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# E REEEMN (anammox) AHAEYIBNA TS, ik N,O HESMAHL RIS, ¥ (NH,OH) 5 iEfRLE (NO,)
SERZIA anammox AR N,O HE W EE AT A T FETHOKLK:, HERT RFEFEEKE NH,OH 1 NO, X} anammox 14
Z 1 N,O B A2 . S5 5R% B, 78 [NO, ] 4 100~300mg L™ & F, N,O HEj i b NH,OH JF vk B g 1 5 124
[NO, ]34 2 300~500 mg-L™", HEImwes i B NH,OH(30. 50 mg-L™) BEMH] NLO B4 . THAE MR VS 2RI S0 br 22
B, {K [NO, ] FUEREEH, NH,OH &BAMARR h IR p ARt E B, ] anammox BEMAE; e S [NO, | fU3R5E
W, BRI ) NH,OH Al it ¥ anammox H 53MF R MBI A K . DIREREK K, N,O By 22 FIa8 1k |
SRS A B Rk 57438 TR = 4% (DNRA) FRh& A, 35 norB. nrfd 5 H 38 52 0 2 1IEH ¢ (P<0.05) » I,
anammox & & N,O = & 37 #| NO, 5 NH,OH i &5 EH M2, 24 HE/K [NO, ] ¢ i 1l 3 33 42 58 & NH,OH F#IK
N,O Hijifs:, 14k NO, A il i@ i 1] NH,OH 1 SRA & LIs/> N,O WA al, ZWFIT45 3 mT 4 anammox T2/
R it 5% .

XiEE REREAI; NO; Bl NO, ; fMEYmEsst; thfekn

JREAEF A (anammox) EHTRIWAEYINIETAR, AHBAEZMEIL-RAS T AE YA T 2 5AT Tl Haoish
ERERUR . BEFEAC . HERE/NFEMH . R, HFix T EARERE P IRAA A 5 i A7,
anammox 1 FEHHY N,O HEUBEAZEZM 2, VEMARANR %A, N,O 7E 100 4RI R RUEE A2 BRIER TS
P CO, 1 273 455, Bk, W= AR ERN XA anammox T AIRERIE I 2mE K. L5ehbib-Ie
itk T 2209 N,O HEBCH 7 (BRI FERE AL A R T = A1 N,O &) i 0.01%~3.3%, Ifii anammox 1.2
N,O HERHF1] 35 1.29%~12% , HAZBNZFIMER T2, GEHKIEAEIREE (NO,) IMREE . a4
FAME (NH,OH) R E 5iHFEHR, LI YIRRE . LAWSON 4" &I anammox F& -5 HA0R 1% 2
TEAL A ARG, AR anammox WFEAR G AW K& N,O H)y=4:, [H%EENAR TS anammox FEILAFHY SR
L R RO AR AR R VE AT, 25230 anammox (R R HEL N,O U, Bk, AU EHRAN TZEMT
anammox R N,O HEBAEALRIE: S =R L

NO, fil NH,OH X} anammox . 7. A A 6] i 52 1 . NO, %f T anammox J& — F il il 57, HXF F
anammox FAFNHIVE FHBEMREEZA0F (pH . RS AR BIMANR], SRl B E—AMET 100~300 mg-L™';
NO, ) IC,, & A 150~600 mg-L '™, 1fif NH,OH X} anammox & & i /E A, 24 [NH,OH] & 40~
80 mg-L™" A} anammox ZEll, it PCR SZE0IE HBIE A 70 mg- L™, i BIE R R 40K ¢ 2215 )
/DAY NH,OH A 24 L (ammonia-oxidizing bacteria, AOB) 5 anammox, ifH]Pk%& anammox B
HiGPE, [NH,OH] & 5 mg-L™" BFEPATEEREPENDS] NOB, JHEdHm s G s,

NH,OH %fb5 NO, it J5ith 2/ 4 N,O MEZCELERE, W AIEHEY FERE2 A (AOB) DL
FAEACE! . NH,OH A fbigfa it A sl B A i R, (H—2Eqff 55 3R NH,OH HYHEAEn&R

s BHEE: 2023-09-02; FAHHEA: 2023-11-14
EEWHE: Bl AR ETH (21ZR1432300)

FE—1EE: BAREIE (1999—) , &, WLHF5AE, yangyudifei@sjtueducn; DRBEMEE: LMESC (1985—), Z, M+, RI#
$2, yanwenshen@sjtu.edu.cn
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1 N,O Al ZBEANT, fEAaitd, AOB i nl i PR AR R (hao) Ak NH,OH F1-43#, NO J&iX
AR 5358, NH,OH BTt cyrochrome P460 AL N,O, Jf5 NO Z-EYHHE A",
1M NO, i Jilikterh, AOB WTEMIEE NI, . NEIRRELVE b FHMARIR NO, ™, FRBIETEEE I
5 NO, BRI T, NH,OH %k NO, i J5UEMA RS T N,O By FZRIE, Hix 2 Ry =T [t A&
AR BARFEIISE S T X 2 NH,OH 4k, NO, b5 N,O BUBTHk, {4518 RHRZ Mg M ELL X ),
AR R T N,O M7= A B A A R i A% (1) B — BRI E Y. BRI, 7 anammox /& &R 1, NH,OH Al
NO, %} anammox RZH N,O W= =LA, Xk, BEARAMRRIY [NO, T~ 400 mg L' A, {4k
ZH1N,O Bl NH,OH #hi1, {HXEAR[E [NO, | 44 F BIRFFEAA Bt R 1,

T, AFFELL anammox R RVE MRS, E AR [NO, | &4 L% EE NH,OH X N,O J= &Y
M, BRIR R ARCR S YIRem LS nEfk, itk NH,OH 5 NO, W insns, 4 anammox AR
HRIZT TS
1 MRS5S EZE
1.1 LR EMGITHRYE

AL HFH anammox JIRLSIRAE A BEFT, Z0RE YR 7E LU0 2 AIARIY) UASB [ i i sisf 1—4,
HIRSA AT (specific anammox activity, SAA) & (79+4.08)mg-(g-h) ', SCEEHTH UASB s TAE
BB 1L, isfriREEHIFE (35+1) C, IR IX . WG SR K E S AN #5IEHR,
Fvige BRI R IRAE K, BTSSR TR A YR o BR T T HURESN, BN AR AN S HE
T BHUBEK B RSA E2 NH, . NO, . oW it e s, i NH,". NO, 43 3ILA (NH,),SO, .
NaNO, FIEANN,  EARREL 52 30k [20].

1.2 #bRSCIET

RS20 R I E 2 g, HUSARR 250 mL, ARUAFR 180 mL. 7EAFICHE/KMA 100 mL
TCHLERFFAN 0.15 mL fEIeE 1A, #14h COD #E R 500 mg L' HERSZE P A2 o500 I s AR
WK —%, B EICE I &H 5 gL ! EDTA, 9.14 gL 'FeSO, 7H,0; fHEHILE I &4 15 gL
EDTA, 0.014 gL' H;BO,, 0.99 g-L"' MnCl,-4H,0, 0.43 g-L"' ZnSO,-7H,0, 0.25 g-L"' CuSO,-5H,0,
0.24 g-L™' CoCl,-6H,0, 0.22 g-L™' NaMoO,-2H,0 F1 0.21 g-L™' NiCL,-6H,0", 7ES2niT, NEERIEH ik
£ NH, 5 NO, ™, HICHLER WO ok 15 e Af b A T8 V8 B IR L) o F% anammox I 43 | 22 58 T
[NO, ]~ 100, 300, 500 mg-L™" 54T, 4k SEgaal i A [Fe & NH,OH(0, 10, 30, 50 mg-L™).
NH,OH A= s ATHFER AR, MOAIFTE R
PR FRE LR (NH,OH-HC1) #E1 74tk
S (1), A4, H 1 mol-L™' A HCI Fil NaOH
WA MR 0 pH I EL 7.5, K5, W

# 1 TEEKLE NO,/ NH,OH FIaRERE
Table 1 Initial NO, / NH,OH concentration in different
experimental groups

N, WA 0 AL B A (15min BB L) A [(NO J(mg'L™ [NH,OH(mg L )

VIEER O,, IfLit#Er, Itk Se e 4 7 fe i A0 100 0

PREh &L FR A it AT, R SR E R AE 120 Al 100 10

rrmin' A1 35 °C., HES S ERTEEE 4 C 1-1F) A2 100 30

, SEURIEIR TS VRRHEE (SS A VSS) FIZKFE A3 100 50

REFEWE, MATEER 3K, B0 300 0

1.3 SiAEE Bl 300 10
[NH,]. [NO,]. [NO;]. COD Zp3illfii JH 44 B2 300 30

AR | N- (1-5838%) - — s oLl B3 300 50

EREINPOOERE | AR LIE . SS,

co 500 0
VSS [ FHBEREARE L (HZEMRR, 2002) TIE, - 500 10
DR AR A A P (SAA) 1 SO R B e R %) 500 30

BEIRY) (VSS) YR FH AR AN A M AR
AR RIE CH NRE(nitrite removal efficiency) . 3 500 >0
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ARE(ammonium removal efficiency); A ZERFMIE LA TNRE(total nitrogen removal efficiency). it
SASINEE N,O, FEHIBLAE W HL AN (w-ECD) 9 Agilient 6890N “SAH (il i HAHRI AL .

FESCIREERAT, RAEZ) 5 mL {576, A7 T-80 °C VKA. HEH 3 LA Agx AL, LIRS H N,O HE
TR B MR ZHEE 9 PMREARFEFT Tlumina MiSeq /74341 (Majorbio Company , HE i) o i H
519 338F(5'-ACTCCTACGGGAGGCAGCAG-3") 1 806R (5’-GGACTACHVGGGTWTCTAAT-3") X 16s
rRNA LAY V3~V4 XY IR, SR 00708 (principal component analysis, PCA) Z3H7 AN ]
SYARESRIRITETE R B 2R 2E S, JRAIAIRIME /T (ANOSIM) #1722 5450 . ik PICRUSt2 TRETUNILS
5 KEGG $dlafExtLt, 3%) KOKEGG Orthology) TUREAY=ERETM, MiMifSHIREIEF £

2 ZR58

2.1 NH,OH 5 NO, %} anammox &% N,O HiS#ISN

WE 1~3 7R, 24 anammox FZMHIEFE T [NO, ] 100, 300, 500 mg-L™' BRRH, IIIASFEIRE
) NH,OH(0. 10, 30, 50 mg-L "), 7ESNVZERIT (65 h) , &4 d (% A0 1) NO, BIAERRE, XUz
NH,OH /& NO, AR Z P9 A, 1l NH, 8% B 88, FeHR R NO, Bk il R . 54k,
anammox RZRH N,O (/=M sl, [EREGEEING TR, 541 N,O 5I7E 6~25 h ikFR R,

HHRSE NH,OH 5 NO, Xf anammox KR IILERHEM, FEARE [NO, T Rk E N 0. 10,
30, 50 mg-L™' NH,OH. A#BHE, AR [NO, T F A, B, C =41%f NH,OH [ A—E. K 4(b) M,
XFHASE [NH,OH] F B ERCE, AP anammox KR H NRE, TNRE, SAA [ SEII TR, 1M
A. CHZHP A3, C3 HIIESCRIEAIRE, XMW NH,OH X§ T anammox 142 BHNHIAE AT fE S ml 33
KA ARE (ARAPAFEREKE, 16 A I PR ka5 NRE —8, WA ET 75%, 16 B, C il
MR T 98%; Uil NO, WA 100 mg-L™' Bf, ARE 4% NH,OH ¥R ; {H24 NO, W HE =%
300 £1 500 mg-L™' i}, NH,OH X} ARE &4 W50, Jf B A2 FFER SR KEEMFEIEN NH,OH

180 180
- = NHS —+—NO, ——NO, 4500 %7 _ —=—NH, —e—NO, ——NO, 500 7107
_ 1500 21 COD ——N,0 Jos  ~150F CZ1 COD —*—N.,0 los
O 4400 __ O =400 _
50120} 4052 w120k et e, “doso
2 Blhan = [ Wt N 2175
% 90l } N _300é_0‘4§ g 90l !\ -300é-0,4§
5 E ] < 3 ® E i <
B % 1008 1939 = i Il . N 1hoo B 1032,
o 60 \é T O Z o 60 \ O Z
= Ne Ny j02° = AN 0.2
= 30k (] 7] N / e F g —xx 4100 " 30F - 100
/ *\é o Jo.1 7 HE A H0.1
C
0 ARINE S-EnEE I 0 doo 0 A% LTEm g Joo
0 3 6 9 12 22 25 28 31 41 53 65 0 3 6 9 12 22 25 28 31 41 53 65
FF[El/h i [ /b
(a) AO (b) Al
180 180
_ —=—NH; ——NO, —4—NO, 599 107 _ —=—NH, ——NO, ——NO, 550 107
_150F CZ] COD ——N,0 los  _150F CZ1 COD ——N,0 os
T o %0 —o_ ! T .
0 A o 400 L 400
w20 [| o o—0° \°\ ~doso L1200 ~Hos=
£ G ® T;]o 2 & o— §/§/i § Te—p :]o o
= o0l PO paR 5 g ¢ & Poo g s
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/b ) /h
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1 [NO, 14 100 mg-L™"' it A tBIARHFEE. COD 5 N,0 BTt
Fig. 1 Nitrogen, COD and N,0 in a)A0, b)A1, c)A2 and d)A3 when NO, =100 mg-L™"
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500 o 500
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400} 21 COD —*—N,0 09 o0k 71 COD —*—N,0 lis
0 da00 108 L 1400 _
&n 71075 o T4L02
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I\E 200F 500 8 0.4 > g 200F _2008 0.6 >
< 037 ¥ \T o {0.4
" 100r {100 10.2 100r {100
Iy o1 I3 {02
0 s Ll o oo 0 4‘”* ' o Joo
0 3 6 9 12 22 25 28 31 41 53 65 0 691222252831415365
A Al /h fif1a]/h
(a) BO (b) BI
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a0 198 Ja00 _ 103
11 0787 %ﬁ 6—o—o—e L 1075
- o — 90 —0—0—g__ n —
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Fig. 2 Nitrogen, COD and N,O in a)B0, b)B1, ¢)B2 and d)B3 when NO, =300 mg-L™"'
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Fig. 3 Nitrogen, COD and N,0 in a)C0, b)C1, ¢)C2 and d)C3 when NO, =500 mg-L™"'
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12 5 —+—NRE ——ARE ——TNRE —+—CODZ{% [ SAA
N0, H100%

LO|F —=—EF,, } 100% | 90 ~
~ 1 80% 80 @
"T] 08 80% I %
) ) >
£ H60% $ e E
= 0.6 <5 = 60% F on

SRS z
o 1 400

> 0.4} o 40% 40% E
- <
02+ = i 4 20% 20% | ;E)

e L e P Ty ! ! ! % 0% ! ! L ! L L ! i =

A0 Al A2 A3 BO BI B2 B3 C0 C1 C2 C3 A0 Al A2 A3 BO Bl B2 B3 CO C1 C2 C3

2051 2051
@N,0,, . EF, f24L (b) ARE, NRE, CODLIJSAAFZEAL

B4 £FLEEEKFES N0, EFy,0v ARE. NRE, COD X SAA BY3Z{L
Fig. 4 a)N,O,,..~ EFy,0, b)ARE, NRE, COD and SAA in each experimental group

XFF NOB A#HER, miXxtT+ AOB AIEHEAEM, M4 AT anammox 4 F HH NH, HTHFE KL NO, [HFL
ZE10.223 i 4a) s, 76 A 4, N,O,, K [NH,OH] #:4, 11 B. C ML A 5ehnis TR, B.
C WZHH N,O,,,, e fidSe B1 Al CL 4, H BI>Cl., ik, 7€ [NO, ] 100~300 mg-L ™' i}, anammox {4
PR AT REMT Tl NH,OH 4Ufki&t24: ™ N,0; i [NO, ]}y 300~500 mg-L™" i}, anammox I Z
JA 10 mg-L™" NH,OH 2:Hilli#% N,O iy, it —4& % [NH,OH](30. 50 mg-L™") fefifil N,O iK™,
EFy,0 (EBREAAI AR IHBLE N,0) 5 N0, MR A—3, A, C WAL EFy,, EH RS INE
TR, 1 B 4NIBE [NH,OH] 3l ; 3 A58 EFy,, s {EFE4E T TE [NH,OH] &m (B A2,
B3. C14) i, H CI>B3>A2., [EfFEERIE, X HATLKHMB AR N0 Hiite, &3 TNRE,
NRE K SAA WAL BF o R, AS5H AR5 (N,0,,) WA A BN, Xt anammox {4
F RGN, O (BN~ (EF ) M. A BT, anammox R R A ERCE & N,O Fi 2
NO, 5 NH,OH ZESVERIMIZE S, ABF5E4 % anammox A Z T N,O (iR H T NH,OH 5 NO, 1y#&/n
W, ABAESEPRTS KA TRE, WfariE—2E42 5 anammox B & B A A ST NO, BYZFR% (NRE) 1/
Pk, FREEESER anammox W e KIS T AT SR AR T
2.2 NH,OH 5 NO, %t anammox {AZ R4 H15E% K ThREEL E A9 200

1) WEYIREE b B N0, 5 EFyo fiems BRI A T 165 IRNA 4387, AR
FEEMEIEEER 2 PR, Hrp ACE #il Chao F8E0OK, RUIWF-FEEEBZ, 1M Shannon FEEHH
Simpson F8EGEU N, FITFEE N 2R, FESCIRZE R, AL C MAMBREFEE ACE. Chao 5%k
Fifi [NH,OH] 34K it fill, Shannon 5 %000 fifi = 384
K, VARG F 5 S 2. B 4
) ACE 5 Chao #5 % Fi [NH,OH] %% ik /b J5 3

x2 WEMEENFEEMS MY

Table 2 Richness and diversity of microbial communities

fin, 1 Shannon $5 &3 /i, Simpson 5 ¥ /b, 2415 P PHEZ LIRS
RIS 2 B CmUa 1S, 1 2R 2 ACE Chao Shannon  Simpson
hn. i, NH,0H A 4% anammox A Z HY#EK A0 868.9 919.3 4.140 0.053
T\ MRS T, BfEAR [NO, T FAAR A2 882.4 889.2 4.260 0.045
[FIRICR A3 903.4 9233 4.401 0.037

AW T 1A 55 B (PCA) 45534 BO 889.3 911.2 3.904 0.085
Kl 5 (a) s, WA+ 1 (PCl) 57 2 BI 803.4 814.2 3.937 0.058
(PC2) XA 21 22 57 Pk DT AR I3 62.929% B3 843.4 831.1 3.961 0.055
16.96%. MZIRKEE, A, B, C —HZAY
VR 450 22 5 L N REAR (R () 22 S BB K, 13BN
NO, 5 NH,OH itk 22 fbXT anammox BV
EATRI, {0 NO, IR E . e 5 b) BF O

Co 929.3 976.2 4.366 0.035
C1 942.1 942.1 4.487 0.033
956.4 961.0 4.376 0.036
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Fig. 5 a) Principal component analysis (PCA) plots and b) Microbial community composition at phylum level

7N, FENTKOE B (R FEE>0.1%) 45 SO 25 0 E 48 Planctomycetes . Chloroflexi, Proteobacteria.
Proteobacteria £l Chloroflexi £ #% & ¥l 5 Planctomycetes 3£/, Planctomycetes F1 Proteobacteria & 1%
SRAAMAIANE, X anammox RGA HATIHA!, XFHANE [NH,OH] T anammox W[ /K A48k, %
B4 [NO, 1 BAKES (100 mg-L™"), = ZH & #f ' Planctomycetes [ AH X ¥k B B ik AlG s 24 [NO, 12 &
(300 mg-L") I}, B1 5 B3 41/ Planctomycetes ALt BO ZHF#(I% 27.58 % . 16.97 %; 4 [NO, ] #2513 500
mg-L' B, =20 Planctomycetes [ #H X i B & Wi $2 & . 78 A 20, Bacteroidetes, Proteobacteria £l
Chloroflexi FAHXT B Z RGN, 73514 59.70% . 59.74%. 62.94%; B ez N, 5k
43.94% . 59.69%. 55.76%, i C 41 = F BYAAXS F B Z FALE, 70504 53.46% ., 52.35%. 52.33%.
Planctomycetes 2211 77 anammox & #2, 7EHLZ NO, B}, anammox AW 23)#55; 1 anammox Fikii5 e
Bacteroidetes . Proteobacteria 1 Chloroflexi %5 J¥#I 555, GELMSEYIRA N (SN2 RY) . BT
AR T ) SRelE, JFREHE T REAVER, ORI NLO ATEHER >,
TEEYIEIKFEERI ) PCA Z52RANAT 6 (a) Fzn, B3R 1 (PCL) HEMAT 2 (PC2) R4 22 574k
TIHRRITNN 41.79% F1 18.7%. WEIRAMARA, A, B, C —AAIRIZESHK R BE, MANFEARZERR
/N, BB [NO, ] % anammox BIRISEIEC . WK 6 (b) Fis, TEIERACE b (FIXFF5E>0.05 %) Candidatus
Kuenenia (13.11%~24.51%) f1 Candidatus Brocadia (0.084%~4.03%) #% % % & anammox DI HEH . H 7,
Candidatus Kuenenia 5& Z 5t TIRZS S LT anammox B JE . 4 AU NH,OH A}, [NO, ] A 100, 300,
500 mg-L™" i 3 MSEER4H (A0, BO., CO) H, Candidatus Kuenenia WA FEEZ WAL, B0, CO ZAHH

100% O OLBI4 _norank mothers
@ CCM19a_norank = OLBI3
OA ABZ mCH @ Actinomarinales_norank @ Clostridium_sensu_stricto_13
0.15 - 80% (=] Drjq' kggacteriaknomnk [=] g l];ermmrgmas .
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Fig. 6 Principal component analysis (PCA) plots and Microbial community composition at genus level
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Effect of NH,OH and NO, on N,O emission of anammox system
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Abstract As a new biological nitrogen removal technology, anaerobic ammonium oxidation (anammox) is
faced with N,O emissions, a greenhouse gas with high global warming potential. Hydroxylamine (NH,OH) and
nitrite (NO,") are key environmental factors affecting N,O emissions in the anammox system. Based on batch
experiments, the effects of NH,OH and NO, concentrations on N,O release in anammox process were
investigated. The results showed that at low NO,” concentration (100 mg-L™"), the N,O emission increased with
NH,OH concentration. However, at high NO,” concentration (300,500 mg-L™"), adding high concentrations of
NH,OH (30, 50 mg-L™") could reduce N,O production. Microbial community analysis showed that at low NO,"
concentration, adding NH,OH increased the relative abundance of heterotrophic bacteria while inhibited the
growth of anammox bacteria. At high NO, concentration, high doses of NH,OH promoted the growth of
anammox bacteria and coexisting heterotrophic bacteria. Functional gene analysis showed that N,O emissions
were regulated by nitrification, denitrification, and dissimilatory nitrate reduction to ammonium (DNRA)
pathways and were positively correlated with the abundance of norB and nrfd genes (P<0.05). Therefore, the
N,O production in the anammox system is influenced by the combined effects of NO,” and NH,OH. When
treating influent with high NO, concentration, supplying an appropriate amount of NH,OH can reduce N,O
emissions. On the other hand, in the case of insufficient nitrite, reducing NH,OH accumulation may mitigate
N,O formation. This study provides a reference for operating the anammox process in a low-carbon-emission
manner.

Keywords anammox; N,O; hydroxylamine; NO, ; microbial community; functional genes
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