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Optimization of aerobic granular sludge formation and stability under
feast-famine conditions and nitrate addition
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Abstract; In view of the widespread challenge of structural instability that limits the engineering application of
aerobic granular sludge ( AGS), this study proposes a synergistic strategy combining extended hydraulic retention
time (HRT) and nitrate addition to enhance the structural stability of AGS. The aim is to elucidate the synergistic
effects of these two factors on enhancing the structural stability of AGS. Four sequencing batch reactors ( SBRs)
were operated under distinct conditions: RO (control) , R1 (external nitrate addition only) , R2 (extended HRT-
induced starvation) , and R3 ( combined extended HRT and external nitrate addition). Synthetic wastewater was
utilized as the substrate to systematically investigate the impact of different operational conditions on AGS
performance. Experimental results indicated that extending HRT effectively induced starvation conditions, leading
to effective consumption of polysaccharides ( PS) within the extracellular polymeric substances ( EPS).
Consequently, the protein (PN) to PS ratio in EPS was significantly increased, promoting a denser and more
structurally stable granule formation. Specifically, the granule integrity coefficients in reactors RO, R1, R2, and
R3 were 84.26% , 85.69% , 95. 13% , and 97. 12% , respectively. Corresponding EPS concentrations were
78.06, 96.93, 80.00, and 91.42 mg/g (based on VSS) , with PN/PS ratios of 4.77, 5.15, 11.12, and 9. 30,
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respectively. These findings highlight that the combined strategy of extended HRT and nitrate supplementation
effectively accelerated granulation and significantly enhanced structural strength. Regarding pollutant removal
performance, the average chemical oxygen demand (COD) removal efficiencies for reactors RO, R1, R2, and R3
were 89.01% , 88.25% , 83.94% , and 88.56% , respectively. Similarly, average total nitrogen (TN) removal
efficiencies were 74.49% , 82.50% , 81.02% , and 81.41% , respectively. Among the reactors, R3 exhibited the
best nitrogen removal efficiency and sludge stability. Microbial community analyses revealed that Proteobacteria
(56.49% relative abundance ) dominated the microbial consortium in R3. Notably, under nitrate-induced
starvation stress, the enrichment of the functional genus Zoogloea (16.13% relative abundance ) significantly
increased EPS secretion (97.40 mg/g), thus effectively driving the granulation process. These results further

confirm that targeted microbial community optimization through nitrate regulation represents an effective approach to

improve the structural stability of AGS.
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EPS) 7E AGS e Mg 5 A fE A . EPS
Se A E AR R I B — 2R R T B, RERS
PEHERORL A O FHE 35 LA M RS E IR . 5 7K-F 10
EPS {3t AGS M AL, T AGS ' EPS (/> n] i
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1.1 XEEBLSIZTEN

SHWE T 4 ANEeMIE R SBR A, 435
T4 4 RO R1 . R2 Ml R3, B4 i s 35 i A PLBE
SR, BAT AR R A AR A AR L (102 3) , A8
BUR6 L, izt THLULE 1, Horp RO KB
fr X R R1ZEBC K By B I T &0 40 0 i R
(PANO; -N 3f, A, B R 10 mg/L)) | il
R b AE EK B B 8, IR Kb iz 17 F . R2
SV g JEA K 745 B s T] (ECR B INAS R R . R3 I
N7 2 R RN 10 mg/ L il R £k 1 4E 4 K 77 45 73 st
B, V5IRPIAAEE 48 h, SR 5 A SBR, XKtz
17120 d, P45 LL 6 h B EIEAT, B4 5 0 A0 46
10 min #£7K ,20 min R4 ,307 ~ 324 min ¥%,3 ~
20 minFHE , RFHASH Lt (volumetric exchange ratio,
Ry.) HRT fHREEF NG IR 1 Fron, B,
23 SR AT SN A R S A B AR G LA B AR
2.5 ~3.0 L/min, RARIE R 78 N K IR A f 8l
YIJ1, WA TR BEAN 245 ] JEE 3 ~6 me/L,
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Tab.1 Reactor operating conditions

higs JAMA/h Ry HRT/h  f§fRER IR/ (mg- L")
RO 6 0.75 8 0
R1 6 0.75 8 10
R2 6 0.50 12 0
R3 6 0.50 12 10

1.2 I8 Rk FniEFhTR

FERP 5 PR U5 T2 U A7 6 A 1 i S B0k
TGP RSLE E AR E BT ISR A0 RN i
TEPETG IR, R H 2140 Big #) RO RT R2 M1 R3 4 4

SN H W06 TR A Ak T [ ARV B (‘mixed liquor
suspended solids , MLSS) 1R 5 4% A& 1 2L V7 18 1A vk
& ( mixed liquir volatile suspended solids, MLVSS) #/
MLVSS/MLSS(f) 235149 2 350 mg/L .1 447 mg/L Fl
0.62, S50 HIZK g AN TECH, PIRR BN b ME— Y Bk
U5, A AR AR B IR — S BRI [m] i 4%
i CaCl, (LA Ca®* 3F, B & W B 20 mg/L) Al
MgSO, -7H,0 ( LA Mg** i, Brit ¥R 224 20 mg/L) LA
PRALES FEE B, NaHCO, W 79895 pH LURFFER
LW mL/L TR R T AT, T
Vel 30 dRBEGERFE 25 CAati . AR S H
WE2,

K2 AIBLAKRER

Tab.2 Quality of synthetic wastewater

Bk COD/(mg-L~") p(NH;-N)/(mg-L™') p(NO; -N)/(mg-L™") p(NO;-N)/(mg-L™') p(PO; -P)/(mg-L™") pH
1 275 ~325 55 ~60 <1 <1 6~7 7.6~8.0
2 275 ~325 45 ~50 <1 10 6~7 7.6~8.0

1.3 SHmBS®RNAE

IK AT 2R FH B AR 7k . AR AN
PR 26 BRI 5 AR N-(1-283%) -2
TG EE DN E A AR FH B A B 52 A0 A O
DN 5E 5 B (total phosphorus, TP) Fllfk 2 75 & &
( chemical oxygen demand, COD) il £ 2% FH 5B-3B
A1 COD Z ZBUCH I 22 1 ; pH | i i %8 ( dissolved
oxygen, DO ) F i J& {ff ] f# #5 X WTW-pH/Oxi 340i
IS S 5 s MLSS 1 MLVSS % 1 br i 51 & 122
& . V5K FR R FH Mastersizer 2000 7Y 185Gk 5
A 32 , AT 25 MEE A Olympus BXS1 €106
2 WA

SR FHAHE Bk TR A R 3 B EPST 43 5l
DZERNRLAS 5 1) EPS N B 455 1) EPS f PN PS |
JEFERR (humic acid, HA ) Ji 5040, EPS B #
i PS PN Fll HA (8 fl, DU IS B S5,
KPR ) Lowry Folin 39 % PN Al HA Jfi & 43
B LI BE R 2 B, R FH B R TR 3 a2
PS (105 5 43 500 R R R R A e v R
(integrity coefficient, C,) , FH F /e WL i5 I kL 1) 5Y 4]
girﬁ[zl -22] .
1.4 HMEMSHEENE

TR R G T YRR S I AR Ak, R
T RN R BT B 90 RIS RFES , IEXT
HAEAT T HEBE M, 4 DNA Sl #2850 & (E. Z.
N. ATM Mag-Bind Soil DNA Kit, OMEGA ) M {5 {8 #
AHEECDNA, RS 16S rRNA K4 514 341F
( 5'-CCTAC-GGGNGGCWGCAG-3') #l 805R ( 5'-

GACTACHV-GGTATCTAATCC-3") ¥ AJAZ[X. V3 ~ V4
IR AT 3, A T (P E L) A9 Dlumina
MiSeq &4t (Illumana Miseq300bp, 35 [#) ¥E47 & i
AR, L 97% B A5 BH 5 3R 2 7 51 X
YE43 250 (OUT) #EF 71402,
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2.1 SiRSFEETH
2.1.1 AW RUiiE R AR L

IR TG R & J2 — i AR i J00RE T B 0 A 3
2 B S A S 0 A R R T RE S BUFURL ) AR B
T, MHILZF YU EIA R 24 & PN 5 PS it
It FU A A 0O s ARUVL A ] 30 2 i ¥ e vk R
B BEAh AR S DK ORI R A 15 min 3525
B ZE 5 min SR BETTREE BE KA A5 TR .

WE 1 FiR , RS & RO R R2 A
R3 1) MLSS IS NG LT r a3 (H i T4
YEFAFRIANTE] , MLSS B3 HA fr 22 5%, R1 B FiR
Iy R fEdE T R AR 4E B ) A2 K, MLSS 13
WREFe xS IR ZH RO K, M R3 FH 4K T YUk a]
TR R A K, S8 MLSS IR T X IR RO,
R3 454 T 4K HRT F1AMIIAS R £5 3 3 F 884 5
3, RO Fl R3 1 MLSS 5255128 4 781 4 826 mg/L,
PR 22 52 AN K, U0 I I A T o ¥ U 348 K A 34 5k
AR 5L 5 YR 3G K Y 67 1T s AR ABL, DA 4R
THYRNRE ., LIS, 4 A RN g T
15 YR I 0, B2 MLSS 4393k 4 781 .5 022,
4491 4 826 mg/L,
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A% AT LN — 72 R B I s ey e R Ak Y
2, AR EN, M5 RARARIAE] 200 wm B, AT
DL R R E T > o T WA 4% 5 5 i G R
FEREBL, XX IR Y5 98 R1R2 A1 R3 #EAT T R A2 )
o ZERAE 2 iR, ATLUE R I LTS e ks
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Fig.3 Proportion of sludge particle size distribution
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2.1.3 SEEEVEREL C 2k

AR 5 e 5 A UK V5 A AN HIAE T T 4K
PUERERE S . AnE% 3 B, R3 W ASURLIS R TE 4R %
2 min J5 ) C, N 98.79% , &% 5 min J5 Y C,

97.21% ,¥1 W & & F R2 . R1 1 RO H, 7EIR
2 minJ7,RO 1Y C A, 4 91.25% , I HBEH IR
BFRIZE 28 5 min, C 3B M1 FFEZE 84.26% . EIRY:
5 min J7,R1 > R0, H R3 > R2, B in A 2 £5 %)
Ky le s BE A AR AE . A, FEPR %5 min 5,
R2 > R0, H R3 >Rl , RIAEIERK YU A X4 T
e TR Ok IS I HLAT Wk A 25 A R B L JF HL R3 X
F R1 BYHEIRR T R2 X FxF BRAL 34 i, U B LR
X URLTS PR T A R R
®3 FEEFTHATEERC
Tab.3  Sludge C, under different operating modes %

SIS €1 (2 min) Cy(5 min)
RO 91.25 84.26
Rl 92.46 85.69
R2 97.28 95.13
R3 98.79 97.21

IS AT e AR YUV I A 3 U5k T
AGS MR N, 3K B LA A 1 T 8 1 o 7Y
EPS B4 B, MTTT 58 T F0URL TS Y 19 25 #4 Fe 1
B YUERIS B] A B RS R R Y PN 5 PS i
HE RN R3 A1 Ukiom B & T R2 41, W B4R
WA R3 AT T R2 4109 58 B2 3 i /N T R2 41
FEXTF R1ALAG 3G IR , 22 B 5 %0 BRALAR LE , Jiki 15 18

ZEAsR AR T B 8T,
2.2 AEEBEITEHET AGS HNEESMEN

Wk e R EE AR E P S EPS ®UIAI G, EPS
F W PN A1 PS ZH A, H 5T it o0 B0 S g o 7 v i
ACIEL 5 iR, 7R R4z 7 #2 RO R1
R2 \R3 1Y EPS i /3 B0& Wike e , 43 3k 5] 78. 06
96.93.80.00 .91.42 mg/g, H:rf Rl ) EPS ity
Bk, AT R BURLTS YRR N X PR B AR
LBt 2350 EPS, JUHUZTE RIBRYLE S5 F T EPS 1Y
PR AR EIMEE NITAT B T AGS MR E e, L
Hr R2 219 EPS B/ 8m T RO, R UTEKYLRIT
REfAZIEIE EPS B7=4:

Al BIBIFFE AR IS NI R Eh BB A% £ = 1 i
() c-di-GMP 7K B KB e-di-GMP 18 i {2
EEPS A0 A A, 15 T3 5 A ) B A R B, I )
PHANTR AT 22 EPS, T 48 i FL DT 1 AN 2R S ik
J1o MIELS AT LA Y, SOy f5 3, RO R1 R2 Fil R3
) SVI, 43514 33.99 32.05.26.03 127.90, RI,
R2 Fll R3 i SVL, ¥IMKT RO, #F— 2 5640F T YLk A
WIFNAMIMAS R ER X AGS TTREIERE AR
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Bl % 520 B PEFT, RO R1 R2 \R3 ' PN #il PS
() R BOZ T A AL, e PN R0 B0l 64,52,
81.17.73. 40 .82. 54 mg/g, PS Jii & ¥ 13. 53,
15.76 6. 60 .8. 88 mg/g, A5 > FW], PN &
EAB S MM R B HKER EHE LR, &R
4,PN 5 PS T & 45 A 4. 77 5. 15 11, 12,
9.30, M PN 5 FLAH L X IR A S R 8, ik
A PN RSB BESE SR PN 5 M &8 &1 (40
5 B IR 5 ) 2 [) 1) AT 50, DA T 2 i AR
P SRTRRLEAR LG, R2 PN Y R 4 B
PN 5 PS Jivd bty (AT 11. 12) , i — 2k
TAEYVESAE T B NG e £ SR w4 B T AGS &
W Z Y EPS, i HJ2 PN,

SRIM,R2 ™ PS MY BT 3 BB (R 6. 60 mg/g)
X7 RO(H 13.53 mg/g) , RMITEDUHR LT FE  PS B
TITIHAE , FEOLR AR TERRMIKT, R R2
T EPS B 8K s, (H PN 5 PS B L AIR,
VRIS e R 46 ) B AR 0T A B i
PN 5 PS fitg b, KK, R2 " PS By AHX %% = 4 ik
T AGS WEKE, S5 EPS 5K 4s & om | fr &
V5 Je S5 AT, DURETERE T B

TE 4 AR A, R3 BEA 0= 1 EPS B4y
$0(91.42 mg/g) , WHERF THm B PN 5 PS Jliht Lk
(9.30) , HH SVL &K, 2B R3 AUREFR 18 4f
() RS 1, 0 AR R TR ERE . R, LR
AR EINGE R L s TR B T AGS r i
Z W EPS, $& T HASE AT PERE

ZE b VRS T a I BR £ 1 i3 1B R A%
i F AR HE AGS 20 EPS, F5 2 PN, M 2 i H R
SEPEFNUTREYERE
2.3 EB4EHHETL
2.3.1 COD E[&1EfRE

mE 6 Frs,4 AN g ¥R HF T R4 COD
EBRECE, 7K COD AR BT B P A 5 4
50 mg/L LAR, R2 WY RBRACGRTE 4 A R A Hh o
1%, dE+5 76 90% , Uk B YL AE — & R Bsgmm T
COD 92, 1fii RO .R1.R3 i COD 2[4 FABRE &
1t 95% , FEHIANN 10 mg/L filfRER X COD 22 BRai
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Fig.6  Changes in COD during operation
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Fig.7 Changes in nitrogen concentration and nitrogen removal efficiency during operation
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