t ¥
opAtstA & Wi E o w1 X = o]t THH A AAEY] FF
Bk AAEtIL AFH o2 a5t QIRke} Q1R Abel o] A
sHHA gt Frlo] gigt AFEo] £3E Bart o

> flo o

[oZ

Stmfls~ X2 SHO0A OfASHE A HIE X Z 2
atol5 A2 o)A oPE AL B EL Hastelr] 9

qMe 2=, pH, 5%, §34E 55, ofdAdYE &
COD/N v 5 @73 U7} AUAE Hstar 223t}
© o] F83ItH[4, 53-55]. 21T Leix 52 Ad4 tz
A HdHE o A AA G opitetA L v Eo] FFL
A pH, 3t % 27] 249 §F& AEd o]l 22
Ao AASTL ol b4 wiE2 ot Fof AHBAAE
ABg, A& AAZES SHSsHEA opitstd s wjE S
Hastd 5 Qe AF 242 e 7F A5

F 2ol st A olM e R AR =39
upeh opitehd e AT AF 7)) Foste A AE
= T4 9 A4z RYEYs A, st Aol
A o AE 2o AARME Age ndE R
H4& T3l 2 JHZRE oA HlE AL dFe
E=E3A e =] WYHL ot ALstE AF, of
et AT 8] Bolste fAA E ol RAAE
AE37] ) AHEH = primer F7E Table 29 2|33



Table 2. Reported primers targeting nitrify- and denitrify-genes.
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Target gene Related enzyme Primer name Nucleotide sequence (5" — 3') Reference
amoA ammonia monooxygenase in amoA-1F GGGGTTTCTACTGGTGGT [56]
(b-AOB) bacteria amoA-2R CCCCTCKGSAAAGCCTTCTTC
amoA ammonia monooxygenase in Arch-amoAF STAATGGTCTGGCTTAGACG [57]
(a-AOA) archaea Arch-amoAR GCGGCCATCCATCTGTATGT
Crenamo A23F ATGGTCTGGCTWAGACG [58]
Crenamo A616R GCCATCCATCTGTATGTCCA
hao Hydoxylamine oxidoreductase ~ haoF1 TGCGTGGARTGYCAC [59]
haoR3 AGRTARGAKYSGGCAAA
haoF4 AAYCTKCGCTCRATGGG
haoR2 GGTTGGTYTTCTGKCCGG
narG subunit G of membrane narG-F TCGCCSATYCCGGCSATGTC [60]
bound nitrate reductase narG-R GAGTTGTACCAGTCRGCSGAYTCSG
narG1960m2f TA(CT)GT(GC)GGGCAGGA(AG)AAA [61]
narG2050m2r CGTAGAAGAAGCTGGTGCTGTT
napA subunit A of V17m TGGACVATGGGYTTYAAYC [60]
periplasmic nitrate reductase  napA4r ACYTCRCGHGCVGTRCCRCA
nxrA Nitrite oxidoreductase alpha norB1Fq ACACAAATCACTGCCGCCCA [62]
subunit norB1Rq TGCAGTACACCGGCAAAGGT
nirk copper-type nitrite reductase  nirK1F GGMATGGTKCCSTGGCA [63]
nirK5R GCCTCGATCAGRTTRTGG
nirk876 ATYGGCGGVAYGGCGA [64]
nirk1040 GCCTCGATCAGRTTRTGGTT
nirkFlaCu ATCATGGT(C/G)CTGCCGCG [61]
nirKR3Cu GCCTCGATCAG(A/G)TTGTGGTT
nirS cytochrome cd; nitrite nirS1F CCTAYTGGCCGCCRCART [63]
reductase nirS6R CGTTGAACTTRCCGGT
nircd3aF GTSAACGTSAAGGARACSGG [61]
nirR3cd GASTTCGGRTGSGTCTTGA
norB subunit B of nitric oxide cnorB-2F GACAAGNNNTACTGGTGGT [65]
reductase cnorB-6R GAANCCCCANACNCCNGC
cnorB cytochrome c nitric oxide cnorBF GACAAGNNNTACTGGTGGT [66]
reductase cnorBR GAANCCCCANACNCCNGC
cnorB Z1F CGTCGGTCAGATCCTCTTCG [67]
cnorB Z1R GCGATGATCACGTAGAGCCA
gnorB quinol nitric oxide reductase gnorBF GGNCAYCARGGNTAYGA [66]
gnorBR ACCCANAGRTGNACNACCCACCA
nosZ subunit Z of nitrous oxide nosZ2F CGCRACGGCAASAAGGTSMSSGT [68]
reductase nosZ2R CAKRTGCAKSGCRTGGCAGAA
nosZF CGCTGTTCITCGACAGYCAG [69]
nosZR ATGTGCAKIGCRTGGCAGAA
nosLb CCCGCTGCACACC(A/G)CCTTCGA [61]
nosRb CGTCGCC(C/G)GAGATGTCGATCA
TH56-69]. opitatE 4 ghel BEA Y Hio] @A E qPCR ol

Castellano-Hinojosa 52 A¥1-& AR st=A 2% 4
Z& g dEY o}l AN, drYot AStAd Y

S ARHOE BAI F, oharstAA WBTTe A
ZASYAEHT0). 1 A, obAISH Y4 WEFL i}

= e 1o
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St Al (r =-0.90) E opitstE A 3] AT (r = -0.64)
B g9 ATAAS By, eEUol ATARY Ho]
QujAg GO FHHA=09D)F EHch olHT 2=
HE AR steA 2ol datstAdol o gaRks
o 3f opitata a7t wo] AAYEE=R, o] HEE-E AAA|7
7] 913l opatetE 20 £ 9 FABLR A A EEASE
T7t BJe g HA YEE FAMTgS EYste Aol T2
sithe A & 4 A

Zheng G- W AE FUR 19 ASER| oA ofF
AHE S HAgele 2A0RE A% A, Aa R
9] 0.027% $Z 02 opakstA 49 Wi ETS
2 TH71]. 16S rRNA gene @714 € B4
A& 243 23, Nitrospirae 53 22 oA AFSHA]
3}, Rhodocyclales & Burkholderiales 53} Z+-& B2 A
o] =2 &S Bl ol2fd A= obdAY AMSHA|
o] AAst7| fEtt 24 A4S Bl AASt g oA of
A4 S45 a3 5 AL, EEAES BEIAA
opitgHA & HiEFS F4sHHA BANREo] APHES A4t
SEATH71].

Song & AR plug-flow /&2 A] ¥H-g2 0| A op4t
SHa A &l 9FS VA HeY e A FAzE
(HRT)9] & 2AFste] HRT7F oF 4A]7ko] 2K 54]
ZHQ1 2700 A opiteE & v E o] A& HASHHTHT2].
ZF 271 opistd A M-S £A4% 23, HRTVZL %2
ZA| e Mesorhizobium Tto] AEE =4, HRT/| 71 =
Ao A= Rhodobacter, Oligotropha X Shinella 53} 22
ket T79 opitE A FUAFol AEHA. gutyg e
2 Fogdol F7tstd SRS 52 §stel s &g
I g o] Frtste] EFAY deo] PR FA =
£ 7202 4#{A UoH73]. HRTE 27 3t opilsta 4 3t
ol Bojst= Al 7Y thdgol FobA A otitatdart
A4E U= A& HFH R |A 7| &, of
At iEgS A 5 4

HAFH o= ot A &S AR & = U= W
9] slit= opAtBEA A E AAE FAPAT|E 2 58S
AbslE 2 3L & 4 (nitrous oxide reductase)E 7RI Y&
A= vpol e A S ST AY B BAHS ole
o] QitH[74, 75]. oRAISHA A P EAE AR vt
Ak dA A A (1)9] ¥Hg O & oSt AE HATIAR
AEA] 7)1 [76], nosZ §AAE 7} nitrous oxide reductase
[7719} cnosZ §FAAE 7}A cytochrome c nitrous oxide
reductase [78]7} R E]1 it}

b
i
pol)
|o
hu
:tI)l=
ot
1,
Nu)

N;O + 2H" + 2¢” — Ny + H,0 (AG® = -339.5 kd/mol)
@

http://dx.doi.org/10.4014/mbl.1804.04015

SBR 8hgxoA 714 21& glof 57]-FA4EA-57]
AR -T7]- A AR A3 § F7Hs AlZkGdle phase)

77l &4 Al B8 Ao Ao AARES 1
E FASHHEA opitatE A wiETE 42%7HA] A 5
ATh41]. 71EY TR Bld), @718 24 o] &
FoA ot L E D4R TPt FHAS] nosZ FA
Apo] oFo] of 4ull &= F7HES= AT PCR (quantitative
PCR, qPCR) 48 53 &&= %t &, o] SBR
=4 271 AR L T, ot AL FUAH Y vrol oA
£ S7HAIA ot A wiEFE AN = e A
T ATH41].
29018 stA oA A L=A G SAHEHA
Ao 2, obashA A SRS n A= Ata TR G
ZANGE A3, AtaF e 2%7HA] opAbRtE v Aas
SUE = 3ol AFE WA UL, 4bE FETF 2% £
Aol A Dokdonella sp.7} $HZ20 2 AEEHT9]. o] 2
= oA #FE ST ATt A=t R
AAE BE&H O R oL E AAE A|A 7Hae
3 AA7F 7V AR

Zheng 5 WA &4 A 2& A2 A2 oA of
AR AE 3YE 4 9= Pseudomonas stutzeri PCN-12
A7), o] FF= 714 BEA|F LR ol4tEE A
Qo) #ojdt= nirS (cytochrome cdl nitrite reductase),
cnorB (NO reductase) @ nosZ (N;O reductase) S-HAES
o]-§5te] ORI A AE FHAE 5 Y= AL E U
. 71& X &Y A o Pseudomonas stutzeri PCN-1& 3
T3ThAE A4 AP FANA opitEE A W& g A7 7F
& Aol

¥ 29| polyethylene A& AHES AL 24 B E
95719 HeA g uhg 71 E AA Y &8 vo]eAa
2] ¥ (bioscrubber)& ©]-&3to] 4= 2] &} FA|of opitaha
2F Al A = Qe 74| Frutos 5o &J3f A%t
= ATHS0]. o] W opitsta At 23 HrtAE A
2 AENS 7o FE5te] oMt A AR FUAA
Aelstal, §& ot A HaeA e w7 f71E £
st oA EEAIA A, o] HA ] whg7]oflA A
H H4E oA AL AETSTIE £3AA Agste A
ojth. LA HERFE 7] oA 7kAA FA o] 3891 -9l
= oAt A& A A B E0] 36%0| oY, AR FA TS
40202 Z7HA7|H ofatEd A& A A& O] 92%E FAE
3ltt. DGGE (Denaturing Gradient Gel Electrophoresis)
Wl osf Y AETST7IY AdHE 2ARE 24
FTOFAR A47F 27] 1.59014 362 F7FsH AL, opatstE
25 A42 FYT 5 e dgE TR dEAAl ¢

HotE o] &ol FAH U

o & flo |

o

&

ﬂJ[O Rel

ol

fll

ofd N

o of



denitrification

Nor N,O Nos

(o

i o,
- Nar - Nir Nod i
NO, NO, NO e, N,
- Oxygenic 1 4
denitrification

Nir, nitrite reductase
Nor, nitric oxide reductase
Hh, hydrazine hydrolase

Nar, nitrate reductase

Nod| nitric oxide dismutase

Nos, nitrous oxide reductase

Hor, hydroxylamine oxidoreductase

Fig. 4. Biological nitrogen removal pathways (Modified from
[82]).

Fool W74 S4AF 2URE
= (Anammox) FH & N A
A7 % oArksl). B, Hol FFHOA A2} A
A== A4 9B B UES-(oxygenic denitrification)o] A2
<+ A2AYFH LR A= IrH82, 83]. AbA A 2
= mlES v Rt YSES AT AR 0|85
A, ALY 52 ofdatgo]l ARFEA R o] &E7] wiof
oHtaHI AR 7] W OB (Fig. 4, ohaFaHi A

22 HaoRA 94E TERT S Yt FUR 7]
$2 2257 qoss] Ak By TANSES T 5 AL

Y o] HuE 1 it Methylomirabilis2 35
TG FRE dE ol IAES 22 AAFARG WA
FEA 2 o] &31H82, 84]. Gammaproteobacteriumo] 435}
+ HdAN1 #5F& Ce—Cso alkane 3t&E5 AAF A 2 ©]
£33, WA, oA B ALT WAFEAR ol
[85, 86]. Dechloromonas aromatica RCB 13+ benzene
= AAFoA 2, A, a4t 9 AR E AREA R
o] g3l Mo BIET 87, 88,

¢

it
flo

2 B

71538k Al 213} she] 7| FBFESF GAFRSE)(COP2Y)
o4 41715 ¥8HA A Q) 5] @5 (Paris agreement)o] A
Bty vhe) @Al Holgt 1957he] LAk W] A
AA B &) oF 90%e] ol 2 FolA A7) FHAA
71&e] mES AR ARG AAE H7HE W gr,
el @R e 2 Tk FAhE Ao gerg 2az Astel o)

stk 49 4% BES ASAES s, 71 247
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2 QHIER, SRR B4 43 5L oRHoR nusE
= RS o, 5 SR HelEA old A g
A e 35 A9 A9 o] 877 (global stocktaking)
2 B8 A7AA Y A&He B L FHHL A0 A
gojch. whebd, WA TH O ofAbsieka B obje obika)
A0} 2L Non-CO, £A7H- ¥ Aol i].$ F a3

= At

ste A4 e AAT T3l LRt
BEAAL B ool FiE it & ¥
234, +e8AL 2 A MR 2 7Y A3 24
2 & 9 H Al g ME AR § AR o
2 AH Het Fo= g, stHa A FokollA 247t
HEs et FAFE B2 AT

o A=A & Aol et FA o] AA
AR L2 AT o|epo] 2AVMA HiE AR ot

pacs

2 e
N
o
rE
L
)

o

S A7)o] B £a7 FFAT G0l B A& A
T AR HAT RO AT Yk

webdl, stol4 DA B AIeL B B A ot
a4 A4 )RS sterst] g8 AR BH 2]
obksba A Al B AL Gl the ek Aol n A)
AHQ 477k Baslth oE SW, COD AT 24 &
ol YoLft Fob opakstAAT} of® 72 Fof HHo|

£A, ohakebd A gl dhat Aast A3 2 B4
A7h9] 7)ol &, B3] 1 © BHAK 2 A et 7o) &
o Fol7k 9l& 4 OB 7 24 W BHRAY 242}
Zlohe 77, ohikab s ME g g2 & G Axde)
27) 78 2243 ¢4 24 Fol Bt A7/ Wasich 1
=X 2R ohustas AA 1S sebshy] SlsAE
AR B2l oharaHA: Al T L T
FRET A o] 7180 Bolste wME 2 243 A
52 5] shotd Wavt ek E, a5 Mol
A A&BGE AT L olo] BAH /154 A 4
HE AP 242 B VY Y 2 YA olsh7t
=L

ok
=

0]

oM A (N,0) 715 HIBHE opr]oks 2AkAT 5
Ao 225 shalshe 7holch st el A AR
Ak AA BRI F2 2L olusta szt B b)
Ar JFe S FASDE 8 $Yo] Wasi &
BolAl S5 AeBAY olpsta s WS B HAl A
FEHS FUHOR DAFORMN, ottstA LS WS U

rl

(o]
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Aol mlA = F8 ALY FEFE olsfstaL, ofatstE A HY
E A A o) Zag ARE =E5H st A
ZFAA oI ATL HiEEE 8 H2E hydroxylamine
A3, nivifier 27 % 549 YB3 2 TR
ek A, BAR 2 A L % A2l AL 4
o oushis haE FAU A AL
o G2 e 0-95%2 Wolr} S Zich. A F2 o]
u
AR

S AeBYoIAE Ao RotFe] 0-14.6%7k oS Y LR
& E T, BT L 22 1.95%2} 0.2%0] 3k of
AEHAL BT GFL WAL MY FAT SAAE

SE420} ob A 5% 9 CODIN Hl&o| 3l opatatd
2 HiE AZS 93l LAJNAE 2Hsh= opget Aol B
AE Qioh E3, shEl4 223 ol A °]‘*}§P§5\— Hi& A
7] Y3 e Aoz =0 opitds FYEA G
AL 7HA nYEL LAY, 7|29 gzu_xq Al Ak
dhA B3 A (oxygenic denitrification)y& E=YsH= A o] A
Qtex gtk
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