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Characteristics of Aerobic Granular Activated Sludge According to Electron
Acceptors in Sequencing Batch Reactor Process
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Abstract : This study was conducted to find the effect of electron acceptors on the formation of granular sludge by using four
different types of electron acceptors. The phosphorous uptake, denitrification, and sulfate reduction in anoxic modes were
simultaneously occured because of the presence of the polyphosphate accumultating organism(PAO) that utilize nitrate and

sulfate as an electron acceptor in the anoxic zone.

Denitrifying phosphorous removal bacteria(DPB) was enriched under anaerobic/anoxic/aerobic condition with a nitrate as an
electron acceptor, and desulfating phosphorous removal bacteria(DSPB) was enriched under anaerobic/anoxic/aerobic
condition with a sulfate as an electron acceptor. Polyphosphate accumulating organism(PAO) were enriched in the
anaerobic/aerobic SBR. PAO took up acetate faster than DPB and DSPB during the aerobic phase. The sludge with nitrate and
sulfate as an electron acceptors grew as a granules which possessed high activity and good settleability. In the

anaerobic/aerobic modes, typical floccular growth was observed.

In the result of bench-scale experiment, simultaneous reactions of phosphorus uptake, denitrification and sulfate reduction
were observed under anoxic condition with nitrate and sulfate as an electron acceptors. These results demonstrated that the

anaerobic/anoxic modes with nitrate and sulfate as an electron acceptors played an important role in the formation of the

sludge granulation.

keywords : Sequencing batch reactor(SBR), Polyphosphate accumultating organism(PAQ), Denitrifying phosphorous

removal bacteria(DPB), Electron acceptors
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ejxe] Jdshe M2 g2 B2 FiH9 v4EE0]
E@siety g nAESHA whe-& st FAse BF
g oz B AAEC] &F8A sl FAHA
oo, B84EAY T4 FHER vYESe] #F
AY FEo] A4E & Aok £F T4, A g
gole FHEE &84 dAIE AN FAT 9F
& 99shs Aol HuEal oiKYu et al, 2001), Y4
&H29] 44 R wkgr)Fe] FAHo od d¥L
ale=Add A A+ BHAA FUch

gl B dpdMe 434 7R d&4538E veF
(SBR)E A3 AAM A&, 244, #4hg+3
Aol b2 daEEAY ANSE 2 4 99T EE 7
7184, 24 2 Qe A% MEEuEDY 54L& uo}
slazl &tk

2. elExiE A 2y

A¥AA = Fig. 13 2<] A 10cm, ¥o] 25cm, 4§
7 800mLe] of=d = A|ZE 4709] SBR ¥HEZE o] &3t
Hdon, JdgdseA e Aol i HFArEA 9 FF
& "otsty] $isted Table 134 o] @r|zd ¥ ki
Aol Adst FAES HYHes FUse 489S 79
itk R-12 ©3] @r-Frizye=z Ao,
R2E §71z7o] B F 2AYe 7Y 720
37124, R3e f@r|Ede] B¢ F FNEe F9% 3
7|7 E-3 712, R4E FALGAC FA93 Fud
S FAll FAF @o)-Fah-F7) 2oz Ak
SBR ##H& Shrg | cycleZ R-1 ¥Fg-Z& §7] 2hr, 57]
2hr, A 30min, ¥3 30mine s SH3}Pon, e} ¥
Z= ¥7) Lhr, 44 1hr, 7] 2hr, FA 30min, B3
I0minlo. 2 -FAsIY

s FHHSFE olfdlden, RE R {9
gaoz oMELS 271FEZ 300~500mg/L7t HE
£ Z9la9lon, S-PEEE 8~10mgl, NHsN FE& 2
5~30mg/L, 7Ie} Z4, Ax 2L vF JYEIE e
FER FAsAG AN nFISFED FATEE
CaCly-2H.0 30mg/L, MgCl> 40mg/L, FeCl;-6H,0 16mg/L,
KH:PO; 35mg/L, K:HPO, 45mg/LE F3tsich

AAgA 9] J3e gotslr] flste] FAkATA ] R-2
WhgZol= NO;-N 25~40mg/L, R-3 ¥hgZoE SO 2
5~40mg/L, R4 ¥hg-Fol= NOy-N7} SO°E bz} 15~
20mg/L7t HEE FYsch Cycledz whg3¥ 39

Table 1. Operating conditions of SBR process

Fig. 1. Photos of bench-scale SBR process.

AES ezl 98l 20min 7HZE S22 COD, NHi-N,
NO;-N, PO,*-P, SO° ¥ 55 EAsion, §7], Fita,
71zl 2 FHd &#A A8FE AFHSI] PHB,
ATP, glycogen, T-P/VSS &S #8190

3 dgZn & n#E

3.1. SvI i3}

SBR #4¢] COD ¥ NH;-N F351= z}z} 0.9kg COD/m’ -
d, 0.14 kg NH:-N/m® - do]oj, ukg-zeo] MLSS FE&
3,600mg/L, MLVSS ¥E& 2,980mg/L%ch R-1~R-4 uhg
Z BFE z7lde vAE 350 FA4HUAN} AAFHR
ol A e] Ao we} SVIZ} wolgon, &HejAle A
24E EAH A Fig. 29 o] R-1~R-4 EF 7]
SVIZ} 270~294mL/go|l oy FFES] 7HAasdted SVIvE 6
5~90mL/g7}x] HolH )

53], sulfates F4rhFzAoNA Azl83E 913 R-3
w0l FejA A4l FReH, SVIE 7] 294mL/g
oA APE AFsIH oY 129 Folle 65mL/gl 2 wjS-
e e HEon, T whg=d vlsle kA A
AL Yk oA YFEAEE A Wl B g
utg] ool 23 Fikele] geloz AR sulfidert Z7
ZAA FaEAlEol] ol3 YitEHelemental sulfur) 2.2
2kgtElo] LA EAsIAA 2HES FIANHY 9
Fo g gt Yamaguchi et al., 2001).

Fig. 3ol 9d&eiAe] A Fagt &8s FFse
extracellular polymeric substance(EPS) &2 v}l o
wzel v zZ wgzEE S AnE Jeidde,
#]x]9] FAAo] F& R-3 vke-F9] F3|7} vHlnFy
o, R-1 ghgxe] X7} ¥l Fich

Reactor Process Electron acceptor | Anaerobic (min) | Anoxic (min) Aerobic (min) Settle (min) Decant (min)
R-1 A/O - 120 0 120 30 30
R-2 A/O Nitrate 60 0 | 120 30 30
R-3 AL/O Sulfate 60 60 120 30 30 )
R-4 A/O Nitrate+Sulfate 60 60 120 30 30

Journal of Korean Society on Water Quality, Vol. 20, No. 5, 2004



482 Z{o[el - o] &%} - v

SVI(mL/g)

Time (day)
Fig. 2. Variation of Sludge Volume Index(SVI).
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Fig. 3. The ratio of cellular polysaccharides(PS) to cellular
proteins(PN).

PS/PN(mg/mg)

oA Eo] o] AAE EPS EFE 2 OgRE T4
ol e, AEoly Fr)d A& A FHH /A
d FaF JTE et Utk =3, EPS B3 v
2o EAASE WHIAA mAEES M2 A4 =
712 gge ol FcKTay et al, 2001).

Liu 5(2002)¢] <3t Jd&eix el ohdf(polysac-
charides)= ¥ A(protein)TFRT}T PN L Fea £
=%z, zesu EPSER e ARES BH% 3 d3H7)
ZZH| 2 61.9%, ©MlAo] 14.4%, 7|} EZo| 23.7%7}
F=le] slckxm gtk Vandevivere 5(1993)l 2% @A
o] oj3hd, @A) w3 tFFe FFS B vAER
o RFHujdEe] sujAE o Bon, oEly dwWAHT
O3t AEe 2A7|ngddd o & 94FS vHe A
Z gagd.

Tay 5(2001)¢] 2]t Aol i, ohdie 3714 o
A&AE A FRFed FaF g8 @
3le] PS/PNHlE Z7|4 Z#Ee] I FAHE o Fed
T HFSHeY, B dPdAe Erl-rizres &A%
R-1 ¥kg-z9] PS/PNHIZ} Ex J&E3Ae] HAHEH=7]
W2 R-2~R-4 ¥hEZzAA Q03)8] TAde AT BHY
th o]RAL 7] 374 adEY FAdE ORI AE
8 dZ8ske F8F J&S I3 R-1 vEgZoAe}
Zo| PS/PNHIZ} F7151A|5h, R-2~R-49} o] 1dE ¥
A olFel &ol} FeS, CaCOs9t 2 B8AHEH| 1

SR SEA SR H20A H5%, 2004

Fig. 4. Photos of granular activated sludge: (a) granules
after 7 days in R-3; (b) granules after 30 days in
R-3 (bar: 5mm).

g FAd o & 98 = A2 dddn

Fig, 4ol& R-3 ¥hgxd] ¥4 dF&A9 ARE v
ERfleE, 27]d 450 9 £8RAS0| HEF 2
< AE2 EulERF EZHEZC i HAFHez FA
WA 129 olFele Imm Wele] THEE FAFsr @
2 Fdle 3~4mme] BH493 ez FANE dFEEE
HAE #HAY F ATk R-29 R4 W9 SAE
R-3¢8} v|=E AFS Reldx YAt BA4HMe
o, R-1 ¥kgxe] SejAe YA ART 238 £5
77hE FEHE BAh

32 BHIExY SES HE

Fig. 5] R-1 ¥r&-%Z9°] COD, A4 9 9l ¥xo| w3
E Yehliled], 2hre] F71RACAN acetated] FAF 2
X(COD 300mg/LollA] 52mg/L)$} &7 1EE©] 10mg/Lol
A 24mg/L7}A] @A dojwten, 2hre] Z7|EAA
E F7zA0A4 $E8 2 Fo A4 gEYele] A
871 APE Uk R-1 whEFo)A CODH AL W& %
E47 JgEe Eote] pHE 7], 712A Sl 7.3
o2 FA4L fAsgoen, DOE 7|3 9] 3.0~
40mg/LE §A5t¢9tE ORPE %719 10mV fgeovl &7
Ze] B¢ ¥ 9omVE HolFHorl 37]F7 A thA
130mV7tA] Z7v3tch

R-1 whg-zoAE Er|zA6dAN f7189 e 34
Qle] wrEo] Fulalr Uojwron, oy E7|EAM 19
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Fig. 5. COD, nutrients, DO, pH and ORP profiles in a SBR.
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Fig. 6. COD, nutrients, DO, pH and ORP profiles in a SBR using nitrate as a electron acceptor.

HIFF7E Aot JFAH Frl-s7izd Q15H w4
E(PAO)Y EAS YEhAT metd o WX
Ao} vl EW SVIE ot &3, 1iflE IHEERE =
o] PAOC] ¢t 374 2efEe] FAde B ARt
25 o7 dddErt

Fig. 69l R-2 ¥-3-39] COD, A4 ¥ 9 & W3
Z2 Jehigded], 1hry] 72 ANME acetated] A9}
7 olwrEo| 8mg/LollA 18mg/L7tA] &ikstA dolto.
™, 1hre] ki GAAM e A 7HA25mg/Lel A
Smg/L)st 7l 1 EFvt dolwith arixddME
Uole] Asksrl gursiAl AdEe] FAid wxrb Rt
Frhslden, Fakazdae Zo] AFFE AL U
HAok £A7I7HERY] pHE 73~758 48 #2359
on, DOE F7|Z2A FUq9 3.5~40mg/LE A4t
ORPE 7|2 -28mV74A] Frastgleizl Fakhz
oAlA -10mV7AA] F7tehe BEE BHAoT, £7)x233004
€ 128mv7HA] Z71stdck kA R-2 WhgRedlAe 27
Z7 o)F BiknzzolA Hide g3 A AFFIt
F Ao Z3=|o] denitrying phosphorous removal bacteria
(DPB)¢} A8 7H3Foz F9& = Usien, DPBrt
27144 ddEuAe ddd FHAHA TS vAE A
2 #aEdch

2

Fig. 791%& R-3 ¥H$329] COD, A4 9 ¢l9] =& 93]
£ Vellgded, 1hre] 7|24 ME acetateo] 749}
A QIEo] 8mg/LolA 17Tmg/L7AA] BdslA] dojite
™, Fika dAA T 3tEe] 7HA(35mg/LollA] 20mg/L)
o Al 1 F7t o Aot sviEANE ¢REY
ole] Hatslrt ghbslAl Hefso] AR s&rt otk
7ttgeH, s gusiA FFHATY Faaz
A el #9984 R2 BHgREOE AT
7t FAl JdEE AE BET & AAJTh R3 kS
oAe] pH, DO g ORPo W3zl R-29} HI=dh A3
B, pHe $37)17Hs¢r 73~758 #A5HAxT DO
© FazdA 05myglEg AT 371273 Fetel
3.2~38mgLE UEhQth ORPE &7z ZA0|A -25mV
A kst Quirl E712ANME 125mValkR] E7)8hee.
H, T3 el gelo] dojuhe kAT A A= ORP
7} 25mVE YER T

R-3 ®R-ZoAMe 2els FAo] 7P sk, oA
B2 o}F RAAAZANNAM Q19 F49 A A
AMgrel o3 sulfate’} sulfide® % o] FeS B ao] A
AR ALY, olF F7IZNA FdslATe] o3 sulfide}
HFEHS) o2 2stEHA FeSet S14F EZF0] a2y ¥
Aol djog ALYy WRgoz et Yamaguchi et
al., 2001).
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Fig. 7. COD, nutrients and sulfate profiles in a SBR
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Fig. 8. COD, nutrients and sulfate profiles in a SBR using sulfate and nitrate as an electron acceptor.
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Table 2. Phosphorus release and uptake rate of granular activated sludge

Specific P Specific P COoD S-P
Reactor release rate uptake rate Eﬁce;\atetuFt/ak\elasrsa.t:) remaoval removal
(mgP/gVsSh) | (mgP/gvssh)| MaAcetate/g (%) (%)
A/A sludge
¢ 3.81 34.7 5.7 97.8 73.7
AJA/O sludge 3.73 38.8 2.0 95.8 66.7
(nitrate)
AJA/O sludge 2.77 32.6 1.4 95.6 61.5
(sulfate)
A/A/O sludge
(nitrate+sulfate) 4.21 39.4 2.99 95.5 719

HEEZol A 95% ool AAEE Yl S-Pe &7

571239 R10IN 63%2H 71 #& AAEE uelch
AL FUF R3GH CODS} $-Pel AF&o] 7}
S BFE HEEd, olge rlaEe FrzeIA

acetateE £33l WA PHBE MEHo] =-3hdA <
BEsher 712094 Y WEEE) acetate] F
SErb Sighom, mebq olF Fakh W Ev)zde)A|
SFEETE Sk Witk F, Qe waiErr} =
COD A%t kg DANAY ¢ F57F & =,

Qo] FAizAdA Fod o AAEgAzA 2

o2 e 4 Lo g
o & M g,

olgsh= Zo] FAHE olgste ART O w3
o2 gedng. E3 R394 2dE g4 2 HA
CODS} 9l AAZHANNE e whgzRT} o7ty

ook > o o O > mo

o
N

o,
%
tlo

& B, SBR whe-2e e dAe AR o
gb Q123 v E(PAO)] ¢ A o AHHI Aoz
o}

33 FXrEHo| ME MZEHIEE 3 HESEEM

Fig. 9= 7} whgzoM #7]-57) @ E7]-F4ke-57
235U acetatee] Fso) uwlgt AP AF] PHB
(poly-B-hydroxybutyrate)E %43 ZAubo]r}. R-1 ¥H2-2o
NE #7] 2759 PHBY 42mgey) ST 5%
ZAeA PHB7} 2.6mg/ge & AREE AL =glo] gelat
T Atk R2 ¥REZRe)ME "7z AL vlalAR

PHB(mg/g)

R1 R2 R3 R4

Reactor
B Anoxic

{ B Anaerobic O Aerobic |

Fig. 9. Variations of PHB in SBR process.

PHB7} 4.1mg/g7t2] FAEQT7E T2 3.4mg/g,
F71Z7A 25mg/ge® PHBYF ARHQOW, wlepa
FArzRd e 7121904 4% PHBE o]43ld
247 9l F47 oy RS g% 4 9o

T 8do] dotde R3MAE UEH  ubg go}lrt
#o] PHBS] 41} o]fo] utalx] e AL & F 9
. RA4oME 7Rzl FA"E PHBYF FaAhz 7o)

Fig. 10d= 2z} whgzd )z wss Jeh)ds
U 2E ¥Rl #7x1Y We FEzde] ot &
EEE 5712000 o] E3EE 3e F £ Q)
ok 53] R-2, R3, R4 Whg-2E BAAZAGA ez
o] B ARHULL TI)ZRPANN T 2AHE AL

A 5 3ok

Fig. 1loll= SBR ®F&2WE §7), Fibkk, 57270
g TH dE4SdAE AEsAAs AT ATP &
Fe BAT agolth ATP: &E7|xdA waEo)

ADPE 7hial] HuA glo] W&o gadujo] Q9] ¥
E7} ®olAA Bk R-3 whEZo)A &)= A ATPO]
AEeh Tt 8l w7RACAM ATPY FAAAo] 713
30 dolxten, R-1 ¥HERAIME ATP HEe solet
4 Stk R-29} R3 2 R-4 HMERoME BAbaZANA

Glycogentmg/g)

Rl R2 R3 R4

Reactor
B Amaerobic W Anoxic

[u] AerobicJ

Fig. 10. Variations of glycogen in SBR process.
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Fig. 11. Variations of ATP in SBR process.
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X ANPEL HAFFAL olgdtel F4TE WaAsE
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