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 FEAFENRLGE (acrobic granular sludge, AGS) FARTEIR] 2 52 BL 5 /K AL L5 B IR AR T 5 10 o th B RV g, X
HEF b RS B AR Gk R TEEAR ST T 0] o TR 5E I T IR FE H - 9 & S AL RO B A AT WL AR T R
RERE, R HHEMIES A AGS &5, 5T T HNFEH X RN a8 2755008 . 15 TRBURLILife . JEpapRih i
HNZ W (alginate-like exopolysaccharides, ALE) 43 M AE W BEIS L5 RS2, AT T R I E R B3R 1k AGS BiRis we Ak
FIVEFIBLE . S5REW . ERE L SIEETGREM N 2:3 (APET, AR [ 1Y 5207 %8 2 2h ik 18] b X e 26 45
H 30d 224, AEVBURIISIERY SVIL, 298 76 mL-g™, MLSS i 1.5 gL' &4, FHkiftik%] 653.8 um, ALE =R
21.75 mg-g 'VSS, X UBEEMEY) R EM T RA ., AN, BHELENBINE AGS B £ T R E OLBS(17.6%) .
Thiothrix(11.1%) 1 Micavibrionales(8.2%) , 7 BT i15 et BARIERR, RS ENMEFHEI N ALE. RUF5EA R
AGS RERIPEEIE B . o847 B s e Wy [ SR R 7 5575

KR ArAUERITS R R JSEERRERMAN A R IE =

T RIREIRAIR . TiFRMETGS, BRI —FE S, MAUCEEY . Hit, #
TG AR 2 R B RIS TR O AT S KPR AE TREIR I . A=A . AT FFAE K
MHABANEE T (A BEAHAITER) ESRIIHLISY . SEEGERTEMEGIREA L, G elitkns e
(aerobic granular sludge, AGS) $5ARAMYAT LA 23%~40% IFHHLE: . 50%~75% i FRE!, i HAERER
T EA —E R, FFEIRIE PRI R B & B bR, X F 24545 T AGS ER AR DikEvERE
GO frrhd R, SRR RSN TR G AN, AGS S R B AR
R, FREDGHEEER, HAEKEZLE 0.5~2.0 mm" ™Y, RHARHY SFLERIEA, M5 Ie b R)2 2% OWG
SAUETTZI, HREEIERL T 44X SRR, AR . SRR B A A DI Re AR A AR ) 43
MTAFRZER, BT AGS [N AR S,

KPR EL SN L B (alginate-like exopolysaccharides, ALE) J2& AGS 7EAb PRI 1 R K i B p= f AR &
(extracellular polymeric substances, EPS) H1 [ —2E F LAY ALE fibE . & B AR 5 B i
A, AT TEAR . BRSO AR Z R L. BT TS AAT R T K R ]
W ALE, 3XNiZ 5 AGS BRI K SEPRsf TAHZE G0 258 LR M /KA B3R 435 U i i
B SR AL BERRELRT ALE %%, ALE W15 KAREE) Rl A B0l 50% DL -7 ik,
TEfT =2, TEHE] 2030 4, ATRIA 10 ARBTG5 KA B 8 500x10* t ALE, F#{H 1.7x10” BRoc!"”,
ALE RIUKEERARAE, S BRAR AR i, sA 3 . sk AP A Y n SRR gl . ol , 520k
MG IeAH L, BRIEUe RN ALE & 82T 2 451, aThL, M AGS HEE ALE X — SR
Wi EEA: 2024-04-06 EFHAHA: 2024-09-10
EEWB: PEEERE LS H (2022M712561); BT H SRR BA B 5T 1H R T H (2023-1C-QN-0410); BV 45 %% 4 )5
Bl R+ TR B HE B (2022KXI-115)

F—EE: LI (1998—), %, WLBIFE, BT A i EUBORE TS U i A8 B H BT IR T 5T, 1594767480@qq.com
IBEEE: 30 (1994—), o, 4, Peil, PR m AiE KA S EAF A, guoyvan@xautedu.cn; ZFEFEF (1975—),
B, WA, B, ORIO5 O AR T B AR AR TS Y, xaut_Lik@163.com
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BT Y T ENIMOFR RS, i 7efedt AGS PR MR, BEEEH ALE Pl Bl )
FFEMNES

B, ERSNRE AGS JEAIEREUY kB R A 2 28 FETRHARN YR fb /e, 3T
A UL NIRRT, i D R Bl bR ISR, LR 5 5 & 2l AR
AR AN TS I 2o RS e kAL, & HASRIE AGS JERUH k2 —. Hrp, #izfd
FHEI N CHES I B E BURE % . DRk . Ca?'. FeP 4500 [HJE, I AFZRIB A T &bk
ARG A E . MAREERASLH. M2, RRTIERRI A E . KRG, o IRI5 %,
HPH e & TN TV s %, HA B TS IeIREERE . ol KRR I A it
Z 5 AR RO T SN I RhSRIAEY), SEmERR . A, BREET R U S B 5 - n e
YIERILAEER AR EATSHGE, K R R R 5 e R G TR E TS YR Bk, ISR
Wik fbad A, N, HEINAES AE 2 AR o SN AR AR, AR s R N AR Tl SOk Y
TERG. SHI 2524 K DA i b PR35 RS g R SR b R A e iR, a1 IR e 5 e e
B, IR T HAC R SRR ZE K ARLRE . (EE:, XSRS U BB AR Ak AGS FER)Z2 T, A
Z eI I PR G e = AE ALE (52T, R A —FPRSRAAE LI, ANUEA — 3R, miE
X HitA 7 FEIVE R K 5T S, A EFRCR RIEAR RO T 404, [ R e R 7
o MAh, WE SAEYUIAYIR, nIEARRNG A B ALE B AU ASaRIE . fr ey, REH DL g
PR B FEE AGS ITREBTE L. AT Y RBRFHETE ALE F i, {0 AT AAAHCHIFTRGE .

BT LU AT, AWFFALERE H A AE A —F iR LA AGS 2%, LIRS e ok e i
1 Kiisfr B kfa . IEBRBERRE AR E SR, [RIRHETHRIA RS RRY ALE Fo&, HEshizfiRE S
SEERYE KRS VR IRIOR F B SR E A
1 #MR5EE
1.1 FBHLISENSRIEMELGIMNEHE

TSR A PG TR AR K A T MR, %) CRAMEIE A/A/0 T2, FEHEHA AE,
BRI AR FIXERRES, IR 100 H 8956 TRk n Bk 2, BRI 0HJIm BORE I 4 & kR
W] 33.3%(FiE L) , FHE] 25 C AR FRAE TSR 3 d, SRR RS E R 1.

R TR E R TR SV SR L fORER R, RS TS TR SRR H L SR LS B — R, JFRTE
PEIGURHLE AL . B 1L Bbf 6 A, iR AR e @l Rg B FngdEisde, fERGHE 405 e dE
1) 9000 0%, 20% . 40% . 60% . 80% . 100%, FHEA—EEEIIAEEEAKIRS], R sBtiss, Fir
HEHPE 4 h, WEGIRUIRER . WS, 4 LV 0.45um BB IS, A FiILEE | Zeta FLAIFNG
PTG 2 o N N e BT TN
12 RNBZHREMETAR

ARG R H B N A% (sequencing batch reactor, SBR) A LI 2s B KSR I kIS e, [N #Rssik
AR EER . fEsf T, SBR Ml 4B il (PLC) A MEREHl. Wikl 1 s, FAT
217 2 41 SBR, Zril RSl R1. XHHRZL R2, BEARMIAFNAE 9 em, #E7K & 80 cm, ARUAE N
3.5 L. H“LUHSC a5 RE H + 515 EE TR R B EC L 2123, UL BPR: 2 FEHOmE R1 H, IRk 2 4>
F I BhAs AR5 ek B AT N 5.3 g L'

FN e AT B LA UEK . BE BRR. DUIE. UK S AN B, B RV EHEIT N 4 h, gEk
5min., 4 60 min. BES 150~165 min. JIVE 20-5 min, HEZK 5 min, SV ASEHR b IERE S SIS, 12
AR AR R IER R 2.0 L-min™'o K O EAE SOV AR, ARUERMIEMATIES R E A 50% .
RVARTERE R NiE T, AR A TR K, 2Ef AR (COD). 2% (NH,-N) FEEE (TP) 4il2)
9600, 60 Fl 10 mg- L™, i AR WSSk [27].

1.3 StESEE
SERHGE K AOKEE, it 0.45 um JERRIS PEF T8 MUK SRR, P COD SR BGE i/ 06
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Fig. 1 Schematic diagram of experiment reactor

%L BA (TN) R ES TR A LR/ O . NH, N SR FIFDE S | NO, -N R N-(1-
ZL)-Z MO . NO, -N SRHEEAM MR

SESHBUR S AR A 505 TIR AW, FR AR R TR AW (5 &) BRI (MLVSS).
SVI,. SVI,, %i5iesatn. PRRAE R Mastersize2000 EIECRI Y (Mastersize2000, UK) M5, gt
22 BABDETG IR FRIIEAS, RAFH 7 B8 (SEM) ME— MR IR A TOMZE 4

MR AW (EPS) MFRBCR A, XA REE (PN) FMIZHE (PS) &t iF il ™, ALE fy$2
W 395 RS MENG SE0BE 7™ H00 0 R F 25 ALE 7028 MG, MM Hl GG {ikBx,
Hrr My B-D-HEHATR . G Ry C-5 Z ) MR a-L-A i B R . B ALE $2B0=Y141 )5, SRAEHEM
2IHMEE (FTIR) /AT E SR ZE R, ST EIERERRE . it 16S rRNA =il 7 AR5
Hr R2. R1 FFISIRAERIY (1), 3R (M) FIFEW] (S) MITMEIRRE LS . AT H B IT A L9 A T
B3, GERLDFIERMEEIIR .
2 RSV
2.1 AEHGECEE TiEM S R AT ILIER

AR S5 TR R L S53G IS IR LB R, IEHTSTRDIREERE . ARSI R AR AL
B, SEIRLERANGE 2 Fn. ATLAE W, BEERSH L5 LA, J5ieiikettaetig, X FEMT Zeta HINZ
X HE RN, Zeta FAIE BT5TRHIEEEVERE, Zeta FUSITE—E T NZaXHE RN, KBRS |k
R, AR SR i N0 (E, FEH RO B, FVERR R BT, AR R, H
W, R 40% Fl 60% B FERESRGESRIZET, 435 57.65 mg (g-h) ' (BL MLSS 1) Fl1 56.75 mg (g-h) ™' 3
TLLESeueas i, LS iR . HukiE | Zeta BN AIHAEAGERSGSE R, B E R H L3
40% BPXHE MG IR E AR, SRR el sl A R e s e kb
2.2 FEEIAMATFEERER TR

SCRTFURBYEE, 2 N AR S IR N 5.3 g L Aoy, RS, TEANEIER iR Rl p e A, Ul
FEPEREA I RTS TR B HE S, IR R DA i SR ORI 5 1 S, R VSRR E & RUERE 1.5 gL,
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Fig. 2 Variation of properties of activated sludge at different addition rates of paddy soil

R2 15R Mk BHikaEfE 3.0 gL' 2 N A ERIS IR SV, BZHAE/N, R1/NF R2, 2 HELAEE
16 75 mL-g ' Zidy, MiEPETSI8 SVIL, — AT 90~150 mL-g '(& 3(b)). AT WL, TESW #isfradfidr,
R1VGIRMEENRT R2 15Uk, HATHE IS IRUIREIERERr. HIE 4(c) AT, 27T 120 d B9 R1 FikiR)Z
R R BRRRNZIRTE ,  BA R AR RN ZIR AR L4858, Bk i p R AR R /5 R iIF 1, S8
DUREMERRAR R R g i, V5 IR EERRARE Y [FIR, SR e e A Ak a5 tess , JHEd i arE

61 400 ——> SVIL 1.2
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Fig. 3 Variations of sludge concentration and settling properties during reactor operation.
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Fig. 4 Morphology and variation of particle size of mature granular sludge during reactor operation

FA TS K R il INE AR s A T KR, $ms /K B

2 AR AR TGS TSRS . RN R, PEfiE, T5URRIAEELE 200 pm BT REA S0k
15URCY, MRl 4(e) FIEE 1 ATLIE L, AAST R2, R1AYERINEIEERT T 30 d. BEGUTIERAIRSE R, Tk
VEREZE RIS VRRE K HER SUVARSE, RN g O U A5 TR B, 320 A B IRTE Ab A AN 14/ Nt
ki, PEMARSEEK, RLIVESECE . Y . SZIEMWBkn5 e, ERNAaSIBEL, R2 5T
BpRifeh 66.1 pm, R1 HAGTGIRFARAR 71.4 um. FEE RNV ERIIETT, PRRARZHHE K, B4 R2 fifs
FaiELE 263.5 um, R1KARFAETE 653.8 um. 7
5 SEME HE— 4578 T 1 AGS MROIE S,
A R2 FURER TR . EIURHU A HERR
S5k, TG R ORISR BUR B BT 0k ;

R1 RNFPERFAGIENEFRB S
Table 1 Results of mathematical model fitting of sludge
granulation process in two reactors

o e PR N D &t /d /d! o

BB TR, TSRk Dwd/mm i K ®

B (FE 4(c) F1IE] 4(d)) R1 620.05437.86 57784348  0.056+0.008  0.97

23 BRI A R2 308.16£34.60  50.81£10.01  0.027+0.004  0.97
. Y \S 1 5 M 7N

TER N A AR A R RS E 4, 2 DREXT COD Ml TN [ R BRBCRIIfFAEN8). i
#¢, RI1 Xt COD £ mfaErE 489 mg- (g-d)" (U4 MLSS 1), R2 BB ErE 234 mg: (g-d)”',
HArzt e R1 ) COD EBRFATIARZERT R2(E 5(a))o R1 1 TN AYZBRoafar e Rob fb bs K BB (55

—A— R2FITNE RS —— RIPTNEER G —o— TNZEK AL
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Fig. 5 Changes in pollutant removal rates during reactor operation
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80~120 R) WASLIAR4EE, T R WZIRAMA 70 mg: (g-d) ' (LA MLSS i), IiT R2 (925 mg: (g-d) '
X255 18] COD Fil TN A9 L BREH A2 21 15 IR AL R BEAGsemg ,  ELASOIAR B 0 SR 2R PR TS RO B
o Ak, KR HABAL S (NH, . NO, #il NO,) AUt pl e IR, 455 & B, NH, . NO, HyHk
1 2 DA K E/NF 0.5 mg L™, NH, THEABRREL 98% 2247, AGS RGN RIS YKL 4 iH
R RAHAE ISR N, gk Te 4 0k, LRI UL, ABF5Erh 2 AN sfb PERER Ay, B R1 B2
THAEPERESAL, REH AT T AGS RGEMBRATT YR L BRRCR
24 SRPASEERERIN S TR E KA S

EPS XHEURI5 Y IE AR e 2 CEZRIPERTY . & 6(a) Al 6(b) #57 R1 Al R2 {59 EPS [
BME PS, FaE N R2 th PS WK 121.1 mg-g ™' (UL MLVSS i), R1 1 PS #E K 324.8 mg'g ',
YUHATE R 2.7 £5. X FRIREH LA RL 5 e s s Z AN bE . PS HAT ZRRIREESE, 55
FHET OUHIE NPT SO = 4ERE %% . [FIlk, SARMA %5454 T PS Xt AGS MIHLHR 2
HABEZEN DL, HE 5P 2 REE R K A5 KBS R AHET T AGS RGPtk R A1 50504,
PN/PS {3k /NF 1. AL, R1 R R PS & B FR T HAS R e .

it M Y, SRI ST T BT 120 KJ5 R2. R ok 3R BN ALE MR, 45500
& 6(c), R2 756 ALE S H# %4 10.8 mg-g' (UL MLVSS i) , RI{5JEM ALE & 82k 272 mg-g',
ALE PR 3R1W1, R1FI R2 ki 3 iy & HEF 8 . MG>GG>MM, {H R1 AR & &R
T R2. PEFRERAEEYURM 2 PRI S 20, B-D-HERFHIERR (M) Fl C-5 ZE[ FAA o-L-1H i
VEIETR (G)o 7E ALE Y, HESWHERR (M) At WHERERR (G) 19 2 /MHEREIR R IE T LIHESTE 3 Fhd SRk B

550 550
soo [ LIPS EZ4PN I {05 soof %\ [CIPS EZZPN —=—PN/PS {os
450 | —=—PN/PS 450 |
7, 400 = H04 T 400 | {04
5 3501 %,J 350 |
E 300} ] {03 2 = 300} 103 o
= 2s0f Z ool 5
& a~ &1 w z
2 200} N . [{02 £ 200} \/ 102
s Na g i
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100 [ {0.1 100 [ {0.1
o 7 7. ). ol ) 7 7 7 7
0 2.7 72 72, 0 2 00 72 T4 A 72,
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AT/ B TaFal/d
(a) RIH5IREPS & A {5 15 (b) R2H1{5JREPS & it A5 LA 11
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UMM 53
~ B L_l6GHs
& R Mt 53 | 243950 882
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F 10 . MY \RI-ALE
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Fig. 6 EPS content and components analysis of granular sludge in two reactors
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(MG. MM FlI GG #kx) 1o Hrr, GG #BAREHRILREE S, 1 MM Il MG B EER AR TEPERT, U
W] R1 HORURLIBERIE RE ) BRI T R2 B4

XFHEIUY ALE FIRDL BERRER AT FTIR 4387, 45RILE 6(d). FILAEH, R2. R1 HHEHUY ALE 57
FHMFRER RIS ZE A BN Hodr, 2928 em ™ A1 2 960 em™ P Eib 43 B SRR AL S P AR 29 i h
C-H & E A iy CHy Al CH, 4549, R2. RIFEMACIRSNEE m TRk BEiREh . 7R3 %0 1 650 em™ .
1243 em™' AMUFRE AV Z IR T (C=0 fh4afikal) . FIWERE 11 (C-H {h4afikah) 45449, R2 A1 R1 F#7E
B AIRS), SRR R AL HRSIAHEL, R ALE IR s RRER A7 AR (0 B e . 7
1072 em™" Kb 7R BOUE(EESE T RROKAL S IRIAELE, JF HAPE T C-0-C #l C-O 4ik3l, R2 1 R1 JRsh5iEEms
TRl sERRE . B 950 em ™' AbFEAE TYIBNZIRYIT O-P-O JEHRS), 2 MEMmEIZEREYN, wlk
PR IRBIBONWIE,, A 2R R rh R R I R R R — BT,

TERBERRERAOEIE T, 23 IAE 3 000 e 1 2 928 em ™! %A B O-H iR shs A BE4055 1Y
C—H $iffilge, OEZHERIARER XA IR BiR R, 20 07E 950 F1 882 cm ' b
B 2 FiEBER AR, R SR A H SRR RFENE . BLAh, RRllE] O—C—O SERIME, Feeidms s T
1400 cm™ Ay, KUITERDIIGEERRER A ALE S P AEAE ] ORI FRPLA IR, RN FRIR (RE et
BV5UE) BAYEEFIAIERIE— S ENIE, B2, M AGS HEHUAY ALE 7EAb2225 R RS TR RE 5 THZ T
rl i EEREl, S AMGEMA Y, HARHE LA B TR G e ALE Fo .

2.5 SRPHEMRREES

X 2 AN AL FAFERIHE AGS R 16S rRNA P E AR TRUE MRS ZS T. BoE, B
T HEATGIRFES Y Chaol . Ace. Shannon 1 Simpson VU8 £ EARKUE . BT 2 4~48%C (Chaol Al
Ace) Ml EPHIRRIEMA YRS B, 5 2 4841 (Shannon 1 Simpson) #% HIK e G A= MiiEVE 0 2
FEHEFIA S, Chaol Fl Ace BUHBRK, MRS FEE; #/5H) Shannon ALY Simpson FRHIFE S,
BHAWEENZR LS, 5 R1AHE, R2 A9 Chaol A1 Ace BUEH K, IR A= 1) Shannon A4
i) Simpson, KM R2 HAA WS REMRR 20 . 5D AEFE, BAARIT G, xRV
IS TR AE R A R TP E IR S5 AR T 0, T5Ue b AP R O BA 1T 25 SRk, Fonfg i
A B SO % AT RE T R RS R TS O R PR A O W AR S . R, RIS Y
OTU RFH 5 N #riz 113 REZ M 4T T CCA 43871, FFAERT 2 A~ F Ao CCAL(RRERE R 44.99%) FlI
CCA2(fHREIEN 16.47%) HIAARFR F2HI TE 7(b), HME/R R2 A1 R1 I5IRIUR L R i E iR o
IR EROL, DL B IR SN -, B[] AAEXT IR B8R )N, FEA AR AR L, 7]
W, R2_I. RI1_I. R2._ M MIXHHEESHGE, IR H + P BRSO 72 SIE M5 IRPIIGIR & R4 R1_T R
PEFh, (H 5% BRAUBRAIE I R2. M HA I ERE T, X0 R1 P58 s i n shae it 1T R ARy
WA E. AN, R2 SE4SE4REE R2 1. R2.M, 1fii R1_S. RI_M 5g4ie R1_I, HEEMM
R2 1 R1 V5 NS T e s AN R ) A T, WS e I R Ok TS e Rl A A AR R 25 5%
HEMAEH 1A A TS Ve E A RN R A S5 AR & A T Bom SR

Kl 7(a) 7R FAKEEKEE (Amaricoccus) . M HE (Dokdonella) . FERBEH I (Sphingomonas) J&15
PSR, AR AL R AN, X 3 RN A H WHGEAET AGS R4, T/KIEER
B (Amaricoccus) J=4 >4 FIIERE, 385 LIS ERIRFNIU /R H B, AFIFADBRE R, s s
(Dokdonella) TSR BEHAMIE (Sphingomonas) A F|F EPS BB, (G e vk kI F 4R vk a5+ (AR e
PEBLA A R RIS BB EHE T OLBS. Thiothrix M Micavibrionales, HARXTEEE53H]H 17.6% .
11.1%. 8.2%. OLBS J&—FhfLani, ZEAek: NO, 5 NO, . Micavibrionales 5 TN il TIN ()%
BRAOC, EARAHIIRE™ . BN TR A AR R1 RO s K B EARA NOS MR, AR s
1 TN LBRF, MILZ T, R2 s SRR IIReRE s R8>, FEILH R A A 5
Dokdonella(6.7%) . Amaricoccus(19.8%). Saprospiraceae(4.6%), A OLBS WRKEESE., X 5HSCHRTR
T REH R AGS #48 R1H TN LR EA 2L ER2IOKF ERLIE, R2 F R AR5
TR A RS, BE 5 Ien R A ORI L R m M I TS TR, Mg 1817
TGS, M A SR R RS 2 T s 4R, JUHAE AU R2 F R1 e YRR S50 A W1 i 2=
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201
1.0 B Amaricoccus 1.5¢ ° Il:? ®R2 S
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B Sphingomonas 1.0}
0.8+ B norank_f _Roseiflexaceae R1 S
OLBS —~ 05¢ .
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oy B Thiothrix S 05 C
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Fig. 7 Microbial community structure analysis of granular sludge from two reactors during different periods
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Effect and mechanism of paddy soil-enhanced simultaneous decontamination
and resource recovery by aerobic granular sludge
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Abstract  Aerobic granular sludge (AGS) technology shows a great potential in simultaneous wastewater
treatment and resource utilization, and how to enhance AGS technology is one of important research topics to
promote its green development. Based on the excellent properties of the natural paddy soil which has the redox
micro-environment and organic colloidal substances, it was proposed to introduce paddy soil into AGS system
as a new inoculation source. Then the effects of adding paddy soil on the decontamination efficiency of the
reactor, sludge granulation process, alginate-like exopolysaccharides (ALE) secretion, and microbial community
structure were studied. The mechanism of simultaneous enhancement of AGS decontamination and reclamation
through adding paddy soil was analyzed. The results indicated that when the inoculation ratio of paddy soil to
activated sludge was 2:3, the start-up time of the reactor with paddy soil was about 30 days earlier than that of
the control group. The SVI, of mature granular sludge was about 76 mL-g', the MLSS was about 1.5 g-L™", the
average particle size reached 653.8 um, and the ALE yield was 21.75 mg-g'VSS. These characteristics were
significantly better than those of the control group. In addition, the addition of paddy soil enriched the dominant
bacteria OLBS (17.6%), Thiothrix (11.1%) and Micavibrionales (8.2%) in AGS, which contributed to the
removal of total nitrogen from wastewater, and carbon capture as well as conversion to ALE. This study can
provide method guidance for rapid start-up, stable operation and recovery of high value-added products of AGS
system.

Keywords aerobic granular sludge; paddy soil; alginate-like exopolysaccharides; high value-added products
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