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Abstract: Achieving anaerobic ammonium oxidation (Anammox) in low ammonia nitrogen wastewater represents a significant
challenge for municipal wastewater treatment plants. This study employed a mainstream Anammox continuous-flow oxygen-limited
biofilm system (DO: 0.4~0.7mg/L) and investigated the nitrogen removal performance for treating simulated domestic sewage with
low ammonia nitrogen content under different influent carbon-to-nitrogen (C/N) ratios (C/N: 2~5). Long-term experimental results
indicated that a C/N ratio of 3.5~4.5 achieved over 85% total nitrogen (TN) removal efficiency. There was a positive correlation
between activity of Anammox bacteria (SAA) and the nitrogen removal efficiency, with the highest SAA observed at a C/N ratio of 4.
Additionally, the C/N ratio significantly influenced the extracellular polymeric substances (EPS) composition of the biofilm, with the
highest protein-to-polysaccharide ratio (PN/PS) and most stable biofilm structure observed at C/N:4. Metagenomic analysis
identified Candidatus Kuenenia stuttgartiensis and Candidatus Brocadia sinica as the dominant species, with relative abundances of
21.5% and 4.7%, respectively. A diverse microbial community, including complete ammonia oxidizers (Comammox), and
heterotrophic denitrifiers, contributed to microbial community structure in the system. Nitrogen metabolic analysis further uncovered
the involvement of partial denitrification genes (HZS. hdh) and Anammox genes (HZS. hdh) in nitrogen removal processes, thus
ensuring stable and efficient mainstream nitrogen removal. Research findings are expected to provide a novel option of mainstream
anammox-based nitrogen removal process for wastewater treatment plants.

Key words: biofilm system; mainstream anammox; nitrogen removal performance; microbial community; metabolic mechanism

PRA & A AL (Anammox) PRI &R = . AEFEAIG B A Strass 75 /K ALH ) B X HGE SEIL T 29
Bl HE S5 58 HA O A Dk 8 AR ke v 7K A B i L Anammox'> i J5, Anammox 7T [ P M & A& T 505
IS FH I 1 A T OB B R T T, R SRR K IKARIEAF 3 T AR S ISP 2016 48, BNk
Anammox 7E TMVALN F 2T s, -8 i vs WS HER: 2024-07-14
7J<5L|‘1E,Anammox A AR E I & gﬁlﬁ B: H% Eﬁ?ﬂ?"%{ﬁﬁﬁﬂfﬁ PEH(\216‘O7111);IJ.I7I_TJ%#?/F'J$§1JCL1'52‘J

. S A - % IS (202401011); 1L 75 28 JE RV 52 v 11 51 H (202303021212309); K4
4ivl 48 H BT 249847127 200 4> Anammox V5 7K 4k LUK BR800 7 0 T 2452 0 5 F ML (JLTUSLKF042024007)
}Elﬁ H ':P,ii}ﬁ Anammox IJ_‘T HﬁRﬁZ:@J 3%.2011 QZ’ * TUTAER, #d%, raymans2006@163.com




788 HOE

R 45 %

B E KA B R 1B A/O TEVETS8VE RKBL T
A b R AR 2 A (PNYA) E ;2019 48,
[ PG 22 S5 U5 K AL FE T 4E AP0 T & rp i B UR)
D BT 2 9 4 R i A - IR AR R A AL (PD/A)RY,
2022 AF, 1 E SN KT R 2 A AR I N A
A F R A 55 K ST ¥ 4) Anammox ),

— A A, Anammox J& Tk DA A B AR K
TG L HACE B EAE e A s Vs e R G b A
DI e A (K U iy SIS 9 4% W - 2. 20 B RIS AT 11
AN S I 4, BB T J AR S R T PR SR 2/ IR UK
FRBE 10 A 52 o) S S A O A 00 () I s 20 ] o i 4
Anammox T A=,

T34k, Anammox KA T EIGHL H TR, 1 B H
WG KRR LL(CN)— e 3~5 2 st izt
Anammox FFAEA: K- C/N {6 FBl(C/N<0.5)" B m O/N
TR R 23] Anammox AE KiG PE L A HbAT,
HET A BEAS 3% Anammox  SEERA S R 212 [
BE R IR T VG KB S C/N KT 45 4471 i Al R FF
Anammox =i P, BETT SEIL = Anammox JIiE &7
P EAM,COD B A5 391 Anammox 3
G A ATETE A S AU AT AR A5 T N S 2k,

ST IR BB T VS KA BT BEK C/N CPIME N
330 AR 9 SR JH 345 S0 PR A o 0 ] R A O M
I 2 A BEARFU AL W75 7K (C/N DRy 2~5), 7% 83 E AN [R) ik
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SR A SRR SL HE SRR AW
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(0.12g/L), FeCl3(1.5g/L), CuSO4(0.03g/L), Na,MoO,
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Fig.1 Reactor system

1.3 SERIEAT

N g AR IS AT IR L R AR R R R
R 2SO AL o TCIZE 42 LA S TIRS A IC AU .
ARG I B R S (DOYEHIAEZ) 0.8mg/L, W
#% HRT & 24h. /K2 Al €/ 50mg/L, it iy
COD(MI IR ZEAE 5%LLN)FaEH] /N5 /K I H
PURC,AE H A BIAER . e M 3 WRHCK, DLk G i 4
A AR P A I ()45 B T RIS SR 3 ok 7 ANBY
BLLIZEAT 180d,1877 4 LK 1.

x1 BITHEH

Table 1 Operating conditions

BrB:  NH,-N(mg/L) COD(mg/L) V¥ C/N RH(d)
I 50 200410 4 1-18
1I 50 175438 3.5 19-49
il 50 150+6 3 50-85
Y 50 100+5 86-115
v 50 200%10 116-133
VI 50 225410 4.5 134-158
VI 50 250412 5 159-180

1.4 {22507

KK PR G 0.45um 119 98 I it 9E,COD .
NH, -N. NO, -N. NO; -N, "X/l HACH Lange F: A 11l
XA (HACH DR 1900,3% ). TN AP H AUt 5 15
FLAEDINE MLVSS K 5755087, pH {EF1 DO Jl ik
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RS A R Anammox AE ) JEB EUE BE A AL 789

FHEAXZ ZEUKT T AU(WTW Multi 3420, 78 [5) 1
A= I B A0 38 B ) (EPS) 2 26 STk 5 1 HEAT 42 Y
USTEPS w22 H(PS) AR 113 (PN) 70 SR 740 -t 1
bl a2 T s i Ltk
1.5 BA s P

FESS 18d. 5 48d. % 84d. & 114d. % 132d.
55 157d LUACER 180d M s B 8 R B HE — i DRI
ISR 5 FH IR Eh S s e IR 3 IR B
MR 250mL A& G PR RC /K. I e DA E A
W% Mk (SAA), it /K ' 20mg/L NH,Cl Al 30mg/
LNaNO,,pH ¥ HI7E 7.6,78 A\ 4% <.(>99.99%) %
1 20min 5 BR7K IR AR K 2 A 1) o O T
30°C,150r/min HUAIRZ %5 NV 2h, S W R e
I SRR HH 7KK FE I 5 5 2 A AR P (OAA) B 7K
AN I 20mg/L NHCLIM 5 ik R 10385 AN 25 3 ik
NIEIR AR 2% 45 30°C,150r/min [41E R [N 2h;
D58 G A8 A 1 3k A A 75 M (ONA) fic 7K A 3L s T
20mg/LNaNO,, Il & i F2 [|] b5 I s Gl 4 S Al A0 %
(ADA) i 7K H H 5 I 20mg/LNaNOs, [7] 5 Jin A
60mg/L i 45 B 1E A AT LRSI, DU i 1k FE 55 SAA il 52
IR, S E i M AR v S R

N -N
SAA [mgN/(gVSS-h)] = TLVS“S (1)

T N 3 P T 46 e 2 SRR A PR 2 2R 1

2 mg/LsNegr A9 3% 1 U 45 R IR 22 S50 W A 1
GO E 2 AN, mg/L;T 3 00 R B R I6 [), h
MLVSS AWK E, o/L.

[NHZ — N]inf — [NHZ —-N]

T -MLVSS

A [NH NTine 24 375 2 IR FF 06 I 0 R 7R
mg/L;[NH, Nogr A 395 1 0 4 9RE I 4 280 10 9 2,
mg/L.

OAA(mgN/gVSS-h) = S6))

[NO; — N]inf _[NO; — N]eff (3)
T -MLVSS

A [NO, N A9 375 2% T 463 5 0 2 3 520 £

WSE, mg/Ls[NOy ~Noge 35 P IR 45 I W0 4t 1

FEHIHEE, mg/L.

ONA(mgN/gVSS-h)=

[NO; B N]inf - [NO; B N]eﬂ‘ (4)
T-MLVSS

U [NOs —Nline A 3G PRI T 20 I A S BRI T,
mg/L;[NO; —Nlegr 4 7% PEMRA S5 AR A UKL,
mg/L.
1.6 AR 0T

BT RS 132d(C/N:4), i ] EZN.A™ Mag-
Bind Soil DNA Kit %f A=A i 14T DNA $2H K
Je KSR DNA FF il EAT P BeAb, b U i S,
ffFH Tlumina Miseq =il SN 71 5 (EIEAE )X
FE AT 2 A R0 .

ADA(mgN/gVSS-h)=

*2 EBITHR
Table 2 Operation performance

tek N
4 3.5 3 2 4 4.5 5
NHAJr—N(mg/L) 1.58+1.29 2.40+£1.24 2.21+0.37 5.31+£0.91 3.39+1.19 3.62+0.99 5.48+1.38
NO; -N(mg/L) 0.12+0.01 0.12+0.01 0.12+0.01 0.12+0.01 0.12+0.01 0.11+0.01 0.11+0.01
NOs; -N(mg/L) 3.57+£0.95 4.57+1.32 5.85+0.76 6.7+0.82 3.91+1.35 2.83+0.37 2.45+0.95
ARE (%) 96.8+2.6 95.242.5 95.6+0.7 89.4+1.8 93.3+2.34 92.78+2.0 89.1+2.7
TNRE (%) 89.5+0.8 85.9+2.23 83.7£1.9 75.89+2.9 85.2+4.6 86.9+1.9 84.0+1.3

2 HR5WE

2.1 JREMERE

SN s - B BB VIR e 2m P 2 RIS 2 s A5
[ B BL(C/N by 4),ARE I NRE 73 5ili4 #1 98% LA A1l
90% /A7, Hi7K NHy -N Hl TN 205 F& 2 4F Img/L Al
Smg/L LAR R LB Boks O/N N4 3.5, 014 J LR
Ptk NH, N Ak NOy—N 3R} 74,1 5 30d

DG, B I s 146 BH S Pk 2, AE AR BOR B K TN
P fE emg/L 2oy, S0 T A0 R I R A SR T
BB Akl /N RMR A 3, Mg tH 7K S AL
BT TR 60d I A B 25, LI NRE XA
80.2%, fEA T B AR, ARE #I NRE 7351 LT+ % 96% &
85%LA I, Hi7K TN &€ 8mg/L LA SR 1T %M B R4t
PRI ) e 2 LR B K BB IV BELO/N 3E—20 R
WA 2, N AT DL B, eI s Y g i R R
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Fig.2 Reactor operation performance
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Fig.3 Functional microbial activity

K3 R TANH C/N RS- Dh g b 1S 1. 7T LU
AR T Dy e B IR AR AT T (SAA) B,
& T RAEATEE(ADA), I H. SAA 5 RS ASCE
SEIEAHOG, R AP R S8 & L Anammox A T (1)



2 34 fipdi s ISR B AR I Anammox AR ST e A AR BIL 791

PR A C/N R SAA B, Hd /N 4 4
i SAA i, 8 C/N Ch 2 11 2.3 fi%5.b4 C/N i#t—20
Bn,SAA HIL R A ADA HEL— e T sl
& C/N EAF]T-H#E4E Anammox JERYI— AN IR £h &
Anammox T P 4EFr; T B C/N 2R AF Sk, b 18
B P i Y Anammox A2 KA 3R R I 1 ) 22
A AL TE OAA FT ONA 4% s, H.5% C/N 540
AKX B AR 2R C/N U Bl LB G PR e 2 3
IR PPN TS F T
2.3 EPS 7T

Kl 4 SR T BAK C/NQ) etk C/N@) M i
C/N(5) T (1) EPS 473 J & . 1 B AT 01,C/N Re s
F o A 1B EPS 4 5 7 & B4 C/N Jt 15, EPS
B R ILE T A R, C/N T E T LU A
JEE EPS 73, )\ EPS 41737 ,C/N $#& i fli43 PS 456 I
THJG R %, PN AR J X 36 B A fe i /N R 2 B
(PS) Bl 57 75 w1 K 2t 4 i R FH Tt 2 1 0T (PN) 70 WA 3
Z T #PT C/N X} Anammox HIA B §2 11, PN/PS
P 480 3R A AR ) SR AR AR RS e 1 PN/PS.
FonAE Ml 2P AT DUE HL,C/N O 4 1, PN/PS
AL, 5 AT Anammox BV SEHEUE .
TR A RO 2 A — 20 () 2b) R Bl =
C/N AEAF AR B A R AR I P, 3k i 5 8504
PN

25

20 F

v

0 DHHDHHHHqDD HDDD

a0 (USRI ol S S S .l S o o S S & & o
EXIN IR A S N PN SN\ SN NS
@ O G o o o Y o Y Y o o

< SN o g & ¢ @
RIS VISP AP SO 07 @707 9T @ ¥
; PSR
8 & o q}“
& N o
N AN o QY 4P
Y QL
PO P AR AT
& & AV W0 & BN
PRSI M LS @Y (AP
S e
& \\(\u RO

O

K4 EPS 417 s
Fig.4 Components and content of EPS
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J5E 328 1Ry T P A K 5 14 (Nitrosomonas), R 6 ] LA
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ST AR L EY R R ST FE N A E
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Fig.5 Microbial community composition
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Fig.6 Nitrogen removal mechanism
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3.4 FEAEFRNAAEE T Anammox. Comammox
M S5 7 SO AR S T 2 D e R 3 A, R e DR A R
RILT AR A AR RO A AR A A BB A2
3.5 Comammox/Anammox JLA7 & VEH N i5K
AR PR SR —Fh = AR P i T S

EpaN

[1] Zhang M, Wang S, Ji B, et al. Towards mainstream deammonification
of municipal wastewater: Partial nitrification—anammox versus partial
denitrification—anammox [J]. Science of the Total Environment, 2019,
692:393-401.

[2] Wett B, Podmirseg S M, Gémez-Brandén, et al. Expanding DEMON
sidestream  deammonification technology towards mainstream
application [J]. Water Environment Research, 2015,87(12):2084-2089.

[3] Lackner S, Gilbert E M, Vlaeminck S E, et al. Full-scale partial
nitritation/anammox experiences—an application survey [J]. Water
Research, 2014,55:292-303.

[4] Cao Y, Kwok B H, Van Loosdrecht, et al. The influence of dissolved
oxygen on partial nitritation/anammox performance and microbial
community of the 200,000m’/d activated sludge process at the Changi
water reclamation plant (2011 to 2016) [J]. Water Science and
Technology, 2018,78(3):634-643.

[5] Wang Z B, Liu X L, Bu C N, et al. Microbial diversity reveals the
partial denitrification-anammox process serves as a new pathway in

the first mainstream anammox plant [J]. Science of the Total

Environment, 2021,764,142917.

(6]

(7]

(8]

[

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Hou F, Zhang T, Peng Y, et al. Partial anammox achieved in full scale
biofilm process for typical domestic wastewater treatment [J].
Frontiers of Environmental Science & Engineering, 2022,16:1-7.

Ni S, Lee P, Fessehaie A, et al. Enrichment and biofilm formation of
Anammox bacteria in a non-woven membrane reactor [J]. Bioresource
technology, 2010,101(6):1792-1799.

WAL, FIEAR, T AR M URIS 1 CANON 12 [l ek it
RUEIBAT [J]. HEPREEREE, 2019,39(7):2781-2788.

Xie H, Wang X, Wang W, et al. Stable operation of CANON system
during temperature and substrate decreasing process via aerobic
regime adjustment [J]. China Environmental Science, 2019,39(7):
2781-2788.

Zhu Z, Zhang L, Li X, et al. Robust nitrogen removal from municipal
wastewater by partial nitrification anammox at ultra—low dissolved
oxygen in a pure biofilm system [J]. Bioresource Technology, 2023,
369,128453.

R R G RS A S A S A B B (SNIDPR) 2 ¢ b BRAIG %% S L5 K
5% [D]. Ph K2 K2, 2022.

XIE S. Study on treatment of low carbon/nitrogen ratio wastewater by
and  denitrification

simultaneous nitrification

(SNDPR)

limited oxygen

phosphorus  removal

University, 2022.

system [D]. Xi’an: Chang’an
Xu G Zhou Y, Yang Q, et al. The challenges of mainstream
deammonification process for municipal used water treatment [J].
Applied microbiology and biotechnology, 2015,99:2485-2490.

Trinh H, Lee S, Jeong G, et al. Recent developments of the mainstream
anammox processes: challenges and opportunities [J]. Journal of
Environmental Chemical Engineering, 2021,9(4):105583.

Cao Y, Tang J, Henze M, et al. The leakage of sewer systems and the
impact on the ‘black and odorous water bodies” and WWTPs in China
[J]. Water Science and Technology, 2019,79(2):334-341.

Li X, Wang G Chen J, et al. Deciphering the concurrence of
comammox, partial denitrification and anammox in a single low-
oxygen mainstream nitrogen removal reactor [J]. Chemosphere, 2022,
305:135409.

Miao L, Wang S, Cao T, et al. Advanced nitrogen removal from
landfill leachate via Anammox system based on Sequencing Biofilm
(SBBR):
Bioresource Technology, 2016,220:8-16.

Xu Z, Dai X, Chai X. Effect of different carbon sources on

Batch Reactor Effective protection of biofilm [J].

denitrification performance, microbial community structure and
denitrification genes [J]. Science of the Total Environment, 2018,634:
195-204.

Jetten M, Niftrik V, Strous M, et al. Biochemistry and molecular
biology of anammox bacteria [J]. Critical reviews in biochemistry and
molecular biology, 2009,44(2/3):65-84.

Du R, Peng Y, Ji J, et al. Partial denitrification providing nitrite:
Opportunities of extending application for anammox [J]. Environment
International, 2019,131,105001.

Peng Z, Zhang Q, Li X, et al. Exploring and comparing the impacts of
low temperature to endogenous and exogenous partial denitrification:
the nitrite supply, transcription mechanism, and microbial dynamics

[J]. Bioresource Technology, 2023,370,128568.



794

o[ F

R 45 %

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Wan J, Gu J, Zhao Q, et al. COD capture: a feasible option towards
energy self-sufficient domestic wastewater treatment [J]. Scientific
reports, 2016,6(1),25054.

Zhang Y, Deng J, Xiao X, et al. Insights on pretreatment technologies
for partial nitrification/anammox processes: A critical review and
future perspectives [J]. Bioresource Technology, 2023,384,129351.
Chen J, Hai Y, Zhang W, et al. Insights into deterioration and
reactivation of a mainstream anammox biofilm reactor response to
C/N ratio [J]. Journal of Environmental Management, 2022,320,
115780.

Miao L, Zhang Q, Wang S, et al. Characterization of EPS
compositions and microbial community in an Anammox SBBR system
treating landfill leachate [J]. Bioresource Technology, 2018,249,108—
116.

Fuerst J, Sagulenko E. Beyond the bacterium: Planctomycetes
challenge our concepts of microbial structure and function [J]. Nature
Reviews Microbiology, 2011,9(6):403-413.

Daims H, Lebedeva E, Pjevac P, et al. Complete nitrification by
Nitrospira bacteria [J]. Nature, 2015,528(7583):504-509.

Wang J, Yan X, Zhuang J, et al. Meta-Omics analysis of a formate
sidestream—mediated partial nitritation-coupled anammox process [J].
ACS ES&T Water, 2023,3(2):510-519.

Zhu G, Wang X, Wang S, et al. Towards a more labor-saving way in

microbial ammonium oxidation: a review on complete ammonia

oxidization (comammox) [J]. Science of the Total Environment,
2022,829,154590.

[28] Kim D, Han H, Yun T, Song, et al. Identification of nosZ-expressing
microorganisms consuming trace N»>O in microaerobic chemostat
consortia dominated by an uncultured Burkholderiales [J]. The ISME
Journal, 2022,16(9):2087-2098.

[29] Sun H, Shi W, Cai C, et al. Responses of microbial structures,
functions, metabolic pathways and community interactions to different
C/N ratios in aerobic nitrification [J]. Bioresource Technology, 202,0,
311,123422.

[30] Wang M, Huang G, Zhao Z, et al. Newly designed primer pair revealed
dominant and diverse comammox amoA gene in full-scale wastewater
treatment plants [J]. Bioresource Technology, 2018,270:580-587.

[31] Wang Y, Ma X, Zhou S, et al. Expression of the nirS, hzsA, and hdh
genes in response to nitrite shock and recovery in Candidatus
Kuenenia stuttgartiensis [J]. Environmental Science & Technology,
2016,50(13):6940-6947.

[32] Li, X, Wang, G, Chen, J, et al. Deciphering the concurrence of
comammox, partial denitrification and anammox in a single
low-oxygen mainstream nitrogen removal reactor [J]. Chemosphere,

2022,305,135409.

TEBEII: i 15(19957), 22, VI RIBAZ, 4 BFF5 1 9k
MvE KA N R FRBE. K R 3L 10 255 xieshuting1995@163.com.



