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Abstract

In this study, the effect on the stability of Aerobic Granular Sludge (AGS) caused by an AGS separator was investigated. The AGS
separator was a hydrocyclone. The main factors of the AGS separator were filter pore size (0.125~0.600 mm), conical-to-cylindrical
ratio (1.5~3.0), and operating time (1 ~20 min). The AGS/mixed liquor suspended solid (MLSS) ratio gradually increased to 0.500 mm
(AGS/MLSS: 84.3+3.0%). AGS was best separated at the conical-to-cylindrical ratio of 2.5 (AGS/MLSS: 84.7+3.3%). As the operating
time increased, the AGS separation performance also tended to increase. The shortest AGS separator run time, but the highest AGS
separation performance was 10 min (87.0+2.5%). AGS stability was evaluated by operating the selected AGS separator and sequencing
batch reactor. The average removal efficiencies of TOC, TCODg,, SS, TN, and TP were 95.7%, 96.9%, 93.0%, 89.0%, and 96.2%,
respectively, which met the effluent standards in Korea. In addition, the AGS/MLSS ratio tended to remain constant, and the sludge
volume index demonstrated a tendency to decrease from 140 mL/g to 70 mL/g. During the operation, the particles of AGS in optical
microscope observations gradually increased.

Keywords : Aerobic granular sludge, Hydrocyclone, Separator, Sequencing batch reactor, Wastewater treatment
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Sheik et al., 2014). 37|14 15 &2]X|(Aerobic

&R THLS 23Rt skt A HEla=e] Granular Sludge, AGS)= t|X&o] A|xZe] 18R} &
AETH] A2 A AAA = o] 85l QUrK(Yang et Zl(Extracellular Polymeric Substances, EPS)Z A7}
al., 2011). sl Hl4=2] By, iy, 9 1S AAS] 213l 1A= mYPE FRo|th(Nancharaiah and Sarvajith,

ofg] 374 A7t dash, dseR|et Ao 1 2019). AGS:= S8 BES7]ofA] Ay, ol W G7]EAS
Received 13 October, 2021; Revised 18 November, 2021; (© The Korean Environmental Sciences Society. All rights reserved.
Accepted 3 December, 2021 & This is an Open-Access article distributed under the terms of the

"Corresponding author: Dae-Hee Ahn, Department of Environ  Creative Commons Attribution Non-Commercial License (http:/
-mental Engineering and Energy, Myongji University, Yongin  creativecommons.org/licenses/by-nc/3.0) which permits unrestricted
17058, Korea non-commercial use, distribution, and reproduction in any medium,
Phone: +82-31-321-5901 provided the original work is properly cited.

E-mail: dhahn@mju.ac.kr



1082 At -
QAL 75510, 2o WA o] Skl 4
2] & 4= Itk Schwarzenbeck et al., 2004). 7|4 1
= SR|= LA BoKZhou et al., 2016), =& 2
Z33(Khan et al., 2013; Nancharaiah and Sarvajith,
2019), =& Hlo]omjAkr 9x|(Kim and Ahn,
2019a,b), FATE 5} HE0] A3l/dE 7t Adav et
al., 2008). B0, 2dEHA] FAE =2 AAEE
% UehAtKKim and Ahn, 2019b,c). o]gjgt EQ o=
AGS+= 3l o ey, TRt AkjHl> & 2ol 218
a1 IcK(Sguanci et al.,, 2019; Vashi et al., 2019;
Wang et al., 2019; Purba et al., 2020).

AGS+= AP} a7 o m A==l 27] ¢Hgslof] A
7ro] B Q3H(Kim et al., 2008). 2F43} & Sof= u}
ojemi2 FE AASHA FA51] fI5te] YotsHiA
£ uiEsich wliEd wolli= nA| £ A2t 5714 1
= SUA] 7S teba], AGS O] &4o] A%
2oz WAETh AGS HiE2 e a5 AARES] A
2, Y] A 5-o= o] 4= §lrk(Campo et al.,
2021). £2A] A Aol Asked A B U &
2] 4, A ag e, 8 As)59] AR
tH(Purba, 2020). 7o AGSE HAJ5}aL, AGS/MLSS
(mixed liquor suspended solid, MLSS)H]-&-& %]
OoF {AIBP| gt wHEC] ARFEITHLee et al,
2016; Xu et al., 2019). Lee et al.(2016)2 A3t 5=
& 7R B QJoSHRIE HARE - 3% WRko
o]l ET} o] 53t} YA |17F AR G4
=z Hofx|as, & YAh= oA BES7] W= Gk
Aloftt. sl WAL B8 FA7L H sk, Sejx|et 5t
7} Qo] k=E o] o E I 4= lck E o
Ho g slo|EgAe|EEo] Atk Uievt e E2iA
= Ao g AR Y, 7HHE niAEE A= vl
SHTHXu et al,, 2019). o]i= &£77] E50] slo|=&
AleolZEe] FriEo] Bt iEn Hoelor e
=tk Claire et al., 2015). 3A|9LE AGSS] E2E ¢35t
slo|=g2Ao] 22| 241 ghglo] tigt =] A7) mju]
g /dEoltk ERL slo|EmAl R AGSTH S
I3 2L AHLS-7](Sequencing Batch Reactor, SBR)
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Table 1. Characteristics of the influent

A 227171 271/ Telke gsiRle] g el mixle 9%
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Parameters Influent
Min. Max. Average Standard deviation

pH 7.0 7.4 7.2 0.1
Alkalinity (mg/L) 205 242 221 10.7
COD¢,'(mg/L) 425 547 477 33
TOC? (mg/L) 99.3 120.7 108.7 6.9
SS® (mg/L) 70.2 89.8 84.0 5.5
T-N* (mg/L) 38.4 452 41.0 1.6
NH;-N (mg/L) 36.6 439 39.4 1.6
NO;-N (mg/L) 0.02 0.03 0.02 0.02
NO5-N (mg/L) 0.0 2.0 0.1 0.4
T-P° (mg/L) 5.0 5.4 52 0.1

5ARP] $ialo] 1 L] 28-S loH Bae Hoj
5 Altho] Qi Hlo| QuiAE A Fsle] AGSLF MLSS
Az A Al
i7]e] 210t 1% ulgo] T2 AGSe] el
g 2 M o %o 25 wlgo] 15, 20, 25,
3,091 So|ERAolZE BHS7IS ARk Fig. 1;
Table 2). Sto|=2AR|EE WHg7]= of=E A &o]ck
AGS7} 323l S2AE Flskl &0k ZES 4
253t 4719] HEg719] Al Table 20 2|5k
t} Overflow H20= 0.5 mm 3=2] Jg= 4|5}
ek, ot =R Vo] 2rfls0] AGSMLSSS) 1]
£ 2785
SIS 71 e e AGSS e
53} 2ol TS ZARIAT,. U0} AT vlg
0] 2.50|u, overﬂow e F=0] 0.5 mm_J 1-20 min
= ESt s HHEE]_AG34 H|8-2 2A51c)
Ago] o]-83t SBRIFAGS A B71E 37 &9
gk =412 Fig. 20] Yehfiich SBRE 4-&71] 10 L
of=d A ARgsI e, A 74, Al f=
YoleniA] HiE, AEEeE &27] A9 Skt 25
225199t} SBR 13] cycle® w382 50%% -8
Aok 7, 7], Ak, HH, 52 D FAE 1 cycle
2 ZF A A7 10 min, 120 min, 80 min, 10 min ~L
23120 man]O*E](Table 3). SBR -2 Ao] W Z}+7]7]
Z)o] s &4 2 48] PLC (Programmable
Logic Controller)& 0]%—?,111}. pHE 7.0-7.5 H9Z &

lo

o, mlm

A5 8l pH meter (HQ 2200, Hach company,
Loveland, CO, USA)E PLC®} 2514t} pH7} 7.5

ol F5oPH, A EF 2k sle] | M HCIo] 29l
w2 59,

Cylindrical body

Feed I:> D"‘. ‘..

Conical body

Unde rflow@

Fig. 1. Schematic diagram of lab. scale standard hydrocyclone.

Z|3#2] TCODqL Hach method
8000% 0]%0]—011 =243tk TN (total persulate
digestion LR, Hach method 10071), NH;-N
(ammonia-nessler method, Hach method 8038), NO,
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Table 2. Hydrocyclone reactor specifications

Reactor # Co:Cy ratio' DZ (mm) D¢ (mm) Do (mm) L’ (mm) 1,° (mm)
1 1.5 25 180 60 450 180
2 2.0 25 80 30 600 200
3 2.5 25 100 35 840 240
4 3.0 25 110 40 1,000 250
Reactor # 1’ (mm) D} (mm) Di/D. Dy/D, L/D. Angleq ©)
1 270 25 0.14 0.33 2.50 20
2 400 25 0.31 0.38 7.50 20
3 600 25 0.25 0.35 8.40 20
4 750 25 0.23 0.36 9.09 20
'Cy:Co ratio, Conical body ratio: Cylindrical body ’D;, Inlet diameter
D, Top diamter Do, Top oulet diameter
5L, Total length ®,, Cylindrical length
"L, Conical length 8D,, Bottom outlet diamter

°Angle, Conical length angle

PLC
] Control panel

Wasted sludge

)
8
e

Pump l

(=)

r Puiﬂp Influent
o)

¥

Pump
E QJ Effluent

Fig. 2. Schematic diagram of lab. scale SBR and AGS separator.

Table 3. Experimental conditions of lab. scale SBR and hydrocyclone

SRT Temp. AGS separator
Vol. (L) Flow (L/day) Cycles/day pH HRT (hrs) (days) ) (min)
10 30 6 7.0~7.5 8 20 25+1 10

Operation time for 1 cycle (min): Fill(10) — Oxic (120 min) — Anoxic(80) — Settle(10) — Draw & Idle (20)
AGS separator: 10 min of operation during oxic period

-N (diazotization method, Hach method 10019), NO5 TP (phosver with acid persulfate digestion method,

-N (chromotripic acid method, Hach method 10019), Hach method 8190)= 53544 (DR-4000,, Hach,
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Fig. 3. Results of AGS/MLSS ratio and discharge volume
with filter pore size.

CO, USA)Z o 4510] BAIBIQIL). T T12 $7)% %3
¢] TOC (total organic carbon)x= Analytikjena TOC
EX7]7)(multi N/C 3100, Germany) 2 S4Ich -5
=2 (suspended solid, SS), MLSS, SVI;p+= Standard
methods (APHA, 2008)2] ®*H-& wjgith. AGS/MLSS
H&2] 79, ol vl 2 2, 0.2 mm oY =719
& 2A & AH(80 mesh/0.2 mm STS sieve) L EXA5}
9t} (Kim and Ahn, 2019a,b). AGS®] &3 9 EHe
23k n A (CX-31, Olympus, Japan)S- ©]-&313ick A
FehBlo] @miAE-0.17 mm FAO] AH] STRAR Foj
40vhg = TSI,

3. Zm % mE

3.1. AGS MEEZ|7| M7 ¥ 2F Xi=E
AGS AHEE]7|W overflowol| HEIE A5
ZEE overflow = HEE[= AGS HIE2 A5+
gtk Fig. 3-2 FE| =0l ©2 AGS A4
e S Tt 52 FuE Yehlolch 35] A
Jof] mebA] AGS/MLSS &S A53h= HS 2ol
t}, 0.600 mme] F=ox= st dE 3=
0.125, 0.200, 0.300, 0.400, 0.500 = 0.600 mmojA]
AGS/MLSS H}:(%)3}+ &= =2 Fu)(L)= 212t
24.7+7.2% (0.45+0.04 L), 37.7+5.5% (0.51+0.02 L),
69.0+3.6% (0.80+0.03 L), 72.3+3.2% (0.99+0.01 L),
84.343.0% (1 L) & 64.3+4.0% (1 L)2 =A3}9ck
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Fig. 4. Results of AGS/MLSS ratio with the operation time
of AGS separator.

0.125~0.200 mm2] 2 F=olof| = BoL51a AGS 9]
TErrlE Wekom, wiEE= =9 Fu= ARQith
Biofouling& 2402 % elo] selejole] 2t
21 A7 Tk o e HiE| o AkE, AlEA| @A A RS
Z 9l 23 Adn| A=A E(Soluble Microbial Products,
SMP)o] =} 3£ Bl Ujof] F2FE= Zlolear A AL
tHCampo et al., 2021). WE&E= 2 Hu7} 22 A
© AGSO©| HjZ51= ESP2} SPM 2] AGS 71 A
2 Qlsjo] FRG FaetA) ot uhe Aule wel)
(Fig. 3). Zhang and Jiang.(2018)2] ¢i-of|A= AGS
9] F717} ARGLE 9] flux7} =014 biofouling #]3}
b GORITE Bk wehd, Ze 3ol
bioflouling ©. Qlajo] vlj&Eh & Ralz} o}zl Ao
2 Holtk T3l o] ZEFSIAL Q= Ho] Quf Aok 2|
A% Ak o]k, biofoulingo] WAYEE 3 AA|E1= AA|
TEQ] A0 g 343t 4= 9Jrk. Nan et al.(2016)2]
oA = 2 YAt T2 1o A AARA] g
T UTHL AR O, Hr} 735t A Qo] gttt
T RAEYL], 2 AR AGS 7} S, SIS 9l
A B S Folle viEe] Z EX| Yot Eo A& 3+
o] H|Ic. o] Qlsko] AGS7} A nhjEl Ao 2
3} 2= 9lk 0.600 mme] ZZo A= AGS/MLSS O] H]
&°] WobHti(Fig. 3). AGS Ate] 27171 g =2
A7|Eeh 7 o= A] Fefal viEE Ao & 4= Qlok
of o} §rake 5] gt ek of ek ofn}E 4 9)
L 320,500 mmE T3 <= gl
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Fig. 5. Influent, effluent and removal efficiencies of (a) TOC, (b) TCODc,, (c) SS in SBR and AGS separator.

QUrol UEN W& AGSS] RelAlsol 2 e
< Frhar g AQJckSvarovsky, 1984; Silva et al.,
2015; Yamamoto et al., 2016; Hwang et al, 2017).
29 o7t STl slo|=zAlelEEoA 1419
AFAIZ o] AojRAckar G A)ck(Silva et al., 2015).
Svarovsky(1984) W Silva et al.(2015)2] g7+
N AFAREE Z2] gdo] AR, 21 AZF 59t ¢de
S = Feago] FRIHAL Hugigle). 5y e
o= slo|=g2Ao]ZE29] 0 Hefuylelr E429
SFARER] £ s A7 S8l slol==Ale]
SES 25° 1] 52 Y 710t 1] slo|ERAfo]
=22 2y Zdo|2 AT Yamamoto et al., 2016;
Hwang et al., 2017). S}A|gE, Zo|5 F2to] 54 o= §l
om, AEHe} PFFIF AR FEES vX= L g A
TollA] et YEe] vHieR A 20E AL QL

TH(Ni et al., 2016; Yamamot et al., 2016). Table 3°]|

= Y5/ HlE0] 1.5~3.09] Slo|ERAP|EES]
AGS/MLSS H|&-& 573 Aufolct. Y5/¢E vl&9|
257 271510} 84.743.3%0) E=Eet B 7hasiirt
(Table 3). Y5+/UEF vl&o] AT Eelidsol =ot
RO, 3.0004 Hadt 2 Y5 do| TR It
Az 3748 4= Slrk Ni et al.(2019)= 9559 o]
7} ZojxH rlgo] F7skal, o] = Qlste] AX A
ol QA= KAl olrkar Rusiglrh 71 44
O 7 QIsk] AGSe] 7Rl ko] AX|A, 4
AGS&} =251 FAE AGS7}F A = ALt whals
o2 AT 4 Qlrk ulebA AGSE Helslr] SlsiA=
9120l 9= 0] H] R0 2,57} 71 HAs Aoz FekE
c}.

AGSE &3t SBROJA| £7] 5 Hlo]| QmAE AGS
AFEE7]] FYUAA Eelgich AGS AHEEE
A&H o7 ggeh= Zlo] ohel 7Hd A 07 75l
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FGuE AT 4= Qlek QPRI AGSE AR 4= 9L
£ 7FeARIRI 2R 20E Attt siglet. Fig. 4+
AGS A118719] g Ttol] THE AGS/MLSS 9 Hl&E
TERE Ayfoch. AAgte] 1087H] F71sict7t
(AGS/MLSS: 87.0+2.6%) 105 o]Zof= Hx[= 917
T A FAE A B 7RsARRS SRS 2
7} =]7] Zeoj vlo] QulA Fel7h FESHA| =A] S35t A
o5 Wtk o]gofli= YAsH FAIE =T, o= 7F
SARte] AojAElie AGSE T ReEA| Estal
SBR ®ES7|2 o537k Z1o® 378 4= Qlrk webA,
AA 7Fssieete o ol EeldEe] oAl Hatal,
| 7FSARRS 2GH820] A5o= ofofzic). whehA]
5] Hfeh, 7P ZRe ARRRI 10802 AGS A
2]719] ZAIA o] 7a3t P o & )

rﬂ

ML o

3.2 F7IEMH=E

Fig. 50= AGS AE£2]7|¢} SBRE 3 %435t
a0 9712 Wske Ushoch 2423 ToC,
TCOD, ~12]aL SSO| Bt AARES 22} 95.7% (++
22w 46510 mgl), 96.9% (932 Ew
14.843.5 mg/L) 18]l 93.0% (F= 5= 5.8£1.6
mg/L) 2 THFEQICE W7 &9 AIRF T 3 %R A
71| P3olE Etshal, =& AARES FAI5I
o} &3 AGS AHEE)719} oA & E ol 7= A
Ae obgAoz {A|EQILE. Wang et al.(2019)=
AGS 57} SPH 02 Ao, 727} 2usie i
< f71E Fololle SEet A 27| Hrfar Harsieick
Kim and Ahn(2019a)-& %k =284~ R {(Hydraulic
Retention Time, HRT)o|A §7|&E A|AE80] SRt =

e, ok Rl FoPh okl Yol AT
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de Kreuk et al.(2005)2} Rollemberg et al.(2018)°]] wh
=1, AGS7} Fhkas 270l gPARkS-o = whaglll
F715& ol8sto] AlARE] 7|oldith= Zo= Hal
sk

AGS7} 358 A%als oMol §71E o
O] AlA= AGS 9 P/l Fke Wherfar deA QL
THAdav et al., 2008; Lee et al., 2016). TF= A5Lof|A
AGS9] Z717F A FAIE S W, =2 7=
Sleloll e Etstal, QPR QI AlA AL EEsiirtaL
B8kt Kim and Ahn, 2019a,b). T35 G715 A7
B8O 7& o= Hlo|uj20] ST 57137 o
ol Aog FAT 4= 9t} Rollemberg et al.(2018)
~18)3 Kim and Ahn(2019a,b) ©] A AT A= =
< F71E FololA = AARE0] =2 9ol T5Y
=TT BARYEC] vlEo] EobA|aL, B0l ot
Zoka B stk AGS AHER]7|E SBRY} & &
oJfefa, PgHel 712 AL TR Ao B
faasbiiag

3.3. A -9l HHES

Fig. 6a-bollA= AGS AEie]719} AGS7} &
SBR-Z FAlo] 28 o, Fuold Aot 249
WSS JERASICE S8 a0t ooy A HAA
FLL 77} 89.0% (§34 B 45412 mg/L) L

99.2% (0.3+0.1 mg/L) = S|}, hmjoly A
7+ ZiteRe $ FAikax(anoxic) 2lofA SISk A
7t AAE AR Bk 47|17 53k =] TN
Fee W R o 7 S 7P 7R 20 mg/lLE
FE0IE =2 A AARES Kl 7, 2 ¢AtollA
AR5 AGS AEEE]7]7} AGS/MLSS Hl& 2 AGS
Ax}=77] SR AR & 4= ik AR 17 S
| AAH, W FAZ(anoxic layer)o| 1&E]o], B
A3} Alato] E3he| U, 22 AlARE =2 4= 9l
= AHog dejx rkde Kreuk et al, 2005;
Rollemberg et al., 2018). WA, AGS APEEZ7|=
AGS9| HlES 0|3l YR7E AA, o] AAR
o] Eob A & Alor 4% 4= qlk

Fig. 6c AGS 4Me]7|o} SBRo| @7 755 )
U9 Fd, = YA A EE AR el
At EAT} F10] Bt AAEES 96.2% (&
Ex: 0.240.14 mg/L)2 YERIT]E & d5LofA= SRT
(Sludge Retention Time)7} AGS AEEe]7] ZFg-02
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Fig. 8. Morphology observation of AGS during the operation periods, (a) 0 day, (b) 37 day, (c) 70 day. 40 magnification by

optical microscope.
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Table 4. Experimental conditions of lab. scale SBR and hydrocyclone

Conical body/Cylindrical body ratio 1.5

2.0 2.5 2.75 3.0

AGS/MLSS (%) 68.3+4.7

75.0+4.4 84.7+3.3 80.7+3.2 77.0£2.6

2020). tj&0], Pan et al.(2014), Li et al.(2017) 18|32
Szab6 et al.(2016)0]] ©J51H, MLSS %57} Wl
% AGS/MLSS2] 1]80] A5 GAE 21 AGS
7F PR 7 FAdEa o] Bkt viAl £t
AIEks 2P| HTSI9A. AGSe] 2710 oF
A3} 5h, §AI5K= dlofl AGS AlERe]7)7} avfA ¢

S5k A~
213 5= 9lick

il

o
5

Z4
=

&
rhu

AGS AHHEZ]7]Q] slo|EgAjolE=20] 2715 ZH
3=, Yot 30 HIE, AGS AdEe]7]e] 7FsARE
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AX|7E AGS S e 9= AARE, &uX9 54
B7HE S5t theath 2 AR =&

1) AGS e} ] Xt HEl= AGS 2] overflow
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