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® FE AFRIRIE TR (AGS) BARTE = R K A PR ELAT T R IS 1, = BRI S T S A AR O i R )
WA, SR 3 AU AR (SBR), RICUFER (R1). PRAAMFERES (R2 IREHER #E/K 30 min; R3 IR
HEGEIEK 120 min) X6 IS Yo UK AL AD AR B o R R /K AL BRAKRE Y 56 s 45 SR & B, R1. R2 Rl R3 wohr i 8] G i 2 25 5
UraFEsE 13, 13, 10 d SEBsE e okifk), 1M R3 853 R WUR S5 B 80 | MdhE A/ 288 (PN/PS) S itdsr. 341
SBR 4 1] 7E & 5 K K AR RS2 TOC £ (>97%); R R2 A NH,“N EBRE KT 96%, 1 R3 1 50%~70% %
B, FIREEGRIR IR IR (Desulfovibrio Fl Fusibacter) £ PR AEHE T HE /K IE FE =2 1) ST T RS AL RN . ASBIFFE 45
AR AR KR RIS MG R R R i S

K APAENRTEYE; mEROK BATREER DREAEUERIEK; R

K — S R KT 30 g L7 WK, Ak, BEERI . ZigURIE SN T A Tl sk &
JE, EEREK e H #5320 AN R R, A HAA UM SR, mERER
B SOy 3w R 1l e oL D i O = Y R R = L Ry i R [V et QM P N =R ) SSRGSl ANy e MR AP N 0] 3
HRAFRLREAE Y, MHILZ T, 4 BR5E (AGS) 25255, BABSRIPIELE AT Ay shdine o>, 78
MERBKT AR K SR K A B AR B H T R I

WHRFRY, BT AGS AR e RS 2 CEERER ", DM DA% 58 T IR
LSRR (DR Pk DA S . PR K ) X T AGS IR S dae Pk
AU B AHL NS, AR R TR B AR K B IR AR R R, AGS iR [a]3
gl REERGT, RBEE (PAO) FIZRKHE (GAO) S8 diA: KA Mire PRI A EERRTR, PR
TUFAIF R R ENA, AT A . e n AGS, (Hki U HATH A ER
7 AGS TN HPTRHE Nereda® T2, BISAAURFAFFHL T K2~ Mark C.M. van Loosdrecht S5 Hi PR
KA AR 2, ENSMEE T  R A R K B T TAEA ST, R IR R AR K 4R
(SR Wi Uy Ry e I nis B SR SR WS PN i wd W 8 A2 S W |1 R /N TI w6 4 AWANE 2 € M NG E YA '8
TGKIRRTRT:, AT A B R KR RIB TR T AGS iR BRI R . ST 404,
R . FHEE . L (DNB) S22 2R R EE RS20, DRAEHER A NVl BRSO ™
R el A MR RS A AR T 000 Bedh, b AT, MM E Y (extracellular polymeric substances,
EPS) 71 ipii 2 HAR S0, — @R B3 T R — A i ok A > RIL, bk
PR R B MRS e R AL B A iR AR

ABFERT 3 A58 ARRI PN 2% (SBR), REMTE 1RSI T (R1 WU R2 WK
AU/ (DRAEHETIE K 30 min) . R3 NIRAAV/AF4EREL (RAAHETHEK 120 min)) IG5 IR0k 7
YRS EH: 2023-11-07; RABH: 2023-12-04
EEWH: HEHARFIEESHERFILASTH (52300085); | #E T AFFHETEA BRI H (20YF1409500)
E—1EE: XEI¥E (1999—) , B, Wi-LH5E, y30210208@mail.ecusteducn; BRUBEIEE : & (1992—), H, M+, FIHF
5 B, xushenhan@ecustedu.cn; THE (1960—), H, i+, ¥, jeyu@ecustedu.cn


mailto:y30210208@mail.ecust.edu.cn
mailto:xushen.han@ecust.edu.cn

210 ok L B ¥ W 18 %

N R KA PR, eGSR IR (Bide . MLSS. SVI,, il SVL,/SVL)., BRIEA . 154,
EPS KfdUEZritt, mbrmdbkK IR R T ARSI RSN, K iR R MG e o
5%,

1 MR5EEE

1.1 EMSREEKMER

A Ue I A VLR T K S AR K B b dp S (LR ), HeRhis e R e (0, T5levk
(MLSS) & 3.1 g-L™, 15RIARHE% (SVL,,) M 803 mL g, Dy, & 88.2 um,

JEARGER N THOK, SR R (COD) 4ERF7E 1 000 mg L™, XJRFLEAHLIR (TOC) HE A 345
mg L', BRI . ZRRETEATRIE, H COD HAE N 3:1; fA 191 mg- L' NH,CI Pl K 88 mg-L™
KH,PO, DIf#iE COD:N:P = 100:5:2; [RIBf ¥ 40 mg-L™" CaCl,, 37 mg:L™' MgSO,-7H,0. 37 mg-L™
FeSO, 7H,0 LA 0.1 mL-L™ e &k, HA TR KH 500 mg L™ H,BO,, 500 mg-L™" ZnCl,. 300
mg-L™' CuCl,, 1000 mg-L™" MnCl,-4H,0., 500 mg-L™" (NH,),Mo,0,,-4H,0. 500 mg-L™" AICl,, 500 mg-L™
CoCl,-6H,0 A} 500 mg-L™' NiCL, 414%; [FHF, fimA 30 gL' NaCl $#24 3% Ry, Iboh, 5 46~66
d, BEKAPERINT 500 mg L™ NaHCO, #MFEhsiE .

1.2 RENHF5ESH

i 3 A58 HFAY SBR K3 AGS, U *1 REBTEITEH
RN 8 em, MESE 115em, AMABIR 4L, Table 1 Operational conditions for three SBRs

37> SBR (R1WHFABG, R WIRRIFABE T Tipnil mecnil vigsntil  knti st
= (ﬁ%%ﬁ/ﬁiﬂfﬂ( 30 min), R3 AR AR E A s /min /min /min /min /min

(REHERFEK 120 min)) (s TRWIE M 6 h, 6 g 4 348351 5-2% 2 1
K. AL TR, KRR S, BRE 0 4 30 12305 5o 5 |
TTSH0N 3 1 s o Btk K (Rl FnigE S R A Ry 10 2335 5ok s .

HAWSEIILE—3, WKk (VER) 2 60%, A P —
PLELH K 2.4 kg COD-m>-d™, FMAH K 1.2 17N2;idj7i1%gi’;i§?ﬁmm H9-16 Ao min.
cm-s', JREN 2382 C,

1.3 SWAE

FHHHE  TOC 43471 (Sievers InnovOx Laboratory, SUEZ, USA) i i #1Im S /K &k (375 C) M
L, LA IEEER ST CUxt COD MR AT, NH, =N SR F 98 A1 66 B (HI 535-2009) 1l 5E ;
NO, -N R 553 X0 B (HI/T 346-2007) Ml 22 ;3 NO, -N 2R H N-(1-Z53%)-2 Ot EE i (GB 7493-
87) M .

BB WP EARM L (MLSS) . TR A R K& PR B 07 EA M BE (MLVSS) 5 Je 25 R4 %X (SVI; and
SV1L,) P FAm 7 2z P, ok AR o 5 IR ST R EE AL (Mastersizer 3000, Malvern, England) il
FE o 15URIESRFIE 3 AR L S AR i 548 (SteREO Discovery. V20, ZEISS, Germany) W%; 51l
WL SRR AE(F 43 1 H 7 B 48UB% (SEM) (Quanta FEG 650, ThermoFisher, USA) W22 My 48R 44
(EPS) i Tk () PR Oy B4R B, F-5% J1] Bradford B2 5 UAME 11 (PN). A% B A7 9 v N 2 B oh 22 4
(PS), LIFI&Z AN EPS 27,

TEE M) AR M 0 SR U R 5 Y8 5 3 > SBR 1817 66 d B 5 e /e RS, (3 3lan4 M S0, S1.
S2 1 S3), K54 338F il 806R ¥34 16S rRNA F:[H V3-V4 X, 4lifbf5 4 =4 7E 1llumina MiSeq
PE300 (Illumina, San Diego, USA) ~F-&IIFF, 1ZPPR FifEse s AW BRI BRA R 5E .

2 #ER5THS
2.1 SedFM

D, AT IEERCRAE e, AT DL E RN M s e Rd AR (B 1(a)), —BEAN, Dy, > 200 um &5
B RFRED . 3 4~ SBR (R1 MM, R2 MRE/FER R (REMERIEK 30 min), R3 MRE/IHA
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Fig. 1 Sludge characteristics of AGS cultivation processes

1 (REAHEHEZK 120 min)) #EFMATEPEIGTE Dy, 170 88.2 um, TEBSRAVKIIEREET (51, Ui
IR AE), BURCRARTEBA TR P & = . B RIS, Dy, 7E57 10 d 83 200 pm (271 pm), RSE7TE
13 d 2R3N % 1210 pm, JFAESS 22 d N A EE 1 560 pm, FlJ5EWT T FEIFE 28 d DS TE 823~
1280 pum Z [R5, R2 1K) Dy, 7647 13 d #8id 200 um (906 um), 7EZ5 19 d #hn iR E 1 390 um, &
FasEAE 1 030~1 220 um. R3 Y D, 28k #4a34 5 R1 AT R2 AL, 7655 10 d #3200 pm (229 um), BEJS7E
5516 d ZURBEINZE 1 110 pm, FFFEES 28 d M5 {A 1480 um, HATE 989~1 410 pum Z [l s, ik
M, 78 3% SHEEERIKT, R1. R2 fl R3 43 3I7E4E 10, 13 F1 10 d ik BBORI5 Ve IE BURARAE (D5, >
200 pum). FHECTRTAFETCERB KR R 05T (PR T5 IR R AR A DR PR st ) Kk 22 R i 20
2 LA )P AR AR R AR R T IRV A i b T ), SR8 T S AR, #E
D RAE TR AT B R AR ASRALVE ] (T2E EPS 43 . T4 XUH JZ45) 721250 DKy it /K AR 2
s TR

e, o Mris e BRI RE LA R USTR TS e s O (B 1(b) . & 1(c) Ml 1(d)). 3 1~ SBR 4]
IR EERRTEE MLSS Fl SVIL, #lH, 40914 3.1 gL' #180.3 mL-g ', #Flm, MLSS A TF, 7648 7d
R1. R2 Fil R3 /3hllmiZe 3.8, 4.2 LIS 3.7 gL' Ml UIRERTAIZESS 9 d 452 4 min, HR5-UIREIEREZER
ZURIG Ve e K BB R R B HE R N A, 30 MLSS 758 13 d 0 Jl FFE % 1.0, 0.8 f1 2.5 gL',
SVIL,, FF¥Z 34.4, 44.0 f1 244 mL-g”', SVLy/SVI, lWEEM EFE 1. M5T R3, R1 LK R2 44
WU R, FIRKEE PRI R TS le A B UierEse, AR FisIemRe i . s
WOk 5 U8 kL i B 58 A ORI Y € X (Dy, > 200 um, SVI,, < 50 mL-g', SVL/SVI, > 0.9)2¢2 34
SBR HYkiI5 IR MAESS 13 d (D, = 1210 um, SVIL,=344mL-g', SVL/SVI =1), 13d (D, =906 um,
SVL,,=44.0mL-g"', SVL/SVI,=1)#110d (Dg, =640 pm, SV, =244 mL-g", SVL/SVI, = 1) SH5E4
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WOk AL . FESCILSE A WORALZ S5, 34 SBR UKL R T S PR vk BE BRI T, SV, Y 4ERRELE
50.0 mL-g' LA'F, Hiff R1 & R2 HiY AGS HIX} R3 #5548 (K 2), SVIL, tlgE (33.6. 35.1mL-g ' v.s.
19.7mL-g™"); XFF SVL/SVI 1M, RIS (0.84~1.08), WAKBL T alily A B ik ok E oA
XIAFEE, R3 M SVLLy/SVI HAERARE (RFE 1.0), BEBHRREH UK I IR R 5o 3 H AR
EVER, X5 eHTSCERAGE B —B0WM, 52 d A4, 34 SBRIEEHEAREM (R1: Dy~823 um,
MLSS~12.0 gL', SVL,;~29.7 mL-g"', SVL/SVI~1. R2: Dy~1 060 um, MLSS~11.9 g-L"", SVI,~25.1
mL-g", SVL/SVI~1., R3: Dy~1 130 pm, MLSS~12.4 gL', SVL,,~202mL-g"', SVL,/SVI«~1),

K 2 JBoR T Eib KR Rk ARG R A2 . 26 0d, #F3] 3 4~ SBR Hi G tE e 2 et
ZRIRAE . R1. R2 FI R3 A1HIFERSFE 4, 6. 6 d J5 BB TH00k: (~800 um), LERF A EZURIG RATSRAFAE
% 9d, FERiiRERTTE] (5~4 min), KEZURISIRBHES NS, SRR MM, %513 d, R1 Fl R2 rrifli
T AL B MY BURL (R1:~870 pm, R2:~1 210 um), ZARISIREFGTAAE; MILZ T, R3 HliAagHl
BAKR SN (~450 pm). BEE TR EZ 4550 2 min, 3 > SBR PR 2 RIE L, AFLE S
K; R1AIR2 ki obR 2 E W, HERAPRAMREBICR, Hi Rl A2 KR (~5 018 um);

Day 0 Day 6 Day 13 Day 25 Day 49 Day 66

(a) AL

Day 0 Day 6 Day 13 Day 25 Day 49 Day 66

(b) P o S e
El2 FEFKLSRIEFTFEETISRENR
Fig. 2 Macroscopic morphology of AGS cultivation processes
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R3 WORARXTER, e ECR RN

Kl 3 /R T 34~ SBRi&fT 66 d B AGS JES. MANRIEE, R1 Fl R2 HEURHOWEEFIARMRL, FRIHE
JERS, DAIRE TS, R2 22K F5EH T 2 MAEE R (9 3(a) 11 3(b)). HHHZ T, R3 Wik
HEAR TEER N, AN D22, S5FHXTESE (K 3(c), HEZRFEAET, BiKPRINFER
IR RN, KEBSEHINT LB PAO. GAO AL R B-F25E TR (PHB), HEMdm 22 R %
IR SRR, (SRR B ; SRR AN (AN R R =55 SECER SN2 22 R
AR 3 A4~ SBR WK G IR IES 22 4 KA FE R FZE T, R1 AT R2 Hlb /KA HL 7 R A B A sl b
AL PHB S, KA e R o N2 2 R A o AR R - E S R A A

(b)R2
3 FEIRLS R
Fig. 3 Microcosmic morphology of AGS

MRS, TEEERINE T, B—IrE 5RA/IFEEEGER R Z 5 AR, R1, R2 Fil R3 Hik 535
4. 6. 6 d UGB, EXS 13, 13, 10 d LB RAL, iR A/ I AR SR ok s AR
PERE . KIORGEHER K] (120 min) A HCF AP SEHERIEK AT ] (30 min) ST HER 255, ik
AGS FE .

ESERIICER K S ORI LY, AR SR ARz AL, AT 2E5 . A, iARsr
IR 5 IR RN HARR R, MDAV A R 5 e a5 A E0s HARRE , X 5 IER IR/ AR R SCiikdf
TERA—Z, AR, GFARE SR AT bR s I T 22 5, S5 ICE KR 2R S0k
A ) PR A S R R P8 — 45 A
2.2 [RIKALTEREE

e, A3 SBR TS YW R BRALBEHEAT IR (K] 4). 7E 66 d WyizfTid B, 34> SBR my#EK
TOC ¥ 345 mg-L™", NH,-N ¥4 50 mg-L™'. & TOC E43FEMN = (%] 4(a)), HeFh2sBR 1 d f9iiBoETE
SIRIE, %5 1d, 34 SBR A TOC EBREET 97%, Al et TAH IS IS IR BIER FE 32 Mt . 22
J&, Bfrid i, 3 4 SBR IR FEATERRFE 97% DL L, RMELESS 13 d 24 RN ARk
i, TOC EERFATBRIRKFIE 97% VU L.

Bt NH,-N L BRAAETT & (5 4(b)), %5 1d, 34 SBR A NH, N EEREDHIH 654% . 64.2% Fl
62.4%; %5 3 ANH,-N ERZFSH TR 93.1%. 91.3% M1 90.7%; ZJ7, NH,-N EERFZH R, Xl
IIRTHAA B ) NH, N LB AT RE 5 Je i f-HEe 80, BiE V #A9i21 T, 3 4> SBR Y NH,'-N Bk
FNWE PR EBOMARRL, ELES 30 d UFIAEEXTERE, R1. R2 Fl R3 435IRUETE 59% . 62% il 53% /&
Fie 9546 dy N T HEE NH-N ZE%R, @1 34 SBR #1500 mg- L' NaHCO, (NaHCO,:NH,"-N =
10:1), %5 46~52d, NH,"-N EBRREA IS, 45 53 dJ5, R1AY NH,-N EBRFRBHE ST 97.2%, Ik
HATEEGAFTE 97% VA b R2 FTHIRAE, {H 59 d 5o n] DIEATE B 457E 96% LA b, X, Wi
#% NH,'-N EBRRZ R TRERMEk =, FRE T LA miieh it Mz T, #0in NaHCO, J&,
R3 1Y NH,"-N EBRANEA BRI, KIBTE 50%~70% [35h. R3 N S 7E AR W B8 7~
8mg-L™'. pH K 7.5~8.3, FENdE 7 /RN T IS FiES AOB Ml NOB (4K, SEFIBSIFIAES, £H
fE R3 VAREE] T RGESE, HAERMNAHE OIS T 51.2 mg L™ /9 H,S U (R1, R2 KifS), H
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ik —m—RIHK R2ifK —A—R3HiK K —m—RIHK R2H17K —a—R3HK
—o— R1EB% R2EBRH —a— R3ILFRFE —o— R1EHRE R2EFRHK —2— R3IFKFRH
400 WNWWM 4100% 60 | mdh ares 1100%
Ao, o Y
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Fig. 4 Pollutants removal efficiencies in three SBRs

JE 4% 16S TRNA {538 8P UESE 7R3 R ER RIS (SRB) HIFEAE (Desulfovibrio (1.06%) F Fusibacter
(5.44%)), PRILHENBRIRERR 5 B 7R EHHER K BB A 10 S™ 2l L s i A= K RS AL S 0, A T F
FERM, ST IR AN B AR ARG, LR N AT REAE TR AN MRS e R PRl i DA D0, A,
T RRATHET 40 d, R1FL R2 /K H NO, -N 2%, MES 40 d iR /K NO, -N Bt m, il
TE 4.0 f1 2.7 mg L™ Z24 068, 1 R3 AR IEARA NO, -N f£7E; 3 1~ SBR 2 B i A A
NO, -N f77E; BMETIF, 3/ A TN RBRRIEA AR ETSE 86.6% . 89.8% Fl 54.9% fidy. k%l
B, IR KK A LA 2.4 kg COD'm>-d™ . BB 0.06624 kg SO, m>-d i), KK
FAHER (120 min) 27242 S™, M AEYIE R AT
2.3 BSNREMISHR

HIZMR G (EPS) TEIEYIEREE | R AGS FE e T A4 FEAECY, [ 5 M\ EPS AYZH AN
W B AR BEXT R R K R R A ARG P TS e R A R A 7437 o

FERRAIETETS I EPS MR R 26.9 mg g VSS, BUJ5, 3~ SBR Y EPS Ermilish [T, JFailfes
40, 34. 34 d IAFEKRME (1083, 54.1. 76.8 mg-g' VSS), R2 Fl R3 (¥ EPS S WHET R1, WHERZ
F R KBRS 203 EPS =AM, ] GER i FRE R EPS M E TarAm™ . Fikkr
B, EPS S hinsy B FRUEYRGrE, ARt TSk, FiJE7ESS 46~66 d, 3 1~ SBR [ EPS &g
TR T R R 2R E 7E 30~50 mg-g ' VSS, X 5ATJeaife MG e —8uw=2, QMAms, 34
SBR [ EPS &Ik, X il BB O AR E s,

PS 1] LB A SUMPAREERI 1, fRdEMFEE, 1 PN o] DARRRR T i far, HEaRei K41, Sk
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Fig. 5 Variances of EPS contents in three SBRs

. SR PN/PS (E ATt T UKL R G K R, A B T ARAS 2O AR e iR, BRI S, 3> SBR 1Y
PN/PS (EAEREA BT b B B E i as, RIS A B RMITERERS 2 T itm. Hrbs 0~
40 d, R1 1 R3 B HIEEME T2 R2; 4 46~66 d, R3 (Y PN/PS {H (~1.6) & T R1 (~0.8) 1 R2 (~0.6).
RG], KIREHERIK AT ESAE R T AGS ZsiRae. BIAITS, AsEH PN/PS HIKTRZ
B AGS 5T, HIFPIRTRELE T3 B2 PS 430, W rT BB R MR BE 1Y Na U Ca® ZETMTH ] PN 43
Jp0461
24 WEMSHEMESR

6 MJEZK - XRS5 K 3 4> SBRAZAT 66 d I A5 IR WA LU T T 00T . 45 R,
55 66 d 3 P SBR HWLEMREE BRI IR C 4 TRIE . HRii5le SO MEMZ RS e, H
i 8| B A 15 Flavobacterium (7.2%).  Gelidibacter (4.9%). Thauera (6.8%). Glutamicibacter
(4.5%) F TM7a (3.4%) %5, HIEIXLEJRTE S1~S3 HLFAGNIAZ], T RER T X SEf R Wl $R 5 LB
B WA T RE SRR A AR A A AR B, Xanthomarina (28.7% . 19.3% . 26.0%). Tessara-
coccus (9.9% . 32.1%. 6.5%). Vitellibacter (17.0%. 10.7%. 3.5%). unclassified [ _Rhodobacteraceae
(12:1%- 6.1% . 1.2%). norank [ A4b(4.0%. 6.6% . 2.1%). Paracoccus (2.2% . 2.1% . 2.1%). Aequorivita
(3.2%. 2.3%. 2.9%). Muricauda (1.1% . 1.9% . 3.8%) LA Hoeflea (2.8% . 1.6% . 2.0%) 4 3 |~ SBR H
BIRERA BN F 2R R, ERE XL YT LITEA R A B K

% 2 AR FE I RERAF A T, 7E 3 D SBR HEEAGNE] T 5 F PAO (Tessaracoccus
Corynebacterium . Halomonas. Micropruina. Pseudomonas) Fl1 1 # GAO (Kineosphaera), PAO “5& i/
KEYR &S BT AGS FaE@ ", R2 71 Tessaracoccus EFEEGA 32.11%, UiIH Tz M-S RIRIER
SEPE; I R3 PAO & itfiiF R2, HFEHE AT REZET SRB MyMiIfEH . Xt FA4fLEm =, 3 4 SBR ) AOB
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Fig. 6 Bacterial composition on genus level

wn
w

*2 BKFIIRERENS T

Table 2 Functional groups on genus level

. ARXT /% .
KPR (RKF) E= BTN
S0 S1 S2 S3
GAO Kineosphaera 0 0 0.01 0.03 Bl
Tessaracoccus 1.26 9.87 32.11 6.48 57
Corynebacterium 0.37 0.01 0.01 2.14 81
PAO Halomonas 1.9 0.12 0.17 0.03 ]
Micropruina 1 0.38 0.97 1.15 160l
Pseudomonas 0.1 0 0.07 0.06 B8
AOB Nitrosomonas 0.06 0.04 0.03 0.01 1
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Effect of operation modes on granulation process of activated sludge in
treatment of hypersaline wastewater
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Abstract Aerobic granular sludge (AGS) technology has shown great application potentials in the treatment of
hypersaline organic wastewater. The effect of operation modes on granulation process under hypersaline stress
was still unknown. In this study, three sequencing batch reactors (SBRs) were used to investigate the granulation
process of aerobic activated sludge and the efficiency of hypersaline wastewater treatment under different
operation modes, including aerobic.mode (R1) and anaerobic/aerobic mode (R2: anaerobic plug-flow feeding for
30 min, R3: anaerobic plug-flow feeding for 120 min). The results showed that the granulation time of R1, R2,
and R3 was similar (granulation completion on Day 13, 13, and 10), whereas the particles cultivated in R3 had
dense structure and high PN/PS content. Under hypersaline conditions, all three SBRs could achieve high TOC
removal efficiencies (>97%), NH,"-N removal efficiencies of R1 and R2 were both greater than 96%, while R3
was fluctuated between 50%~70%, which might be due to the inhibition of nitrification reaction by sulfate-
reducing bacteria (Desulfovibrio and Fusibacter) with the generation of S* during the long anaerobic plug-flow
feeding period. This study can provide a useful reference for aerobic granulation in hypersaline wastewater.
Keywords aerobic granular sludge; hypersaline wastewater; operation mode; anaerobic plug-flow feeding;
granulation
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