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1 MRS5S EE
1.1 SEEAKSIEMSR

B AT AR S Je i I A 321 T— BER RIS AF4R SBR FIEIAR SBR. 7655 1 BBt (1~7 d) FFURTT
I3 B ABREIB NI EB IS B A/O XS T2, T REaT5RHE (MLSS) K21k 2 000 mg-L',

T 2R sh Bt B R R K, 241 4> NH, N ¥R 400 mg- L', HAhZH /A 0.8 gL
K,CO;. 1.5 gL' Na,HPO,. 1 mL-L" %5 (2.5 g'L ™' FeSO, 7H,0. 0.44 g-L™' CaCl,. 0.19 g-'L "' MgCl, .
0.06g-L'ZnCl,. 0.045g-L"'MnSO,-H,0. 0.06g-L"'H,BO;. 0.11g-L"'CoSO, 7H,0. 0.06 gL' CuSO,-5H,0 .
0.04 g'L™' NiCl,"6H,0, 0.034 g-L™" §HIRED)", BB AKBRIFER FH S BRe AR 1:1 Bodl.

1.2 SCIRE

RN 2R A RARBUN 13.2 L, S A A ATk 6.6 L, RATTREIL B A9 U8 K 53 B J i
i, RNVASEEHAE 1) Frn . %R N a8 e B2 e SR i T R DO R R A A T R TS e AR R AR
l 1(a) B KIBARNARIGHS, KRN ek st i, fa MIMEH/KIE A~ —H504 .

e
HiVIN

TEERA

BE /KA
(a) PRI (b) AOXLFIRT L1

1 RADBERNBER A/O NSRIZHEE
Fig. 1 Schematic of sludge-water separation reactor and A/O process with two-sludge system

A/O X5 T LA anIE 1(0) Fron . SEgse B AL H N, B st RIS a5 (Longer,
BT101L, UK) MEC/AKAFACHEADGEMTR, SRE B, PRI a0 e 22 5 ) I VR T DG 40 s KRR A
U, B AEm 2 E A R IR RS, SEm—RBOKAE T2 R NAIERR S R . IR A F 1 e 1Y
ifR 4 LK, LZARSMaimd fh kRS HKARR Y 2 L, T 20a R R gkh gsistl, m)H
WLEEHN 8~12 h, BEBUE /KA BHK [ E A 50 min, HEKEHCEE R 10 min, 7EEEASS17 RN —E 4%
FREOKAE TR 5 Z [ A ER R s A
1.3 SEWFHREITIR

55 T BB (1~7 d), M\ SBR FRIE T X W e /K3 B i i, SAGIRah 2. 56 T BrBa RIEK
PIBIREEE , 4o T2 BRI AR, 45 Bk I fs Bt a), 34 H #K T, R mriss i
Wi T2 DREmTE M, mtsieet. e MBEsdn, BE#K NH,-N ¥l 200 mg L™, HAbZ/A
A5, VPR ERENTENBRIR, 754 R0 CNHL (S, 7. 9. 11) SR TILRSEE:, B9 T 2af il B A L
M ABITE A/O R5IR T 2R s MasttirBustr 280 a& 1.

F1 FEMBRITZETHRMG

Table 1 Conditions of process operation at different stages

MrBte  mEEl/d E4TEWIM DO/mg L) AEEFREE/(mL-min ) o/N BRI/ (kg (mP-d) ™)

I 1~7 12 2~4 31 4 0.073
I 8~44 12 2~4 78 4 0.073
I 45~80 8 2~4 78 5 0.11
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1.4 Stk

JKEiHESR NH,-N. NO, -N. NO, -N. COD Fat734% H E S PRI M . A FE28 IR 4t
JEREEE (NH,™-N), (1-2855)-2 Z W B . (NO, -N) FIESLREIR LMt (NO, -N), BRI
% (COD),
1.5 16S rRNA EENFSHEEEES

FIH 16SIRNA FAR MGG Ie: YIRHE LA, EAERED R 5 S Y 2 et i (i
LAY EL R BR A R . 8 514 338F(5'-ACTCCTACGGGAGGCAGCAG-3") HIF 514 806R
(5'- GGACTACH VGGGTWTCTAAT-3") #" 40 16S rRNA JEH Y V3~V4 X, ¥ IFUFITF: 95 C
FASE 3 min, 25 MEFF (95 °C 25ME 30's, 55 °C 1Bk 30's, 72 °C IEH 45 s), SR 72 °C FAELEM 10 min,
WJETE 10 °C P47 (PCR 1€: ABI GeneAmp® 9700 %),

BA RN (PCR) P14 7)) ] Tlumina MiSeq M FFAX (7536 35 28 4y B2 25 R A BR 2 ) i
A) ST, A il i 2SR RN A BT AN TR IS, R Uparse “F-H5 (ARAR 7.1) %18 97% #H
IPEXTE A 753517 OUT(operational taxonomic units) 225, SRIEFIH Silva X ANE ) OTU 03
PEFHIHA THREFIPAN o
2 Z#ER5vHS

2.1 RNBEITHERS

Kl 2 BT T8 i ek B VA s TR0k . AR, 15K MK ETRA N 5151k
RE, TRIOKIRSWIMAMAY Bl B, et FA I PR R s e B iE NG, BaTEsissh
TRV, FlRi5ere A S E VR Mk
WP X s 5, (AR T algE MR 220 [
155K — A KIERA T — RN A%, H
] 2(b) H s 0 RN 2 S BRs A TR, KR
SRS I RE RS BN B LN R T 2, SRR '
W, BRAEL K SS PREFTE 44 mg L', SRR H;
K SS (RF5AE 40 merL, RS TR I i
FIGIRA S . L SIS Rat TROR AT
A AR TR HZR AR s T iR, HHK :
SS 54K A WA —E 2500, FRELR g (a) BEHRE (b) SEhiRs
HIE AL, FEIRIK SS. ! REREAR
22 A/O WS RT B EIEL: Fig. 2 The operating effect of reactor

Bl 3 T A/O X5 T 2ZTEANFIE TR B UK A8 bR A bl 2, REIBBEE T35 1 iR,
BrEt 1(0~7 d) ZAE#K NH,-N ¥REEH 400 mg-L™' . C/N 2 4 /M FEB T2, 7E L2 A3 BiIx b4
AR AR5 P HEA T — BT A DIk R 450, Bk, BB 1(0~7 d) 28 NH,-N., TN H/K ¥ B FnH K
COD P R, NH,-N 1 COD EBEFik%] 80% LA, TN EERFIAF] 60%, Xt T8 BA &5yt
Y EBRRE ST . B Be I (8~44 d) ¥ WAEHAEE FE 4 = & 78 mL-min™', TN H/K¥ FE d#E i 60 mg L' [F %
40 mg-L™', 7Kk COD fEHM 68 mg- L' BE=E 29 mg-L™', M THbACRAMIUL K, NH, N H/KHk kg
ik, Bk, TN K 2 SHai i RS I ARSCRA G, 51858 A/O T AL, AFFERAVEK 5
R T LA G4t KR AR R S A s e, TR R s s ros i, DRIk, SUSERN A
FIZK SRR BRI AT LAMN 3.55 h 45k 1.41 h, IS 2 4 LIL, SRS A7 ] PO 3 AR TN MREE
COD fHH =, M4 S AL AN B A AR FHRCE. BrEc(45~80 d) ¥ C/N M 4 5% S, 517
JERAM 12 h 45555 8 h, /K NH,'-N ¥eEEAT COD fH 5B T HAR—2, A LG fr A & o far s AR Xt
S i NI RE BTG PR it o 3k R WIIRIK A3 S A T DAl B V5 Ve RS Rk, A ohRe i A K it
FUERIPAEE, PRIE T 20 i ™ A i oo BAT RAFAOI 20 RIS T 21 i m Ak g ™
H—ERRAER, RRMEREIR S 2 BRI 2 R B, R B8 0 d S b i T 4 A 1 R e A A
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[ #KCOD —iff/kKNH,*-N o Hi/KNH,“N o H/KTN & Hi7KCOD

1 BT G BRI
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Fig. 3 Nitrogen removal performance of A/O process with two-sludge system at different stages

i, ik A/O AUFTE T 24E 80 d isf Tid B IR 2R R M A R0 . X R A/0 X5 T. Zia1 15K
T & AR KA B T HAT —E N T

2tk 80 d AR B T, A/O M5l T.2TE#KAA TN 0.11 kg (m’-d) ', C/N Kl 5. IR EE
9 78 mL-min~' Z&4F, COD Fl NH,-N EBRFR¥AF] 90% LU L, TN LBRFifid 80%, Wik, Likiafs
SHOT LA AR T2 2 BRECR a4

A/O X5 T AMIAMERERT LU ANZR 2 Frn. 53R SCHIRIERY A>/O(anaerobic/anoxic/oxic) . A/O 45T
L, A/O XTI T MR S A PR AT R, Jofs Ui, AR, FRESRARK S
B AR ST BRI RE R A5 IRIA R, BRI T KR i shid B iR A 5 e, F#AIK T 57K
PRSI R rp s e s i O B AR X RBE (52 . 5 R SBR IURUS IR R T2 (ALNSBR T-20) L,
A/O W5Ye T 2R AVEK B R NiAks 8] T SBR U= Hlife, e T L5 /KA %R, 78 C/N 5
TRAYZE P IARIE R AL PG . R e B R UK AL F O T, 31 80 d /K EfEFR I T 2 B —E
RNMME, BS5EAEIEMHE, W g Zass 350, 1 ERIsis T,
A HRE TR S TSRS T2 RERS IR B 0 A B 7 Ay B A TR DA 7 o R B S R K A B S Bm og FH Fvs
Hio LA, % 2 BUEPEREEAENT L URAR FHUE K /3 SN A ALY A/O RUHYR T A ARG 15 /KA By T

R 2 KD BER N AMREREE

Table 2 Comparing the nitrogen removal performance of sludge-water separating reactors

NH,"-Ni#tK/ TN#EK/ R AT/ R LB/

e WO ety meL) N (ke-(m™d)") (ke-(m™d)") R
AOMIGYE A HUEK 400 400 5 0.11 0.089 AHEFY
A/O AR IK 60 83 9 0.083 0.071 [8]
ANSBR HETETEIK 35.31 37.28 6~7 0.074 0.061 [9]
MBBR AR K 50 100 10 0.2 0.16 [10]
MBR EREICYS 85~115 — 6~10 0.11~0.15 0.0847~0.12 (L& X)) [11]
AYO A UK 31 31 >10 0.124 0.074 [12]
A/O B UEK 45 45 6~7 0.12 0.1056 [13]
UMSR Pk 393 394 0.93 0.179 0.164 [14]

AYO KK (575+116) (688+143) (2.83+0.67) (0.057+0.012) (0.037£0.003) [15]
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HA TR ERE S
23 A0 WERIZERZHUMED

& 4 LA NBEIERT, A/O RU5Y T2 AEAR C/N 4 P AGT FERFE 21k, 8] 4(a)~(f) e T
AFE A NH,-N | NO, -N ¥R L, 75 4 Ff C/N &0, KX, B NH,-N ¥R LG R
TS, WEIAE C/N 9, 11 BHEFL NH,'-N, NO, -N 8 HE, XUt C/N &im i i a i A 3hfe
WEr=AmGIWER, B CERENESFITRIR, i RGP RN nT S 5T, aliad i T AR A
SERSMRR IR T4, 15 AR5 1 RERS A PR IR R s S I A e e s, SEUK AR
AR, TR EL NH,-N | NO, -N Ik E A B4 .

-0~ C/N=5  -o- C/N=7 4~ C/N=9 —»— C/N=11

200 100 20
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z z z
+ 50 ey 20 S.005
o o o ﬁg
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S 4 > 4 s 4
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El4 ZESNAMRRRY TR SRIREEZL

Fig. 4 Variations of contaminant concentration in different reactors with sodium acetate as carbon source

Kl 4(g)~(1) T NO,-N ¥k BRI AN R R DA A it . IR = e BE AR AN R) S g i ) A
THORE, AH BRI T AR R AR RN R . BEE CO/N The, 1K NO, -N R FRER
FEZ )N, B Z ANV T SRR AIRE ), i SR A CRARIERE, TS5
TSP A TAE C/N BURAISME T, AHIUWILE CON R 5. 7. 9 BF, {4 4 h RIZEBRAE % B IR,
TE B RN T Ast T R, SRR R FBA I E , NOy-N VBT . Ik, IRkl
By 2R R B S L XA LR RN ARG Z —. A/O X5l T2 tEs  Tid B R FH O R
BN SRR G, RIS A I A e, IR RIEt e B —E L
BIERIRRERE SRS AL AN R A o AHAESEBRI IR X K A AR 2%, C/N IR0, IR %5 FEHAL
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=X, Bilan, FERBRIGENEE], EE s — R, PRIERRIES I R S B S b s A L
PR 28R NO, N, skt s i R ks S8 DB RSz R ), R IE A IR AR THFE
2.4 EYEEELEMT S

El 5 R T 4B A A RS 2R R B E R e R . IR 5(a) FoRil AR E YRR 25
MR, ZSJETAT] (Proteobacteria) TEFTAREM RS, BRGSO s WL . FRE fem AR e
22— XAV MR RE B R LBRECR . G511 (Chloroflexi) . $UFFEEI] (Bacteroidota) FTZE
W] (Actinobacterota) WINPT AFMEREREAT WA TR, Mo TRV R R A AL, ik
£RHA1] (Actinobacterota) B T o] LIAMEA ALY, |1 F FLedipiti a2 SR AT R, el
THALASHERT BT ] (Nitrospirota) NEZASILION & UWEITHALEFD, et BeE R b nT e 52 R T 1M & i
ARARERA K, SHMAFRP M, BRI (Proteobacteria) TE T 2K R T A KRR = THER
IR T RE S, BOBRIEN RREIIN R 2 S cli, b T 2 A E S S, T A RARK
Oy BN AR B SEANRIF S E YR T ARG, B, PR T 2R TR RS A AR
JEW ] (Proteobacteria) F-J¥ FLASHEIT RS

100 rm— '
— T 7 L s
| Lo
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= 40 F |
= [ Chloroflexi
: Bacteroidota
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Fig. 5 Analysis of microbial community structure at different stages
Mg Ko 8, Zead 88 d Az Ay, w4 it HA S i Ak 2 B8 a5 A Ak ¥ 0 B0 TR Je B A5 R B R
(Paracoccus). Fij )& [ W (Thauera) VA J Caldilineaceae T % 75 St 5 h i) A0 X £ B F+ &, Horp

Paracoccus
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Caldilineaceae T J& #H X} F BEIK 2] T 38.47%, X ] g & R b H @ T HAT 53 A LY e T ek BT 1)
(Chloroflexiy, XTREMEISE /iR H0R, FESE5 gt iU Fetr e Sl ARG nY i e A i
AUHEES (Nitrospira) MRIBRE (Paracoccus) , B, BIEKE (Paracoccus) B KT RIEbfb-i- a8 S L Fh
i, ZHENG 46, MEDHI 82V Wf 55 A HEIEK R (Paracoccus) HpSCEE T R ROE AL 7, Dk
DT AT TR . AR e K B A AR R A T SRR IRE R RS LIRS (Nitrospira)®' > FISEEL
SIEAL - E AL R RN ER S (Paracoccus), X0 BEE: T AR S A LBRRIA%] 90% LA [ s
BB L, TR N RS, Rt T TR B AT IRE AR A/O X5 T2 SEBRIK
C/N H&E R st i 2 AU%K, NH,-N., COD % #T 90% . TN L% 80% MRz —.
25 IZHTEMRRE

2554 80 d BB TELER, A/O M5 T2 ERAIK C/N 44 FRBUH R A ERE, SEGIA T2 M
e, BA—@SCBrn W T, BAESCPRr A e DL f G @, B e e AT [ N A S5 e
WUARBE SRR 5 FEAS IR, S s AT 11 L, AR EA 6.6 L; Hik, Jhigsitik SSkES
— K A BREIR A — 20, 1R 2 AT EMFR e ok g, HeUngk A s iR R
CFD #2504 s RIBTZE SR 5t R, 2 T REREFERTS /KA T2, TG K
C/N HARAIALPEMERT, BN IZAF UK o 25 Sy - SRR A H AR &, A FRastl . R R fb SR
A, R ATRARIE, R E R I AR L S R bR
3 g

1) ARG R A/O RIGIR T2 51548 A/O. AYO ST ZMI, PTLAZEEARA C/N R AR AT
) TN B3, 5RH SBR 1 AN T2, RAVKDENERE A/O XG5 T 2HEf TP TR, &
T ERRE, BOE Tislemna s, BAH— R enyig .

2) MR T A il R AR AR, A/O X5 T 2 I EARRE B 32 S A A AR E R PRl
N2 FEURRIR BN 7 ik 7 e A WU eSS S BT, Pufk TR R A A IR,

3) E YIRS SR T A R, A/O X5 T 2 F B REM FE LRI ] SR INEET T, SUFFEET]
TEN DK EARXT R & s, FEJ@ /KT et S i A DG TR B AR F RS, P Se it R AR ERS AR DG T
&, IS E SRR R SR R A EIER B (Paracoccus), XS FRASIL-IF- A st BT RE 2 T2
AR TN EBRRiREZ —.

4) YK B RN As AT A/O M5 Ue T ABAFTE R RIS 1], FEIR S h 4 S aiaUseAR | il
MR BARGFTF-BL 1 RERERE . B REILIE I s R R

2 F x W
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Nitrogen removal performance of A/O process with two-sludge system
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Abstract To address the low utilization efficiency of organic matter by denitrifying bacteria in traditional A/O
processes, the complexity of A,N(anaerobic/anoxic-nitrification) process steps, and the high concentration of
effluent ammonia nitrogen, a sludge-water separation reactor was proposed. The two-sludge system and A/O
process were combined to build the A/O two-sludge process to tackle these challenges. The denitrification
performance, variations in microbial communities, and nitrogen transformation patterns during the process
operation were studied, the development potential of the sludge-water separation reactor and the A/O two-sludge
process based on the research results were evaluated. Additionally, the issues that require optimization in both
the process and reactors were summarized and the strategies to address these challenges were raised. The result
showed that at an influent nitrogen loading of 0.11 kg-(m*-d)”', the nitrogen removal load of the process could
reach 0.089 kg-(m*-d)"'. The NH,"-N removal efficiency exceeded 95%, COD removal rate surpassed 90%, and
TN removal rate exceeded 80%, which could ensure the long-term stable operation of systems. Analysis of the
nitrogen transformation patterns indicates that the reaction rate of the denitrification process was the limiting
factor in improving the denitrification efficiency of A/O two-sludge process. Increasing the contact time of
organic matter in the anoxic tank was crucial for improving the organic matter utilization rates. Therefore, it is
necessary to optimize the current carbon source addition method, influent mode, or the number of reactors in the
process for further increasing the process efficiency in utilizing carbon sources. The microbial community
structure suggests that the cooperative action of denitrifying bacteria, such as Thauera, Nitrospira,
Caldilineaceae, along with the predominant heterotrophic nitrification-aerobic denitrification bacterium
Paracoccus, was the key factor in maintaining high removal efficiencies of NH,"-N and TN. In conclusion, the
A/O two-sludge process had an excellent denitrification performance and a practical application value. The
results of this study can provide a reference for subsequent optimization research to address existing deficiencies
in both the process and reactors.

Keywords A/O two-sludge process; sludge-water separation; nitrogen removal efficiency; internal
circulation
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