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Continuous Removal of Nitrogen from Wastewater Using a Single-Stage Anammox Reactor
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WRMET =T LEIR (7€ v 7 A) 1, EROMIMEIEIDY, BEARNOEREZRETDH LIS L
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NG, BREREEDRILELTHOLNTVWD I END, THE Y7 AT, BERESICIFHFSRETHEEL TV
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B R T AAT O IR 77 2 L, T E v 7 AROGEAT D Hemtt )

I. 3wl T 7B CRISEAT ) MEN Dol TOMRGE —ITITH 2

0. Rk ENTENL, ZHRUTHEARV AT AR M TH Y, =T
M. S R A X P OB FFTE D,

V. & % FEEDIXINET, 7TEy 7 AWEMBAICERL, EHRRER

V. Bbvi PE, B K OSBRI 2 b L C& 72 2, ZO— B & L C,

AR SUR & 7 T8 v 7 ARG & Al — O BOSHE T17 5 — X

I. [ZC&Ic TakAIHONWT, Vs L= AR E T LZEHERR Y T H

WRNET ' =T BALEOE (7 v 7 A) 1E, 1990 4ERIZ% FL
ENTH LVERRES VC, T rE=7 Oz i L
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1. HEEK

W7 v =7 AEEFRET 5 ANLHEK (Table 1), # L O
WHEAK D A 4 L FEENLK A (Table 2) % 52BEA & LTHEM L7z,
2. RBEE

PEFRMERE 205 2 72 20 RE 5.5L (AN THEAK), 1.5L (EFEK) O
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Table 1 A TBEKDFARL
(Composition of the Artificial Wastewater)

- g
AR [me/L]
(NH,)5S0, 1,750
KHCO, 1,000
KH,PO, 27
MgSO0,+TH,0 300
CaCl,-2H,0 180
Trace Elemtnt S1*' 1 (mL/L)
Trace Elemtnt S2*2 1 (mL/L)
>k 1:Trace Element S1 %k 2:Trace Element S2
o W - e
EH [g/L] X [g/L]
EDTA 5 EDTA 15
FeSO, 5 ZnS047TH,0 0.43
CoCly*6H,0 0.24
MnCl,-4H,0 0.99
CuSO0,-5H,0 0.25
NaMoO,-2H,0 0.22
NiCly-6H,0 0.19
NaSeO,-10H,0 0.21
H,BO, 0.014
Table 2 FEFEKRDHLEK
(Composition of the Industrial Wastewater)
[mg/L]
T-COD, 739 PO,P  <0.05
T-BOD 308 SS 42
T-N 619 VSS 32
K-N 619 n-Hex 2.0
NH,-N 538
Alk
IN out IN | out
. 4
= 0 (]
sHo JHo ‘
[FH BODE1E TFEVIR AnEEIK
a2y Y7945 T3 a2y
(EFEKDH)

Fig. 1 FEERILE OB 7 12—

(Experimental Flow Diagram)

fticsmmcRE LY 77 42 M (Fig. 1), 7FEv 7 A
772 OIRE, pHIX, T 35C, 7.60.05 (2725 X 5 1ZHil4#
L7z, WAFER#EIRE (DO) 1%, 05mg/LUTF &S LD, =7 —
A EANE Ui, FERKOWUMEEZITH EBRTIE, 7FhEY 7R
T2 OIS, AR 0.5L o BOD k) 7o X 2EEL, A
TR P 2 ARIB S & TS L7z, BOD Bk ) 7 7 # o= 7 —fikfh i
i, KT OT =T RERSBL SRV E S IHEE L,

#6577

3. YT REEAE

N LBEAKMBRIRRTIE, U7 7 Z50 5.5L 1Tt L, BEKALPRNE
ROMEMTHIE 6g (HZHE&) AR L, b B 21T o7, KIEFH
WRREE (HRT) 1%, SRR T 44 BT —E L Liz, mAmE
B ClE, Table 112783 (NH2S04 /% % 3,500mg/L (2 %) 2L,
ERBE L LA SRR A G L,

FREAALBREERIZ L, AN LEEAKALBEEER Y 7 7 2 10 L 72i5
Vek, U7 7 2K 15LICH L 0.9g MfiL, 26 RiF &7 o7z,
S2H BRI HRT 1% 72 RERICERE U, 24 WEH E T & IS5
L, ®HRRET—FEZIWE LT,

4. QA&

TR LA T, HEEEA A2, GEEEA AU IREENE, Ik
n= 777 4 — (LC-8A, BERIEHRRY) 4 /il THIE L7z, BOD
IRJE, CODer iREEZR &, Z DMy mbriE, HATEMRE JIS
K1021) 1Zfit-> THEME L7,

5. Pyro-tag ¥—% TV RIZ &k HEHEMIT

PRI LTenA A7 4 0 A& BELL, Soil DNA extraction
kit(NucleoSpin®Soil, MACHEREY-NAGEL GmbH & Co. K.G.,
Duren, Germany)% T, DNA ZfhH L7=, #hH L7= DNA % f#
U, B AT CThe b — %72 16S rTRNA AR 1 # 45:#9 & L 72 pyro-
tag ¥ — 727 T R X DB EMNT A F L7, PCR IEIZ LD 168
rRNA &5 T DOHEIEIZ1X, AmpliTaq Gold® DNA Polymerase kit
(Life Technologies, Carlsbad, CA, USA)Z{Ef L7=, 771 ~—I3,
ad-tag-515F (5'-CGTATCGCCTCCCTCGCGCCATCAGXXXXXXX
XXXGTGCCAGCMGCCGCGGTAA -3) &, ad-806R (5'- CTATGC
GCCTTGCCAGCCCGCTCAGGGACTACHVGGGTWTCTAAT -3")
M L7z, PCR KIGSAMEE, 95CT 10 /rMZEME%, 95°CT 45
#, 55°CT60f), 72CTOORD TFE%E 28 A 7 vE& Lic, /1
— VRN TCIE, BB TFELSIAS 9T% L EOMFEMEZ R b D &R — &
L7,

I. EEBRER

1. AIBRKLEEER

ANTLREKEHWIZ =T v 7 ARURICE T 5, &FERIEE
(Z2dh), =HErESR (NRE, £ OftHZk% Fig. 2 12587,
2 Z AT (NLR)2.0 kg/m¥day (HRT : 4.4 B[ T b EF 2470,
Z O, #yHREER(L D 7=, 30 mL/L-reactor/min O & T,
=7 —%2ME L-, 28 HE T, MAKFOTE=T D
Ko ns, HEBRICIE SN TWD Z L 2R LIz, 2O, [N
DERITR BN Mo T, ZO%K, TWHEROBAIZEY, ERRE
FRRAA LR L, ERHAE 78 B HIZIX, EHRMEFEDR 80%
FCEREL, TOBRLE Lz, ZOROMEKPORERIEESR
HERREEE FIEE L, T2 17 mg/L, 60 mg/LL Th -7z,

143 HEMG, TrE=T7BERREL 2 FI08NEE, Zhic
bt C=T7 —ftEE Y, 80 mL/L-reactor/min [ZHIMSH7-, =
DEFAM FFHERIE, RIS EZERERBME T LER, Zo%k
B L, 200 H HLABEIZH 80% & HEkr L7z, Z DRFOALELKH i
AHEATEZE SR, B L UMHMEREE R X, £ 24 13 mg/L, 92mg/L
Th Y, BREEFRITHT HDHIAEREIGIE 0156 &leo7c, T
Ty 7 ANE (1) TOMEEAREGIE, 011 THDH I Lhb,
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ZERAMTNR
2kg/m3/day ERAM( ) 4kg/m?3/day
——RA TUEZTEER —-IK FUOEZTERER - O-0EK HHBEER
700  —o-muIEEK MESREE®R —A—NRE
. 1438 H 1 100 —
= 600 788 X
%) (6 o ¢ i —
E 500 | 28A 8 X / A 80 o
fin 2
g 400 [ ol A 1 60 m
# 300 & g
e & : 4 40
N Ry #%
200 : ’v < " _ ﬁﬁH
100 ¥ bopa Mg, ot BAPER 1%
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Fig. 2 AN LBEKRILERIZK T D, V7 7 2R T7 4 —~ 2 ZAORKAEL
(Time Course of Reactor Performance of Artificial Wastewater Treatment Experiment)
JKER Y B B (HRT)
72 h 45 h 36 h 24 h
——RA TUEZTHEER = RA HHEBREER oA THERRBZER
- K FUOEZTRER O-0EK HEHBRERER —O-fLIEK FHERREZE R
—A—NRE 170B 8 |
_. 1,000 | 60E H 1 100 <
- % X
E; 80 W
£ 800 r i %
X ~
h@ 600 p 160 B
.7 i
% 400 1 40 &
X ] 5 i
200 7y 4 20 M
(o { Q OQACO~PO0Q -, Q o oN O A.
0 ..‘E:lii;‘iii‘?i?iifﬁanasa-a‘g oD :‘2*:‘:“:‘:*3‘:’:*.35--!.5-;:35 3-:.0. i‘!i'i-;;:i‘:‘?%f?“r‘ﬁ!ﬁizﬁitSii'.-, 0
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218 B %k [day]

Fig. 3 FEPEKWHEERICBIT D, UT 7 X7 4 —~ 2 AOKHEL

(Time Course of Reactor Performance of Real Wastewater Treatment Experiment)

ARFR TR DB BRmICZ Y LB Ao,

NH4*+0.8502+1.17THCO3+0.056H* —
0.44N3+0.11NO3+1.34C0O2+0.028CH200.5No.15+2.58H20 + « (1)

2. ERKLEER

KRR 2 W= — T v 7 ARSCRBIT 5, KRR
B (FEdh), EHRERER (Al OfRHZE(L%E Fig. 3 ond, £77,
SOV T 7 BT gy —~ 2 A% Table 3ICE & D5, iH RIS
W, ZEHZAM 0.2 kg/m3/day (HRT : 72 FEff]) CTi#EAKL7=& 2 A,
MO ERRERO ERBEO LN, 60 HEHIZ, pH #fizto
NI TR D ERRERDIE TR H o727, 160 HET, Bt

E

12 80%RITE DERREREZMEFE LT, 0k, BFEAMEHRLIZE
H&w, @iEaikii Lz, 170 A A, JFEFIED F 771k
SERIRENZH L, —RAICERBRERNMEIT L2LISMNE, Bk
%L EOEFERER LR L, EFEAM 0.53 kg/m3/day
(HRT : 24 W§[]) CoOMEERMM CIX, 2HREFIL 88.5%F T LA
L7z,

=7 — G EE, DO 0.5mg/LU EE7Rb72 0L 912, Affk
FACHEOEIIN S W7, ABRK T O BEEERE S FI L, T TR
LIS 20 mg/L LA T CHEFF SN TIR Y, AERR L HASEE S 202
FREINTWAS Z &R TE -, EHRANM 0.53 kg/m3/day (HRT:
24 R5fH) ORFIC, mFAEERBENHERME LY b RE WD Lizn

(Table 3), ZhiE, FARHFIZEENLIFEEMICEY, TERMZML
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Table 3 MOV T 7 Z RT3 —< 2 ADE LD

(Summary of Reactor Performance on Continuous Nitrogen Removal from Real Wastewater)

TERR SR ALBRIKFE AR NRE® NO3-N A 5%
HRT EFRAM T —EY (mg/L) (%) HimE e .
) FEBRAE/ H AR E

(h) (kg/m3/day) (ml/L/min) NHs&-N  NO,-N  NOs-N  FAP  FNAP® (mg/L)

72 0.19 3.3 4.8 14 80 0.39 0.0013 79.8 64.7 1.24

45 0.31 5.3 31 13 92 251 0.0012 76.6 63.1 1.46

36 0.36 6.7 26 19 78 211 0.0017 77.5 60.2 1.30

24 0.53 13.3 29 17 15 2.35 0.0015 88.5 58.6 0.26

a) =7 —yialX, DO2Y0.5 mg/LLl FiZ7e % K 5 IZFi%

by ZU—TrE=T(FA), 7V —dEEEFENA)L Fae=tic kv Fmd.
FA = 17/14* NH,-N*10°H/(g6%4/273+39) +10PH)
FNA = 46/14* NO,-N/(g!2200/273+35) *1 gpH)

o #EFEErEH (Nitrogen removal efficiency)

d)  NOs-N EROEHMEIE, ()LD H

Table 4 /3o A7 ¢ b 5O B FRHTHRE R
(Results of Pyro-tag Sequencing Analysis of Microbial Biofilm Developed on the Media)
Jsa—y A LEEK ES U Ui fE Accession A
43 HH 213 HH 63 HH 249 0 H No. (%)
ML P ML P ML Pl ML

Anammox bacteria

AMX-01 50.7 70.8 477 718 21 206 0.1 4.3  Ca. Brocadia anammoxidans AF375994 99
AMX-02 0.1 - 3.3 1.3 - - - 0.1  Ca. Brocadia fulgida GQ175281 99
AMX-03 - - - - - - 0.2 0.1  Ca. Kuenenia sp. GQ175286 99
Ammonia oxidizing bacteria
AOB-01 5.8 0.5 0.2 - 4.8 2.1 11.0 5.1  Nitrosomonas sp. FJ710733 99
AOB-02 2.0 0.1 7.9 1.4 - - - - Nitrosomonas sp. DQ337098 99
AOB-04 - - - - 0.7 0.2 - - Nitrosomonas europaea AB070982 97
Nitrite oxidizing bacteria
NOB-01 - - 1.3 0.5 - - - - Nitrospira sp. EF594048 100
Denitrifying bacteria & related bacteria
DEN-01 - - - - 3.1 1.3 0.7 0.1  Thiobacillus sp. DQ836746 99
DEN-05 - - - - - 0.1 2.6 2.2 Brachymonas denitrificans EU434404 99
DEN-06 - - - - 0.1 0.1 2.5 1.2 Azospira sp. FJ710731 99
DEN-02 - - - - 0.4 0.2 0.3 1.0  Azoarcus sp. FJ167501 98
DEN-07 - - - - 0.3 0.8 - - Pseudomonas sp. FJ901047 99
Other dominants
Mijr-01 3.3 6.2 13.7 120 224 221 0.9 18.7 Candidate division OP10 FJ710638 99
Mjr-08 - - - - 9.3 3.9 17.0 7.6  Bacteroidetes bacterium EU283494 95
Mjr-02 9.8 10.8 23 1.8 71 2.0 - - Planctomycetes bacterium FJ936840 99
Mijr-03 4.0 3.3 7.3 4.9 0.2 7.5 2.9 3.4 Chloroflexi bacterium AB462406 99
Mijr-04 2.2 14 2.3 1.0 8.8 4.5 2.2 5.0  Chloroflexi bacterium EF444696 99
Mjr-15 - - - - - - 17.3 6.4  Verrucomicrobia bacterium FJ710622 99
Mijr-05 4.2 3.1 43 1.7 3.0 5.2 - 0.3  Proteobacteria bacterium AY 945922 99
Mijr-06 - - - - 14 1.9 4.3 4.7  Chlorobi bacterium EF584533 99
Miscellaneous organisms
17.9 3.8 9.7 3.6 36.3 275 38.0 39.8

Reads 5492 6,117 3,708 4,315 2,934 4,022 2,935 2,933
FAEFRE%)TER

ENEZSRDTHS EEX BN, T 4N BOWRE EADERE, =— FAE RO TRIRL,
3. "MFA T4 ILLDEE pyro-tag ¥ — 7 T2 ARHTIC K % BEEMENT A 1T o 7o 2 % Table 4

BEBRCTHERALZY 77 2FD, Vo7 L—2A RIZAER LT AA R,
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ANTHEKTIE, 43 HEOH T inh, THE Y7 AHEIIRT 5
2507 r—r (AMX-01, AMX-02) 23 &7z, AMX-01, AMX-
02 1%, £ Z 4 Candidatus Brocadia anammoxidans, Candidatus
Brocadia fulgida & 99%DOHIFEIETH > 7=, AMX-01 1%, XA 47
A NV BNTEENZ 2 S FFAE L, T0.8% DG A Hd Tz, 7TV E=T
LAl (AOB) 1%, Nitrosomonas JB\ZIRIETDEM, A 47
A IV L DM B K 8% DEIA Tt & du7-, HAIET LM E (NOB)
&, 43 HHOY T b3t S ino72, 218 HHO Y~
TANLIRBENEE THLR, MliEhi, 43 HHOF 7L,
213 H A OH 7V T, E# O R E I ZALIIHERR S AL > 7278,
WY, ANA AT 4V LDIMUITT T =T BRALHTE 2Y, PNTRH
T Ty 7 AEPELHFET D ERP BN L RoT,

FREKRZWLEL L2V T 7 20 biE, ANLEEK TR & iz 2 FE%
Eate 3HHEOT SRy 7 AREO s n—r i Eh, NOB i3#
HEhenoi-, AMX-03 1%, CandidatusKunenia sp.& 99%0FH
RMER & o7, FPEKTIEL, ANLFEKEY LBHEZR AOB &7 ) E
v 7 AR OBERPT IR S, £, RSz m— 103,
ANTRERKED 2L HERZEMEL TV D Z LR Nt otz
FPEKIE, NTREAKICHAS, Bex RWELGHT 5720, BHELZ
BibdaboeBEz oz,

I\

1. Y7455 EIFEH

REBRTIE, ANTHEAKEZRANT, HHEEREN L X7 FE 7
ARGESLD BT, 2RET, 7T E v 7 AR OEREMEE LT
DO:02mg/LLLF, 7V —7r%=7 (FA) BE:2mg/LT,
7 ) —HEEEREEEH (FNA) R - 2mg/L AT AMFE L & &
nTns 9, KERTO, ZhboOffl, £hEih 0.1 mg/L LT
1.26 mg/L, 30mg/L TH Y, 126D ATE L T\, —
¥, ARFEBRTIE, SH EFHIM O g HRT (4.4 K5fH) <
WK L7z, ZHUC K VOB T v 7 AE LSO & RS
WUy vaT7 U hCEEZZER, THEYy 7 AEBMESLT 5=
vFEEVHTIEICEELZLDLEZLNE, ZNHDZ En
5, W7 FEY IRV T EZONL LTI, EEST A—F
O L) 7 RN EE 2 2 L PR RS,

2. YU L—RBERIZEDBNAF T 1L LDEEL

ELLEV = S S NN RAVAE (P OV PNL S | il B= 55
TETWHHDEEZLNS,

ANTEEAKTIE, VT L—Z LICER LTS, F 7 ¢ b WNEED
2, THhEy 7 ZAEEBbNDIRWAY, SMICIZY > 7 @k
T2 DI IS HEFE L CVO D kR 728 BRI CHEIZZ S 4 (Photo 1), Pyro-
tag v — 27 T U AfEHTCH, NA AT 4L ANT AOB &7 FE Y
I AEPEEAL L, AT BEZ > TODIRWMBH S E 72572,
INHDOZ END, BREITHZET, AOB BT E=7 &y
RIS L, FRFICERSBEMNTICL Y, SKNEEMEORD, 20
B, NAFT 4V LREEHT, BEIEOT Ty 7 AW, EET
L7 =T % AOB MERKR USRS CRb L, ZHN AICEH;
LTn5D EHETE 5,

3. BEHBIERIEOREL

T =T OFSHMEEAE, W ONDOERTHIETRE TH D

X BBEAKD b DM EE KR

Photo 1 R ETHIFH L7231 47 4 L A
(Biofilm Developed on Ring-Laced Strings)

CENAKERTREENT, T UEST MR E TR S LRV
E LT, AEBRTORED, LMEIETHY, NOB LVt AOB
AR TH-oTZ RN —MEEZBND, £7-, FNA X, AOB X
D H, NOB IZBRWBEENH D & &4, 56 7elGMEMHIEE L 0.02
mg/L L WA STV S 50, AREBRTO FNA AL 0.0017 mg/L
TH Y, NOB OFFMEEZMKI TE Tz RIS, 2B I,
pH Z#UNZHIEH T 5 Z LI2X 0, NOBOIWEMZIMZ, LE L%
FRENFRETH T EBRTE S,

4. —#EXRISIZEITSHDORE

FALUS T, HERIGICRBELE SN ETH D LR, 7
Ty I ARIED 2O DUAHIBRENLETH D, 7HEy 7 AHE
1%, DO ¥ 0.032 mg/L THLEZZT 5 L@ ShTns 1, K%
BRicHsWTIE, DO % 05mg/LUFE2d K olce 7 —HfazaiT-
Tz, ZHUE, 7TFHEy 7 ABHOIEAZET 2RE Th 523,
AFXTHE, Ty 7 ABELRPTICIRE S22l Th 53 A
FT7 4 IV BORNGEEBIFEL TV DH DI, OO ENEEE %
HEL, THEy 7 AEDOIEHEEZRFFCE WL B LND,
5. BER—BXIV TV 20K

TFrEY I ATaRATIE, 7Ty 7 AFEZODIEREICY
T ANICRRFT o0 nd—E D, TRET—HOTFE Y
AT R AT, EHERRFEOTZOI Ny FRISD Y AT K3 ino
Too Efo, BERY 7 7 2K 5EBAE L RF SN TS0, KO
HEEED, Jr=v7ax e EREE 2> TV D, RBITRL
72V 7 b= AR B LI EERAY 77 2%, FRRofE,
L, INLOMEERITHI T /X THHEEZLND,
L Ty 7 A E OBROMEIES L
VT 7 BRI, SR & (R ThE

c. WFABICBWTY, 7Ty 7 AEOTEH DR

d. =7 —OHGEMFEAATREC, MAERLICE L T\ D

e. —HRSUSICHE LA A7 4V A ERKR LT

f. vavrze— NI T DR &
REBRTOMEKD - DEHERERINL, 0.16 g-N/g-MLSS/day
LEMFELE N, BEEH® 0.15~0.4 g-N/g-MLSS/day? & [A45 Dl T -
7eh, —HT, REROEFRAMEIL, 0.53 kg-N/m?¥day THY,
BE#R D 0.7-1.5 kg-N/m3/day® & g L TR o 72 9, &%, AT

o o®
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E{H}\_\
o)
Hi
M
hi

EOEN, pH 72 EORIEINR T Ol 21T 5 2 & T,
ME@mHL I ENARETH L EEZDND,

V. 8bhVIc

ARFERTIL, WU EARERAL, ffEIT5 24T, 1 DDV
T AW, AFRME L R O SE A BARI IS AL L, A HERE
TELHZEEMHLNT LI,

AR CREEREIRIL, MIRECRREEATLIHAENREL, BRL
FIZZRART AN, TRLF—RBURELIRoTEY, A X R
WOPERD R Lo TS, RERT, 7y 7 AHMN A
B URBEBEROBUBLIHEAFRE TH D Z ENWHLNERY, 2 X
URBET B A L — b LT BB & JRBIA FTRE T H T & AR
SNz, TTHEY I AT EAX, AXRBUERKIZ T T,
WGP YR IR, ARSI AR 7 &, Bx 7R B R E PR O
HIZHEH R TH 2, Ath, ERBREHE DR L, LEEOMRTE
TV, PERDOHEMZE I 2 H#HRETFIEE LT, FEhisk~Dil
MEmELTn,

# R
REFIHEEIZ S T2 0, ERK 2RI 72 I T Bl SRS
B HE R T,
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Continuous Removal of Nitrogen from Wastewater
Using a Single-Stage Anammox Reactor

Masahiro Tatara, Shu Ishikawa” and Yoshiyuki Ueno

The anaerobic ammonium oxidation (anammox) process is emerging as an efficient and cost-

effective alternative to conventional processes for removing nitrogen from ammonia-rich wastewater.

This study examines nitrogen removal efficiency (NRE) using a single-stage packed-bed reactor, in

which ring-laced strings were installed as the supporting medium, and microbial composition in the

reactor biofilm.

The stability of reactor performance for industrial wastewater was confirmed, demonstrating an

NRE of greater than 77% during 260 days of continuous operation with a nitrogen loading rate of

between 0.19 and 0.53 kg/m3/day. Pyrotag sequencing analysis of the biofilm revealed a clear

abundance of anammox bacteria in the inner part of the biofilm and ammonium-oxidizing bacteria in

the outer part. In the artificial wastewater, the microbial community structure did not change

drastically between the early and late phases of continuous operation, which extended over 200 days.

In industrial wastewater (IW), however, the existence ratio of anammox bacteria decreased to 4% on

day 249 of continuous operation. The number of detected operational taxonomic units increased in the

IW, implying that the community structure was widely diversified. However, anammox bacteria could

propagate sufficiently to catalyze nitrogen removal under this condition because the NRE was stable

at approximately 88%.
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