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Effect of nitrogen loading rate on stability of aerobic
granular sludgein continuous flow
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(School of Civil and Surveying & Mapping Engineering, Jiangxi University of Science and Technology, Ganzhou
341000, Jiangxi, China )

Abstract: The denitrification performance and stability of aerobic granular sludge (AGS) treatment on
inorganic wastewater with high ammonia nitrogen in a continuous flow reactor were investigated. The
reactor was started by seeding with mature AGS. It was observed that the influent nitrogen loading rate was
gradually increased from 1.0 kg/(m®-d) to 4.0 kg/(m®.d) in the first 55 d, gradually decreased to 1.4 kg/(m?>.d)
from 56~125 d, and then increased to 2.0 kg/(m>.d) again in 126~145 d. Obvious particle breakage and
dludge loss were observed, and the average particle size decreased continuoudly in the first 75 d. Although
the seed sludge was supplemented several times to maintain the stability of the system, the sludge volume
index (SVI), extracellular polymeric substance (EPS) and specific oxygen uptake rate (SOUR) of the
granules fluctuated sharply in the first 80 d. The reactor was then idled in place from 91~109 d, and the
physical and chemical indexes of AGS gradually became stable when the system was re-started. The
removal efficiency of NH,-N gradually increased to more than 98% in the first 45 d, rapidly decreased to
approximately 50% in 46~75 d, and then rose to >99% again. The total inorganic nitrogen removal
efficiency was basically maintained between 35% and 45%. The effect of the continuous flow reactor on the
selective screening of sludge was investigated, and the changes in the composition of sudge microflora
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were analyzed by high-throughput sequencing. The results showed that when the depth of the baffle in the
sedimentation tank was 27 cm, the sludge retention rate of the reactor was above 98%, and the particle size
of effluent sludge was mostly 0~0.30 mm. Compared with those of the seed AGS, the relative abundance of
nitrifying bacterial genus (Nitrosomonas) in AGS on 145 d increased significantly, while the relative
abundance of denitrifying bacterial genera (such as unclassified Bacteria, Thauera and Thauera) decreased

dlightly.

Key words: aerobic granular sludge; continuous flow; inorganic wastewater; nitrogen loading; stability;
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AR B A PR A ] ; Zeiss Gemini 300 44 H ¥
BB (SEM ), 78E%FE/AH]; illumina MiSeq2x
300 bp fHEHMFE-&, BigE T AY TRRMGAE
FRA ]
12 ZWRE

LR N A RN AR (NN 20 ecm, A
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Fig. 1 Schematic diagram of continuous flow reactor
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AGS RIRE M, 15U (SVao/SVs, HHt SV
R EUIUE 30 min BH5 R UTREAREL; SV i e it
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fr A BRI 19 1.0 kg/(m3-d)iZg 4 T % 4.0 kg/(mP-d),
%5 56~125 d WA MMZEEKEZE 14 kg/(md), 4
126~145 d % ff faf BT+ 2 2.0 kgl(mPd).,

# 1 BAOKFTSEL
Tablel Water quality parameters of influent

K AR

v i iF <X =8
iR it (o) ﬁgx:
d (mg/L)
1~15 250 1.0 9.5 2.0 8.4
16~25 350 1.4 9.5 2.0 8.4
26~35 500 2.0 9.5 2.0 8.4
36~45 700 2.8 9.5 2.0 8.4
46~55 1000 4.0 9.5 2.0 8.4
56~65 850 3.4 9.5 2.0 8.4
66~75 600 2.4 9.5 2.0 8.4
76~85 450 1.8 9.5 2.0 8.4
86~90 350 14 9.5 2.0 8.4
91~109 — — — — —
110~125 350 1.4 9.5 2.0 8.4
126~145 500 2.0 9.5 2.0 8.4
ARl COVID-19 88 1 Bh 42 45 B E |, I 7 T4 91~109
d WEFEAT; “—" RFELEHE, TR,

1.5 SRS *®

iz B R b CACRIZE K W A3 A ik )il 128 sv
(WS JA TR A e 2 3 N D 30 min J& BT i L
VETT IR AR FIR A WA BUW HLB] ). SVIL MLSS,
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PN RS S i A 2, PS R AR -
HBEIAE . R OCHOA 2503805 i 31 R 4 i )
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AOB 1Y LLAER MR ) B KR A A Kl 40
mg/L, B8k 8 mmol/L (i1 NaHCO; #244E ); il &
SOURNos ( WA R £ A AL T NOB Ay HLFE S % ) Aif
HEK Y TS A Ay 40 mg/L, 8% >~ 8 mmol/L ;
M SOURy (57T I HLAESA HUR ) I i KK Y
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HIKE, mg/ll; p(NOz-N) Jy S g ik NOz-N
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16S rRNA H: K i) V3~V 4 X I3k 471 234 o

HUR R SE I A 1 ANk 45 BR )
(84h) WA LIRS T A, FEo-HFEEF
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Fig. 2 Morphological changes (a~c) and SEM images (d) of AGS inoculated sludge
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Fig. 3 Physical and chemical properties of sludge
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Fig. 4 Denitrification effect of AGS

AT 45 d K NO-N B B (8 ik N
49.68~226.14 mg/L ); 45~78 d P 52 ¥4k B TR i/
7E 79~90 d 1 110~125 d PN 5t 5 vk BF S5 e 7R 16 ok

(18.77~224.33 mg/L ) J5k/N(8.22 mg/L ) &% ; It
Ji , 7K NO-N Jo v i T4 R I A+ 200 mg/L .

A 30 d N iHK NO3-N J5tf ik i 52 4 R 3
(0~218.30 mg/L ); 31~45 d P4 Hi/K  NO3-N B i #1
% (158.98-260.54 mg/L ); 46~79 d N7k NOx-N
R E T 0, 80~90 d Al 110~125 d P 4k
#F (1.15~199.87 mg/L ); M), Hi/KH NOz-N
A B IF AR E F 100 mg/L 47,

T 36 d 47K TIN &b 7F 192.81~323.66 mg/L Z [l ;
37~78 d N KIFH/MEH; 79~90 d A1 110~
145d N 7K TIN 78 161.97~336.84 mg/L Z |f] .

FI 20 d N NHz-N 2B 2 B0 T ok 3

( 59.51%~100% ); T 45 d WiEA T & 98%L) | ;
1E 46~75 d P RIEFEE 50%, BEm Il T E 1
99%0L) I A 25d N TIN 25k 2 5 B i T s fa 3

(0~61.44% ); BLJ5, KFABIE] TIN LBRRE
35%~45%z [8] % 51 .

Zi b, ASATE 2.4~4.0 kg/(m>-d)if AGS Il
AMERE S B, AAMEE 2.0 kg/(m*d) )5
NH;-N £BR4EHFTE 99%, TIN £RR 2N 40%,
L TR SND AEF, RSBl T AR A S il Ak
24 FBiREBBIHE

Fe MR 1.5 T TSE, A5 R 5,
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Particle size distribution and sludge retention rate
of effluent sludge
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R (e 97% ). BE PR S TS TR R R A
98%LA I, tiskHhinieZ Jkitt 0~0.30 mm B kL
(5 71% ), HBEn] UL, 54X 75 e A R A B
FETHER, FZRw TR AR CE T ITvE i
KLT5 V8 11z s , i ER 73 AGS B A 72 S
o URSE TS R N a RSB Tg e e R A B
25 HEHFHESW
251 WAL

M R A T RS 1dAGS(S) A
217 145 d B AGS (Sy) RYTRBELA L. WAFE
WY 1 (R 2), AR WA YR A
o WUEYIR) OTUs (FRAEME2RETT ) Bl WHER .
FHEEHEE (Chao 5 Ace) WM R, Bl S5 S
A ) BTV - BE W 3 K (B T 2 R4
BOkE, Shannon $8%08/N, 1l Simpson 5%5 8 2
R, Ui RN ZE RN Sy TR A: IR TR 2R So
A B /b

# 2 REKFRIETE &L

Table2 Characteristics indexes of community

Ly FEVR F w8 BESR AR B TR o0 A0 AR AR L s
o 7315 oTus Chao  Ace

Sy 23248.0 287.0 292.62 290.22 0.02 4.60 1.00
S; 129324.0872.0 890.85 929.45 0.10 3.21 1.00

Simpson  Shannon ES

252 HWAERAHHT

e AGS I IKFRIE T4l R LA 6. 7E1T/K
F b, WM AGS (S) H FEALHE 10 A ] (AH
XFHEBE=0.01%), HrhFRER&EET (ZIEET])
K Proteobacteria (27.77%) , H WL #H I TH
unclassified_Bacteria  (12.18%) .
(11.67%) . Chioroflex (11.54%) . Deinococcus-Thermus
(5.69%) . Ignavibacteriae (3.05%)5% . J i 2% i,
Sy IA 14 BT CRIXS F2 5 =0.01% ), HA AR 5=
il W A5 B2 W '] Proteobacteria

Bacteroidetes

(56.35%), HAWMLHEI 1A Bacteroidetes (21.69%) .
unclassified_Bacteria (5.23%) . Actinobacteria (3.23%).
Deinococcus-Thermus (1.47%)%% . Ftb ] (A3
£ =1%) N Actinobacteria (3.23%), THIE ] (HH
XTFERE=1%) & Chlorobi,

B3 A BB Planctomycetota [_)Deinococcus-Thermus
EE=5) Armatimonadetes Planctomycetes [\_]Arthropoda
Unclassified_Bacteria @8 Chloroflexi [XTBacteroidota
Actinobacteria Chlorobi [ Bacteroidetes
Acidobacteria Spirochaetes [ Proteobacteria
Gemmatimonadetes EEZ) Ignavibacteriae

100 |

80
X
# 60
i
_;é 40 +

20 -

0

Slo SIl
Bl 6 45Fh AGS I 1K FHRESHT
Fig. 6 Microbial community at phylum level

TEIRAKT |, Sohdly 26 M JE, E2 =28
Uiter)| (3K 3). WALHMEIE A Nitrosomonas (A
XTFRER 2.74% ). SR LA TR R A X 32 HE 2 42.11%,
), 5  unclassified Bacteria (12.18%) .
(5.69%) . unclassified_Burkholderiales (5.58%) . Thauera
(4.15%) . Ignavibacterium (3.05%) . unclassified
Comamonadaceae (2.83%) . Defluviimonas (2.73%) .
unclassified Xanthomonadaceae (2.37%) . unclassified
Rhodobacteraceae (1.48%) . Pseudoxanthomonas
(1.09%) % . H fibh 5 3% W B  unclassified
Anaerolineaceae (11.54%) . unclassified Bacteroidetes
(9.17%) . unclassified_Bacteroidales (2.46%) .
unclassified Sinobacteraceae (1.35%)5F .

Truepera

*3 UIRERAES I

Table 3 Evolution of microbial community

No. I £

IR 1%
[ — e
S S

1 Proteobacteria Betaproteobacteria Thauera

Nitrosomonas

415  4.69 EPS 43U HI ALY
274 12.72 WA E ALY

unclassified_Burkholderiales 558  0.30 SAg{LE
unclassified Rhodocyclaceae 0.83  0.57 EPS/rihFnjx itk
unclassified_Comamonadaceae 2.83 —  RWEET
unclassified Betaproteobacteria 1.17 040 —

Ottowia — 0.17 HHUL A Yyt

Gammaproteobacteria

Pseudoxanthomonas 1.09 —

Acinetobacter

090 0.50 Tita7 Es e B
raiian
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No. I o i MRS i
So St
unclassified_Xanthomonadaceae 2.37 5.50 S myfpiy
unclassified_Gammaproteobacteria  0.49  0.06 FHHIWIHM . il . Bl
unclassified_Sinobacteraceae 135  1.93 FEf@PUFREM
Alphaproteobacteria Hyphomonas — 2243 [RmaEs e
Stappia — 2.00 4k SE R E I M A A 1)
Aquamicrobium — 1.86  MER S TS Y 10 W e 147
unclassified Bradyrhizobiaceae — 177 et
Defluviimonas 273 0.02 Jehifbl
unclassified_Rhodobacteraceae 1.48  0.90 JAgfL
unclassified_Alphaproteobacteria — 0.43  XERE A5 et 1) K A 1Y
Deltaproteobacteria unclassified_Polyangiaceae 0.06 — —
2 Bacteroidetes Cytophagia Ohtaekwangia 0.04  4.93 /yii EPS*
chlassiﬁedﬁBacteroidete unclassified_Bacteroidetes 9.17 1.60 it R kh A ALY
Bacteroidia unclassified_Bacteroidales 246  0.01 E[FREmMARE R
unclassified_Porphyromonadaceae — — 0.14 —
Flavobacteriia unclassified Flavobacteriaceae —  15.01 JZmyfL A
3 Bacteroidota Saprospiria unclassified_Saprospiraceae — 0.02 Sk Fn SR w15
4 Arthropoda Insecta Paracoccus 0.47  0.01 SFIFAHILEIRN AL kiR HE D
5 Deinococcus-Thermus Deinococci Truepera 569 147 R
6 Ignavibacteriae Ignavibacteria Ignavibacterium 3.05  0.05 JAgfkFn Kk EEe
7 Gemmatimonadetes Gemmatimonadetes Gemmatimonas 0.34 — Rk
8 Spirochaetes Spirochaetia Treponema 124  0.03 BJERHAREESY
9  Chlorobi Chlorobia Chlorobium 105  — EJEmHRRER
10 Chloroflexi Anaerolineae unclassified_Anaerolineaceae 11.54 0.15 Z kR4 e
11 Planctomycetes Phycisphaerae unclassified Phycisphaerae 0.17 0.44 HFEBLAE
12 Planctomycetota Candidatus _Brocadiia Candidatus Kuenenia — 0.01 R4 & E AL
13 Acidobacteria Acidobacteria_Gp4 unclassified_Acidobacteria_Gp4 — 0.01 Sz fitifp!ed
14 Actinobacteria Actinobacteria unclassified_Microbacteriaceae — 3.23 AL
15 unclassified_Bacteria  unclassified Bacteria unclassified Bacteria 12.18 5.23 S fgfpie
16 Armatimonadetes Armatimonadetes Armatimonadetes_GpS5 — 014 —
17 HAb — — 24.82
. HIEME BT Microbewiki ( https://microbewiki.kenyon.edu/index.php/MicrobeWiki ); T REARAEH
RLZSRS, S fEJRKT FRAR KA,  wHESHA
A 34 EIE B B RE, ARSI EE (K 4), 26 ELERP AGSKREM

AL A T A E B 14.49%,

H4E Nitrosomonas

S B TSP BALFEE (MLSS, SVI,

EPS

(12.72%) ) unclassified Bradyrhizobiaceae (1.77%).
S AE AR T J AR BE A 9870 (36.50%), FE
unclassified_Bacteria (5.23%) . Thauera (4.69%) .
Truepera (1.47%) %5 = BE W /> UL} unclassified
Comamonadaceae . Pseudoxanthomonas %5 J&1H K
FrE, HAbS R H & F 28 Hyphomonas (22.43%) .
Ohtaekwangia (4.93%) . Stappia (2.09%) . unclassified
Sinobacteraceae (1.93%) . Aquamicrobium (1. 86%)
unclassified Bacteroidetes (1.60%)55 . £5 5231,

S N AR NS T AGS Hfr AOB Zz}iﬁﬁﬁcéﬂﬂﬂﬂﬁ

B2 SOUR )V ST 45 d PN IR A HH KK B AR A A
A I EE ) 1.0 kg/(m3-d)i2 T+ & 2.8 kg/(m®-d)
W, 53% AGS RIS IE N % S2 i TCHLE K, g E|
W) AGS BRRE M R IR, HLORLSK 24 k7 42 AN 7
g/ (1.00~0.72mm ), A UL, TEAILE K H ok TG i
HOGEAS s BLAh, LU RN A B S S X
P T R AT AR 2 P SE I AGS AR BETCHLE K
R VR LR LR AR SR T, 3 SR T A N Y AGS
LI —E P ohif XA TERE, Al 45 d NHZ-N %
BRRIZWTHETE 2 98%LA I, FE#EK HF G HLER IR
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HIF 25 d PP RS R £ B R AL RF7E 80% /47, 25~45d
A FFRA I 4E 5 AE 45% 247, W LSS A SN
R BT A B A AR RS AL B S, (HASALRE IR AR
FE o BEE R At — R R = 4.0 kg/(mPd)iE, AT BE
T AGS Az itk R, AGS fsfb i fig 2w
WAk, A EBRELE 46~75 d NRHE /D E 50%4
#i, MLSS 2 iljs/b (5122~3182 mg/L ), F¥kiit
B 1.00 mm /0% 0.67 mm, PokifbZ] 5 R
( 93.06%~60.90% ), SOUR ki Ji¥ F& A% [ 20.45~
4.97 mg O,/(g MLVSS:-h) ).
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Fig. 7 Stability of continuous flow reactor running for 145 d

B A AR K A ABO AGS 1y 77 Al
15 SR RS AL PEBE N B &2, 5 80 d J§ AGS i
L8 WA IO SN A IR, AL bR T
&, 7F 91~109 d J b #s 5 B Pt Jf R % AGS 19
FooE PEE s oy o ATIIERAEIAL SBR N AGS it
AMERERF IS h, YA KE 0.64 kg/(m®-d)it
AGS WS AE F7 LT o2 a1, miAHF ST f
T 14 3% S 3 S i T SEBAE. 2.0 kgl(m®-d) &L F A Y
99% /-4 1 NH3-N LFR%, Bl AGS b N ik
SRR TCHLUE KIS, 51 JE Nitrosomonas X2
AOB [FIXT R A, i NHz-N £BRRZ
WK TR R AE 99% LA |, TIN EBRRYEFAE
35%~45% 2 [a], JFHE TR IE SND 1
( SND 3} 40%ZE 45 ), 454 120 d J5 I A R EE A B
Fag g5 fe 65%L F, nf ARG s Bl AR Ak .
Ja B AT i — DA B L AGS R AL -IR AR
AT Z DR AR S ERR

3 #it

(1) EER IR KIS AGS e 7 ke, &
H B A ORI R e TS e, IR HEREE SVIL

EPS K SOUR &£ 51 . #h 72 AGS Ji-F#AR & 7 Ao E
e AGSFoEM:, TS b 115d 5T
B, IS T AGS T AOB 5 R b A s S
A,

(2) HSLHN 2 B ARHE ISR LT it g
SCELTG R BEREME TR 4y, 5 VR EA Kk 98%L I,
K5I £ Rk % 0~0.30 mm Bk (5 Lk 71% ),
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