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i E: KRR T UM RABRGRER DA IR AR B L B 6B AT s, A RAA T T, LSRR 3 B ) %
HB. BATE 144d 0, ARG RERFXE 3.02kg N/m*/d, X2 BN LRBEGREKE. A F bR, Tt
BB RREREREBRETIX 1277 kg N/m*/d, EAHRKGBLEAKME. REBQRBHIRTHIAERAE. FEHRIE

ZAMK. SRR, FTREREMEBELZRFREABEREREFTRALEHRE TR, LEHRE TR
A EARRE A £, RARAAAEMTIA 0.56 mg TN/(mg protein)/h, CATA R M B R AR B G40 £ 2AREKA.
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Performance of ANAMMOX Attached Microbial Film
Expanded Bed Reactor

Lei Zhang, and Ping Zheng
Department of Environmental Engineering, Zhejiang University, Hangzhou 310029, China

Abstract: The anaerobic ammonium oxidation was successfully started up within 144 d in attached microbial film expanded bed
reactor with bamboo carbon as carriers. The maximum nitrogen removal rate reached 3.02 kgN/m’/d, which was the highest level in
China. The reactor has a great potential in nitrogen removal compared to the theoretical value 12.77 kgN/m*/d deduced from dynamic
fit. As the start-up course experienced autolysis phase, activity lag phase and activity elevation phase, the seed sludge turned from
khaki flocs to sandy brown granules and finally to red granules. These red granules with a relatively high anaerobic ammonium
oxidation (ANAMMOX) activity of 0.56 mgTN/(mg protein)/h were major contributors to the ANAMMOZX process in the reactor.
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Fig. 1 Schematic diagram of the reactor
1: influent tank; 2: influent pump; 3:
filmexpanded bed reactor; 4: gas-liquid-solid separator; 5: overflow
weir; 6: effluent; 7: gas out; 8: liquid-recycle pump

attached microbial

1.2 BEEMiSRSERIEK

TR VS I W VLSRRG 2B 77 Al i 2 K AR )
LEEAEE RN A/O T AR mitkTs e, &5t
PlEH4E, H MLSS 24 30.2 g/L, MLVSS 4 19.3 g/L,
MLSS/MLVSS 4 0.64.

YR FHEEEK, HARCh: KHPO, 10 mg/L,
CaCl,2H,0 5.6 mg/L, MgSO,-7H,0 300 mg/L, KHCO;
1250 mg/L, fEcidmm 1. 145 1.25 mL. i
SRR 1 . TR 1. NHy-N Fil NO,-N
FH(NH,),SO, 1 NaNO, $43t, ¥ B # 75 fic il
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Table 1 Composition of trace elements

Chemicals Concentration(g/L)
Trace elements | EDTA 5
FeSO4 5
Trace elements 1l EDTA 15
H;BO, 0.014
MnCl,-4 H,O 0.99
CuSO45H,0 0.25
ZnSO4 7TH,0 0.43
NiCl,'6H,O 0.19
NaMo04-2H,0 0.22
NaSeO,4 10H,O0 0.21

1.3 SREMEMNE

43 S0 7 TN A HR ORS8RI 2R TS T Y T
PE S 7E 50 mL I 7 A 0B V5 YR sl 205 TR, T
JIANH,-NFINO, -N #4324 70 mg/L 184 mg/L
MBI K . ISR TR IR R, R A
N, I 95%m A B P 94K 20 min, L
TR EAE 30°C HiE/KE . Bk AR 2 h
HURE, BURT5IRAE 12 h BURE, 43500 NH,-N Al
NO,-N ¥, Frf it 3 NEX
1.4 tERBEENE
141 FIHH BEER

N f P EURE, BT 2.5%0 % A O
4°C [HE 7K, 4 0.1 mol/L . pH7.0 Wik 2% il Ik
e, T 1%RERIERE E 1~2 h, ket AR ZE
TR o G B BE VR BE (45 50% . 70% . 80% . 90% .
95%F1 100% FLFPHk BE) ) £ B W B K b B 5, B
B RES FATIEL 121 () 25 i 1R 52 I TG TR A T
AEFR 30 min, ZERSER RS PR 1~2 ho 5 Jm R AR
TEIG A T8, SRS R XL30 BUIRBERE S 4
HA 55 (17 2% Philips 2 7)) WL EL 45 51
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Fig. 2 Substrates evolution during the autolysis phase
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B (1~52 d) S oz i 32 2R B0 BT 1K B 3
SRZUA B AN FH (8T 2)0 RNEASTHIR A S, 3R
fidfki5 e, #EK NH,-NHINO, -N ¥kl 140 mg/L,
HRT Jy 1.5 d. 766 6 d iZfTH, T NO, -N JH#E
FaR . R E IR A A A R A KSR R L T2
R, B 7 d 255 20 RIZBHPR BEK NO, -N IR FE 1 &
% 200 mg/L, [FFPEEPEK NH, N #REZ#HiFFEILE
110 mg/Lo TGP A BB SAE T, Eeflin e b i
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NH,-N BRI, SOt /E sk . B5
20d, H/K NO,-N FUE = 40 mg/L. tbhf, KR
JE VR 0 SR e B Ok SR BT H I VE . ZEEOK
NO,™-N ¥k {5435 98 mg/L, 117 16 d 5, RAEtbiE
P, K NO, -N IR 4ER57E(25+1.5) mg/L,
7K NH,"-N ¥ B4k S T, (HHIS /N Farh, &
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IV SIS W NE = = 251 1=
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Table 2 Increment of NH,*-N at different time during the
autolysis phase

t (d) 7~19 20~24 25~52

Effluent ANHo Ny g4 31412 24513

(mg/L)
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Fig. 3 Substrates evolution during the activity lag phase

INH," + 1.32NO,™ + 0.066HCO;™ + 0.13H" —
1.02N, + 0.26NO;™ + 0.066CH,00sNo5 + 2.03H;0 (Az% 1)

TEVHPEE A Y BE(53~69 d), NO, =N FI4 #E fic
KF NH,-N, R a8 B A R A LR, (B
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Fig. 4 Reactor performance during the activity elevation phase
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Fig. 5 Ratios between three forms of nitrogen during the
activity elevation phase
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Fig. 6 Sludge morphology in different phases
A: seeding sludge; B: sandybrown granular sludge; C:red granular
sludge; D: biofilm from the red granular sludge (40%)
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PIIE(E 6B). TEZ W B i i 7K 35 Jo vk B2 R4 e 7K g
(BRI AT, £ 144 d, FER N ETHRIK)IZN
TE MK B LT @ EORLE Y (B 6C. D)o £1 @ EkL5 e
HTEARAS LI, - HPRi4 o4 (4.2040.07) mm, FRIAIZ
SN 1Y

R L B & B, AT 5¢ T LS, AN RN
B & A R B H 2~8 um FIFLIR, MM A K
AL T A E (] Ta). ARG IR R 2R, A KEAEK
B (0.4 pm)FEERRE (K 0.7 pmxFE 0.6 um), A5 K (0

WOk TE e R A KR BEER (B4R 0.7 pum)f1ZZ
RHE (5 0.27 um)(E 7b), MAMEA D& A AR
MR R BRI (AR 0.7 pm) 4 A5 76 4% 2R 14 A
22K B R o 21 B0 T e 2 T AR K R AT
B HEFFR(K 1.0~1.8 umx3E 0.56 pm). FABKEE(E
2 1.1 pm), DK/ 3 22R T (B8 0.27 pm)(E] 7d).
W A= W UKL (B 36 26 0 JEE A7 o OOk ) L A 25 5 34 )
WS T A P R N UE DA K DL . FERR IR
A RORL R, AT N AE K IR iR R D, AUk

%3 FE NH N RETRESETRR

Table 3 Reactor performance with different NH;*-N concentrations

t(d) S (g/L) 1/S V (kgN/m’/d) v t(d) S (g/L) 1/S V (kgN/m?/d) v
122 0.21 4.82 0.23 435 133 0.30 3.30 0.34 2.97
123 0.21 4.83 0.23 4.41 134 0.33 3.03 0.36 2.75
124 0.21 4.84 0.23 4.41 135 0.33 3.00 0.37 2.73
125 0.23 427 0.26 3.87 136 0.33 3.06 0.36 2.75
126 0.23 431 0.26 3.88 137 0.33 3.01 0.37 271
127 0.24 4.18 0.27 3.77 137 0.35 2.82 0.38 2.63
128 0.26 3.81 0.29 3.43 139 0.36 2.82 0.38 2.62
129 0.28 3.60 0.31 3.26 140 0.35 2.82 0.39 2.58
130 0.28 3.55 0.31 3.22 141 0.35 2.82 0.38 2.64
131 0.28 3.59 0.31 327 142 0.39 2.60 0.39 2.59
132 0.30 3.28 0.34 2.95 143 0.38 2.62 0.40 2.52

ot WD ————— 3
SE  44.0 20 pm

Det WDH—— § pn'{
SE_44.6

7 HRREABBREARER
Fig. 7 Surfaces of carriers and sludges under SEM
A: surface of bamboo charcoal; b: seeding sludge; c: surface of sandybrown granules; d: surface of red granules
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BRI (0.4 um), 575K A K ORUEDIE
BRI FELL @AY BUR R, 7o B AY 32 2
BT B FMBEAAME, BOhEERT m ARG, A
2R E (R ARG ).

PSS AR5 U8 . A K 0 A Wy Ok 11
21 YRR U (] 8), A BLAESE A TS Y8
FEPFIE SR AN A 1 B, A M BB SRR,

5 Nitrosomonas #ffbl; B BRIk, 4HMiA 22N,
5§ Nitrosococcus AHML(& 8a, )M, Z8id 55 d 1%ELE
BFRE, WMaodpans, BA AL B WRIESI A
ST, [ R AR DR A AR T 1 4 L (%
8b); TE S fiv ik Bl e iy A BB A AT, 264
UL Hh sk Aol A5 B DR 4R 2 AR T ) A R o R A (1A
8c)o IXLEANMLHEA van de Graaf 5 ANPHRIE MR A

El8 HRmESHRIENRER
Fig. 8 Sludges under TEM
A, d: seeding sludge; b, e: sandybrown granules; ¢, f: Red granules; A, B: bacteria of two morphologies;
C: multiple inner layers; D: anammoxosome-like structure
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FAAL R PTE A S5, Qg it s s o A7 7E . 4
L ZRTE A L PR ZE RS L RS A DR AR s AR (K
8¢)o FHHEI I A is AT — B B I A TR T A e AR A PR,
FEFN TS U T ) 20 T A A N A TS A L BT, B s AT
AR A HESE, A7 €A W UKL % 240 B 240 I 5 s 1ol
RS AE, TE£1 60 A ) ORI 240 T 200 L vh el DA
PRAR AR 254 (K] 8d.L e D)
2.3.2  JkLIT IEHIIERE

VMRV ERAR R b TR el RV e E i N )
FALTRE, FEBAE TR BN #0800 BTk, R
BRI S I TS s 2T U T e AR K 0 22
AR5 e i DR AR 2 A A TS P (] 9) o F1IH Sigmaplot 10.0
YR E i AT PG, ST A RIS 4L R 5 T 1Y
REGFEAIETER 0.56 mgTN/(mg protein)/h, A7 K
E2ARGRAKEZAEIEEN 0.07 mgTN/(mg
protein)/h, T &G4 1Y 8 1. b HMr, 20k
15 VeI SN a DR AL 2 AL DI RE M) 32 R 3
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Fig. 9 Comparison between activities of granular sludge
and flocs after startup

S | S N =R =R =R A AE 1 E = RSP E =1
BRBEREREN 2.6 kgN/m’/d', LA, B k%
U A s 48 B 4 P i 2l R AR Rk, AR
AR EBREMN 0.1 kgN/m’/d. FfE 2 AR R
AR A T E A K, HAEBUB R LR
0.457 kgN/m’*/do ASBFFEIRIE T LAAT B R 384 1 R4
ALK R BN #5132 1 THERE, JRIRAS T3
MR, B AR A ZEBRE R 3.02 kgN/m'/d,
hy [ N f5 5 KO- B8 Strous 28 A HRE, SR DA B
TR R AR ) AR R 07 2 AR DR R s LT, BT
80 d, M AFMA LA 0.18 kgN/m'/d; FH
R K5 W HE Fh e DURD R 3R 1 T A R 0 A
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H, AEEE VR TE AR, R A RLR A B R
H 1.5 kgN/m?/d o 78 LA GG A b 3 14 A 00 B 1 7 4%
o, B EURCR I AT 3k 26 kgN/m/d VY fat Rl L, iR
I EEARAT FI) F 7 B 0g g PR ORI U 5 A 4 B
T AT T DR AR S A R 28 1 )3 3

o SCHR R E, FURLTS e B TR B i A R (2
) AHDAZH AR . A P AR A M I DA R K g 2R v B Ok
RN A R A B TR K, R THT K S
LBRFEE, AR TRAEYME . 17 HA LRI B
AW, EEWHE NH,-N F1 NO, -N %%, A A
KB, Akt NOs -N Ay B 6 77 5+ — A i 6 1
RS HeAh, Cirpus 25 ABVR B, RA R EALFRED
AU B B AN 2 I (EPS), B AT 20 P 5 3R AN 2
BB T R 2R UK S U mk A ) R 4
i EEEAE .

AT, R GEH 4HTRE 53 8 715 I A 43 85 3k
PR A AT, Strous 25 AR A 4 K A &
BE R 5 0 T B D AR A A B T IR A B ARAR T
ARG E I IR R A A o 7 DAY R R A4 14 DR AR
SAAIZ I R R N5 s ATl F v, MRS ST RE,
AR B TEPEAE RS YRR 3 B
55 I AH 7 15 U PR A 38 5 DA R 8 2R 75 U T2
T A R V5 e RN 2T G RIS U8 o Ok TS YR
Y B R A TR AL S R, B R & IR A AR
fRid e, DA o=, A B DR AR S 48U Ak 1 TR R R
FERAL . 21 0 Uk 15 PR R AR BE BRSO 7% H i
Gy BN ARE; AR kL, A B F IR R 2 A b T
() 53 5 F 5 R 25T

4 L

1) PLR Ak 35 8 Ja 8 DR 4R 28 S Ak B K IR S
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FEMIRE B . 75 144 d NABLAR LB ZEF
3.02 kgN/m*/d, 3 S [ P SCRRARGE (14 5% = 7K T o T AR
) NH,'-N, NO, -N Z H Ry 1:1.23, 326300 SCHkR T8
1:1.32, 4 W7 DR 2 S0 Ab B I A2 9% S 07 i 9 25 Bk
NO, -N I NH,-N () F 2 )52,

2) JHl Monod JFEIA I Tk B 5 A8 BUIE T
LR Z [ 56 FR, A5 41 DR AR U AR K R 2 1
B % e 2 AU AL ORI 55 12.77 kgN/m'/d, A BT
ORI I = AR AL HUR Y 4.1 %5, BAAIRK
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