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Abstract: The culture mode, substrate composition and reactor design for aerobic granulation have
an impact on the physical and biological characteristics as well as mass transfer efficiency of the granules,
consequently influencing the decontamination efficiency. Utilizing tomato sauce wastewater as the
substrate, in conjunction with biophase diagnosis and high-throughput sequencing technology, the
development of aerobic granular sludge under continuous and intermittent stirring modes at low superficial
gas velocity was investigated in an aerobic blast aeration SBR with H/D ratios of 2.5 (P reactor) and 4.4 (S
reactor), respectively. The rotational shear stress induced by the mixer was quantitatively calculated to

determine the most suitable stirring speed. The two types of reactors with low height to diameter ratio were
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successfully consecutively granulated under horizontal stirring. However, the mean particle size of mature

eranules in the continuous stirring SBR (H,/D, of 4.4) was 714 pm, which was less than 1.25 mm in the

intermittent stirring SBR (H,/D, of 2.5), and the granules formed in the former were predominantly
reddish brown. When the shear stress of P and S reactors was within the ranges of 0.159-0.186 N/m* and

0.188-0.247 N/m’, respectively, the granules tended to become more rounded and denser as the shear

strength increased. Beyond this range, excessive shear stress caused large granules to disintegrate into

sheets. After achieving stable operation, the presence of dominant microorganisms such as Epistylis,

Vorticella and rotifer was observed, indicating favorable effluent quality. High-throughput sequencing

revealed an increase in microbial diversity under both continuous and intermittent stirring conditions. The

Shannon index of P and S reactors increased from 3.90 to 5.08 and 4.70, respectively. However, the

denitrification and phosphorus removal bacteria were more dominant in the intermittent stirring condition.

The granular sludge with good performance could be achieved in the reactor with a low height to diameter

ratio through a specific combination of blast aeration.
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Fig.1 Schematic diagram of SBR reactor
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S5 BB T 5 AR AR ) FL A I

Alpha ZHEPEFE B L 32 3. Ace Fll Chao 5 %0 7]
FRYIRI ) EEL, BRI R Chao TRELHET N
JO<P1<P2, JO<S1~S2, & W PR 41 [ )i e 4 422 F 15 e
) =F B R R 1, ORI 0] S R N 7 A
JE T P RN A, (ORGSR PO i, HL3E
AEE T B8, Shannon $8 50T T A: Wy f
BER) Z A, AR K, ULEH VS Z e & . W
2H J W #5 19 Shannon 38 03 K F 42 Fh it 409, H 458k

BT B9 PP AR R TSR BEHE T A ST,
S2. X ULHIEE IR, S B A% 7R SR B U1 ) T WOk
A HERR VR , AU SR I 1) 56 5T U] 1 BIR 1 R )
RAER AEAF ARG, B AR T P N AS
Sindall %38 i 7 EAAMAR ) T AHLZE I
%3 Alpha Bl
Tab.3 Alpha diversity index

LiH | OTUs | Shannon Chao Ace Simpson
JO | 642 3.90 725.32 690.64 0.12
Pl | 725 4.80 756.41 763.64 0.03
P2 | 753 5.08 807.92 794.67 0.02
S1 | 734 4.72 783.88 782.10 0.04
S2 | 710 4.70 782.96 776.12 0.02

AR Pk 2k R v 4 TR A S K B 4 A WL 7. ]
T, P RIS B g UKL Ak 2E R T R U AN 25 R e
PR 5 P i 31 (JO) AS BT 1 J& (Acinetobacter) M AT
PIRHRE, 5 37. 37% , {0 Y UKL B A il e L=
Iy IR 2. 85% .2. 78% % 0. 19% .0. 28%.
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Fig.7 Distribution of bacteria at genus level during

granulation

Acinetobacter VA — 5 2% FHPEERFTF B4, 7] ST
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O b TN 1 23 B A B2 BTk I AE PATS 2
07 i T AT B S ARG 3 PR Sy B A e I v K
5T TR AN ) T A i BEME R T . DP9k
B2 DL BRI AGS W LAFF B BR B M
1M LA A0 R IR 2 IER TR A 320 SR, [A]
FESE LA Ak S il A6 AR H (8 B K TR & (Paracoccus ) 7F
TURLIE U (9 72 B 4300 15. 38% . 16. 39% , 54l
Bl i 1. 25% W& X 5 SEM BR R 19 A
AAGS Z UABK I H 4 R — 5
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SRJE THUAF AT (Bacteroidetes ) , # A BAT B4
ZUBERE J) o Ferruginibacter J& A A TH MY 9K fiFt
FERN I H S BN 1%, 75 P LS SN d MORLIE i L K
G 53 B 5 4. T4% 5. 72% F1 5. 72% 3. 56%,
AHRE ) COD £ R AR B W It i5 o S2 [ Ferruginibacter
J& % T SRR AR A g 5 5 U0 3 B IR T TR A A B
MAEE . Xu5E 2N A, Chryseolinea 5515 )¢ % FE
DUREPERE Y42 i BB AH G o AW FE v L e 4
PTG I J0 5 1. 60% , 76 UEAVIURL P2, S2 Hh 73531
4.82% F15.05%. Haliscomenobacter B & £ Z {1\
F2xg 5 R , {5 Dabert 252 % 81 Fb B R
REAFTET RS TS e b . A AE Jo
A 0.32%, i 76 P2, S2 1 43 5l ik 5| 4. 45% Fi
2.40% , 15 e TRETEREL R, IF TCIEZ K I 4 , HOH) i
HAEA I r] REXT BRBEATSOCR , H P B8R EAR
R 2 B ST AR IR A B B S B I R e
(Zoogloea) BEANT] 43, EATREMSAE HE EPS (A= . JO
i Zoogloea J& 1 F FEAUR 1. 36% , (HAE FEATH $F K
BB S IG5 TS PR BEIGAC  IR AHAE
P21 S2 R A= BE 4300 R 5. 29% R 11 10% , BE A 43
FESL AR A 8T U1 0 0B 7T S i EPS, 1h B TR
(Dokdonella) FFH JE. [X 1 J& ( Thauera) J& T2 TE ]
(Proteobacteria) , & 1 30 T2 K PR R Ge & 25
B AA PSRRI O BRI, P2.S2H Dokdonella
Je& 64 4= B2 53531 4. 06% F12. 79% , 1t v T He R 5 e
J0(0.22%) . Thauera J& 3= JEFEZ L B b A7 B
.

T BUABURIAE 5 P2, — 22K TE i 44 (R TR
J A AR B R BE , U1 unclassified_Bacteria (6. 62%)
Proteobacteria 1] K 73 25 J& unclassified_Rhizobiales
(2. 74%) . unclassified_Polyangiaceae (2. 41%) 4% %5
Hll (Chloroﬂexi)ﬂ%ﬁj\é'é@ unclassified_Caldilineaceae
(2.59%) , X BERR AT AL I BE , TEH R {52 )0
A R . SR, AR S22, BA R AL RE
J1 W) A R B, W unclassified_Betaproteobacteria
(8% ) . WHAT H /& (Gemmobacter, 3. 18%) AT # &
( Flavobacterium , 3. 14%) J £ R W J& (Acidovorax,
1.70%) , Y] AGS HA b A~ SR A - IR T RS,
Bl 1A A K S R I R AL I A S RE . Ut
Hh AR TR & (Nitrospira) AF R SLR (R RS AL DI RETAT ,
St TG KT 43 B R Y, 0N 2 T AH R £ 4R
LT (NOB) FY AL H4 T i , L J2: P AL S B iz 4% v A 4

PRI

EAS T B2 VR & W] (Planctomycetes) 11 AT
— KRR BB WA < unclassified_Planctomycetaceae ,
AR T LA A R £ A A B AR AR
KARAFRE AL, BRI A AL . B
TEPILE L s R S 25 T, ELAE P2 HP i) o LR
(6%) At T NH, =N LER. AR, A0 H
1 Saccharibacteria_genera_incertae_sedis J& , HAEJo
H 4 0. 87%, £ P2 H L TF 2 1. 65%, £ S2 H LA
0.55%. i Wang 4523 3l i) R T A 1k S E 16 2R 5t
O R B A R S 2 T WA S A
FRUE . VW] P S0 3R IR T A I AR, IE 2
i T IX SE AR Y TTRK , 5 RE 0 B AR MR T bR,
P BT I AR A R A e 7

DEH TR & 4 A4 [ IR Bt 5 38 7 D 1 1 ) T
2, IR A YRR O R 52 AR RO 45 2R A TR
REZ I RS G VE ORIE T RGN ALY SR WY
ZbRo PIONATELS RV AT B 22 A0 R BRI 1A, %
THWAEYE L T &8 A AR5 s sk i
FPEREFRI AGS BAT B AF RIS
3 &

©  ATLF A IZE R A R
AL R, DATT B B R #2728, IE W is 1T
IRy 53 I R o= E X e T G B 7 8

@ TEBUNBRE SIS ACE AU FE 7 R, S
P S ISE A 55 26 K AMIER 28 KARLE s Bk fL . S
52 i HSCAIURE 15 U A SAEREAR 714 wm B £0 45
O/ NBURL . P S g B ORL S R BROR, 21
REAE A 1. 25 mm , FURLR I A4 G4 ) 20 2R 22
AT S /D AT TR A b L, SR A Y FLBRE R Wy Jo ik
MR T

@ FEP SR H a) R 5 i R
S B g >R Y H 1) Jil 401 i 2 3t 4 A JOR Al 48 R B
b, Ul AL BRAE I i) T8 B g B o 4 i 7 — el
Filo 287158, PRIS SON #1438 B 55 U0 3 95 1 4351 A
0. 159~0. 186 f10. 188~0. 247 N/m*.,

@ E DY 2SR R, P RN A T UE )
P 2 R D R R T S I RLAS . ST |
Ferruginibacter J& F1 Chryseolinea J& 55 & FUki 15 e &
WA ZBR KRG E R FEINEER .. REiE
FEAE R JI A R AT, TS B 1k S il AL RE 7 0%

- 90 -



=

P
’J“f:

I

www. cnww 1985. com &1, L F

A I A B 42 0L SBR P A A A B A iRk #4004 F15H

BRI &, B B Ak D Be Y 2 B TR s AR T TG A
J& , BA AL A 0 i AR B LA S 5 BR A
KM Haliscomenobacter J& o P JZ ) % 11— L8 KAy 44
149 SR A TR e DG 3 BT 3 A DR S S A TR 55 ]
AE 2 A A AR R STRRAY TRIARE . PO BL A% A
TCAE W i 4t B 5T 3 ) P52 o Wt S8R A
I

SE Lk

[ 1] ROSA-MASEGOSA A, MUNOZ-PALAZON B,
GONZALEZ-MARTINEZ A, et al. New advances in
aerobic granular sludge technology using continuous flow
reactors: engineering and microbiological aspects [J].
Water, 2021. DOI:10. 3390/w13131792.

(2] WYL, MO0, whil, &5 . M ZeHE < SBR PR LE: 3%

AGS F[a) 25 B A Bt e e o M [0 ). B M 4 2 5
AR, 2021, 33(3): 60-63.
PAN Jiang, XIAO Pengying, YAO Yuan, et al.
Characteristic analysis on rapid cultivation of AGS with
continuous aeration SBR and simultaneous removal of
nitrogen and carbon [J]. The Administration and
Technique of Environmental Monitoring, 2021, 33(3) :
60-63(in Chinese).

(3] 9k, RFAE, Fhi . B SR U B0k TS e Ak

PRI TR C/N KBRS [J]. KA B, 2021, 47
(6): 49-53.
ZHANG Fan, ZHANG Baojun, XIN Ruirui. Study on
the treatment of urban low C/N wastewater with aerobic
granular sludge by aeration mode [J]. Technology of
Water Treatment, 2021, 47(6): 49-53(in Chinese).

(4] B2, AW, Fe X BURLTS TR T8 iy 52 ) K

il A6 R AR E 7 [0 K A B R, 2021, 47 (7)
74-179.
YANG Qixue, SHI Xianyang. Effect of Fe' on the
formation of aerobic granular sludge and its nitrification
characteristics [J]. Technology of Water Treatment,
2021, 47(7): 74=79(in Chinese).

(5] XUFrsE, XISz L. IRA IR A& A0S Je B % KO
BRI5 ORI (0], BREE TR 241, 2021, 15(3) -
962-971.
LIU Qianjin, LIU Lifan. Cultivation of aerobic granular
sludge with mixed carbon source and its decontamination
effect analysis [J]. Chinese Journal of Environmental
Engineering, 2021, 15(3): 962-971(in Chinese).

L6 ] BibE, FHMN, FRIO7DE. Rk A LR K i S MOk

(7]

[8]

(9]

[10]

[11]

[12]

« 01 -

e RGAENE KB PR S EPERT ST [T]. 3R5EMk
%, 2021, 40(3): 904-913.

MAO Shichao, WANG Yanping, CHEN Fangyuan.
Stability and microbial diversity of the aerobic granular
sludge under low carbon to nitrogen ratio [1].
Environmental Chemistry, 2021, 40 (3) : 904-913 (in
Chinese).

AWANG N A, SHAABAN M G. Effect of reactor height/
diameter ratio and organic loading rate on formation of
aerobic granular sludge in sewage treatment [J].
International Biodeterioration & Biodegradation, 2016,
112: 1-11.

THUE, PRE, FEEGRC . SBR SN i 45 FA) X i A UL
GIRIE B L8 Syt Tk A28,
2011, 31(7): 42-45.

WANG Huiqing, XU Ying, YUE Ruixiao. Effect of
sequencing batch reactor structures on the shapes of
aerobic granular sludge and kinetics analysis [J].
Industrial Water Treatment, 2011, 31(7) : 42-45 (in
Chinese).

SR/ANES, ETF, XU BT % e SR BORE T U S
LB AR EDT (D], Z A 5B, 2011,
11(4): 56-60.

ZHANG Xiaoling, WANG Fang, LIU Shan. Effects of
shear stress on the activated sludge granular and the
features of nitrogen and phosphorus removal [J]. Journal
of Safety and Environment, 2011, 11 (4) : 56-60 (in
Chinese).

Mopr A, sCE, AL, 55 AP IR AR L
SBR H AF S G RS D B ORLAL [ ). oP IR
2018, 38(9): 3358-3366.

QU Xinyue, FAN Wenwen, YUAN Linjiang, et al.
Aerobic sludge granulation under horizontal mechanical
agitation in a SBR with lower ratio of height to diameter
[J]. China Environmental Science, 2018, 38 (9) :
3358-3366 (in Chinese).

Sy, W, WREG, S5 . WSBR IR U AUWORL TS
PR IREETE [T ], R E 4, 2012, 41(2)
327-333.

YI Cheng, ZHAN Hanhui, CHEN Jinduan, et al.
Experimental research on aerobic granular sludge
cultivation in WSBR [J]. Journal of China University of
Mining & Technology, 2012, 41 (2) : 327-333 (in
Chinese).

GAO YN, LIU ZJ, LIU F X, et al. Mechanical shear

contributes to granule formation resulting in quick start-



% 40 %

%158

OE 4 K HE oK

www. cnww1985. com

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

up and stability of a hybrid ANAMMOX reactor [J].
Biodegradation, 2012, 23(3): 363-372.

EHEAZ . I EUORL T R Ak B 5 A 7 IR K B
Pt (D] B8 AT gl Ko, 2018
11-12.

WANG Yanshan. Treatment of Tomato Paste Processing
Wastewater and Microbial Community Succession by
Aerobic  Granular Sludge [D]. Urumgqi:
Agricultural University, 2018: 11-12 (in Chinese).
TYELT, f s, TMEARS . ORI X i e R K e AU
Ko7 ek RERYSE W LT ). RS 4n 4k T, 2021, 38(2):
380-386.

WANG Weihong, BAO Wenting, WANG Yanshan.

Effect of particle size on the performance of aerobic

Xinjiang

granular sludge in tomato sauce wastewater [J]. Fine
Chemicals, 2021, 38(2): 380-386(in Chinese).
MATSUMOTO S, KATOKU M, SAEKI G, et al.
Microbial community structure in autotrophic nitrifying
granules characterized by experimental and simulation
analyses [J]. Environmental Microbiology, 2010, 12
(1): 192-206.

KISHIDA N, SAEKI G, TSUNEDA S, et al. Rapid
start-up of a nitrifying reactor using aerobic granular
sludge as seed sludge[]]. Water Science & Technology,
2012, 65(3): 581-588.

DE KREUK K M, HEIJNEN J J, VAN LOOSDRECHT
M C M. Simultaneous COD, nitrogen, and phosphate
removal by aerobic granular sludge [J]. Biotechnology
and Bioengineering, 2005, 90(6): 761-769.

SREGER , AL, B . 15 KA BIE f TR i U
KLy Je R PER M [T ], KA FEEOAR, 2021, 47(2) -
106-111.

ZHANG Ruihuan, YUAN Linjiang, CHEN Xi. Effect of
sewage treatment operation mode on characteristics of
aerobic granular sludge [J].
Treatment, 2021, 47(2): 106—-111(in Chinese).

LIU Y Q, TAY J H. Characteristics and stability of

Technology of Water

aerobic granules cultivated with different starvation time
[J]. Applied Microbiology and Biotechnology, 2007, 75
(1): 205-210.

SINDALL R, BRIDGEMAN ],

Velocity gradient as a tool to characterise the link

CARLIELL M C.

between mixing and biogas production in anaerobic waste

[21]

[22]

(23]

[24]

[25]

[26]

digesters [J]. Water Science and Technology, 2013, 67
(12): 2800-2806.

EEA, F4i7, B, 5. FFREME Acinetobacter
sp. (09530 85 % e MO LR IE LT ], P E PR R A
2017, 37(11): 4241-4250.

WANG Xiujie, WANG Weiqi, LI Jun, et al. Isolation
and identification of a heterotrophic nitrifier,
Acinetobacter sp., and its characteristics of nitrogen
removal [J]. China Environmental Science, 2017, 37
(11): 4241-4250(in Chinese).

FRANCA R D G, ORTIGUCIRA J, PINHEIRO H M,
et al. Effect of SBR feeding strategy and feed
composition on the stability of aerobic granular sludge in
the treatment of a simulated textile wastewater [J].
Water Science and Technology, 2017, 76(5/6) : 1188—
1195.

XU J, HE J G, WANG M F, et al. Cultivation and
stable operation of aerobic granular sludge at low
temperature by sieving out the batt-like sludge [J].
Chemosphere, 2018, 211: 1219-1227.

DABERT P, FLEURAT L A, MOUNIER E. Monitoring
of the microbial community of a sequencing batch reactor
bioaugmented to improve its phosphorus removal
capabilities [J]. Water Science and Technology, 2001,
43(3): 1-8.

GAO P, XU W L, SONTAG P, et al. Correlating
microbial community compositions with environmental
factors in activated sludge from four full-scale municipal
wastewater treatment plants in Shanghai, China [1].
Applied Microbiology Biotechnology, 2016, 100 (10) :
4663-4673.

WANG X J, WANG W Q, ZHANG J, et al. Dominance
of Candidatus saccharibacteria in SBRs achieving partial
denitrification : effects of sludge acclimating methods on
microbial communities and nitrite accumulation [J].

RSC Advances, 2019, 9(20): 11263-11271.

« 02 .

YEE @A A3 (1997 ), &, Fis s R FF A, il
+, FEWFIE 7 1) KA B R

E-mail :296977482@qq.com

s B #5:2022-07-27

&M@ B 85:2022-09-11

(%4 TS



