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B E: hTHRBEY iR RARAERA (Anammox) R % &3, 4 VAR A ” F 5 (Anaerobic methanogenic
sludge, AMS). #7 &£ R B R A7 R (Fresh Anammox sludge, FAS) #=f# &R 2R AN TR (Stored Anammox sludge, SAS)
VAR, R T REAREAIEG RPN H 5 K (Anammox-EGSB) R E % (R1. R2 #= R3) 49 B3hiedt. 4R K9 3
FE AT 3 GRS B 3 Anammox-EGSB A %, &A% R F A R2 (dEFr 4% FAS)>R3 (3EFr4h 4 SAS) >
R1 (E#44H AMS). = #3423 Anammox B % ZI AR 693424 M. Rl 49 HEES A BHARKMBEL (15 d).

AR (54d) AEHRSH 40d); RRMBHIESAFTHRFELH 2d) FEERZIH (15d); R3IGBFHITE
S A ERRER (12d) fFEERSH (57 d). ¥ Anammox 75 B 5 T Anammox RA 2§ & /K, £ K 214 & Anammox
TR R F ik, R BARAERE. RAAER bl Fe = R L B39 T4 A Anammox KL 5 8 3) BEA2 49 45 T K 4.
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Performances of Anammox-EGSB bioreactors started up with
three different seeding sludges

Shuang Ding, Ping Zheng, Chongjian Tang, Jiqiang Zhang, and Anhui Hu
Department of Environmental Engineering, Zhejiang University, Hangzhou 310058, China

Abstract: In order to select better seeding sludge and promote start-up of Anammox reactors, we studied the start-up
performances of three Anammox-EGSB bioreactors inoculated with anaerobic methanogenic sludge (AMS) (R1), Fresh
Anammox sludge (FAS) (R2) and stored Anammox sludge (SAS) (R3), respectively. Results showed that these three seeding
sludges could start up Anammox-EGSB bioreactors successfully, but the start-up progresses showed different characteristics. The
start-up course of R1 could be divided into three phases including autolysis phase (15 d), lag phase (54 d) and activity elevation
phase (40 d). However, the start-up courses of R2 and R3 only included lag phase (2 d and 12 d, respectively) and activity
elevation phase (15 d and 57 d, respectively). Besides, the performance of R3 was better than that of R1, but worse than that of R2.
Furthermore, bathing the Anammox sludge in the effluent of bioreactors was a convenient and effective way to keep the activity of
the Anammox sludge. The ammonia removal efficiency, percentage of denitrification and the stoichiometric ratios of
NH,"-N,/NO, -N, and NO3_-N},/NH4+-Nr could serve as indicators to monitor the start-up of Anammox bioreactors.
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0.01, CaCl,2H,0 0.0056, MgSO,-7H,0 0.3, KHCO;
1.25; fm e RS [ M 145 1.25 mL/L, NH,'-N
I NO, =N LI (NH,),SO, Fil NaNO, $243t, ¥ e 75
P il

R ITCR WA [ 4L (g/L) A: EDTAS,
FeSO, 5. T ITCE ML 1 4L (g/L) Jy: EDTA
15, H;BO, 0.014, MnCl,-4H,0 0.99, CuSO,-5H,0 0.25,
ZnSO47TH,0 0.43, NiCly6H,0 0.19, NaSeO410H,0
0.21, NaMoO,2H,0 0.22.,
1.2 RERE

Anammox T 2092 B S ME 1 . B
KM 34> EGSB i, 20%icoh R1, R2 1 R3,
J g A AL IS Ik, SRR 8.0 L, ARAEMR
4.0 L, {5088 3.0 L, SJMERAT, LIBT(EIIY
TR, Km0 2 3R 428 A Anammox-EGSB
BN, BB (FRNASRR) B R s 8,

Y
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2 2

1 Anammox-EGSB T ZHy% B 5312
Fig. 1
influent tank; 2: peristaltic pump; 3: water distributor zone; 4:

Schematic diagram of Anammox-EGSB system. 1:

reaction zone; 5: sample ports; 6: three-phase separator; 7:
settling zone; 8: NaOH solution tank; 9: gas outlet; 10:
effluent tank.
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i Anammox FE 1L H Noo =M BT E G,
Ny MR # TR = 51, K R Y
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Table 1 Initial characteristics of the three seeding sludges
Seeds Color VSS/SS diar?l\e/f;f%rilm)
AMS Black 0.68 1.69
FAS Red 0.88 1.39
SAS Black or grey 0.78 1.39

1.4 MEmMBS5AZE

AR KBB-RKE R L, WA -
N-(1-Z83%)- 2 e ks a5kl
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(Qwin V3),
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LI AMS 3R R R1 B % 04 55 sh itk g dn 14
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211 FHHEAK

1~15 d FEAEKAEY, FERRE AR H Ik A
7, FEOH K AR = TR AR BRI,
K AR FE FE Y (50.00+5.53) mg/L,
SRR . WA AR BRI (62.13+
29.55) mg/L . (0.01+0.03) mg/L Fl (0.22+0.62) mg/L;
AN A LBRRE 0 R (-24.27+59.11) %

F(99.99+0.05)% ; “FHIEHSAMAMT (Volumetric
nitrogen loading rate, VNLR) FIZFL A Z R HR
(Volumetric nitrogen removal rate, VNRR) 735l k
0.26 kg/(m*-d)Fl (0.1240.06) kg/(m*-d); VA4 %A K%
PrafMaE A LR EZ . (NO, -N/NH,-N,) LI KAl
R RMERALREZL (NOy -N/NH,-N,) ™
IR PG 1.32 1 0.26, 1 T57e b #1885 A5
M EAPSME AC RN#) FA N RIERN A
LB ZME (Anammox J IV #%) , &R TG U o A8 43
WA AR, FEHKEERE S T K EAWRE;
SN £ PR A ) B, DA 3R Bl A R 32, AR )
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16~68 d SWiGTERHE, T BERRIE N TR AR5 1R A
%, RAHVAHAI IR FIRES (Anammox 1§ 14
R, TEZBT B, TR K S AR AR Y
M (58.09+11.52) mg/L, V¥ /KA . T AH & S
RHESFH1H (45.01£15.05) mg/L . (0.05+0.15) mg/L
0 mg/L; P A AA A L BRRHh (11.52+
20.05)% M1 (99.93+0.24)% ; “F-¥] VNLR. VNRR Fl
HRF=FFR (Volumetric gas production rate, VGPR)
S (0.31£0.06) kg/(m*d). (0.17£0.05) kg/(m*-d)
A (0.03£0.07) L/L-d) ; NO, -N/NH,-N, A
NO; -N,/NH,-N, 53 & #HIR A 1.32 F1 0.26, £k
PEIR W IR B, K UK E 5 K AR E AR
Rl EWEMERE G B, AAA LR, £
69 d, WHREBRRIKTEN 65.88% , Hraiih MR Y
g5,
2.1.3 G EH

69~108 d TG PEEE S, R N R AR
R 1R R B R TG M A P v, RS A AT T 2
I (Anammox V& PEKIEHE ). TEIZ B, T8
7K G A RS Z A BE 4 3R (170.71455.58) mg/L
Fl (187.56+58.54) mg/L, ¥ H /KA . A4 F AR
AU 0 (36.16+£10.23) mg/L . (1.60+4.60) mg/L
0 mg/L; ~F ¥ 5 A RS A X BR R 5

Py
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(76.32+9.97) % F1  (99.20+2.03)% ; “F1J VNLR .
VNRR fil VGPR 435128 (0.94+£0.30) kg/(m’-d).
(0.84+0.30) kg/(m*d) FI  (0.59+0.25) L/(L-d) .
NO, -N,/NH,"-N, Fl NO; -N,/NH,"-N, & (1.47+0.26)
o, AIE SIS 1.32 2%/, W5 E T E
FBMH 0.26 76 LLE RS IR A 35 5 1) THLARAF T,
S FHEEZHIH, Anammox WS LI E S, RV EEHN
() 3 N RS AL % AR S Anammox N .
2.2 FAS BB Eh1%&E

DL FAS R R2 SN g A9 sl fi an /&
2~5 IR o BEAN I Bl R AT 43 A i A A S
PR 2 B
2.2.1 GRS

1~2 d AiE PR, SR E Ry D A3 1 R
PEAERS . TEIZW B, P X E K A A AR B 3
} (182.05+5.63) mg/L, F-¥ K2 A . WA A R
RUE /N (32.33£0.16) mg/L . (2.31+0.54) mg/L
Al (21.0143.70) mg/L; V-2 E AR L bR F 50
WM (82.23+0.09)% F1 (98.73£0.29)% ; V-1 VNLR
VNRR Fl VGPR 4334 (5.96+0.00) kg/(m’-d) .
(5.39+0.01) kg/(m>d) #l (4.13+0.01) L/(L-d) .
NO, -N/NH,"-N, Fl NO; -N/NH,-N, 4r 5| H
(1.20£0.01) 1 (0.14+0.02), R SHIS(E 1.32 4%
I, JEE SRS 0.26 U5H —E B E .
222 JEPEREEH

3~17 d A IEPERE R, S BRRAE A R AR A
R RIE PR3 = o AEZ BB, P K Z AR A
WPEN (185.7+36.41) mg/L FI (197.87+18.22) mg/L,
SR A . WA EF R R S B (22.45+
4.94) mg/L . (1.30+£1.27) mg/L 1 (33.35+6.55) mg/L;
- SR AN A R ) LB 51 (87.85+2.90) %
Ml (99.36+0.58)%; F# VNLR, VNRR Fl VGPR
PR (6.90+1.03) kg/(m*-d). (6.48+1.04) kg/(m*-d)
M (4.95£0.71) L/A(L-d). NO, -N/NH,"-N, Fil NO; -N,/
NH, N, 7+ %14 (1.20+£0.05) Fl (0.20+0.03), A L1k
PEIRFI , LA B S Be(E 1.32 F10.26,
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2 R1. R2 1 R3 MR HK=ZFIRE

Fig. 2 The influent concentrations of NH;-N,NO,” -N and
effluent concentrations of NH4-N, NO, -N, NO; -N of R1, R2
and R3.
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1.4
1.2
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0.0
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P = N W R L O I |0 O
>
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(Do
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1(d)

50T R3 Loading rate
45 —0— Removal rate
4.0 + —2— Gas production rate

Nitrogen load (kg/(m*-d))
Gas production (L/(L-d))

1(d)

3 R1. R2 f1 R3 R FEWMAMATT. FREBREM
BRERE
Fig. 3 VNLR, VNRR and VGPR of R1, R2 and R3.
2.3.1  JEFER

1~12 d R 7GR AT, F2BERAE A T R A
Anammox DIRERHE , RAHALVE A &5 — € He il 7E
BB, -2 kK R R R FE A B R (87.90+
15.69) mg/L I (84.00+8.37) mg/L, “FHIH/KEA .
Vi &R RS R BE 23 0 O (40.45+12.20) mg/L |

(9.37+7.24) mg/L Fl (4.53+2.40) mg/L; VI A M
WA A R R W (55.30+12.20)% Fil (89.02+
8.43)% ; ¥ VNLR. VNRR Hl VGPR %)%l K
(0.92.£0.18) kg/(m’-d) . (0.65+0.11) kg/(m*-d) Fi
(0.43£0.11) L/(L-d); NO, -N/NH,"-N, I NO; -N,/
NH, -N, 4351~ (1.61£0.31) Al (0.10+0.04), ff & B
1 1.32 F10.26,

100 |

Ammonia removal efficiency (%)
(3]
S
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100 %@«5 2
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i T
0F  ° e
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t(d)

4 R1. R2FAR3 N BEMERERE
Fig. 4 Substrate removal efficiency of R1, R2 and R3.
232  EHEEEH

13~69 d M if tEFE s 1, EZRRAE R R AR B
HOMAEAATE MR R . R B, PR E A
AW il & B 4> o8 (133.13£36.00) mg/L Al
(166.54+55.50) mg/L, V-3 7K 2 A . T AH A FH A
el 4391k (25.60+10.80) mg/L . (30.68+14.76) mg/L

Ml (22.87+9.26) mg/L; PR A M A EFRF I
4(80.18+7.81)% 1 (81.42+7.19)% ; “F-44 VNLR .

—s=— R1
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Nitrite removal efficiency (%)
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VNRR F1 VGP 4%k (2.29.40.88) kg/(m’-d) .
(1.85+0.75) kg/(m*-d) Al (1.38+0.53) L/AL-d) .
NO, -N/NH,-N, il NO; -N/NH,-N, 4 %l K
(1.2740.25) Fl (0.21£0.06), W& S5HISMH 1.32 M
0.26 HZEAK ., ZH B Anammox [ B 5 F 5
7, K28 Anammox B REAS W o

22
& .

1
1) It

[
1.2 ¢
1.0
0.8 A

06

v.C

270
PAY

1.8 1

NO,-N/NH}*-N

NO,-N/NH,*-N

£ (d)

5 Rl. RAMRIEEFA=FMARHNULFITEL
Fig. 5 Stoichiometric ratio of NH4'-N/NO, -N and
NO; -N/NH;"-N of R1, R2 and R3.

3 ik
3.1 Anammox R =EENHRIIETSH
Anammox I a PAFAEZ AR Y RS, HE
Fad PR B & Anammox [ A T7E RO A o
F T A A S R K A A ek AR R LA ek e
R 720 ARG R B R, PRI AT P 3 5T R
FRIF=HIE AE A Anammox [ I 7 1) )i shEF2 1Y
N 18
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SF—, BAE RN HE/R Anammox S i 2l
PEREM AR AL . TER KN, R1 MEE A LRI
Mg, FW R1 NJLFEA Anammox SN ; 1EiK
PEIRME, R1. R2 A R3 NAEAEE T —E M2k
bR, R 3 AN as N S —E #; B2 Y Anammox
KON FEIEMERE R, R1. R2 A1 R3 WA AR
m AR, KU 3 AN A8 Anammox 20 1G5
B, 7EIRASMT, dA R LB LR
Anammox J i [958 B I 48 75 SN a1 S shitE e o

5B AR TR L9 AT 4878 Anammox JZ
washtERen ik, R 2 WA, TE R AR SR
TG PEAEWE ], R1 SN #5AY Anammox (G PEEAR,
SO R SR ARAE AT, MBNE PR =, R1 B A%
1 B 5 N & AR RS, Anammox Jz LT 58 28R
FCRARAE T o AEE PR wi A S MR = 4, R2. R3
FCNE g B 23 SO 40 Anammox M o PR, A
EVERT B ELI T AR R Anammox [V 2% i shtk A A
TBRSHL

#*2 Anammox-EGSB B31E 1 F B LIERAXF NO,~
ERB TR

Table 2 Percentage of denitrification that contributes to
the removal of NO,~

Autolysis phase Lag phase Activity elevation
(%) (%) phase (%)
R1 100.00 70.25 00.00
R2 - 00.00 00.00
R3 - 23.80 00.00

=, 3FAEKXZEM BT 4878 Anammox X
L # e S RE I AE A . AR AN A LU 1 L 5]
BRI 25k J& Anammox S Y ZLRRAE . R1 J5 2
JE B NH,'-N/NO, -N, — FLi it {2 #LS (H, L3
69 d ZE A A B E IS R AT,
NH,"-N/NO, -N, {2 IS (A, (AAHE R1, fi 2
JEAR HAR PRI BB fH s R2 JA 35, NH,-NY/
NO, -N, W4 FHIBME ., Bk, NH,-N/NO, -N,
Al JZ Bt Anammox A A 3 RN B O R . TR
Anammox 1S FE 1, EE CO, Fris iU BE & Mk 7 1 ok
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B TROAS IR R 5 A o iR Eh et 7, AL, W™
AR RLEE F ML T Anammox T A 3G A Bl
Rl JB3hJE, NO; -Ny/NH, -N, —EZ B #iefE, H
JE A R it — 4858 R3 JA3hJA . NOy -N,/NH,™-N;
BT FE(E; R2 E‘.ijjiﬁ, NO; -N,/NH, -N, #%
U . L, NO; -N/NH,-N, i fig 2 bl
Anammox KV # PERE ARk
3.2 =FEMISEXT Anammox-EGSB 7 28 HY
BahERE bbiR

3R 3 AT, R1SEBEAKME . SR A
GRS = 0] 3 BB, T R2. R3 A BARIK#
W, A MR R RS AR S T 2 B BE. R1AY
A EMRK, R3KZ, R2 &k,

1 55 B i Ak S w4k T2 B B VR B e B AN
0.5 kg/(m*-d)1®, 2 LLMCAE R Ja sh i bnife, 454
% 4 ATHE ShEE . R1(83 d)>R3(0 d)=R2(0 d).
H Al — % Anammox & W #F B9 & & 7 far
0.6~2.5 kg/(m>d)!"*"!, L) 1.0 kg/(m*-d) K sh A%
bR e, WS ShEtE R . R1(93 d)>R3(7 d)>
R2(0 d), AMS . FAS Fil SAS fE FHAEE Rl i 2h
3 EGSB I #%; HHIL AMS, L) FAS #l SAS J&3h
Anammox SV 7% , BRI /K A S0 R PR R i 40T A S 46
BL, 3 R L) FAS Befl, SASIRZ, AMS H 2.

%3 Anammox-EGSB & [ 88 B 5h i3 2 B9 EL 3%

Table 3 Process comparison of Anammox-EGSB bioreactors
started up with the three seeding sludges

Autolysis phase Lag phase Activity elevation
(d) (d) phase (d)
R1 15 54 40
R2 0 2 15
R3 0 12 57

%z 4 Anammox-EGSB [ 25 8Y B 5% &8 LL &5

3.2 BIHEIRAIER

A ) O i e AR REAE — e R B B IR TR
BB TG . PR, TR S O A ) S
P e s B+ EE A TR R L, Imajo 451
R R, AMS Bk i5 U6 T LIAE R Anammox [ Y
R 24, T2 Anammox FAYIRE, IF& LA N
Anammox PRSI . SRR, L
AMS URLT5 Ue R A AT LSS S 3 Anammox [

, JABIETRIZSh 122 do AW IAR B AH T 1Y 45

51‘% P, 7E8A mAL Anammox B IRAYTELLT ,
AMS A2 — il AT U 8 £

Bi%E Anammox T REf & B0 P4 DU Ak
Anammox 75 JefE RIEF C A AT R, (HZH T
Anammox A KGN, AL ARARAL, B rER
K& Anammox 75 e i A R ME, K3 THES 30
JIr s R, 7 S AR R AR R . AR
ZHE Anammox {523 T Anammox JZ b # Hi7K
t, RESUEN, 2 3 MM, H Anammox
HHEARE4ERr, BT Anammox RNV #8881, &
FUR LB 7d WL 1 kg/(m’-d), Ji3 BhEE]
BERT AMS, THM RO 28 B 2 I R,
Anammox V5 e T Anammox g KA, il
FAT, NI AR Anammox 15 Y6 A ST 7 .

4 i

3 M AP 4 RE ) B Anammox-EGSB & Jif
. A SRR IR Y R R2(3EFN A FAS) > fiff
R3(GEFY N SAS)>R1 (ZEMY N AMS), 3 Fhizfp
YA sl Anammox S # E BUAS [F] (A BERRAE . R1
BJE S R AR AR (15 d) . TSR] (54 d)

Table 4 Performance comparison of Anammox-EGSB reactors started up with the three seeding sludges

Time for achieving to
0.5 kg/(m*-d) (d)

Time for achieving to
1.0 kg/(m*-d) (d)

Max volumetric nitrogen
loading rate (kg/(m*-d))

Max volumetric nitrogen
removal rate (kg/(m*-d))

R1 83 93
R2 0 0
R3 0 7

1.58 1.39
7.96 7.63
4.41 3.19
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FEPEAR m (40 d) 3NBYBE; R2 FIR3 #YJS shid
ReX A TG PER A (50900 2 d A 12 d) R R4
F R 15 d ST d) BIABYBE. ROV I EE
N ROV S BT N FI K Anammox
i Ja sl kAR 0 L ER YR . 3 MR I LL FAS St
SAS Kz, AMS &% ; ¥ Anammox 5IEiHIA T
Anammox [N a7k H, SR DI Anammox 15
WA ROT
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