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Successful start-up of pilot-scale single-stage ANAMMOX reactor
through cultivation of ammonia oxidizing and ANAMMOX bacteria
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ABSTRACT

The lack of seed sludges for Ammonium Oxidizing Bacteria (AOB) and slow-growing ANaerobic AMMonium OXidation
(ANAMMOX) bacteria is one of the major problem for large-scale application. In this study, 24m?> of single-stage SBR
(Sequencing Batch Reactor) was operated to remove nitrogen from reject water using AOB and ANAMMOX bacteria
cultivated from activated sludge in the field. The ANAMMOX activity was found after 44 days of cultivation in the ANAMMOX
cultivation reactor, and then 0.66 kg N/m3/d of the nitrogen removal rate was achieved at 0.78 kg N/m?/d of the nitrogen
loading rate at 153 days of cultivation. The AOB cultivation reactor showed 0.2 kg N/m?/d of nitrite production rate
at 0.4 kg N/m?/d of nitrogen loading rate after 36 days of operation. The cultivated ANAMMOX bacteria and AOB
was mixed into the single-stage SBR. The feed distribution was applied to remove total nitrogen stably in the single-stage
SBR. The nitrogen removal rate in the single-stage SBR was gradually enhanced with an increase of specific activities
of both AOB and ANAMMOX bacteria by showing 0.49 kg N/m?/d of the nitrogen removal rate at 0.56 kg N/m?/d
of the nitrogen loading rate at 54 days of operation.

Key words: Ammonia oxidizing bacteria, Anaerobic ammonium oxidation, Activated sludge, Mass cultivation, Sequencing
batch reactor
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Z‘Po*a}jl Rt} (Ma et al.,, 2016; Wett et al., 1998).
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J8 QB A% A7 FHel HEAo
ARG T (Gao et al., 2015). SPARE 24 7hs
P A2 A7 HE27F 02 kg/m'/d o]kRA], Ae] AH]
&0l =il 31 AFAREe] 84tEH, ksl Ao
QA== g3t £7] v (4.57 kgOykg NH,-N)
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B x4 ¥ ug SHeld BEAA =H; vk
(Arnold et al., 2000; Liu and Wang, 2017).
Zﬂ%‘)ﬂ L.A_E_,] A Q]—b‘]—‘j 2 e
Aesb] gddte] fES FHOR /E

.

3t wke

ikl

o, ruX'; 4>
I
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growth biofilm reactor, upflow granular sludge reactor
¥ Fol PR we Ag 7R Fuel Mxwel
off glom, HhREe SBR S 2o 7}
83t AAE B Fofl it} (Lackner et al.,
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2.1 AOB OJ|A= HHQF

AOB 1|A&S o] &7h it oAb} vhg-2
THEL2] SBROJA R E o, 4 = WAl
S atA U A0 %‘:‘394 S A 2R E A
ot wjkE & 27] vAdE
MLSSLOI &Ik AOB Hjeol 4] 8% o £ A
2o 2 oA S FUIH o7 AFSEA] 7]+ NOB(Nitrite
Oxidizing Bacteria) 242 AAA7]7] Yl wHs-=%
W && A4 sEE A7) A onjoff A AEHS 35}
o] 04~0.6 mgL W= FASHAL, F FEE2
TAsE 1) Q8 6% pH (6.8~7.0)0F 7|&=0 & AF
7] ZA] onfoff A2 Aso2 2453

2.2 ANAMMOX O[MS HHQF

12 m* 752 ANAMMOX Hjjofzo] A1Z£%
= g4l S A EE AV FEWES YA 2R
B dojFla, %7 AFH &9A9 sk
mgMLSS/L ©]%it}. ANAMMOX ut]X&E2 8& Ak4
of it =4 FFFol =7] wZe] ANAMMOX HjeF
2= dHPgor AAENL, AR = FAo 9
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HhS7)9] exl 25~30CE SRSt ok
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REANe)
B 29 AhE 99 PuE Swol w235
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273 27124 Aeskink vkgx W 71d An
S% 9 Sux YA veh sk ARAl
(Hydraulic Retention Time, HRT) Z& At FU- &

o 9] Aol et Mok AR ARE Abdo] 42
¥ o3 Ax= 23 3k} (Choi et al., 2018).

2.4 N g+ EY

S skEA ol A WAYShE W S48
of uebdl Hiep Zok f£¢) A ARES diEES o
HEolglon, 1 Hrl Wit
d F7NE e e 2o
TCOD¢/Ny-N 2 BODs/NH,-NH| = 717]
ZAME T 7]E Akel gl gtz e A
A FHolA a7-E= A% ONHZE 3~6%] M
oo 2 AN 2SS g He CNEl=
22 Aoz FUAEA olok ¥ Y dREe
+ obdAkE} vhg-S 984l 9 HCOs/NH,-N<9]
H)7} w$- Fa35ich (o] 2202 AOBo| 23 1
mole®] NH, -NAFS}A] 2 mole®] HCO; S Q3.

i

Table 1. Characteristics of the reject water

Unit: mg/L Value
NH,*-N 837.7 = 58.4
NO;-N 28 = 1.9
NOs-N 1.9 £ 09

Alkalinity (CaCOs) 3,246 + 78.4
TCOD¢, 340 = 10
BODs 128.3 = 7.0

£ Aol Mol e oy de A9 1 ut LIz
ZAFElo] B8 ol WAISE W TAIE] o]

w4 AAre e ek

2.5. ANAMMOX &= &7t

AOB2] H]ZA] 4:5(Specific Activity):= specific oxygen
utilization rate(SOUR) AL Eslo] &Ax|glom,
ANAMMOX Uu|XE9] H|ZA <£E= SAA(Specific
ANAMMOX  Activity) A3 & $dto] SHE
o 77} n R HEH SRS Tl Wg XA B
3 ob4tel 9 ANAMMOX Hgo] EAlo] el
SR ERERE EEEY

SAAL 8|84 AFE Foiel 2AsIglon], 275
mL serum bottleo]| A =3P = U1, AP of| A ARE-F HY
2] 9] ZAL (NHy),S0s 50 mgN/L, NaNO, 50 mgN/L,
NaHCO; 504 mg/L, KH,PO, 27mg/L, MgSO,-7H;0 123
mg/L, CaCl,*2H,0 176 mg/Lo]|1 o™ trace element
solution I, I Z+2F 1 mL/L 718t} (Van de Graaf
et al, 1996). L= AL shaking incubator(Vision,
VS-8480)91 A 150 rpm, 35 + 1Co] 27AS 23}
T SAA A= HheE W ARt YR E
3 opAAtle] 7)W 4R Lo u]4E FE (ng
VSSI)E Ywlo=H A=
SOUR A1¥-2 300 mL bottleof| /] 3= Q] o™, A}
% vjx]+= 100 mg NH, -N/Le} AAMsE $js) o+
= TR dAYEE e FA HaeE Axst
i, pHe= 7.52 2453 oF 5B 7222 NOB
A& AQ] NaN; 50uMi} AOB A 3fj#| ¢l allylthiourea
(ATU) 86 UME H7IFo 24 iy 9 opd4ts} 4k
e Slel aTEE A4 AN SES Abgelln
(Rongsayamanont et al., 2010). ©]3 AOB t]A}-E2] H|
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SR AR E . UERde: ojet @7 vhe= W ARt && A 5
= AOBS} NOBO| Aha 2ot e et &4

26, BA A W ATAS| s ALHoA Y

(Jeanningros et al., 2010). & Lol A o]2{3t AOBL}
NOBo| 71d A8 B4 W Foial 4o Hakw £
Heke PAToRN £4 359 vol S el BB of
il vk FAET (5 NO,-N/(NO,-N+
NO;-N H| = 0.94, $&4= NO,-N/NH,'-N H] = 1.2). ¢+
A9l 33 obiAlSh UhS B4 ©]F, ANAMMOXTS

BE ARE 7 w810 §9%ot §E0E A2
sto] 045 me] F=S 7} cellulose acetate 7|22
membrane filterE ©]8&3}o] ou}el & A=A L B
A8}tk NO,-N, alkalinity, chemical oxygen demand
(COD)+= standard methods(APHA, 2005)¢f uwiel 4
= AABFATE 12]al NOy-N2 o] 2 =nkE 1 3]

A2 317] Y38t Al7|= Fig. 2 H v Zro| A

(ICS2100, DIONEX)%, NH4+-N-8_- Xe]i—]-:vl—éj,7](2200 : & ot7] 9 171 1g. of vrehdl Hie} o]
. et _ & 2z o g0z ARSI BE ol AE Ul

Kjeltec Auto Distillation, FOSS TECATORS)E ©]-&35} |
o] B4 WYshgick pHe} Hoba ot = T8l a7Ee 82 A s Wele 2l vd
A= 9o . p temperature+~= Horiba p - . N

meter ;'51'0“ Z]‘Q‘);'o:] Z=235}91 11, biological oxygen =0 BS UEd & Qe W2 fAEH ol
= 5] =8 O A -15, 2 Y8 wal &4 27] AWAE ofAAlY Tl AP Z_]

demand(BOD), suspended solid(SS)+= 22 d FAA|

[e]
5 HRTO.2 ¢l5}o] 2482 Oy -N+NOy-N)/L
So] wet B4S A s 5191 452 mg (NOSNNOINLE 4
o S

A7) o] wAshE A
o] X &Ho| ue} £AlF A
g 5 mglL °13P HLEME} £ golre] 5 5

flo B |o P>

3. 2ut A EE

31 Ol-"'*l‘9_|- DIAHE HHOF |7 —e—Inf ammonium —O—Eff. Ammonium —@—Eff. nitrite —a—Eff. nitrate

s
E 600 -
241319l AOB2F NOBO] tjE 2ol A3 2o g soo.'/_k_"*__.//\"‘
free ammonia, FA (NH;)2} free nitrous acid, FNA (HNO») £ 400 4
Solwl, & ATAe] that W A W oH BRES  :
2

1 o B B ugOR APE FA L FNA
L WO 7}7b 437-694 mgNHyLe} 3.4~37

0 e
mgHNOy/LZ WERGT} (Vadivelu et al., 2007). AOB2) s ey
ShA] = o A= T HL 7 A
278 A3 W92 dleE= FASHFNA §= ®9l= 4 Fig. 1. Influent and effluent nitrogen concentration in the
Z} 10~150 mg NHy/L, 0.2~2.8 mg HNOyL?] & 1123}t AOB cultivation reactor.

o], &4 %7] HRTE: 7392 A4t} (Vadivelu et

al, 2007). o|% §&4: f AR /1A s vt 3 0]
HRTE= 1.5U71A] 7h2A17Tk Fig. 19 Uehd ble} 7o) £ 50|
2 27] IRERIR Qlste] R ] 7%= ATl g
L oz Uehgon, Aoty girge) datggyt § 07
92 Folol AR Aom bk olol web &4 £ 50
27| AFg%E ACR(Ammonium Conversion Rate)?} NPR s
(Nitrite Production Rate)= Z}z} 0.04, 0.01 kg N/m’/d ©] g 1001
Stk @7 A7kl A&Ho] uel MR | NPRE A E g |
Ao g Friskelon, uief T2 Al A E ACR §

3! © 7}7F . X 3 O} %] & 0] 0 T T T T T T T T T T
Jj:]PR“]—'_—' 02.1,2212;}-ng/:;1/(1§ HER g 0 5 10 15 20 25 30 35 40 45 50
T O}éﬁ—ﬂ‘ ‘:11"6“: /\_11:4 E]‘ Operationg time (days)
oleigt AT W e 2 e 4
el

° Fig. 2. Fluctuation of nitrogen loss in the AOB cultivation
FA 51 FNA©| 23] NOB7} &3h# 0 2 A 3= 9}

reactor.
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dof B2 0% A
£ A FE v AOB 1|

&3} wjoksly] 93t F4a 9l
22 1HE 0w, vjoFE AOBSF ANAMMOXE &
3 ujoF st AlHe A Aa HE7F S mgl ols)

2 a3 AHOR BEsgt

3.2 ANAMMOX O|ME HHQE

ANAMMOX t]|A & vjFZ = ANAMMOX HFH2-9] v
A RS 7jE0R BlE EX o] P LS
o 24 27] 9 nAEe] AEslE GEsly] gfetol
554 oA gL HeEgon, 9 nage] /4
Folg Z7)40m BEsholth NaNOE o] &
o2 EE obAAIIL Fig 30] LER b}
oF o] ¥hSZ oA whEA] AREL Ao et
o}, b Qb o] 9ol &H E7] (NH)SOM)
oke Falo] F9lE 492 Afeln A&Her Fts)
7 449 o] FRE| ANAMMOXHEZo]| ©J5}o]

2 ) ouy SR 44 gasisith
s

1

=]
U

(Endogenous Growth) THAof Fo}S5A]| =w, o] o)A
TE FU nBEY Al BE(Cell Lysis)oll OJsf] 252
CODZE =74 € = U&= AAF FojAL} A dngol
225t} (Gong et al,, 2013). Waka &4 27| w27
st obaAtd-2 825 CODRE 1% <1ded

60 -
- o ©
2 o) oP o
2 | © 0g 00 0° © é)
500 0°°%
-]
E
:
20 A OAfter feed
T injection
2 [ ]
010000 00 ¢ 00® % omesn®

0 10 20 30 40 50 60 70
Operation time (days)

(Exogenous Denitrification) HF-g-3} WA &2 (Endogenous
Denitrification)9-3-0] Ao & 202 peksu,
A3z -§Z(Cell Lysis) &%=7}F @A]3] gaxglh o] ofli= WAy
=-2](Endogenenous Denitrification) §H-3-0] $-%3l% # o
2 HeE T} (Van Loosdrecht and Henze, 1999).

A 44 o3 WEx Y dEE e A A
sk, 714 2ollA ofdARd T FAlO e
o] AA L= vk ANAMMOXO] thiE A Q] AYE5H7]
AAh AA A22 dHA QIt) (Strous et al., 1997). what
A, A7) W2 il e 5o e oAb
ek 71 AAolA 2 wE R T ANAMMOX B4
=o] -9l A= UEtlle AEZ F7hE A

MLSS7|Ee & Whg-2 W AlFE 24 So4] 5= ¥
3= Fig 4ol YEPigIc 24 27] A15H vilE see
5,533 mg/Lolglom, A|7to] 2|do] wte} MLSS &
A2 st Aoz Uehdth o] % ¥hex W g
T 7R Al I MLSSE = & BISE UEhA
I - M o]% 2 SRR ST} AEE E51]
RS2 W MLSSE== S7F H8len, 1 FA= that
Zth AOB2} ANAMMOX7} 27t vl QFs Hhg-Zeof| A 2]
53 AA A 19 dEE A4 5% 700 meg/LojlA
HRT:= 1 days®l 2 12 of, 2 4o S4% SAA
23} 0.15 ggMLSS/d+= thar F2 Z o= FThE of(SAA
AIE HiFo = AP 274 MLVSS sk 4,667 mg/l)
2 EAE SR AFESIE 571 AF olF =
O I Ak v &4 27] At fARE Ao
2 Uefglom, 24 759 o] ANAMMOX Hj¢Fzofl A
o] MLSS X+ 4,210 mg/L o|3lch

200 -
|
m EN [
160 - . [
120 4

2
"
L

Ammonium concentration (mg/L)
b

0 B

T T T T

0 10 20 30 40 S0 60 70

Operation time (days)

Fig. 3. Variation of nitrite and ammonium concentration in the ANAMMOX cultivation reactor during fed-batch cultivation.
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Additional seeding of activated sludge
7,000

1,000
6,000 4
* MLSS
5000 10 x SV30

4,000 5

X
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MLSS (mg/L)
.

2,000 x % x
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.
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2
2
=3

o 10 20 30 40 50 60 70 80
Operation time (days)

Fig. 4. Change of MLSS concentration and SV30 value in
the ANAMMOX cultivation reactor during fed-batch
operation.

1.0 4

—e—Nitrogen loading rate —O—Nitrogen removal rate

0.8 1
0.6 -

0.4 4

NLR & NRR (kg/m3/d)

0.2 o

0.0

() 10 20 30 40 50 60 70 80
Operation time (days)

Fig. 5. Nitrogen loading rate and nitrogen removal rate in
the ANAMMOX cultivation reactor during continuous
cultivation.

271 77U%E ANAMMOX Hi9ft QAo st gk
Siict (Fg 5). viiF 2t 2 27 Vet A AlA e
0.12 kgl WH, Alzko] Aol wheh ANAMMOX w4y
=29 ZAEs HA Fkke ez deEhuTh
ANAMMOX Hfofz0] A4:4] 272 76 53t 21453
I, Tl BES- Al "ol A AOBeE &3t Hj ok E = Al ol
SAJek 2] WA A7 HE 066 kgm'/dS VERYSICE

2 Aol AAE B A 25 E ANAMMOX
u| A= Q¥ protocol> ANAMMOX 41& &22|7} 7
e = 32 ud g 34 4835 914
- Ao s ofg d 5 QS Aew wErh

¢

3.3 T HISZ0IM F= Ozt 2 ANAMMOXE
set 24 MHs ot

24 m’qFRo| A HjoFE AOBQ} 12 m'yfitof| A Hjok
¥ ANAMMOX "JQJE-2 ©hd Hhg-zofA REolz
4kst 9 ANAMMOX BH3-2 FAl0 f=38t7] 95t
3} viFEI AL, AA HEReE e R 65U 5o
H7hE da AlA5E Fig. 60 YERH AT

@ ¥h3FoA ANAMMOX H|AE2] A8l QIAf
Ql 8 A4 FEe} ofAAA S F= ZH2E 0.6 me/L,

Rbgell ofst 71" AN £Rg 7]EoR TThrof A
34.1hr2 AU AL A AJZro]l Aol whet
Ao AA Ses A3 St e, 248 g A
A AA £EE FY Aa 23 056 kgNm'/dol A
049 kgN/m/de& uvehych 2 dAA AA 5L
87.0 + 2.7%& YeERSlen SA7IZMHY A<l
Aa AASE eI

aaH o2 HjekE AOB 2 ANAMMOX o] 83}
e AL"EE AT B A 71gte] uie

=2 v
#e Fo= tehon], 97 99 o] 71 A A7

oo TN o

7]
S
=

=
1=
>

=O—Inf. ammonium
—o—E{f. ammonium
~Eff. nitrite
—x—Eff. nitrate

=
S
=3

w2
>
>

Nitrogen concentration (mg/L)

=]
y

Operation time (days)
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g

E I 60
&

&

)

£ -0 Nitrogen loading rate I 40
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3 024 —&—Nitrogen removal rate
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<
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Fig. 6. Influent and effluent nitrogen concentration (a), change
of nitrogen loading rate and nitrogen removal rate (b)
in the single-stage SBR with nitritation and ANAMMOX.
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&
SHo AA QAR wWo] EE 3 Q= 0.2 kgN/m'/d 100 - o
o B8l £ A AA HEE ek m o, O 5
§“ 60 - © o <'*\>_
3.4 CHY HISZOMO| SX| EA U Y 3} £ © g
oA 27 WY MR ALHl HFE MR E  C
= 8120 mgMLSS/Lo]9it}. 712 SBR FH oA &
A QARA R ) vIYE SR Y OR 4000 Y m m % % w w

mgMLSS/Lo|5}2 3R] E T} (Chen et al., 2009; Sipma et
al,, 2010). & AT A L= o Ha| Az £ G2 &
8317 gaE 7]E SBR FHUH] =2 &ejx] 52
angos AT 4 AT ol AT nAyE
7379 Apolof| 7|RIsk= A& A= l=d], Fig. 7]
£ 77 BQre] SeiA WAL el A
SVI(Sludge Volume Index) WIS YEFU AT 24 =
7] SVIgES: tha 7bsHe e el eAe SvIE
2R o7 ASHETE 712 B AL AA TH
of| A SVIgko] 100 mUgitt =& 739 &4 J7/dol
=2 B3t Aoz FHri=Ec) (Kargi et al., 2002). &2 AF
ol Al HEH Tl Whg AlATlo M £ 27] SVIE
73.9 mL/gMLSSS. &2 UElton, &4 59 o]|& SVI
S 539 mL/gMLSS O & el Z7tAJo] of¢- 943t
Ao yotEh
71% A AA S v S8 A Aol =2 0]
= ANAMMOX t|AJE-9] JAtSHGranulation)o]] 7121
% o7 HAyE 2 9l Aol A W A}
weom PAE B4 S9N 49 dREe 55
(Floc) HEf=Z 22| 3tc} (Patureau et al., 1998). o]of Hl3|
ANAMMOX v|RE-L A& A (Granule)S AT
2N 2 &8A E50f vlgte] & UEE YELL
Qa1 &£8R] A T3 FAET (Ni et al, 2015).
S AL Z7E B4 I B2 JA3S 2AE|
%’43}04 100 um, 200 mE 7|Eo 2 ugE AR 27
= Al F EFEeH, 100 mich 42 =27]7F
h2 l*ﬁ%—‘f‘*ﬂ 200 imB T} A} Z7|7F 2 v=
&2 2171 433, 307, 25.9%= YERH AT (Fig. 8). o]<f
A YA 270l WE ANAMMOX®Q} AOB m|Ad& 9]
2y e TR AolHE UEWA (Fig 9).
ANAMMOX n|QE2 elitstz olate] ozt 27|17}
200 m A4 FHET 7 £ A0R 2AHY
o, AOB t|AE2] 7%= 100~200 m HE|2] <
A Z7)oA BAol 7 B Ao zAbE L,
200 mo]Are] =} = 7oA AOB u|AE2] EAo]

2

H
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Fig. 7. Change of SVI value in the single-stage ANAMMOX
reactor.
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Fig. 8. The distribution of granule size at operation time of
40 days.

UER}E o]f= ANAMMOXS} AOB7} e Hh-3-Zo0i 4]
HjFE 7 ANAMMOX /&84 2o AOB &
o] AL = Aoz A FH 4~ Qlt} (Vlaeminck et al.,
2010). Table 2] Yehd uje} o] AJ7to] =gl
ANAMMOX U|A &9 u|ghy &l 2351 Z7)a)
L Aoz YEYTHNOB B4 A7) AAE ¢A
Ak Bot 4 717 B antyo R AsjE=
Ao & Yehg-g). o™ 200 molAe] Iz =7]1E
7F4 ANAMMOX QA= AOBS} o] 11z22 A3t
S BN, 57| 27lo] 7HEH O PAE= TY vEx
Al 2]l Yol A matd o 35k Z1 o8 shghet) vt
o, AOBU|AJE2] &A41S ANAMMOX u]AiEo] H]3
H| w2 AA}ATh AOBUH] =715 ANAMMOX™]A)
=9 @4 %+ SBR cycleo| A 9] 27| b/ F4bA
Hovle] G nAe Aoz yEiEt &4 271
)/ FA A v ] 60104 o1} ANAMMOX ZH4o] =
7 24 65Y o]F 1 v 2002 F7FE I
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Fig. 9. The variations in specific activity for AOB and NOB
at operation time of 40 days.

Table 2. Specific activity for ANAMMOX and AOB at initial
and 40 days of operation time

Operation time Initial 40 days
SAA” 127.2 274.9
(mgN/gVSS/d)
SOUR** for AOB 774 93.9
(mgO./gVSS/h)
SOUR** for NOB 26 44
(mgO/gVSS/h)

24 &2A1E o83t AOB B ANAMMOX 1|4}
= HgEdeH, ofF o]&sto] oA I
LA Zeld glo] IBE ALE FHITL Qi
el ARdoR AHot E A7E Fojol
S AOB % ANAMMOX 4% &#4 2% EAS
AT 5 e Aom P, A §4 Fuolw

strAEde] 2 SRAE ATdER Bt
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