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Abstract

Recently, the interests on economical nitrogen removal from wastewater are growing. As a method of the novel nitrogen
removal technology, nitrogen removal via nitrite pathway by selective inhibition of free ammonia and free nitrous acid on
nitrite oxidizing bacteria have been intensively studied. The inhibition effects of free ammonia and free nitrous acid are low
when domestic wastewater is used, however, because of its relatively lower nitrogen concentration than the wastewater from
industry and landfill, etc. In this study, a sequencing batch reactor (SBR) is proposed for nitrogen removal to investigate the
effect of the low nitrogen concentration on nitrite accumulation. Nitrification efficiency reached almost 100% during the
aerobic cycle and the maximum specific nitrification rate (Vmaxait) reached 17.8 mg NH,"-N/g MLVSS « h. During the anoxic
cycle, average denitrification efficiency reached 87% and the maximum specific denitrification rate (Vmaxen) reached 9.8 mg
NOs-N/g MLVSS - h. From the analysis the main reason of nitrite accumulation in the SBR was free nitrous acid rather than
free ammonia. Nitrite accumulation increased with the decrease of organic content in the wastewater and the mechanism is not
well understood yet. From the result of fluorescent in situ hybridization, the distribution of nitrite oxidizing bacteria was in
equilibrium with ammonium oxidizing bacteria when nitrite accumulation did not occur.
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Table 1. Free ammonia (FA) and free nitrous acid (FNA) inhibition of nitrifying bacteria

Ammonium oxidizing bacteria Nitrite oxidizing bacteria
- 0.52 mg NHs-N/L (Baquerizo et al., 2005)
FA - 25 mg NHs-N/L (Balmelle et al., 1992) -+ 0.04~0.08 mg NHs-N/L (Vadivelu et al., 2006a)
- 116224 mg NHs-N/L (Baquerizo et al., 2005) - 0.2 mg NH;-N/L (Chang et al., 2002)
- 22.1 mg NHs-N/L (Turk and Marvinic, 1989b)
- 0.59+0.04 mg HNO,-N/L (Baquerizo et al., 2005) + 0065£0009 mg HNOz-N/L (Baquerizo et al., 2005)
FNA | 01-04 mg HNO,#NIL (Vadivelu et al., 2006b) -+ 0.011~0.0023 mg HNO2-N/L - Nitrobacter (Vadivelue et al., 2006a)
AT Mg g ! - 0.03 mg HNO,-N/L - Nitrosipra (Blackburne et al., 2007)
Edo] Qoh w3k Aitkshgd Axgoe 71d FY Al Table 2. Operation cycle and conditions of the SBR
2Ao] ¢ H7} 7353t FA = Asax Operation cycle (min
23] _01]/} o1 pH7Y A5 3te] =2l 4% J_Jr P ycle (min) Operation condition
7} Q3 Zuke] Axrglo|AE pHY} g}o].xq FNAY A<3& Cycle R1

7} o] NOB Aol &3}"oJti(Kim and Seo, 2006).
b B AFolM e AFEe dEYol HAFE tde
2 SBRoA Azbslgdd g3 #Hrse A4 HEE Al
Asal, SBR =4l AF=e] da i HgollA ofd
A FHol doju dhe 548 dAtskal, E=F ol2g
SBRO] o wet Aitst 5 2 mAEe ExE Ay
B3z gt AOBSH NOB, 181 & u]gge] B3I
&5 AFH R Al HHoEE WSS WE 5

o] HANEE o]&3F EAMEEARI 7I'HQI fluorescence in
situ hybridization (FISH)S ©]-&3}9tHAmann et al., 2001).

21. 4
2 A7l Agd
fFERI7L 10 L

i
B
Sk
o

3 2
SBRE =9] 40 cm, 37 20 cm&E
V5P FH=Z oflmd L2 AR E

Rom SBR APFAY] MF== Fig. 100 HeEp AT
4 Here FYFdA wgr] FH ZoE T HA
, 7] FF AR wERE T W] BeE &
9ig. We7l 2 R4 s 2 olaEe] Axe)

e

. 1 F717} 8213k
A ZHHRT) 20A1%to] Atk ¥
&7] v REolX FHH
I, k) st Eigﬂ P%7 9] £HAYS £ &
== pH A3tE =7] 918) pH7L
7.0 3tz “*OWU% pH Jﬂﬂ 255 o] NaHCOs= 37}

I
= X

= FYe 10 LE F9/FEHEs F9= 4 Loja
6 H

7

% A5 Sl A

[ Effluent
NaHCO, _fo E

Fig. 1. Schematics of the SBR experimental set-up.
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DO 0~0.06 mg O/L (anoxic)

Anoxic (Feed)  240(5) 2.6~4.7 mg Oy/L (aerobic)

Aerobic 180 MLSS 750 mg/L
Settling 5 HRT 20 hr
Draw 5 SRT 16 days (R1)
Idle 50 Air 1.5 L/min (aeration)
Total 480 Temp. 25~28°C

HkS-7]:= PLC (programmable logic circuit)
of o) #Hg F, FAtL, §7], A, &, FA(dle) &
AR AgE|A b 2 4 Zﬂ‘ﬂﬂﬁii 37 BE,
Y FZ, 45 FZ, pH 28 FE, 3L 93 wn)
Aol 3 ATt
SBR 3lrAlE] AlHY £HAE o] &3t HEFIIILS
o] 547 fARE 50 mg NH,-N/L9] tEuo} <1
H4E 1~2¢Y vt} Aj20] vHEo] AT
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Table 3. Composition of the synthetic wastewater used in the
SBR experiment

Composition Conc. (mg/L) Note
(NH4)2SO4 236 50 mg N/L
Acetate 150 Carbon source
NaHCOs 100% norm of NHs-N Conc. | pH control
MgSO4 - H0 15
KCI 17
NaHPO, - 12H,0 14 .
Mineral
CaCl, - 2H,0 8
KH,PO,4 10
FeCls - 6H,0 5
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SBRe] 4 EA4% I8l 1A1tvitt 15 mLW«l Al
AFHst] 20 mL FElHol 12837t X F Ao
0.45 /e 0.2 ym ¥ syringe filters ©]-8-3}
T Ags9anh 42 NH N, NO;-N, NOs-NE =7
HIL(APHA et al., 1992), NH,"-N-> 425 nme] 14& o]
43 Nesslerization WS A8-8le] UV-visible spectropho-
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NO;-N¢| o=y ZHgsiatt. ®hs7] el MLVSS
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2.3. Fluorescence in situ hybridization 24

FISH d3ollMe whe7loM &84 A5E HHAT F
g ehel 4% paraformaldehyde= /\] 1 volume 3 13
a3 volumed] HIEE 7l & 3 4°CollA 13X &
¢t 1A P E A RE EEtolTe RV 401
Z FALHTE 7jEe £o]=5 0.1% gelatin + 0.01%
chromium potassium sulfateS %21 70°Ce] &do @ F
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aFolA 4 L7} Tk FIHA FYE
A 6 Lo ZibslE Hgvto] 2AE 4 e

[e]
B %270 AAEEo] 70~80% W

1531 SBR

;ﬂo

] p]—o]_o]
It} Fig. 2

A 159 Z7ta}
WA 90% olFoE fAHH 20d0] BHUEAME A
100% A3 BT Fakae 240 &

A0 Z acetate

o ANFEHRTE 97
A Z 60% o]/delA Hdl 90% 7H7le] FAE Y

27 Fol 2N ZRE B, o
Alg9] Y g4 59 HAAYS AX F hybridization 80
buffer (0.9 M NaCl, 20 mM Tris-HCI, 0.01% SDS, for-
mamide)¢} probeZ hybridizationA|7]=8 #7}8l= probe 60‘
TEE 25 g QS 4kl ARgeisich &
Hybridization #74-2 46°ColA 120% &< hybridization 40
chamberollA]  $=8§8}4th(Amann et al., 2001). In situ
hybridizationo] 1 A&7} $3H £8o]=+= Kr/Ar ion 20
laser (Excitation wave length 494, 550, 650 nm)”7} Z=2+=
MRS-1024 (Bio-Rad, U.K.) confocal laser scanning micro- 0 o 10 20 30 40 5
scopes ARSI TASHTE B AFo| AR oligo- Gy
nucleotide probe$} hybridization =712 Table 4] YeR Fig. 2. Nitrification (m) and denitrification (a) efficiencies
A of the SBR after start-up operation.
Table 4. 16S rRNA targeted oligonucleotide probes used in this SBR study
Probe Specificity Sequence (5'-3") FA’ NaCI"
(%) (mM)
EUB338 I bacteria GCTGCCTCCCGTAGGAGT
EUB338 10 bacteria group not covered by EUB338 I and EUB338II GCAGCCACCCGTAGGTGT 20 225
EUB3381I1 bacteria group not covered by EUB338 I and EUB3381I GCTGCCACCCGTAGGTGT
Betd2a 3-proteobacteria GCCTTCCCACTTCGTTT 35 80
Ns01225 ammonium oxidizing bacteria of [3-proteobacteria CGCCATTGTATTACGTGTGA 35 80
Nit3 Nitrobacter spp. CCTGTGCTCCATGCTCCG 40 56
Ntspa662 genus Nitrospira GGAATTCCGCGCTCCTCT 40 56
DEN124 acetate denitrifying cluster (k-strategist) CGACATGGGCGCGTTCCGAT 40 56
DEN581 acetate denitrifying cluster (r-strategist) TGTCTTACTAAACCGCCTGC 45 40

“Percentage formamide in the hybridization buffer.
® Millimolar concentration of sodium chloride in the washing buffer.
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Fig. 3(@)= SBR =% 309 7<) 1 cycle 52 NH,™-N, 7] 73 B AAkslell o8l NHy-N2 3 mg/L o3&
NO;-N, NOs-N, acetate®] ¥% ®W3S HoFu ki Al NOs-No| Z7ketgich. ksl AAeA &
SBRO| FitA 77 Z7I0A HE el E%s W 4R HEAR] NO-NS A WslshA] oo} o]9] Fxo] A
Yobd 2] FEE °F 28 mg NH,-N/LZ vebyith o] dour] kS ¥ F Atk Acetate= oW Tk 73F
= % 10 LY ¥37] 5 F3 F 1 cycleo] 4L 4 L ol Al iuEYgoernz 57 FIHHAE A 008 &
o] AHEE #AE wEsa AlZ fYEE 4 LY #H5ot A =] Ak,

7]

al
& 6 LY #H59 é'&ﬂﬂ 4 HEo FrEUE W t-2-9] Fig. 3(b)= SBRE] 2-& 7|7kl M) pHS} ORPS
HePd Al % 70 52 Aah LA € sk e Aole AR S99 Ak 2ol ik
A gdo] YoJUyEE NH N 79 A8 FA=H 7H B g wko] UojuwEa HCOs7h A= o pH
3L NOz-N9} acetate= #o] 7Haste 4% £ T 9tk °l = Ae B 2 o vz 57 77 9 A
|

il

St NO-N2 ozt S7lsitiz oAl fashe Fde X A3} 9ol 9]d] HCOy 7} AHIEEA pHYF ZAHE A
FEH o= NH,-N 2sto] NO;-NZ H#HE FHEZ o B 2 g
= NOz"-NO] AREE 37 209 2 NOs-N7F No2 ORP W3} 9] =aka 77k EoF g ukgo] dojupw

1
A1 NOst+ NO; 7F ghdso] gho] A&Aog st}
57] FrME 719 ol §EAATE FoRAEA gro]
oAl SThEE o3 @da Akl FRielA vehe
pHe} ORPS] ®W3dl+= Kim 5(2004)3 Kishida 5(2003)<]
Ao el o] SAu Aaks FAL BAEAY Aolst

© 8% WHSTE 28 g1 4 Atk

A9 2o ArAEY F=9 pH Zﬂow NOB2] &4
o AWFTFS = 5 UE FAS FNAY &% ¥ S ALt
$t Zlo] th9] Fig. 3(c)oﬂ Yeltslth FAS FNAE 4HS-
7] el NH,-N3} NO TE, 2%, pHY HdEs Wi
FAS} FNAE 27t 93 4 = o]ﬂoﬂzﬂ AOB<} NOBol| A
a JEs HAA "tk SBRoA FAkA FAE

NH,“No| F9453 #H5e pH7F EolAWA FAE 12
mg/LollA 25 mg/LE EolXTh whHo] 7] FIHAE
Aol os NH,-No| 7HAadlal pHE SolAwWA FAZ:
2 A9 0744 golxth b Tk FIHAME FAS]
NOB W&t A3l x5 7|t 4= Qv ¥hHel| FNAE
FAA 7 AE 0.00005 mg/l AEE wj$ vt 57
T ME Aas7E HWA 0.0003 mg/lL7bA] EolHTh
FAStE w2 7] F7hll4 FNA 55+ EoldA NOB
AEaE 7|HskATE S48 FNA £4(0.00005 mg/Lit
0.0003 mg/L)°] Table 1o veRd ghell vla] @A 3] Ho}

Time(hr) FNAS] NOB Asle FAE 4 gtk AL dc) vheko)
(b) NO,-No| ZHethd Farasl 57 72telN 217 FASH
4.E-04 FNA°| 2J3 NOBE AEzoz A3||st= o] e

3E04 _ A= Aoty a2yt B SBRIA He ule} o] NO,-N

reos B o] Z7o] AzkebA Yoluar A ekobAl Table 19 Leh

g 4 gdE 71Ee deeks Aolg Rl sEe] A7 2

1604 Ho)M FH2E R F7180] YAL Fe TN A

0.E+00 S 3 Ao e e FASAE NOB7} As|E HigLe

LH(Balmelle et al., 1992; Baquerizio et al., 2005; Black-

Time(h) burne et al., 2007; Chang et al., 2002; Vadivelue et al.,
© 2006a) Turk and Mavinic(1989b)2] Aol o] 7]
Fig. 3. Concentration profiles of the SBR during nitrification 2o] ¥3tE F4=o] A M NOBE Al FA %

and denitrification. (a): (#: NHs-N, m: NO;-N, a: orel o X
=] A= A 3] O =
NOs-N, x: acetate, O: Total N); (b): Profiles of the (22.1 mg/L)7}k kef F7IZe] §iE R wlsH v Szobd

pH and ORP (+: pH, A: ORP); (c): Profiles of free = Aotk £ A= 7] (acetate)©] 3] EA
ammonia (<) and free nitrous acid (1) 3t Ao 1~2 mg/Le] FAol NOB7} 9&s whA] ¢
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3 PAE EXME 218 5 ok a2y B
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Aol 1 1] shetar AlsEH. NOB| FAd thgh
93 @0 93] NO,-N =37 o] 7FA371% 3FAITHTurk
and Mavinic, 1989a) t©}E 4¥(Chang et al., 2002,
Vadivelu et al., 2006a)olx& Z717F &4 °1L— NO2-N
o] FHo] EA Yeh FAS] o AHgazvtolgta @Ay
g = ok
929 Fig. 4= FY52 acetate == 150004 100
mg/LE ZAAZAS W] SBRY AAAR & wsls B
o4F3 QT 7| BAE T AL E7] TS S
Atz AA 9AIZko] 3k cycleo] HEE SAUTHHRT =
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Fig. 4. (a): Concentration profiles of the SBR with low acetate
concentration(100 mg/L). (¢: NH;"-N, m: NO;-N, a:
NOs-N, x: acetate, O: Total N); (b): free ammonia(<)
and free nitrous acid(x).

gate] ore] Aewths of s &e e HATKFig.
4(b)). ©] AFA=Z Hol NOBe Ao HHHo=zw dgg
3 A FNAR Boxm {7]5 F%7F wobd uf NOB
°ﬂ gk Asl a7t AAE ol ob BEehA For

olel gk F71AQ1 A7 asttkal AZAr
2oz B AYo|r= acetate 100 mg/L7} E3HE
Hol s 7 e TR dRYols Aidde
2 o] 83t9S W FASt FNAY FT=% Wi BA Yehdt
NOB A&l &4 Ao YehtA] 2 2oz Helth

SBROA Aiks} whgol] ofgk trujold Ao AA
EELS 100% 7H7ke] vERstor ojw HEjz|e] Ao Hit
3} S5 (Vi) = 17.8 mg NH,-N/g MLVSS - hZ el
ot g2 wkgo] o3k Hakg Aie] AA 58
87% AE9 F&S HYT YA Hu 22 £
£ 9.8 mg NO;-N/g MLVSS - h& ebstt},

HII‘:U

3.2. SBRO{A{2] "'**EVE‘Q Djd=

2 A7l AH-E SBRE

d E#}A(single sludge) Hejo]=Z AOB9 NOBE %3
she Aas PlAEd =Y 9l ARS EdeE F5
FF mYEo] Zo] EXT Aoz oiHrt B SBRoIA
= §7]-‘Jr Ak z7e] wolE Wity gd gagdom

A=A A SBR«] HA AAS 49 7%
r:} Fig. 5= SBRo] A4 3 % 30¢ 49 & 17<l
e

=9 £3x9 %auwg H%H image analyzer= 7—}7—}«] |

% of dg3l= FISH/ICLSM ©o]u]#] 107 o]4s thide

A8 AT
Flg. 5(a)= AA ve|golol] EolFo g AFSIE Cy3®
labeling® probe EUBmix (EUB338 I +EUB338I1+EUB338
IM)°} B-proteobacteriac] Eo]¥oz ZA3sl= FITCE
labeling¥l probe Bet42aE ©]&3F hybridization 2375 E
oFal ok oW XY HEEA AR HA dE o T 3
o 60.4%7} B-proteobacteria subclassoll &3-S & 4 Uch
Fig. 5(b)= FITCZ labeling® Bet42a([3-proteobacteria)<}
Cy3Z labeling® probe Nsol1225(3-proteobacteria <2
Nitrosomonas spp.)9] hybridization 23S HolF31 Qo)
A B-proteobacteria®] 15.6%7} AOBS! Nso01225%-2 3+
9 & Aok HA el VEoEE oF 9.4%7}
Nitrosomonas-& & 4= Ith Fig. 5(C)= EUBmIix(FITC)
9} Cy3Z labeling® probe Nit3(Nitrobacter spp.)Z hybri-
dizationgt 235 Yl Zolth. XA HtEZol T 23
1.1% *J=%ro| Nitrobacter NOBZ #HF At} Fig. 5(d)=
EUBmIix(Cy3)92} T th2 NOBSI genus Nitrospiraol] 5-o]
Ao g A3st= probe Ntspa662(FITC)S] hybridization ©]
HAE Uehd Aelth. A HHE 2ok o 7.8%7} genus
Nitrospira?l ZoZ ueh} ojzlo] £ SBRoA thiaQl
NOB%l Aoz Yelgt: t& AjAzd M=% Nitrospira

U o
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Fig. 5. In situ identification of nitrifying/denitrifying bacterial community of the SBR. (a): Simultaneous in situ
hybridization with Cy3-labeled probe EUBmix and FITC-labeled probe Bet42a, (b): probe Bet42a(FITC)
+ probe Nso0l225(Cy3), (c): probe EUBmix (FITC) + probe Nit3(Cy3), (d): probe EUBmIix(Cy3) +
probe Ntspa662(FITC), (e): probe Betd2a(FITC) + probe DEN124(Cy3), (f): probe Bet42a(Cy3) + probe

DENS81(FITC). Bar = 50 zm.

= nitrite®] =7} ¥e 7o $-72 NOB7} Hvta &
A Qo] B A A} IXSHKim and Kim, 2006).

Kim and Seo(2006)= #2 SBR ZFHZFd| ojg&d A&
HAe AA vAEA st 0.9%2] AOB9} 0.6%2
NOBZ FA4=o] glo] & SBRoIAE AOBS NOBZ T4
B Zs njAEe] £ Hlgo] TN S & 4 Aok
gEUole] & Aol o5 NHy-No| NO;-No.zwk
2helEl e 739 Al ubEEole] 70.5%7F AOBE FAIE 1
NOBE A9 HEHA ¥+ Ad: ZHFIYKKim and
Seo, 2006).

HIE2 = g o] 85+ E:h’t%-% °ﬂ m}a} THTE
SR =d HEFHOE acetate} methanolol] Wty o1 7

7t g2ga g H2o] AT Al =W acetateE A
AFAAZ o] &= B vAEY FTHET acetate?] T=
o] et thaA Exdctu stAtHGinige et al., 2005).
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