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Analysis of the low-temperature nitrogen removal performance of cold-shocked immobilized ANAMMOX granules. WU
Wen-jing', CAO Ye-qi', ZHANG Jing!", ZHANG Lin-hua', HE Jie-ya>, WANG Guo-zhao', ZHANG Pei!, ZHENG Xiang', CHEN
Jian-wei'" (1.North China University of Science and Technology, College of Civil and Architectural Engineering, Hebei Key Laboratory
of Earthquake Engineering and Disaster Prevention, Tangshan 063210, Hebei; 2.Department of Chemistry and Chemical Engineering,
Cangzhou Normal University, Cangzhou 061000, Hebei Province). China Environmental Science, 2025,45(9): 4945~4954

Abstract: This study addresses the challenge of low-temperature nitrogen removal in the anaerobic ammonium oxidation
(ANAMMOX) process. By using cold shock, the nitrogen removal performance of immobilized ANAMMOX particles (R3) at
various low temperatures was successfully improved. The results showed that, at the low temperatures ranging from 23°C to 6°C, the
nitrogen removal efficiency of R3 particles was significantly higher than that of non-cold-shocked immobilized particles (R2) and
non-immobilized ANAMMOX sludge (R1), with the advantage being especially pronounced at 12 and 6°C. The higher specific
ANAMMOX activity (SAA) and biomass concentration (MLVSS) of R3 particles were key factors in maintaining efficient nitrogen
removal at low temperatures. At 12 and 6°C, the SAA of R3 was 20~22 times higher than that of R1 and 12~14 times higher than R2;
the MLVSS of R3 reached as high as 6059~4732mg/L. This was attributed to the fact that cold shock improved the metabolic
proliferation of functional bacteria, extracellular polymeric substance (EPS) regulation, and the secondary structure of proteins (PN)
in EPS. Notably, the relative abundance of Candidatus Brocadia in R3 was significantly increased, enabling it to maintain activity at
extremely low temperatures. Additionally, the increase in the abundance of ANAMMOX genera and cold-tolerant bacterial genera
within the particles facilitated the regulation of EPS secretion and improved bioaggregation. This study provides an effective
approach for promoting the low-temperature application of the ANAMMOX process.

Key words: anaerobic anmonium oxidation (ANAMMOX); gel immobilization; cold shock; low-temperature nitrogen removal
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H BRI AT ERAR A vt J5 1Y ANAMMOX  # Ji 50R.
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18min), 43 2 L3O E 0.45um AR 38, 9E 5 )
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SRR R, P B AR Z R N A R2 K
NH, ~N FINO, -N ¥k FEA b R1 54 W 12 22 51 X 43t
WX ANAMMOX ik gk 476, 3 [ a4, SO0 He AR
12~23°C Il B PR REA — € M B A ;24347
JEREIL A 6°C I, ANAMMOX 0, H0RE i 0B  [+]
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B 5T ANAMMOX 75 Y8 HEA T AL J5 P304 T 5 e
R b A 35 R VA BIAK 1 5 90 mT Sk 3  ws JLAR Mie
FE AP AT R B ANAMMOX {518,
FRHEAT VA 1l s Ak, T B A b s HUR AE E
IR 25 T (B U BE ) 33 55 74 b i AH LE YA B 4K
G A T, EL PR T B 2 () R Bt o R
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2.2 Vs R1~R3 AEYEVERAEY) SR FE 7 b

1P 3(a)FTas, E M BE T W 2% R1~R3 N5 814
JEBLH T B O PE R V5V SAA N
481mgN/(gVSS-d).R2 CLILRUKL [1°1-3) SAA {H N
476mgN/(gVSS-d),ffk T R1 V57, 1X 5 &R 255
Petb ke = T — AR A KR3 AR
K224 SAA 154 490mgN/(gVSS-d), =T R1 {57k,
IX S VA v A A O T A R (G IR
A5 5T RE.

N AEAT BB ILR1 V58 T4 SAA i &

FBEALE 115mgN/(gVSS-d), ¥t B 12°C ik ¥
ANAMMOX AW A H AL N =45 T B B AR5
Wi AZARIR 451 R1 N ANAMMOX A& 440 Jfa A fifg
I3 TP R 2 PR BRAK, I 5 i () SR R R B,
15 A S5 I 1D 3k 6 3 Rl /I, e I T 3 KTl B
AR R o, AR 5 S04 M (1 8 3 P FRARG, 0 s B
AR T AP S TR 1 A1 Y BRI LR
P SET T3 T ANAMMOX & [ 1E 5 3EA T,
SRR 2R M R JBURL I F- 1 SAA {H ) #
R1 V5t T 93%. 512 ) Rl A R 4 A% A
i ANAMMOX U AEMIAE 12 CIRIR N5 Re 4R
T AL R T FE — e R R LRI R AR A
AT L R A A ) A R LA ) AR
TP A5 ek 2 ¥ Y 1) TV 12k 1D 6 ) A 45 5k A2 4)
FEAGHR AT RE 4 FE— 2 AR K AR B T8 AT iR
JEE KT B R2 ORGP AH LI B T A B~ F%.R3
R T340 SAA fH % 5,15 345mgN/(gVSS-d)).iX f&
M R3 BUORLHEAT T ¥ phdi s b b 3858 m T
ANAMMOX T AE 440 i A 1 i 46 44 55 D e, e i
W& I S BRI PR OO OAR B B T R AL
A 0% g T N ANAMMOX I i
T

B LAE 6 C Al N R v et JLT&
5,1 SAA HAUK 13mgN/(gVSS-d). X Ui R1 A
T2 0 A S 7 AT o A 4, A 2 52 B R K
BELRS, JCV2 AT 800 o A RN R AR I R 2 FkE (1)
T G PRI Y SAA B 2 17mgN/(gVSS-d).
R3 JikifE 6°CHfH ¥ SAA {H A 205mgN/
(gVSS-d), & R1 A1 R2 ) 12~16 153X Ui WA 7E 6°C A
R R B2 B e ANAMMOX B 4ERF— & B 17
EE (0 ANAMMOX 1 [ £ 6] B AR EE (138 N g )
AR F . T AR A v I s AR L R2 0k
PRI ANAMMOX A= 4 52 BRI 6 7™ 5 ks,
0 6 P ) A A A S B2 B8 A A o Bl T AR,
JEEMIHAL BE 159 AR, R3 Wk th T2 T A
ARG R AR TR Y B8 ) R ) ANAMMOX
R ARSI 2 PN R R 1K TR, R 3 L R 7 6°C
IR AR T AR RR A i () .

W EARA S BT R BB 3(b)F(C)), BB T 45K
i (EF 30d), [ v 4% R1~R3 P MLSS 2 5K, 43 51 4
8233,8357 Al 8379mg/L;MLVSS 7254 6341,6403
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1 6416mg/L;MLVSS 5 MLSS (1A (fyss/ss) 7))
3 0.83,0.84 Al 0.87.Fr Bt 11 45 RIS (55 60d), [ W 2%
R1 P MLSS Fl MLVSS AH LGB T2 % T 54 4032
1 2388mg/L,fyssss FFEA 0.56.X Ui B 12°CARIE 2
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% RE R A i D TR A AR Kz ), AR B B
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1IR3 W (A4 A L B T AN B i T
e AX 55 A ik T R A ANAMMOX A4
FEARHR T AR P R B R A K

MR RV ABAT R B T 45 KNG 90d),
SOV 2% R1 A MLSS.MLVSS ) AE B 4 1049mg/
L Fl 487mg/L(fyssiss 0.46). 5 N g% R2 Py MLSS Fl
MLVSS 4 3022 Al 1519mg/L(fyssss 0.50), % 2 i 1
RIABASE 2102 S 2% R3 9 MLSS F1 MLVSS £
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Fig.3 Changes in SAA and biomass concentration in reactors
R1-R3 at different operational phases
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SR B 5 AT ¢ Lin 25 A WIF5T 3R W, 1% I IG i sk
B Bl S e (e B RE EvG Je. EPS [ 43 b, 1Y 5
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Fig.4 The contents and composition of different types of EPS
in the reactors R1, R2 and R3
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Table 1 Proportion of secondary structures of proteins in EPS
of reactors R1-R3

" - s ] TN o IBE
B Bedh (1650~  (1618~1640cm™ Rl (1640~  /(P-HTB+TC
1660cm™)  1670~1690cm™")  1650cm™)  #F )
R1 9.6% 20.3% 15.9% 0.24
I R2 9.3% 20.7% 15.5% 0.26
R3 8.1% 23.2% 19.7% 0.19
R1 12.1% 19.4% 15.1% 0.35
0 R2 11.2% 21.9% 16.9% 0.29
R3 8.9% 22.2% 18.1% 0.22
R1 15.8% 16.3% 13.3% 0.53
I R2 15.1% 16.7% 13.8% 0.50
R3 11.1% 18.8% 16.6% 0.31

PRI I, B BB T-TTLR3 A MR Y PN A1) o iR
Jié 7 LA - ME/ (BT B+ Jo Lt i) L A 26 BH S Y.
&% R3 B JZ NG e AR RE )98 T R1 FI R2 Y
()95 6 X R A ¥ vl 008 T A ORGP Y Y
EPS 8 5 g 4544, R TS e AR AR 2
1) 58 B T V5 e B o 45 48 (1) AR 1 . B A I AT il B B
f,R1 M1 R2 Y58 o WEBE v ELAH S48 o, A 45 2L
PN 3 T4 Ky At 538 ik Ve B BE IS 5 2 58, 22
R MERE T B AR 1M R3 F0RE I8 i HE R AR ) o I8 5E
b7 AT o Wi /(B— T B+ oA i) U AEL PR FF T R
(1) 2R 46 Tk e, BE % 5 4 b 33 WA IR PR B fR i T
ANAMMOX [ (RAEE BT 245 R Ul Ve pheh T
Bt TR V5 YE EPS PN I 45,

A5 AR AR B A TV5 Ve 6~12°C BRI RE T £r
FF R 1 SR AR RE.
2.4 ARIBATHBUR YA R1~R3 D fE 1 FE5
G

K H 16S il S P R AT 1 T Re B
(VAN = B, T2 1 B = BE AL B 5 m] By
BE 1 (38 30d), )2 v 2§ R1~R3 W Candidatus Kuenenia
FER = TS HE RS A 5 K1, 2330 32.8%,35.5% A1
36.1%.R1 F1 R2 W Candidatus Brocadia fJAH% &
N 2.3%H12.7%,R3 W Candidatus Brocadia [JAHXT £
FEh 3.2% 4002, [ N A8 AT R Fr B T(5R 60d),R1
W Candidatus Kuenenia [JAIXI EEEH FTHE
14.9%, [7lI8t Candidatus Brocadia [IAH 2% T [F 5
1.3%. 55Kk R2 fil R3 W Candidatus Kuenenia [J4H %}
FREAMLH B T ¥A I FEMH R2 F1 R3 K
Candidatus Kuenenia A% 35 73 1A 20.6% A1
26.7%. 40 R2 W Candidatus Brocadia HARXT 35
B4 4 3.3%, 1M R3 4 Candidatus Brocadia [FJ4HX} 3=
FEMRIESE = 2 10.3%. 6 Be LRl s AT Rt —
LR R1 W Candidatus Kuenenia A% RE SR~
F 42 0.7%,7F HARA M Candidatus Brocadia. iz
B R2 1 R3 W Candidatus Kuenenia AHX] 3 )5
N 3.6%A 83%, W% T RIR2 W Candidatus
Brocadia AHXT NN 4.1%, EAFERM 2R3 A
Candidatus Brocadia X2 R ik 22.7%. LA EBEST
SRR AEIBATIE H 23°C RIS 6 CRlfErh, &
A R1 V57 TR phds, R1T N #8 P R4
I ANAMMOX & Candidatus Kuenenia FH X}
FREA R B0 T SN 2% R2, H T-HERH BN A=)
P T B A 5 HAT BT 22 PG R AN R 5 i, R
AR R1 A By T4 Candidatus Kuenenia [¥) =&,
T+ HAFTF Candidatus Brocadia ¥ 4R, 40 ¥
btk ia R3 WKL N Candidatus Kuenenia AR
SR IVAR 4 5L G iy W= N 3 [ G A ) VAR i S S )
Candidatus Brocadia H3 5 55 /& 4% K Mg k.

T3A 0T EERY B I~ S i R1~R3 A =k 2R
2 AR AL 1 At v e DI, B IE AT I R YRR
{%,R1-R3 W} Pseudomonas F Flavobacterium W# J& 1]
FEE Rk A o R3 Y IX PR e A
(R ek S35 BB B T 1.5%H11 0.9%, 38 I 2= B
BT 1Y) 7.2%1 5.3%, 13— 14 0 42 [ Bt 1L 119 6.5%
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I 8.4%.1X & 1T Pseudomonas R Flavobacterium
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Az AR B B B S0 T R S R PR AT b R AR
H LS = A X8 A, M T Pseudomonas
Flavobacterium WI¥5H. 75245 H 10 J&, Pseudomonas
M1 Flavobacterium W J& /=M AR IR 5E T 7] 73 A K &
EPS LUK AR 5 B0 4 ANAMMOX 5 Al
EERRE =B s Vg Y« At P SR A v Ve S5 AT
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Fig.5 The relative abundances of important functional

bacteria at genus level
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