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B E T RGN R R A A T AR 3 000 mPed ! (. T F&R 1) A9 SR -G SRR A DT T — 1A X
R AS, DMK ETTBOE K ST MM e, O E S AU 85 T A SRS e, ST T R
SIRMIES . G5 Reth . 19 W) LRk e S E iR 4t AR qb . S5 R R ik RGTE By BORL TS e 56 38 1
WE L BRI R ERIE , EX kAR A 5 IR B9 28.9 um B FE 90.1 pm, HAURIAR>100 pm B 5 47.8%, >200 pm
M5 9.4%; iR R G55 % 0 BURL TS Je AL B e TREFIS R 5 T 10 & 51°F ¥ 40 /K NH,-N 4351 2y 1.3 F1
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CRURG e R, Sk AR i i AG KA BEE R R R N . i 40K IS U8 (aerobic granular
sludge, AGS) &M LY A BRI A BURCIR TG M5 08, A DRl . AW E e . nTR2$ Lk
W R A, A TG m RIS R T2, AGS RETT 4 50%~75% W 5 M AL . 209%~25% (113547
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DU 2% 12 RT3k 8 1 7 S B2 T AGS 85 3% R i e EPE AN nl A5k, (HD0TE M A2 T RIS IR B 2 . #EIR
AR TS T A 5T v, TOUER R = A 43 e 0 T I X R g e U BRAR G b E AR RURLTS T L (H X SEBF
RRZRHARESRE XN, SHATEKOET PRy Aess, R R g%
MELL T HE N o FEIN B BUA B 5T 2 Oh BE R I AGS /IR LG, B B BRI SR LA R R
AGS By H R RJEASE .

ST, AR A BAR S — Fh OB R I SR AGS RV AR, B S M B S E SR T A
G, KRR N R A UUE — B SRR, DL R B AR IR AT V5 K AL BT A TR o ) &R
GEh RGPS e, DMK EE T BUG /K N BRI, #R9Y AGS WYIE i 8 R HOE Sl F 45t R vk, I8
I W H R AR S 6 NH,-N TN B 5 BRACHR , P45 6 oA W e V% 4500 £ JE LU R 2 50 10 B /L
M, DAL AGS X — SR IR AN 3 T 2 M i H ) #2452
1 #MR5RE%

L1 PIRARFREITHE

X R G AL T b AR 5 B K AR 38 R &, HARH R 3000 m®, %) HKFRAER (I8
BTG KA B V5 Je W HEOPRTE ) (GB18918-2002) — 2% A Bt Wi ATH 77 bR, Hivh COD. NH,"-N #
TP £ HE i e 3 BR A 43 53 i 50, 5(8) 1 0.5 mg-L™' % A40..2.0(3.5) 1 0.4 mg-L', SS. BOD, Fll
TN A, MRAEIZ) 2019 A7 80, #2455 A T 20 K NH,'-N Fl TN £7 78 8 R KU

i R G0 R E M E TR (B 1), ZRG N VAL AR5, 34 i e 4 S
FUFAM N . BT =S B E A .. R 1. fUEH 11.0 mx6.0 mx6.5 m, 4%
W 13.5 mx6.0 mx3.8 m, HFEMNUTIES B 2EE 13.5mx6.0 mx1.0m; Z 4 I1: L% 13.8.0 mx6.0 mx
6.5m, A4t 13.5 m=6.0 mx3.8 m, HF4 M N DIUE 73 B %€ 13.5 mx6.0 mx1.0 m. #E/KJiHEE . 15 JE M
e TG e S HE R BB S s AR AL AR AR AR . T5 e B VR B R R AE 4~T gL, RITR
P& 01 9 4 1 15 U DR EE 24 200%, B H HEVE 3500 15 Ve 5% 26~30 d, I A S 15 Tl AR T I R
(DO) 4 0.2~0.5 mg-L™', #f% 3 DO} 1.0~3.0 mg-L™'. SIEGIEMHHR TEML, PiREGHFEW T
S DI N2 = A (1= R A ok o == B B o R &1 S W D D= D G R R
SR [R) A i A B A R 5 2) 3 e A b P B DL 4 R A e L R A, AR L
o, wD S HERL, RIS . AR A TN —, AT RE RS AT RERE .

07N = TRy
2511 | wmkEE | FRTE
1 600 m*-d™! ok
Loty T TR —————T— fik
iﬁ?k, N J60% _ o0 %o 590 00s00 6 — YTLE%%TIZ
e ik .
N T TSR s
T T
U S 7 N3 AIY E  7 e
() IRFRLIEL (b) Bl

E1 hidEEREREE
Fig. 1 Diagram of pilot-scale system
1.2 JRKKBRRERMITR
H R GE kK iz s K AR B SRR it oK, K BHE AR AR ;. COD (236.5+51.6) mg'L™',
NH,"-N (57.3+14.6) mg-L™", TN (67.2+14.7) mg-L™", TP (6.0+1.7) mg-L™'. /K C/N LN 3.6, =¥ &
IRUEAS SR TR 2 S BN SRR ANAE R AN s . 3 (75 52 BRifE 7K COD by (328.1+73.6) mg-L™",
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C/N # 4.9,
K RS EF X A iE M5 e, FOR G WETE BRI E (MLSS) i 42 gL', #EARMETTE

Ak B (MLVSS) A 1.9 gL', {584 (SVIy) K 59.4 mL-g™', Kif&434G (D) M 28.9 um, 2 HL 7Y

2RI TS TR

1.3 S5/

K R4 T 2021 4F 1 A 24 H 58 ko Mg fl T4, dEHACRAERR 4 A21 HE7H S H.
X B E P R AL FRE B ATIRE, HAKOK TR IIEAR il R G 1005 P R BRAUGR . RGN
53 960 BE L T HE 7K NH, =N R FH B 2o 152 B0 V15 i 55 41 23 56 6 FE 3 %8 TN; DO i pH SR
4% 0 E 1 (HACH, HQ30d, JEIH) M7 .

K ROtk AL (Beckman, LS13320, &) M@ RS IRM KA S, T 7H 13 HAIA
13 HEEHP IR R G rh AT KA . R BRD A DL LSS AGS 12 MIEZS, a3 7 B 8 (SEM) W
5% AGS OS5 8 XA AE IR A o SEM FE il gt #21Y: H 4% e R s AR KB FREZ R
B hPE; 450%. 70%. 85%. 95%. 100% C FEHRGBEMAIK s G AL T8 o ORGFE . BEMEOAE . @it
AL A (Aaton Paar Physica MCR301, B0 A1) I % sh k5 5k oI5 4347 17 ik AGS 53R 5 I8 IR
RS BRI . RAER-ERIE RS, FARER S0 mm,  FH— U & % e
i, WA Z ARERE, TERENE MABUR Srads . R 25 C AT ENY, A, IS
AGS A Wy BEVE S5 A B9 25 Ak, FLAR 0.2 mm B9 9 9 i 42 ik oo 42 <0.2 mm (f 4% N F) >
0.2 mm (fir % N G) K 4% Fhis Je ke 5 (v 4 0 AS) & 46 [t 56 35 A= W B2 25 Bl B0 A BR 28 ] 9B 47 168
rRNA 75738 5t 7 S Fh e o34 o
2 #ER5iTE
21 SRESSHNETKR

2 (a) B, 7820 1Ak 2 45 48 40
R RIS S R E LR A 2= 5], (5
ik R T5 R L FLAE R 0.2 mm 1) i ) 7
43 I AT A B AR A K AGS, 2R FE0h A AL
F1 SEM ML AGS WIS, 454 4niEl 2 (b)~(d)
FiR o Wik & G0 045 20 B AGS 56 B 1 B
SCECR O, S BRI BROE R BROE
SEM [l {4 2 W1 AGS BOW_ 4 B2 ph BRoMR 7 % % (@) RITSRA TR
I, RMA DR LZRE, X530 iR
() 55 50 25 K 95 AGS JE AR H AHAL . X R B
K RGAEEL AT, R 2RI 5 e
Jei A S5 P AR e B I /N B T B Y5 K B T
g 1T AGS.

3 RIS R AP IR R AR BT osewsiEE (0 SEMEOUASH
e s e RLAR 23 Al 1Y AR A B o RLAR 43 A B2 iSRS
AL BERNME PRGN BT, HRAR Fig. 2 Pictures and SEM images of AGS

BT K . BERMISIRE Dy A 289 um, F T
7H13H, TiRAGETIER D, 578 um; BT 9H 13 H, Dy, #F—KF) 90.1 um, K%EFG
PRARE R T 3045, KA XA /046 & B, $EFT5 PR kAR B0 M 76 <50 um, Ho b Ho ik 76.8%,
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Fig. 3  Size change of AGS

DG PR RLAR A3 A TE 50~100 um, A H17.1%. HE] 7 H 13 H, $il RE iR AR R 514 5 A
2| T<50 pm, 50~100 pm & 100~150 pm, 553518 42.2% . 31.7% [ 20.3%. KitE A 150~200 pm 1)
S A LRI B 1.0% 3 % 4.9%. 27T 9 A 13 H, F 28 ME] 10.3%. Wik 2>200 um /)75 6 &
FC BT GR 19 0.9% 3% 22 9.4%, SEIR T AR RIS . 3 SR AT 55 97 19 AGS R /N T SBR R 5F
1) AGS R, 3R i T L2 R G AR T2 @ RE IR A, B 2% P A9 3L 0T vk B2 5 1R KOk 3
AHY, TR JE Bk B R BN BN AR DOITRR R TSR D AGS RORLAR . BLAN, ARBESR
rh i U B URE AR 8] CREAR>200 pm B V5 P80 B IR SCRRUS P g RGE . X2 TR G PR
AEREGREREE, RETIERN AGS 52 RT5Je —&IE R A5 HE S, AFF AGS (&
£, I EOBURL AR L1
22 ERRTHM

B s U8 I ik R ARG IR 00 AGS J T AR R AN P 4 s o 3d i 3l 25 0 AR F 1 0 TS e i Ltk
ORI, A0S A AGS B AR AR S TR 1% oAy o MM AR R MR XS, ifRER R G T
W R, XSRS IS ST I IR o 2 (15 AR Y G ¥R T G, UhBATS Ve i 5 AT
JRETR B [ AR I A5 4, R PR O R TR A o e Ah L Pl S B BN T A BT YR AR R Y IR T
B2t 5 i FR Ak 4y B I ) AR Bl N T T, BDAE AR B R G=G AR B BT YT N Uy . RIS R
AGS ¥ t, 53 3 2.2 1 37.3 Pa, . 4358 7.9 A1 390.3 Pa, 3 Ut B P sk 3R 48 15 9% 19 AGS ML SR J3 it
o AR RIETE G Ve . X A EJEH T AGS HAEINZ Y (extracellular polymeric substance, EPS) fi¥ 7
AR R TR Ve EPS 4 AGS R AT R AE—, 15 AGS LL 2R TS VA 3 = i HL
5 B
2.3 SREMEBRYR

IR ARG A BK BN 5 (@) Fis. Bre H3H . 6 H 14 HAI 15 Hilg Tk E i, HAe
i R Pl &R g Ak PR B S T A, 1L RS FY H AR5 14549 17224 m*-d'
Kl's.(b) AT, J7K COD 5t 8 i B W i) °R 2= B AR A A2 Akt 35, FEE A ZERT (4—5 ), K
COD FasE7E (267.7£30.2) mg-L™', Wi AN (6—7 H)J5, F¥ COD FEZE (200.1£54.9) mg- L', iX
FE W TR ) OK XA HEK AR R o im il (AR REAA R M R A L IR R, BN ZE
BB TR K AT K W, I A5G K AL BT 327K COD i flk . JF/K C/N A (3.6+0.6) , J& T LA [}
IR CONTGK, AWBAEMER K. Kk, F2E &SmO RMIE oI, gk K COD ik 3|
(328.1£73.6) mg-L™"', C/N ik (4.9+0.6) .
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Fig. 4 Rheological properties of activated sludge
Wik & 46 NH,-N FILTN B9 £ RIS S & 5 (o) M (d) s . 5 3Esk cCOD 2L, #E /K NH,'-
N TN 75T 25 52 900 0 S A i . 7EE AT ZS T, #E/K NH,'-N I TN 22514 (68.5+4.5) mg-L™!
il (78.2+4.5) mg LYy FE#E AW ZEIT , 43 AIFE N (45.9+14.7) mg- L' Hl (55.6£15.7) mg-L™'. 1 &3 Fl
11 Z 51 7K NH, =N 230 51 A (13+1.1) mg- L™ 1 (1.0£0.8) mg-L™", FXJEFRZE 9K 97.7% 1 98.2%.
HK NH, N AR FFAE 2mg L DU, 36 2 7 bR EZE SR 19 2.0 mg L™, 3K bR B[R] & EE 20 5 R
81.8% F1 93.5% . Horh , TR i T &AM ESBCERE R Z T RS 1K TN 250 h
(9.9+2.8) mg- L™ F1(9:122.6) mg-L ™', V-3 EBRFI35h 84.8% F185.7%. Hi/K TN EEALRFFAE 10 mg L™
ZeA, W I AR E SR 1Y 15.0 mg L', IRARESIE] &7 LA 5 R 94.8% F1 96.1%., 1AM, HUIXRGEA
AT TRAF A KoK BT, T H T U0 S TR A S N AR, A T Ui, A
B, R AV L A s Je MR A o —, BERE IR R G is 1T REFRE .
24 MEMBEEER D
TR FE A R G T VU YRR S5 AR Ak, (I FLAE 0.2 mm o 1) 57 1 4R K742 <0.2 mm (F)
F1>0.2 mm (G) KM Je ke (AS) #EA7 M@ ¥ . W3 1 fron, Coverage F8 503 KT 99%, #*
BRI ) 25 SR B A AR R . Alpha 2 BEVE 43 T TP Y Simpson T Shannon $8 % ¥4 FH T S B BE V% £k
5 Simpson $8 F K 14 BH 78 2 A IR ;17 Shannon (B4 R UL A AEVE ZAEME S . il ARG
F 1 G 1) Simpson $§ #(3J K F AS 4, 1] Shannon {E N ¥/NF AS (1), X EIHH I R G5 R IE 24
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Fig. 5 Water inlet and outlet and the treatment capacity of the pilot system
PEWEL D, X AT RS ik R A T REEE PR 1 B Alpha ZHIERE
HAETNREM YA Table 1 Alpha-diversity of the samples
ﬁ/( H % Ei % % 1:@ el E‘A‘ ﬁi}' *ﬁ le] rgl 6 FT 7K o FEA Simpson Shannon Coverage
FETTAKF b, AS FHILG R ERELRL, AS 0.013 55 99.3%
¥41°4 Proteobacteria (34.45% . 46.53% #150.51%), F 0.059 47 99.2%
Chloroflexi (17.36%, 19.74% #1 16.58%) #0 G 0.060 49 99.3%

Bacteroidota (15.03%, - 9.92% Fl1 13.00%) . X

3R E R LB b B EEAE IR, 2 KA B R WA R . BRiX 3 RO A AT
A, HAREREEEWR R A T KA, U Actinobacteriota 78 AS H1 A XT F B 4 13.08%, {HAEF
06.37% Ak GUH 4.39%; JIAIEF Patescibacteria, HAE AS o MIXTF Ky 5.27%, {HFE F Al
G HYAHXFE BEAL R 1.56% 1 1.19%; 1 Firmicutes 78 AS ' B M X 32 5 0 3.11%, RAFTE F 8 in 5
T626%, 1H7E G H LN 2.30%. X RUIM L THEMTGI, Pl R b5 e mUE R 451 & 4
T, T HRAE<0.2 mm 9565 RAE>0.2 mm WT5 IR VIR WA BE 2R . fEJRK
b, RGP I EE N Methylophilaceae (6.10%) , Microtrichales (5.28%) , Methylotenera (4.81%) ,
Saprospiraceae (4.28%) F Saccharimonadales (4.30%) . 1 £ H 5 & 4t W, Methylophilaceae F
Methylotenera 733 T . & &4, F M G Wiy 518 23.73% F 6.34%, 24.61% 1 7.16%, - FEH
H AS B9 315 L) o Methylophilaceae Fl Methylotenera 3% i 776 T H ARG, FERAK . L3 75
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[ Proteobacteria

mmMet) ;ophzlaccae
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SR s

[ Bacteroidota G
Bl Actinobacteriota 7oK !’ﬁ@%’fg ac
=3 Firmicutes Idifineaceae
3 Patescibacteria
= ]/\\/[01dobactcr10ta 2 lcr}g(flr}lcrf’lglzs Jales
B Myxococcota \-(—
-N%ro irota e om“m%l%ig1 3
[ Desulfobacterota r: erolineaceae
3 others =H— ir}ne_group
L I3
= 2m
l d C?Z ?Nnmsptm
A = §’§Z§Z2a‘"t§’m
= L
n n ) v ] L L L L s ’O{ﬁggtﬁrtx Bacillus
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I Fp
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Ee MAMBEKETHEMREEME
Fig. 6 Map of bacterial community structure at phylum, genus level

IKAFAEAANL, PR IR AR . AP iS5 O A RORE o Y PP R AR AR T, DR RE T A SR R R i
Fr AT 32 2 5GP, Pl R S8t A M AN G S A, T A B B AR, NH,-N 7R R
B A R AL, TR AE A NO, -N/NO, =N 9 s BB 7E v S0 Tt 5 4 4803 4 348 J B N, 3K AT g
IR R G K B A SRS Methylophilaceae Fll Methylotenera WIJRIA . [RIE}, SFFE Microtrichales
M Saccharimonadales 1) F £ W] . 2 T K¢, AS Y 5.28% F1 4.30% 43 51 B A% 2 1.80% Hl 1.11%,
1.09% #10.57%, XAl fe5 R HA VLA B EARA K .
2.5 KL KRR mALIE 54

B R AR - SRR B U U — AR s g 4 DT AGS T B . 2R 40 M R0 B K i 0 R 45 4 7
%ﬁ%i%%mofﬁﬁﬂw,ﬁ%%mﬂﬂﬂ@&ﬁﬁﬁﬁﬂﬁﬁ@?iﬁﬂﬁ,ﬁﬁﬁﬂ@
WHRIR G Eislh, 5 N B0 = AR B A Al gE 0T S LI R A B R RS =M O
i 1] A8 WP TR B 25 0, IR MUK FE I R g8, M AKIR & W R BEm M akshinish, 7e4f
X =S B AR DR BUR 2L N PE SR I 3, R AGS 1TE AR B OGS 1Y 3K B 1K i85 Y1 Jr . Ik g
BT I3 1 UKL AL 00 9 REfie I E D R BE DL iz 3, B Wy 1) AT RO AT A TR R A Rl gt
TR W) R AR, 375 S EPS 1 3 WA T 4 5 20 SR TR0 A i K M B SR AR AR R B R, AT HE— 25
T AT 305 1) Gl A ) SR B AR e R E B B, K ) B U0 0 AN Wi sk B i AGS ST B A AR i 22 4R
W, 4EdE AGS HJE SRR S5 67 Bl 3X 5 DAL S5 P ( 2 BS 0L, BI Hy S 0L 45 P39 1) 476 34 7 A= 7K
HEY) IR I AGS HOHLEE . eAh, DURERG AN, &R T 00, WA A AR, [H
BRI SRS = o — . BEIRIS 1T REFE

E A T, DO ¥ FE 0.2~0.5 mg L', i % i COD 24 50~100 mg L™ i}, DO 1] & &
AGS #MFRJZ10<18 um 4PV Hoki 48 K F 20~36 pm #9 AGS P AT AN Z 480 . )2 BB/ R ARG 43
S50 0 HEK PR NH, N FESNZ 4 A T AL NO, N, Al NO, -N " il Z W)=, 1EN
JZ Wi SR DR SR AR T A i A (A ZR e TR I AR b 5 U IR AL (HX — i Uik A2 ﬁf
T AGSTE UG o TEJR SR, 3R A 200005 U8 0 il i s 2 8 U WAL, R Gl A Pk Re
2% TR, BEPRRENIZETT, RE AGSEARIE N, MRS EE T KE MM
Methylophilaceae I Methylotenera, HEiH i 4 %8 S i fh ik 72 5 &L T 7E AGS JE UG WA g s 17
BB, WA B RGRAS SE R 8 iAW R eAh AR B S A ek AR S AR 78 43 AT TR K
TR BRI, G RERRARIE A E0H T A LR, O BT R - EO LR s 1T R R, A A
T AGS By KR E 1 .
3 g

1) LR B2 17 Bim /K D 3 o A0S PETS e, 8 TPl (3 000 m* d™) A 3% 22 1 47 A 5K
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T, AR KIS AAE R AGS, SRR RS JEAY 28.9 um 3 90.1 pm,  H A #£>100 pm
# 15 47.8%, >200 um /5 9.4%.

2) IR RS 1. 1 &4 17K NH, N 435124 (1.3£1.1) mg-L™' F1 (1.0+£0.8) mg-L™", 7K TN 4351 K
(9.9£2.8) mg-L™' Fll (9.1£2.6) mg'L™", RGEEA BRI AMCE, el iz i pr s 2K .

3) iR R KRim s & T A AL 1 Methylophilaceae F1 Methylotenera, U8 i fk ik 12 7] B
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Pilot study on treatment of low concentration municipal sewage by continuous
flow aerobic granular sludge technology

YU Cheng', WANG Kaijun"*, ZHANG Kaiyuan’, FU Xiangyun', LIU Ruiyang’, ZHENG Pingping’

1. School of Environment, Tsinghua University, Beijing 100084, China; 2. Beijing Huayide Environmental Technology Co.,
Ltd., Beijing 100084, China

*Corresponding author, E-mail: wkj@tsinghua.edu.cn

Abstract A novel configuration of micro-aerobic/aerobic reactor at a pilot scale of 3 000 m*-d' (series I and
II) was developed based on the original anaerobic tank of a'sewage treatment plant in Hebei Procince. Aerobic
granular sludge was successfully cultivated in continuous flow mode with low-concentration municipal sewage
as substrate, and the morphology, structural characteristics, pollutant removal performance and microbial
community structure changes of granular sludge were studied. Results showed that the granular sludge formed
by the pilot system had clear outline, regular spherical and ellipsoidal shape, and the average diameter increased
from 28.9 pm to 90.1 pm. Granules with-diameters greater than 100 and 200 pm accounted for 47.8% and 9.4%,
respectively. Moreover, the mechanical strength of granular sludge cultured in pilot system was much higher
than that of inoculated sludge. The average NH,"-N concentrations in effluent of series I and II were 1.3 and
1.0 mg-L™", respectively, and the average TN concentrations in effluent of series I and I were 9.9 and 9.1 mg-L™",
respectively. Thus the system had a satisfactory nitrogen removal performance. Furthermore, the high-
throughput pyrosequencing showed a significant enrichment of Methylophilaceae and Methylotenera at genus
level, implying that aerobic denitrification pathway might play an important role in nitrogen removal.

Keywords _aerobicgranular sludge; continuous flow; pilot scale; low strength municipal wastewater
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