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B B REAESAMAT LA AT G KSR PR B AR AT E S, PR T HAE A 5K A B g T
RN . R E R N A . E RS . B F 3 439 anammox-MBR (AX-MBR) #li & T. 203k b BR A 3
15K, DA o ), S TT AR, e AN TS K AR BT SRS MRS AT S B, R RSN AR G I A
B AR A A AL TE (AnAOB) . 45 R F W, B AnAOB 1] A %L #2 5 AX-MBR ) NH,'N Z & %, NH,'-
N V355 F: Bk R B 68% T+ & 87%. S %0 b A P A6 B2 WL # B AT R RE AR L BOAE BN IR BE K T 20 C iR L,
AnAOB i P i 35 15 IR AR 2 i N RR . 7E(RIBIRBEE 4TI, ] SR A koK 6 A ) 7 sOR AR TE AL B AL SR . SR
PN A2 E A 2 7R BR 15X AnAOB B & st Bk R E AT 8 i R B, AX-MBR At E 19 KBk =2 AnAOB £ T Wik 4
SE G, S BT R R T K 65%, T 16S Rl a T A5 R R W, B SRR A R 1Y AnAOB %N Candidatus
Kuenenia, F {50 1% i FGH 58052 00 25 149 52 RH A6 40 B8 = 8 3 K F S Ak 4 vl % . X% B AX-MBR "1 NO,-N &
FURIE FH o R AL, X 7E BV K DR T R R AL IR R R S TR e . AP R4 Rl N IR A & R
T LRSS,

XEEiR  RAREA (anammox); A 7ET5K; MBR; A LREME; AN

KA % F Ak (anaerobic ammonium oxidation, anammox) J& 45 K BB A KH T, REZEILA
(anammox ammonium oxidation bacteria, AnAOB) LAV i A& & (NO,-N) M H, T2k, $ 2 & (NH,-N)
FAL AT (N Y R, gAY R T 20% AR LA G K E TR, R8T
I S A R S s i AR S B . FEAFE T B, NH,-N 77 2 5 2 A A DA SE B A A, i Bk B B2 DU 75
BLR S A DL IR T RO A, T AR AT R 0 L BRI B AR AEAE W = P, Anammox £ AR AR T AR
SAYA T A BA LT INMA R . AEBRAfE . s st . #RER7 &K, TR
15RO, KN T AR 0 TS K TS e ) 2B R T K A ) b R Y IS IR R

HAr, A3 A GG KA T 528 T AnAOB 19 & 4 Al anammox i 2 o 40 78 3 il 3t 4% ‘B 9] FH 7K
J7 anammox 1. 21 H F= A STER R 37.5%; i EI PG5 015 /KA BT anammox 1. 2% 1 JIi 2 5T ik
LR 15%7, SR, LRT5 KA B E T2 9 AS & anammox, I, BT T — N EIEE X
ks BHEA: 2023-01-10; FEABH: 2023-02-17
EEWHE: I AAR AL HE (2019GXNSFFA245017)
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1 49 anammox Ab B A= 15 15 K ) TRE LB . A 1G5 KA B AWK . £ FKIEM (KT 15 ¢,
AnAOB 75 PE 2RI BEAIL) 48 Mm@, {45 anammox 7£ TR L AFAE— & W R R o AR ZR IS 30 T
il 2 £k % fL B (nitrite oxidizing bacteria, NOB) [ 4= K 3# %% [ 2 %A L. & (ammonium oxidation bacteria,
AOB) 17y, (#1550 F i fb it FRAR XERS E SE Y, 5541, AnAOB fefEA KR N 30~37 G, HiRJEH
il 45 °C iF AnAOB 2 M BUAN ALt 2 3, il 53R AR T 15 °C i bz iy 9 ik 25 PR KR NO, -N &7
O AR R AR, I, el ZE AR AR BE R AR IE NH,-N £2E 46 NO,-N, - DL S FE AR 4% 14
T (UHIEAZ) (] 4E+F anammox 1. 2158 18 17 J2 1R 75 i 2R 1) ] 252,

BEXT AR a8, A 5T 45 G A8 b b i ik R g ny e MEAE#Y, % anammox 5 MBR T. 224l
G, HN TR RERE . 1A R B AR WAL T 2L (AX-MBR) 5 38 35 X6 A= 3 ¥ K 3R AT % 2L Ab
PR BT IR EE X AX-MBR T 25 i R R, FFHRFE anammox i 2 o1 ik 2 i AE D VR 45 /A8 4k,
AT RGER AN, DU T 200 TR N RS 2%
1 MB5ERE
11 SKRE

AWK B9 AX-MBR %% B 411 1 s o A Rnigs LA LR £, 43 R s 2% . 4
AR . B3 ANy, Horh, B4R CE T R NS . BRI AR A AT 4L,
K. %, EH 9 emx9 emx74 em; MFE AR AMAER N 6L, K. . & 18 emx10 cmx50 cm.
A5 15 K SE e B AR R N A S AR WAL B, PG U AR N A TR B A Ak R A o g
it AR 5 N7 i R 2K I A U A5 I A 0T I R K AL TR K . HEA AnAOB 11 R A R A
JCE T EA R NV A, BN 2 L, 2R AR A 16 I AL, BREZH {4t A Gk B[R] 45 ) A
il o e, 27F0 AT KR I, TR s e R i, SRR R KR S e s ], A ]
FEoR 9:10 BN oK FH SR A e 55, 3 B ' 4o 4 a1 1) s i 121
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Fig. 1 Flow chart of AX-MBR system
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AnAOB, i it J5 J% 1) B & g BOREIEAT [ 5 159 256 R /K A B AR TR 24 1 e Bl A & 5 K P, it
Ah, BEAK e 2 53 i E ML R AR TS K H I i S (DO) , DAGE R 228 . F3  v & G iy DO 5
Bro SEERAT L3 AN B (B 248 d) o 7E TRy BCIGE fI5 7K ) 4 St N 5 TR AR A B A, A Bl AR TR
15 KAE N HEAK, #EK TN K 70.16~123.25 mg-L™', NH,-N Jy 42.5~85.6 mg-L™", COD Jj 110.88~174.72
mg'L'. FERGFNIFREBITE, IR E N4 DO £ 0.5 mg- L™, izt 14 d. 7611 BrBedk
i 600 mL R & E b5, JF4RLEARE DO KT 0.5 mg' L', HAeEir &4, it 130d. 7¢
BB, WA 146 KIFIRHLiztT 102d, FEH LR XS AX-MBR TR 34> B By R X R
IO g R AT R B S, S R (W KRN 5~35 Co K i E R A (HRT) #8676 4 h, [ R 1:2,
DO /NF 0.5mg- L, pH N 7.45~7.55,
1.3 oA E

NH,“N: ARG 00 NO, -N: N-(1-%835)-24 W Yot e s TN ik i i
T 490 3 i 58 A A R B s COD: B 45 T 491 A I8t DI 3okt 28 AT A 1 pH/IRL B« b ot R {7 4 i
DEC 71k pH i1 DPHI0AC; DO: & [ I 7 i 48 2 1 i S AL 501,
14 “NBRERMRREE

B AX-MBR %R Gt fa i iz 17 J5 (1075 Je I+ 2E 47 W RG 772 A THEERE AR R B 1) O, AT NO, . FEf 4N
344, 4390°h E-0. E-A Ml E-D. E-0 Jill "NH, K 36 ¥ % 9% i f 2 A #68 O, M NO,, I-HERR i 4lifk
2ERNAE N, (AT REME s E-A 4180 “NO, AT SNH, 4 0 75 8 b anammox 2 ) 5 E-D A7 AI1°NO, 5
FE 5 A RS 19 NH, A& A2 anammox F Iz il £k s i, T XE & 43 AT anammox (1) 2 R 2R R R & BT ik
R AR Rk B IR AR 1 2 2% S0k [16].
1.5 “SEEBENF

Xof S 06 AN TR B B ) 95 e R AT BORE AT A T AR TR (1) A BRAA Wl AT g 3 = P A T
VIR T A W) 2 R AR 3 TR Rl i AR A0, ELIRIN 3 20 B 5 25 SOk 5] 4T 3 ORAESL 6 N FE
53 500 BBt A s 7 i A SR RS TG U8 o AR — IR IRUEE S AX-MBR T 2 00 s 2 T R e 12 17 (50 d),
YN Y1, HI; 5 WRECH I BE (230 d), EEAFFRAEIREE FRE S WAL, idh Y2,
H2; i — R IR U2 G SE 0451 5 (248 d), 432 H3. Y3,
2 #BR512
2.1 BB RIERES

£ AX-MBR T.Z i 17 30 2 4 R T i vk B8 A n 151 2 fir s o 78 1B B3 ek ol /0 g A< it 95 o)
VAR DO M 0.89 mg- L' B % % 0.5 mg- L™ VAT . IZB B /K NH, N Bl g m, e i
34 mg-L ', “HE K NO, =N Ji W B 9 Bl 2 8 i . 2% B B (9 AOB X 42 1 2K 11 Fl & %0 K F NOB,
NOB 7E{% DO F 56 P48 RE 4055, 40T 68 th 4 2 a4k 19 JRLDH = 2 NO, -N LR . &6 11 B Be 8o
T AnAOB 5 )5, NH,-N LBR3FMGEBE I, )5 2R R E N2 89%, iX Ui B anammox £ H H.
AR AR BE S o 5 B B 45 R, W& S 17T KA, 18 AR 2 5 BB W 30 1 1%
1%, NH,-N AT TN 2 B 2 2 i IR, NH,-N 25 B 3 A e IF 0 ) 84% 6 % 58%, TN & BR L )\
67% K & 47.28%. X 1WA L EE X AX-MBR (1) il ZU R B B K .

£ AX-MBR iz f7id 29, #E/K COD Z°h 111~171.36 mg-L™', Hi7K COD £ 21.77~50.4 mg-L™",
FEAR T 58%~80%, 1 ik B IE TS K AL 3 I5 YL Wy HE bR #E (GB18918-2002) 1) — e brifE . M 1B Bt
F I K Be, ok COD & A B WAk, EBEANSITEBEPRIGFREMOHEBOL., — i, RNFR
SR TG ERAIY R RIRE; I3 — 7, B A A R s B T VR s ] LRk
7K COD By E % .
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Fig. 2° Changes in the performance of TN, NH,"-N, NO,-N and COD
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NS5 A X AX-MBR T 2 AU M RE R 520, B T B Bl B MK 20 =i RS, LATE R 5 <
R —H2, R A 5~35 °C B A I U B B IR AR AR AR R B Ak Y B R T R i, 25 AL RT3
e NH, N1 - 44 2 B 53 Bl 9L 5 0 38 hn 22 7 i 59% 18 2 87%, TN Bt )\ 49% T+ & 73%. 4
I JE R T220 C I, NH,-N EBRBHEFER S KT, FHEREL 8% UL HiRE/NT 20 C
A, NH,'-N I TN Z3BR 38 E0 A B T [, 0 A 3t B2 B3 A O 52 il Al 26 1 EE A A P BB 7 o ik i e
il b AR R 4 4 A A5 0 20 S I o 6 7 U B S M T R A . Pl T AR IR 23 4 i NH,-N R 46 ™ ) NO,-N
T BRI B gl 2 Bk, i LS R AR R R A 122, ES b RAN Ak A f K R ST Rk R R 33.3%,
DAL 1 T AR i e A 194 S A A B R0 B R R R L R A R R 4 ) anammox B A TTEk . MR A
25~30 °C W}, T2 M i A K 76.74 mg-L™', anammox Fl 52 il Ak AE B9 I & STk &0 51.42 mg L' Al
2532 mg- L™ MR N 20~25 C HF, T2 BB A & FRET 17.12 mg-L™", anammox A1 5 fif§ £k B9 i 2
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B939.95mg L7 Al 19.67mg L7, MR N 15~ : o g |
N =) v - ﬂ:ﬂ‘
20 °C L TR FRKFE 3014 mgrL 2 nammoli it —F

60 L~ NH ZERBRR
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- TN ’

PSR <z ) iSO 15 € o 7/ R N
Joi R R W R, [H AR K I anammox (1 i
A TR R T R AL DT Mk %, anammox Fl 2
fiti b VE F — & T8 B O 3 AX-MBR T 25 9 = 3%

H/(mg- L™

1 60% &
H

7
7

B
NI

A PERE . 4R 7E 20~30 °C YL B A, . { 40%
BB T 1 C, anammox I P 2 {820 2.23%, / N
11 it B2 AE 15~20 °C i EEFEAR 1 °C, anammox i 10-15. 1520 20-25 | 25-30

PR 1.05%. H1 T AnAOB il 52 il 1k 41 1 1 iRE/C

A AE TR RE Y AT, EL A T A I M A2 R 3 REFEUMRBMUHBERERR

TUEABEIR RV L

WAL, AR NS PR AR, AnAOB 1A Ak - . 4 . ,
. ) -~ ig. 3 Variation of nitrogen average removal rate with
RO REAL . AX-MBR T. 2 76 AR i 26 5% iz 1 temperature

I, AT SR R AR K LB 7 08 5 SR PR UE AR BRAICR. TR AR S BIF 5 3R W1 T SR 8 v 26 ) £ R
15 B 7 7 25 7 2 IR AR VR 4T AnAOB 8 JH: At 75 376 2 1 410 A U7,
23 REESSHMRBEERETEKEITLL

AHIE 5T 30 15 PN R 2R 7R B VA 9T anammox AR AL I R STER %, 3R 0E iR AX-MBR fE 18
172 7 R A% B 9 e R BT R R o T5 TR R A RS AT R B Bl R R A o RIS e S T R L, B Al
KA Z AN 20 min BIRACRA, s DL 1:5 iR K LGRS, FF43 0 E-0. E-AMIE-D3 41, E-
0 ZHICPN,. N, A= i, X WIRE S 2 WA BHS NO, THAESA L, E-A 41N, 7= Fifi i i) 48 16 1t FR 22
HPN, T E, HIiZ4H R AEAE anammox S 4. E-D 2044 PN, FION, B &, 33 58 B 3% 20 [a] i & 2=
anammox A S i fk 52 o B T “NO, WY F7 e (845 B-D 41 /Y I fi§ £k 52 7 7= W0 80 3 A 2N, . PN, FIIN,,
Ifii anammox [ 7= ) A N, AN,y 117 38 00 °N,, 1 a2 o] DASCHfE A AL BT P= AR B N, i, e
i anammox 19 it % 57 Mk SR A 7E #R . Bl 4 0] AL, AX-MBR T. 2 ) anammox ¥ 7 K Ry
0.04~0.29 pmol-(L-h)™", JZAS k% A 0.02~0.17 pmol-(L-hy ", R 48 28 48 1 W 7 3o S5 4 i il Ak 1) 3k %
o AN S [B] T XERE R S8 HRT, 4/ BB A4 2 h B, anammox Bt L 51k %k 69.83%, JfH.
J i R TTERR , AHHEY SO AT K AR R R, AT R SN 4h B, 552

Priz47 HRT —2C, I anammox /it 2 57 ik 5 80% o BT | 0

S 60.11%.  Fh A P 7E I 1 3 48 1B AR o ik B Ve R R TR

52 HRT B2, SO B4 T 6 h B ) anammox 60% | é7 é; ? 194 ::
LA TR AR A 64.93%. BRIGHRT 2% % 4 fos 2
UM PUBOR TS R A, MO HRT KT o B NN E
6h 25, & B anammox LA FTMK FIERY = ‘y = B
T L ARG 92 50 R/ R 9%, I 2wy = /g |, =
A AR S B2 N #E ], anammox

I AL K T St o o w0 a0
— Ut Bl AX-MBR T. 2 1 DL anammox JIit % ff il /min

hE 4 REFEN. REURATTIE R BARRME
24 WEMBEEMHOEY BRI

Fig. 4 Variation of the contribution rate and potential rate of

AW 5% K 1 16S tDNA 75 18 & U 7 4

anammox and denitrification with reaction time
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AX-MBR T 20 il A W v 4 ) e 2 R 1Y 1 HEAOSHEMERGT R
AR Al TS A Y R RE R TS L R Y ML B Table 1 Statistical Table of Sample Diversity Index

1R 2R BOR VI U E W) 28 B Shannondff#t ACESRAL  Chaoldf¥( S/ Simpsonffi#k
PESRAE, FRE RSP ARG OUT % H 28 4k H1 5.36 2930.14  2860.94  0.99 0.04
TEA UL 5. G54 K 5 MFE 1AM, RSN Y1 539 2699.78 264448 0.98 0.03
A R aE N SRR AE RN W AR AL, BEYR 2Rk H2 6.00 310933 3102.02. 0.99  6.3¢-03
MEFIAEZAL, HEMAEK T2 RAS R Y2 6.00 302631 292873 . 0.99  6.4¢-03
B, B —wEnmhEamimee . H, H3 5.8 267870 2597.72. 0.9 0.02
Y2. H2 0455 OTU Bt B4k Y1. HI A 284k, Y3 532 289924 281525 0.9 0.02
T BRI P RS IR, Al

W TS I g PN 2 IR R . DA 3 AR A % &
MZ PRI BORE , BEAIEVE S E 2. W)
fECHZ . FEEK R . M Shannon #5471, ACE
FEEAN Chaol F8EM M & BL Y2 H2 B4 KU
BYL. HI o X il B 5 A8 Al T REMe i T T
AR R, DA DI S R G iR T 32 fiE
Jruk, MOREVE AR TEA I . £8 B
W, RGN A W R aE N B S5 AE S W Y AR
e, R R A A, (HE A

H3 Y3

g%

5 K BB AL TR R . ELA — 5 M o o
AT BE T B5 RgGhEHRNOTUSRE
S A W K U o Bk AR R A R BT S Fig. 5 OTU Venn diagram of each sample in the system

DO A%, HIL, fEAAEH B3 oAl A0 3K a0 i) anammox i B 1 W) R AR R A BRI, Rk, e
SAEALFT HEJ2 5 anammox 455 1Y F L8 18, H T Bk S I 5 SO0 a5 19 20 2 40 2K ] Be 2 Sl Ak A
anammox fE | . AX-MBR P& e IR M R G L 5 BT AL o 11K B9 9 b =F 2 e & 508
K . JEKFr e EEAREIWIE 65 Proteobacteria. Patescibacteria 1 Bacteroidetes | ] 52 22 R 75 I
R 3] XS E R E S T TR ARG SRR BT, I B CAELATT R PD/A &G
J7z ke O E) U, A R AR G AR N g TS Ve AR A T, UL %% B Proteobacteria 1 Bacteroidetes .
Acidobacteria W& o Bacteroidetes 15 621 40%, {H H3. Y3 W Bacteroidetes 4 T T &

[l 6 (c) 1 AnAOB T 228 Candidatus Kuenenia, #X%F=FJE K 1.7%. Armatimonadetes-gp5 J& T %%
HEE], 5 AnAOB HJE A1 CBEMERY, T AnAOB B A AE K R | IR 40 i) o 06 M 55 R
, E.H anammox Y Candidatus Kuenenia 1 J@& %I ¥ 5 I8 & 6t &% , H HIL. Y1 Candidatus
Kuenenia fXFE B HL, Y1 M H3, Y3 FERAH LA, BEWIRIR AT RE S 2 3 NO, -N AR, & 5
GAO FFPU B 5E — 2, B PD/A T2 7RI 558 T R L B A M R BUR o 7@ /KSF i, IRAECRN
Bl AE S g 1Y B Ak 4 TR (Aridibacter . Pseudomonas. Paracoccus, Planctomicrobium . Bacillus Fl
Thauera) F it K F AOB F &, H.+ AOB (Nitrosomonas) 3= /N T NOB (Nitrospira) £, #75
K A R 6 BRI TR A A AL, X AERFIE K F FIER] T PD/A BAFTE S
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B: Candidatus_Saccharibacteria @ ACTINOBACTERIA
C: Saccharibacteria_genera_incertae_sedis @ ARMATIMONADETES
D: Nitrospirae © BACTEROIDETES
E: Nitrospira_genus © CANDIDATUS _SACCHARIBACTERIA
F: Ferruginibacter © CHLOROFLEXT
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I: Thermogutta @ PARCUBACTERIA
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Fig. 6 Analysis of changes in microbial community structure
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1) AX-MBR T. 20 0] i 23 52 3 anammox T 250 ] T AL YR AL TR {50k, T 281748 %E , NH,'-
N LR E 7 89% A7, COD KM REELE 75% 247, 7K Al 3k B 48 75 7K &b B 75 e HE
AR ME (GB18918-2002) ) — 2 b ife
2) b % 20 B AR AL, BRI R N R R S A T R RBR AR Z WAL, {0 anammox ) I A 5T
BRI AR F I AL 5wk %R, X UL anammox i & 5 48 F AR . AX-MBR T. 2 ' anammox £ )
S AEAEF — B IRHRIE T T4 A s B A kg, X 2B AX-MBR 1.7 A 24 anammox 1. 25 A T2 h;
2%,
3) RN R A IR SR SR 2%, IAEAL AN TR E KT AOB F &, LG S0 N 4 1] 37 22 a5 4
S 07 g I 2 B R AR T 4R AR NO,, TS5 K v NO, T R IR T R4 Rl 4k . X AEREVE K EAER T
PD/A MIFF7E -

% 3wk
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Abstract Anaerobic ammonia oxidation (anammox) process has the problem of unstable treatment efficiency
in treating domestic sewage, which seriously hinders its engineering application of sewage treatment. In view of
the above problems, this paper proposed to use anammox-MBR (AX-MBR) coupling process to treat sewage,
which included anoxic reactor, aerobic reactor and membrane module. During the startup of the experiment, the
activated sludge of the sewage treatment plant was added, then the dissolved oxygen of the system was reduced,
and the anaerobic ammonia oxidizing bacteria (AnAOB) was added. The results showed that the addition of
AnAOB could effectively improve the NH,-N removal rate of AX-MBR, and the average NH,-N removal rate
increased significantly from 68% to 87%. During-the ‘experiment, the temperature of the reactor was not
controlled. The results indicated that the activity of AnAOB-decreased sharply with decreasing temperature
when the temperature was lower than 20 °C. During the operation in low temperature environment, the way of
reducing the influent load could be adopted to ensure the treatment rate. The research data of "°N stable isotope
tracer method on the nitrogen removal contribution rate of anammox showed that the nitrogen removal of AX-
MBR was mainly completed by the way dominated by anammox, and its nitrogen removal contribution rate
could reach 65%. The 16S high throughput sequencing results showed that the AnAOB in the anoxic reactor was
mainly Candidatus Kuenenia, and the abundance of denitrifying bacteria in the anoxic reactor and aerobic
reactor was greater than that of ammonia-oxidizing bacteria, which indicated that the NO,-N in AX-MBR
mainly formed from partial denitrification, which proved the existence of partial denitrification/anammox
process.The results of this study can provide reference for the development of anammox process.

Keywords anaerobic:ammonia oxidation; domestic sewage; MBR; microbial diversity; removal mechanism
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