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Abstract: The rapid startup and stable operation of the partial denitrification/anammox (PD/A) system remain challenges limiting
their engineering application in wastewater nitrogen removal. This study investigates the startup process of a PD/A reactor,
inoculated with an aerobic sludge biofilm, under conditions of low substrate concentrations (NH; N < 50mg/L, NO; -N < 30mg/L)
and a C/N ratio of 2.86. After 100d of operation, the system successfully enriched both anaerobic ammonium-oxidizing bacteria
(AnAOB) and partial denitrification bacteria (PDB), achieving stable operation. By the end of Phase 1V, the total nitrogen removal
rate (Re. TN) and nitrogen removal rate (NRR) stabilized at(78.42 £3.78)% and (2554.58 & 132.78)mgTN/(m?-d), respectively. The
activity of PDB remained consistently higher than that of AnAOB, reaching stabilization levels of (6495.85+627.61) and (3093.15
+43.91) mgN/(m*d), respectively. High-throughput sequencing revealed significant enrichment of PDB (Thauera, Denitratisoma)
and AnAOB (Ca. Brocadia, Ca. Jettenia), with their relative abundances being 5.33%, 8.32%, 13.57%, and 0.29%, respectively.
Fluorescence in situ hybridization (FISH) analysis indicated that AnAOB predominantly colonized the outer layer of the biofilm,
suggesting a chemotactic migration behavior. Partial least squares path modeling (PLS-PM) analysis showed that operational
conditions directly influenced microbial community succession, which, in turn, indirectly affected the nitrogen removal performance
of the system. This study offers valuable theoretical insights and engineering references for the rapid startup and stable operation of
PD/A systems.

Key words: low ammonium nitrogen wastewater; anaerobic ammonium oxidation; partial denitrification/anammox; fluorescence

in situ hybridization; partial least squares path modeling; startup and operational characteristics

PRAE AN (Anammox)VE o —FB L AR EL Pl RRSE I A I S e AR P AR 1, %ot A s A
PR AEHEESAE T LU R R (NO, -N) A LT 324,
‘?/:/f_“ +_ 5 \\ V== []] E Qi{ S llﬂIfEE,HH 2025-04-11
# %%&(NH“ NEBRAAAT TN TG g mm, 5o wkior e 6905 H Go2AACOSO3 BB 11
~ AL T2 A LG, Anammox .2 HA5 GEAREAR, B 4% R 7K B335 7K A 2501037 BT BA I3 H (2024CXTDO16)
VR D TSI USSR AP MO R B, U hai@nucduen




6632 o

KoM R %

45 %%

H NO, —N AE A s W JE ), T AE 32 s 7K A 38 v DL
Fo o P Z R W, 3K 1k ) 20 B TR N R () 32 2
I

LT, 823 A A (PN 8 43 B il £k (PD)PI PR g
%4 Anammox &t NO, -N M52 232 K R 1,
Fii PN T 20 LAAT 244 i P A R 55 AL R (NOB),
SH NO, N e AR Mty FPD 7EAK
NH, N &K BT 45 2 R P A7 B AR 55 A 1
NO, -N AN { R Z it 70 %! IH k78 0
V5 KA T SR a3 O RS A IR AR R AL
(PD/A) T &0 fig s AR,

HAll, PD/A 40 2 B itk e 7 g
ISR i W N E R 7 Ry g IV I /N [ TR 4 NE 2
WS, T i PD/A 1)) 8+ sE Bk g 1847, il
iy SR CAT PR R SRS 2 (1) e — o A5 [i] B 4 o ol 3
) IR 48 4 48 AL T (AnAOB) V5 T8 F1 3 43 I fil 4k T
(PDB)Y5 ' () EREIZ 1T AnAOB [ B 2%
T EINA HLA LA S PDB & 4 AR T3 Aoy v
B 3 AnAOB ¥59E,1 AnAOB {35 341K} ]
KO S B985 4 PHRIURK, S B L AR S B TR PSS
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1.1 SEEOREE M5l

RIS A RN 3L i) SMBBR, QI 1 i
NN A A AL B S R, P HE R AR JVP-
110/120) AT 45+, 38 i /K Gl P R b T2 IR
BRI E K KB B R 44 A 3 FE.
RN IS AT I FEANBE B DO B, HHEK L 100%,
DA A5 98 195 Jf A4 RS AT R R 7K HE HH AN T £
TIE AR 5 Ay 32 B () S B DX ek 2 s e B A VG 22 T
VUG KA hp S i SR K3 AR L 3R T
F>500m*/m’.

— e

-,

| . dkEm
mﬁutrx

(SR EFIVE -2 WAy <

Fig.1 Schematic diagram of reactor

1.2 RNAHEAT
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Table 1 Reactor operating parameters

BT RE NH;~N NO;-N C/NO;-N HRT =91
(d) (mg/L) (mg/ll) (mg/mg)  (h) (C)

Fr Bt

PR 3l )
1~100  30~50  40~50 2.86 6 35
(Phase )
Fiag T+
101~170 40 40 2.86 4 35
(PhaseIl)
S IE YA
171~241 30 40 2.86 4 25
(Phaselll)
El g
1T 242~400 30 30~40 3.50 3~4 25
(PhaselV)

KA TOR RN AIBAT R N 4 AP B RIEAT
i 1] 400d. 3247 1), 2R N T RC /K 3 3= B Rl 4
B R IR R, TG OK SN AT IR RN R e 2%
HNH, N, NO; -N L Ab 2% 75 4 it (COD)K B
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KRB AAMTA C/N phsg JLAh a7 2 2% SCik[10,17]
HHATHCE. A, L B NaHCOs K pH A 4EF74E
7.5~8.2. R NV AFISAT I HAASHNE 1.

1.3 S Mr I H R 7

AR5 10 K R 45 45 NH, N, NO, -N,
NO; -N fl COD, A NH, N ARl 5 K I 44 a7l
23 66 B 1% (GB 7493-87); NO, -N [ 5& 5% H]
N-(1-Z8 )~ & Z 1% 4y D )6 7% (GB - 7493-87);
NO; -N [f ll 5& R H % 4F 4 6 O B % (GB/T
5750.5-2023); COD 1) 5& K M b ¥ J7 % (HI/T
399-2007).

1.4 FOGIRAI AL (FISH)

PD/A “EWIIIEA) FISH 4347 2 2 [l AMANN!®
SRR BB AE 7 VR IEAT A48 I 0TS Ve R e
eI A2 BABI(TCS SP8,ER)BEAT L% A8 i Jir
FHBER LK 2.

%z 2 FISH X ETRRE
Table 2 Probes used in FISH

WEF R RNA %

GCT GCC TCC
CGT AGG AGT
GCA GCC ACC
CGT AGG TGT
GCT GCC ACC
CGT AGG TGT
CCT TTC GGG
CAT TGC GAA

Fric 40 7% 3CHR

Eub338

Eub338II

e
B

[19-20]

Eub338III

Amx368 Jii4 AnAOB [21]

1.5 ThAREHCED G &

AnAOB 7 PE(SAA)HI PDB i P (SPDA) K H Jit
A7 5 0 R T 0 R, L AR 1 2 I R )
FHIR (1) TR EAT
1.6 molENF

JARFT PD/A R4 )58 8 S T i R A i
A2 ) T v R AR A R, 0 ) AR 2B 0d(HE Rl T
€),300d F1 400d M J N AR bR AR VS Je A
HEAT B0 WD R o0 AT BT A 3R AT 1 A ) IS L A
“20°C A A EIRAT 22 DNA 21 | Fast DNA
Spin Kit for Soil(Omega Bi-otek, Norcross, GA, U.S.)
KA k41T DNA $EHL. 3R 5 H 514 338F(5-
ACTCCTACGGGAGGCAGCAG-3") il 806R(5°-
GGACTACHVGGGTWTCTAAT-3") 3k 4T 58 & il %

RV (PCRYY 1. I J5 76 L5535 A W 1) Tllumina
MiSeq PE300 - 5 M4 T i .
1.7 HOPf 5
W PD/A R 40 4% 45 H R A LA, R
JI Ak 2 F BT 5 J7 v NH N NO, N DL K
NO; -N [ LR FE AT 2 =T RGN NH, -N
MIHFETE N Anammox V.. PD 4f& L
FD 3 FE40 & b G NOs —N AT COD ()2 B
PD Fl FD Jsb R 3 [R] 58 Bl AH OGS W (R V1 E DG &R a0
PD &b 2 (6K J6 A & 12 ,PDB (¥ 40 ML 7= %
0.41~0.67g biomass-COD/gCOD'), 4 fiil j= 2 Iy
0.40gbiomass—COD/gCOD):
NO; +0.0663NH, +0.4159CH,COOH —

(D
NO; +0.0663C,H,NO, +0.5CO, +0.699H,0
FD i F&:
H* +NO; +0.167NH, +1.040CH,COOH — @

0.5N, +0.166C,H,NO, +1.25C0, +2.248H,0
Anammox i F224:

NH! +1.146NO; +0.071HCO; +0.57H" —> 0.986N, +

0.161NO; +0.07ICH, ,,0, , N, ,, +2.002H,0

3)
T Fd ¥, % Anammox(x). PD(y)F! FD(z)

IR PO NHS N BTk 53 71 A -

Inf Eff _

Casx Oty =x+y+z 4
Artefy. Mg RUOHEEHK NHy N W,
mg/L.

PR IHET R NOs-N 5 NO, -N 424k
KA 3 P FEXF NOs -N W FE R R IE
W

NH;-N  NHj-N

ANO;,, = 1.26-(01“ o )_

0-21'(";}8;« —cﬁggiN)+l.l3.c§f§5_N ®)
ANO;,, =-0.96 (CII\?;;X—N B ciﬁX-N ) +
1-16'<CE1(§5,N —c§g§7N>—1.10-c§gz_N (6)

{1 ANO;,, I ANOS,, 43 5l# R~ PD #il FD X}
NO; -N [ #E &, mg/L.
AN, TN 28 8 Anammox 5 FD i f2 3 [4]
F) 1, Fe DTRR T s
ATN :2.14-(c‘"f — )_

Anammox NHj -N NH; -N

NO; -N NO3; -N NO;-N

0.35-(c‘“f —c )+ 021" (7)
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Fig.2 The operational performance of the SMBBR reactor
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Table 3 Comparative analysis of nitrogen removal efficiency in PD/A systems inoculated with different sludge types
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Fig.6  Path analysis between environmental factors and bioreactor performance
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