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Inhibition Effects of High Nitrogen Concentrations on Anammox in BFR under
Varying Loading Conditions
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Abstract:  This study investigated substrate inhibition in biofilter reactor (BFR) under varying
nitrogen loading conditions during Anammox process. Two parallel Anammox BFRs were operated. The
hydraulic retention time (HRT) as well as influent NH4*=N and NO>™ =N were systematically adjusted to
maintain the influent total nitrogen (TN) above 525 mg/L. Under these conditions, the TN loading rates
reached 1.80 kg/(m’+d) and 6.30 kg/(m’-d), respectively, with corresponding TN removal efficiencies
exceeding 80%. The inhibitory effects of high nitrogen concentrations on Anammox activity in BFRs under
different nitrogen loading rates were examined. Based on the Anammox substrate inhibition test and

Haldane model simulation, it was determined that the maximum NO, =N and NH,*=N removal efficiencies
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in high-load BFR-based Anammox systems were higher than those observed in low-load BFR systems.

Anammox bacteria acclimated to high nitrogen concentrations in the BFR for a long time exhibited a

higher substrate inhibition constant, indicating enhanced tolerance and adaptability to elevated NO, =N

and NH,"=N. Studies on microbial aggregates in the Anammox process within BFRs demonstrated that

microorganisms in the influent zone, which was exposed to high nitrogen loading rate, produced elevated

levels of extracellular polymeric substances (EPS), particularly protein-rich EPS. This adaptive response

helped shield internal microbial populations from the inhibitory effects of high nitrogen concentrations,

thereby maintaining high microbial activity and tolerance, and ultimately contributing to stable and

efficient nitrogen removal performance in BFR systems.
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Anammox;
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IR R A (Anammox) T. 20 2 R A & A AL R 7E
RS Bl IR A A BE T R NO, K NH, A6 AE BN, 1Y
—MbBE AR A T2, R B AR & LW
SN 5P RS . BRI, Anammox

AR BB B DRI DA AT A AR K )
SRR, AH v MR B A S o DR AR S SR A v e
PEIE , 210 52 e IR AR 2B A T2 s AT, A,
AN R TR S5 IO 25 76 AT IR 48U S A AL B 37 s R vk
FEAM Y R 25 F AR . U Aqeel 5520k FH % 220
St AR A RN 4 (CSTR) , i 7K NO, —N ¥ B 34 i
F]750 mg/L B, IR AT AT 5 17 Song 5
R, K Iy N R A5 R (UASB) 78
7K NH, =N F1 NO, =N 43 51| A 325 F1 390 mg/L It} ,
IREE A Rtz 2] . P, i PR 7R I
N7 g P AT TG A5 I A7 B, CSTR 38 B HH 45 vy A 40 il
W BE 5 T A O X 7 i DR 3R R ) e R AR A, 3
W EARZE G A K X 32 2™ S Al

A= UE AR ROV A (BFRO)FE Ay AL 4 i X 2B
JEE S I i, AP R AE IR AR SR A B 5 AU K rh 3R
B E R o Lu B89 R I AE W i A IR A 2 ALk
SRV A Kb BTG VR S R K, 7E B AT R (NLR) Oy
4.86 kg/(m*-d) 514 T 5L T 86.24% By TN 2% Bk
R L AR IR & A LA W e AR SV 4% , 7E NLR
7 (4.25+0. 1) kg/(m’-d) 5514 T SEBL T 86.42% 1Y
TN KBRE . SRMTZS N i 7 Ak 38 ey vk B Ik K
B, S0 00 g X IR 4R 2 A4k A A 1% 52 i) B T oA B
Bffy, 3K L4 5 i 30 A v A B 5 R /K A 3 b g 7
. ST, 2% % M BFR FEAT A [] 47 107 1) e AL
JE IR AR A Bl e, 78 A R R A

high nitrogen inhibition;  nitrogen load;
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Fig.1 Schematic diagram of BFR

FNA§ AR R S em, BA S 50 em, HH &M 8 ¢cm
() HE AR I 42 em P9 R 44 T 38 43 ) o, T AR AR BRS
0.75 Lo BFRRA Nt Ity =0iats, fe itk 0
20 F132 em &b 43 51 B HORE 11 R 2. 5O % P
e K1 B HLE T 0B DXH=10 mmx10 mm) , 25
7 90. 45%. BFR AMBALEEARTHACLUREY , 28580
o DLl PR K IR R (33+2) “C.
1.2 ##Mi5R AR AK

F i e 4 M A S5 5 % IR A =R
MLVSS 4 7. 10 g/L, 31 4 300 mL.
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I % FH A UK 7K, NH,CL I NaNO, 43 51 42 it
NH,"-N HINO, =N, #£7K NO, ~N/NH,"~N 445 7E 1. 0~
1.1, J& 7K b HAh 4 4> KH,PO,-2H,0 . CaCl,-2H,0 .
MgSO,-7H,0 435 4 0. 01.,0. 01,0. 10 /L, ffim e &

I A4 1 ml/L . B0 NaHCO, 2 35 3 7K pH 4
7.5~8.0.

1.3 Rt

P> BFR [R B )i 311, 433217 301 #1283 d B2
HEIK TN ¥ B 2735 5] 525 mg/L LA |, TN 47 fif 43 51 3k
F 1. 80 1 6. 30 ke/(m’-d) , I 5t %2 7y & M MK 7 1o
(LL), J5 & R i (HL) , BAR s F7 &0 L % 1.
TN EBRRFE KT 80% Ja AT i S 52 .

%1 LL-BFRFIHL-BFRHIBEN R IZ1THE
Tab.1 Start-up and operating conditions of LL-BFR and HL-BFR

W B[l /d NH,"-N/(mg-L™") NO, -N/(mg-L™") HRT/h
ILIL HL LL HL LL HL LL HL
Ja 8l 1~34 1~16 5045 100+2 50+5 100+2 8 8
I 35~82 17~64 150£10 200£10 150+10 200£10 8 8
I 83~139 65~121 250+10 250+10 250+10 250+10 8 8
I 140~202 122~223 300+10 250+10 300+10 275+10 8 4
I\ 203~301 224~283 285+10 250+10 315+10 275+10 8 2

1.4 REMSH

T3 dRAEFE  HKKAE 3BT 0. 45 pm 8
JEE, SR AR M 7 V5 %E NH,*-N \NO, =N HINO, N &
B, pH FIEEE 23 5148 FH pH i (PHS=3C) 1R B2 -
FE L UFE A (FA) R S W AH R (FNA) ¥k 2 AR JE Peng
LTI B TE AR, /i B 0~20 em
F120~47 em X B (1) A= 9 RS RN ABORE 15 ¢ , #R41 Zhang
S D e R AR A R AR M (SAA) ;4 iR
Wang 251 1) J7 2 32 B EPS , 2R FH 2K B — i iR 76 1
LW, R Lowry BN 2 A & A
1.5 ERIHEzHhHZE

K ] Haldane £ 78 451 4 PR S8 2 S8 A il 3 1 27
1, Haldane B8 77 F LR 2

- o
1+ ? + f

g AN H A me/(g-d) 5 q,,,, TR

HOR mg/(g-d) ;S HIEFIRE , mg/L; K R 10 Fe
B, mg/L; K A H 40, mg/Lo
LI IE 1T 45 A, BUBFR H 0~20 em X B
14 24 P PSRN UK 35 6, Y SR A T R4 T 3L S 1 3
F12EAR G o UKL S U RN A ) B 28 Wl TR 3k % vh s TR
(PBS) Y3 E0K 543 ) & F 100 mL L35+, NH, N
046 e 3 4 5905 R 25.50.100, 150,300,350 . 400
F1450 mg/L, NO, =N ¥ & {R- HF 7€ 100 mg/L, I 5 £
RONH, =N 2 Bl R SR 28 Uik 50 0 7 45 K
NO, -N =B 5, Horfr NO, =N 47 Uh v 5 43 ) 3%
}25.50,100., 150,300 F1 350 mg/L, NH, ~N i Ji& {#
HEE 100 mg/L,
2 #%R5iw
2.1 BFREIBZHEIETT
2.1.1 BFRBLAERE
LL-BFR 1 HL-BFR 745 B Befa e P A
FBRMFE 2R,

%2 LL-BFRFNHL-BFREZMERIEMNEHRERE

Tab.2 Average nitrogen removal efficiencies of LL-BFR and HL-BFR during stabilization period of each phase
- NLR/(kg-m™-d™") NH, -N 5% /% NO, -N £BE%/% TN £BR/%
e ILIL, HL LL HL LL HL LL HL
Jr sl 0.30+0.02 0.60+0.02 99.45 99.52 97.53 97.05 85.56 89.48
1 0.90+0.02 1.20+0.05 92.09 90.53 98.74 95.24 84.18 84.64
I 1.50+0.02 1.50+0.05 92.28 89.42 96.47 89.39 82.90 80.88
m 1.80+0.02 3.10+0.10 61.55 86.61 71.16 90.23 56.65 81.65
v 1.80+0.02 6.30+0.10 92.33 86.52 93.00 90.81 82.24 81.76
S L 2T B TR LR SR B 1T TN J RS IR R 80% LI I, 1

JK TN HeJ& LIFETE NLR £ 1. 50 kg/(m*-d) , W 521 2%

— AT, DA A B R e B A
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AR 3 P 7

BB, LL-BFR $2 & E K TN ¥ 2 LA T+ NLR
% (1. 80+0.02) kg/(m*-d) , HL-BFR F& Ik HRT 442
JFNLR % (3. 10+0. 10) kg/(m*-d) . LL-BFR & /& ]
B 25 TN 25 5 54X K 56. 65% , i HL-BFR %4 5E Y]
25 TN K BREF8iR 2 81. 65% .

BrBe IV, LL-BFR & £ #F 7K TN ¥ B2 F1 NLR A~
A8 W HEK NO, —N/NH, -N 84 1.1, B2 W1 TN
EBRRIAF) 82. 24%, HL-BFRAkL:45% HRT £ 2 h
f#i NLR i %] (6. 30+0. 10) kg/(m’-d) , £ 5 # A5 TN
R PR FIEE] 81. 76%, F B IR H 2 A b B b BFR
T e AT T X e R R ELAT i ) M
2.1.2 BFRJFEK FA FIFNA 25 AL K SCHRRT L

@ BFR 1K FA Fl FNA ¥ 7254k,

W/ BFR 7K FA 1 FNA ¥ 3 728 4k 11 % 3 Br
7N o Bt HE K AR BE B 82 , LL-BFR H FA R FNA
HE, B B 4 v A9 FA R ENA MR T IRA R
AAL TG, T OB A BT R B BE IV A L R K
NO, -N/NH,"-N {fi J& , FA W& A F & i FNA B A Tt
i IR AL TR IE N T 55 FA FITENA Y EE S, 76
PEVK A . HL-BFR 7E B B 1 A0 11 A9 i 7K FA R FNA
5 LL-BFR &ML, Br B ANV (9 33E 7K FA 5 FNA ¥
W& A% F LL-BFR, {H £k HRT ., = & fr 444 F L IR
AR AALTE IR Z B

%3 LL-BFRAIHL-BFRi# sk FARN FNA R EEZE 1L

Tab.3 Change of FA and FNA concentrations in
LL-BFR and HL-BFR influent

LL-BFR HL-BFR
BBt FA/ FNA/ FA/ FNA/
(mg-L") | (ng-L7) | (mg-L") | (png-L7")
A 8l 4.57 4.01 7.56 10.92
| 8.32 20.66 10.73 27.89
Il 15.89 28.85 15.61 29.01
il| 16.66 39.05 14.05 3331
v 15.96 40.26 13.33 36.94
@ SCHkX
HETAFFE A 1 FA R FNA J2 IR & AL T

F1% S B 400 1) 750, A A e B 5 pHL il JRE RS W vk
A 5 HESCHR O AR FNA S PR AR S Ak AR 11
TR st . PR A T 2R ia T 2 F A
15 YR o7 22 S AR AT AS [R5 T FINA 044 1 (L A 22
FRAE K, ATEBIE G FAS B9 A 3% 22 I 4 3t =X 52 i

75 H FNA 9% B2 XF Anammox B9 4170 il 52 0 % EE UL 3% 4.
AT, BFR 55 57 04 PR AR =SB TRR i FNA ¥ 2 410 71
HAT B I HRPTIE Ko
F 4 FNAK EExF Anammox i3 i 5 i ST ik X Lk
Tab.4 Comparison of literatures about effect of

FNA concentration on inhibition of Anammox

Jvies | TR/ . FNA/ | Anammox#l | &%
) .. |#EKpH 1 \
A C (pg L %% SCHik

17 10
UASB 33 |7.5~79 [11]
26 20
UASB 35 |7.5~7.8] 30.79 90 (6]
UASB 35 |7.0~85| 150 0 [10]
BFR 33 | 7.5~8.0| 40.26 0 PN

2.2 BFRREZEAWEFMEZ NZERSHXILL
2.2.1 JREASAMIETANG ) 17

AR S e A1 s G467 235310 2K Fi] Haldane #8400 5
PRARE SAACTE M i 3 J1 27 25 RN 2 3 B o

- - 26

k26 ~ u ‘~_a /

T y=29.28/(1+10.79/c+x/4 408.64) T n

o oy R=0.959 o0 24 7=29.00/(149.54/x+x/2 350.00)

0 20 m =0.929

g g

= 22 = 22

< <

20 e v - - - -
0 100 200 300 400 500 0 100 200 300 400

NH,"-N/(mg-L™") NO,-N/(mg-L™")
a. NO,~N=100 mg/L b. NH,"~N=100 mg/L
E 2 LL-BFReRESEEMNLEFING 3 F4F

Fig.2 Kinetic properties of Anammox substrate inhibition

in LL-BFR
~ B os66U1+681xtx/47000) 1202 SANIH16.45l4/270.34)
L 45 £=0,910 L 40
w0 40 35
g g
35 < 30
< < -
7 30 " 7 25

0 100 200 300 400 500 100 200 300 400

NH,"-N/(mg-L™") NO, -N/(mg-L™")
a. NO,”~N=100 mg/L b. NH,"~N=100 mg/L
E3 HL-BFRHRESEMLEFIME 3 N 25

Fig.3 Kinetic properties of Anammox substrate inhibition
in HL-BFR

i & 2.3 7] A1, Haldane #5259 B8 4% 55 4 b $01 &
BFR H P Fift 25 o IR SR = SR AL A i 3h 127 o
FEAR AR AR T RS A TR T A, D A
SEMNK— BT ZRAMN K. ABF5EH, HL-BFR
f14 22 520 R AiF 25 20 il 8K 23 531 O 470. 00
270. 54 mg/L, LL-BFR 1) 2 20 F1 A 25 S0 6 H 4%

0
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K73 14 4 408. 64 12 350. 00 mg/L, ¥ 5 #if A FIHF
FAR O B PR A E AT ) NO, =N i v i
B, NO, =N A/ F e NH, =N Bk 1 3%
2.2.2 JRAEGSEACETI GBI 12 S 00 LT
HL-BFR 5 LL-BFR K4 & Atk 3L B4 il a0 )
SESHOF LA S, R, 4 5L NH, -N A1 NO, -N

Y R4 300 s, e K NO, =N Fl NH, =N 25 5 i R 4
K Qs> Gy » 22 B 15 001407 1T DA 55 IR R0 AL AL
TR e R LU TR, A R T 4 i i B R A A
S1 o ABKHI B T Y K, ) <Koy, R LE
I A far ™ W 14 IR AR 2 484 TR 6 NHL, =N FTNO, -N
FLA SR 03 I

&5 HL-BFR5LL-BFRREEFLERMH 3 HFSHILE
Tab.5 Comparison of Anammox inhibition Kinetics parameters in HL-BFR and LL-BFR

5 iy DL NH, =N AE 41 i 51 PLNO, N A& g #17 il 551
o/ (mg-g™'-d™") K/(mg-L™) K/(mg-1™) G/ (mg-g™'-d™") K /(mg-1") K/(mg-1™")
LL-BFR 29.28 10.79 4 408.64 29.00 9.54 2 350.00
HL-BFR 56.61 6.81 470.00 62.82 16.45 270.54
2.3 BFR B E RIS PN/PS 4 W A 0T, T 3502 1 2 A o R 4
2.3.1 BFR KA R AN 08 1 A 5 R O S 5% R ORI R

IBATEE AR, 0 SO g A ) X B DR {5 e Al
FEWIIERY SAA BEATINE , 45 R IR 6 T
%6 LL-BFRFAHL-BFR A [E X EZH) SAA
Tab.6 SAA in different zones of LL-BFR and HL-BFR

mg-g’] -d!
5 g 0~20 cm [X Bt 20~47 cm X B
W oy, T N N
Y | kG e | AR | kSR
LL-BFR 17.73 24.82 11.28 5.79
HIL-BFR 49.24 47.82 18.26 14.17

2 6 ] 1, AR IX B, HL-BFR A= 9 B A
Wkr 75 JE A SAA 34 5 T LL-BFR A% R (A, X 5 3
T A0 B0 2 i 2 e — 20, B e R IR R
B BITEPE T B . 0~20 em X BEURT5 U6 A AR 4
1 SAA #5255 T 20~47 em X B 1% AE , X 5
BFR F i I 4 o 2 17 07 2047 56, 0~20 em X
BORMH T KB R fr, I BT FENA LR
it .

2.3.2 BFRHEYE M EPS Fitk

EPS 2 Wy B ALY ORI U A W BB 1) O
HEY) I, F 4 4 LL-BFR Al HL-BFR ¥ f2/E 9 & 1
EPS 4 M & . AT, 0~20 em X BEfK) EPS 4 5 &
W1 5 F 20~47 em X B, HAHTR X BN HL-BFR (%)
EPS 4 & 85 T LL-BFR, iX 5 BFR 1 SAA 13l
FE G5 R — B, BVTE T i i R B R A T T A
[ IR Z H EPS. EPS [ 24143k PS FI PN, H:
o PN KPR A R T 2R RE R R TR EY .
BT EPS 4143 nI A1, PN & 2 B Wl 5 F PS & i, W )
I 8 4% X B A W) i 1 PN/PS 7E 3. 40~5. 70 Z [A] , 75

HER

140
mHI-PS
120
~ 100
a
i 80
E
£ 60
=
40
20
0~20 cm 0~20em  20~47 cm  20~47 cm
Wikrisle AW WkEle B
4 LL-BFRFIHL-BFRIEFRAVMENEPSHARE S =

Fig.4 EPS composition and contents of biomass along
LL-BFR and HL-BFR

25 I BFR MK X B 7R A2 T 85 e 1 807 g R
W BE R GIE K X B AR ) 7 R TR 2 1 EPS LALR Y
BRI DTS, 55 PN/PS 5 {3 2k 4 4 15 803% Fn ¢
R L AL, DR AR A TR TE = RO R s A AT T
A7 U6 TR Z2 11 EPS DAL IE H =5 SAA. I, & EPS
B 5 M PN/PS B2 v U AT B 4521, SO Mk
TR RIS AR = U o] ) o A
3 %t

@ W4 BFRZEFEK TN YK T 525 mg/L .NLR
5354 1. 80 1 6. 30 ke/(m*-d) B, Y5280 1
80% ) TN 2[4 3 , 2 W BFR BE % 7K 52 %5 5 i FNA
I, EL s TR 43 SRR A (4 00 ] B 4

@ KM Haldane 44045 BFR 1R 4 2 F AL
LM 2h 7y 2% 5 AR, NO, -N X IR A A Ak
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PR ER A il i 5O, IV E R B . =y sy IR
A AL A B S 1 iR NO, N B NH, -N Bk
PR A W0 PR S 5 I B e IR AR AR TR 32
RO B R BTk, LA B 44 e, ke R o
ELA 3 1 3 7

@ BFR AW 7E7E K X B (0~20 em) ) SAA
FIEPS & 53 5 T J5 22 X BE (20~47 em) X R A,
2% X B L PN/PS(3. 40~5. 70) 45 Hy , W 7E 5
R B I = R AT R, A W 43 W6 5 PNYPS (1) EPS
DU R e BB A= W 2540, DR e K X B S B T
SAA, PRIIE T BFR 5230 155 250 2% Bk 0 mT A0 o vk
RO HE K XA R i
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