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Abstract: Even discharge standard grade A is achieved in wastewater treatment plants ( WWTPs) , the
effluent still contains abundant nitrogen pollution, which can cause deterioration of quality of sensitive
receiving waters. Thus, development of tertiary denitrification technique to advanced nitrogen removal is
required. In this study, four liquid carbon sources, including sodium acetate, glucose, methanol and
ethanol were used as external carbon sources to explore the feasibility of using the sequencing batch

reactor (SBR) suspended sludge system to further remove low-level nitrogen from secondary effluent. The
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experimental results show that when the nitrogen volume loading rate was 0. 03 kg/(m’-d) , all of four
denitrifying-sequencing batch reactor (DN-SBR) systems can reach a NO_ -N removal efficiency of more
than 97. 80% with effluent NO, -N less than 1 mg/L. The COD/p(N) required for the four systems were
5,12, 6, and 7, corresponding to a carbon source required of 7. 35, 12. 00, 4. 00, and 3. 37 g¢/g NO_ -
N, respectively. The required dose of ethanol was the lowest and the glucose was the highest for complete
denitrification. Determined by in-situ measurement method, the average nitrogen removal rates of the four
systems were 0.72, 0.19, 0.32 and 0.73 kg/(m’ +d), respectively. The ethanol and acetate system
presented higher reaction rate and the glucose system was the lowest. There were great differences
between the compositions of microbial community in these reactors added with different carbon sources.
After an operational period of 78 d, the diversity of microbial communities in acetate- and glucose systems
decreased. Firmicutes phylum microorganisms dominated in the reactor with acetate, accounting for 94%
of the total microorganisms. The dominated phylums in the glucose-reactor were Actinobacteria (45% )
and Patescibacteria (44% ).

ethanol systems increased compared to that of seed sludge.

In contrast, the diversity of microbial communities in the methanol and
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Table 1 Characteristics of wastewater

24 p(NO;-N)/(mg-L™")  p(NOy-N)/(mg-L™") COD/(mg-L™") B/ C pH
YIE 0.34 15. 40 27.23 25 8.29
5 Rl 0~1.87 10. 81 ~19.94 13.19 ~46. 02 24.50 ~25.50  7.79 ~8.51

R A8 i 75 e 210 L, W B U A 25 S K P R
G BOT BT 1 L BRI b B S 30 A0 e 3h 5
FIA 60 mL, 38 35 78 57 Mtk P50 VR 1 Jo 12 Wk B2 R B
A ] B #E 7K COD/p (N). FIF{di F #0481 LA
COD/p(N) i, 1 NO; -N i H 15 mg/L ¥
VMR IR T I COD/p(N) |, FFAESEhR I E )5 ,
PL1 g Tk ZFRENXTIN 0. 68 ¢ COD 1 g — /KA Hi %
BEXTI 1. 00 g COD 1 g FEEXT 1. 50 g COD 1 g &
BEEXT I 2. 08 g COD A 33056 by At 058 V75 WL 174 I i Wk
FE. CTREN A% 05 43 ) ok [ 285 0 B sl ek SR
FRN [ 2553 B 26— K B fi A B A T O IR, | 2T
VA TR VA FH 43 B 2 2 R N o0 BT SRS 2 B
I B A KA T AR

5 I RN 5 e ok 1 b 5 S U5 V5 /K Ab 2
J7AAO T2 R TE I 1% 1.2 A B T A= 7
VK. RS TS U T R R MLSS S (2 412 £107)
mg/L, MLVSS 4 (1557 +67 ) mg/L.

1.2 RERERIEITHE

YR 4 A4~ SBR #EAT (WK 1), SO A T
A HLIEES | 5 48. 00 cm, N4 17. 50 em, A SR
10 L. fHFIRS 254 0. 50 C AR I35 A E IR Y
I i El i R EE Ry 25 C A4, JROKFAh
Il o i 2 A EE SR R IEOKFE AL 4 S
N AT BN LR R A AR T SR R A
WRIEIT 30 G 50 1# 24 3# 4#. 4 DRV A+ 81T
JEV AR R ELAE 3N 50 o R v R R N AR g S
4 h, 7 14 min #7K 2 h $iE3E 30 min HEZK F176 min

R HEK L 50% . AR3EATE Y COD/p(N) 530 4
BITI B R4S B BOUTFH COD/p(N) I3k 2.

%Jﬁif%‘“ﬁ%&

. Hk
{FE25 °C

3 5

SR

Bl S R
Fig. 1 Schematic diagram of the SBR reactor
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Table 2 Operating phase of the experiment

SR # iR COD,/p(N)
BBt 1# 24 3# 4
W WA WEE LR
I (30—24 %) 5 5 5 5
I (%5 25—27 K) 4 7 6 6
I(%528—30K) 5 10 6 7
NV(5#31—80 K)" 5 12 6 7

@O  HAF5 36—46 K THEIE BT 11 d.
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BRI 1 (8] A R X K T NO, N NO;y =N
COD, Y i FEHE AT I 2. NO, -N il NO, -N >k
H Metrohm Compact 1C-861 R R G ml b=
a3k 7045k ASUPPS 150, I %2 Fif# B 0. 22 pum
FLAR 08 JE R A7 3k 8 COD, SR FH 22 JN i 4 5B-1 #
COD Pt 22 A0 % s pH , DO i B2 R R E WTW
A 5 G AL ( Multi340i ) A0 TR 25 V0 7 1 A vk
JFE (MLSS ) R & B 17 [ Ve BE (MLVSS) Sk H bk
YT L (100 mL) W 5E ; 75 AR R B (SVIZ0) R H
FEbRZL, AL 100 mL BEHSEA R 1 L .

FEREFRES 77 RO R s RS T R IR 42 8 1
FE RGO R EBRE . 5 77 REFXT R
Nies NO -N A AR AEHEA T 2, 14 24 3# 44X
N #§ AT COD/p(N) 43514 5.12.6 .7, 4 ik
7N AENGEIGIE SN 2 p(NO -N) <1 mg/L )i
o el S AR R AR (R? >0.80). ik
PP S 5 F2 (0. 08 min) Bf RS NO -N Ji
W R IR R B S, , B R G AW K
p(NO-N) <1 mg/L BHIBFEITEA ¢, EBT NO -N Jit
HRET R S, H

So B Sl

SR ERRHE R = m X

ARG VA LBEHEE. B0 kg/(m’-d).
1.4 BEENFRITHZE

FEIZATHE 78 K, 43 B 4 A~ B N 25 4 £ 1
STHPIRZS T B9 Y5 JERE & 100 mL, 2.0 3 min, fff FH
HTHLAE - 50 C F #4722 % T (LABCONCO
Co. , Free Zone, USA) ,BfiJ5 ¥ 4 >3 P AE & A 42
iy P AR Ak & 1V S8 A W R 2 B R A BR A
A HEAT 38 0 4 AT, B &b 16StRNA H Y V3-
V4 X gy o3, B M 5l W ok 338F (5'-
ACTCCTACGGGAGGCAGCAG-3') 5 806R ( 5'-
GGACTACHVGGGTWTCTAAT-3"). i & J5 14 F
Bl e ke & NCBL 8 &, Wi H % 5 N
PRINAS597417. XF3RAGAY 5 ANFE i 1Y /55 8 & Fcds F
FTAbRE, L 3% 1 25 S5 B (K L4328 Ok 7 571 3R s
YE43 25 B JC (operational taxonomic units, OTUs ) , 3t
A% 3980 4~ OTUs, B )5 1 FH V- & X T ik 46 it 47
53 HT.
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2.1 REARSKHEINRERIREGER
4 S FG8 A S W a] K58 A7 Ko an 18T 2 B

1. 44

R, WL COD/p(N) YTEAE S 2 A RR TR , 4
AN B H K NO T -N B RGE /N T 1 mg/L, 55
M 2K A B . 7K BV 40 d B3BF T
B N ERZAET | mg/L, REMARCRRGE.

BRI, RGN G it A TAFE. &
TR R G AEAR LR COD/p(N) =5 AT IL T LA
N RE 7RSS 1 RAEIAE] T p(NO;-N) <1 mg/L [
LR BRIt 4R i i) KRR, TE5E 24 KIEAK
COD/p(N) & 4, IV g fE P EE 4 K H 7K NO -N i
HHAE] 3. 90 mg/L, FEAERE N R 2 d HERE R IFLE
2.00 mg/L. TE55 27 REFK 7K COD/p (N) I Bl 2
5, ZGHKERCRA RS ABABRE SN, 1 1]
15 1HIE1T 11 d FFAE 4 C N RAFTS Ve, B S S8 LK
COD/p(N) =5 3 shfnies,3 d Ja KRG EHIK EFaE
IRZS, HKASRERIR T 1 mg/L IF-4EEF T 40 d LU L.

WA RS AR L COD/p(N) =5 KT, &
SRIESE 1 KM 3 R Kik 2l p(NO -N) <
1 mg/L WZER (AR 1 19 d B K ¥ {E &k
6.80 mg/L HEERG M B T AR B, o,
HTZRsfT R AR LBRA 4, 5 22 K il
K p(NO -N) & ik 11.7 mg/L,{H COD A & F
K. BfJE¥ it K COD/p(N) $ 7+ 8] 7 I — 2P
F 310, REMARCR B AL FHE 2 A e B AT
FE 3 d N A B AR R 0 gk 2, P ok
p(NO-N)TE COD/p(N) =7 IfF&E7E 5.5 mg/L
1Ml COD/p(N) =10 B} F2E 7F4. 4 mg/ L, 5 27 KAT 2
=1 COD/p(N) 2 12, HH/K7E 2 d Wik %] p(NO, -N) <
1 mg/L I-HERARRE .

Wl 2R 48 fE 7k COD/p (N) =5 B, ik
p(NO -N) 7 0.33 ~ 6.24 mg/L J% 3, H /K
p(NO-N) /R BE/NT 1 mg/L. 24 B U5 8 o = 4%
hn, #E/K COD/p (N) h 6 I, Hi7K p (NO-N) & F
| mg/LIFARIFRRE. RN a5t k38 17 5 AT A 31,
#7K COD/p(N) =6, RELH 3 KKK B 7 A K-,
H7K p(NO-N) <1 mg/L. {HRSG W ELIEREAR
T, ATRE R UITEL. 26 64 .65 RIG MR IR A0
K COD/p(N) =7, RE M AMEREIK B 25 A
K FFEHEK COD/p(N) WK 6 BHRATFERE.

LR GAEE K COD/p(N) =5 £&1F FistT,
SHEE RS, RGHK NO, -N AUESS 1 KA
%2 K/ANF 1 mg/L,BEJS7E 1.5 ~9.0 mg/L Z [a]%
gl BB IESOIN 23K COD/p(N) =6,2d J5 &
GiHi/K NO-N &2 7F 3. 30 mg/L A 47, BRIEHIN
HPE— A #EK COD/p(N) =7, 7K NO -N {i%



1162 I m T Wk K %= % 2021 4F
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& 51 sy, B
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< SL * Y 5k & f&“
b o * e
e A 1 mg/L. ﬂ &
e e ofl®
30 50 60 70 80 0 10 20 30 'S0 60 70 80
t/d t/d
(a) 1#(Z124M) (b) 2# (%K)
CODIp(N)=6
Bleobp(N)=5 | CODIp(N)=6 B[CoDp(N)=5 /1 CODIp(N)=T
~ ., ~ 20/,
3 ° LY o ° °
0 e®ew ’l; : - o’.‘~o N P , .‘ . .f.‘~o
E 15] . & o o0 o0 ¢ S 2’ o °O W ¢
= * o0y o® A o N & 0 o0 ° L
= o * o* - -1 e * o® &
T 10 ¢ ~. 10 °
& " =) Yoy *
z z i
T 5lF N R A
8, S| 200 g ud
Lol ﬁ&l o 2 1 mg/LL
O-Mmm. e i 0P T S i B
0 10 20 30 0 10 20 30 50 60 70 80
t/d t/d
(c) 3#(HEL) (d) 4L
e HE/KNO--N A Hi7KNO;-N o HH/KNO-N % H7KNO--N
E 2 JH3h DN-SBR &4t NO. -N BB PEaEAEfb

T 1 mg/L R E. RN 45 1k
g, #7K COD/p(N) =7, RGHIKES 1| RIEWKE
FNFEA K KRR ERANT 1 mg/L IFECHERE.
3 IR T RN v e B B (5 50—T79 K) Y
iR fE. 4 N g B9 NO.-N 25 B 32 3% 3k 3|

Fig.2 NO; -N removal performance in DN-SBR

B AT IR HHA

*3 7TEEME DN-SBR Bt & iEaE
Table 3 Steady state performance of DN-SBR

97.80% LA L, 7K ¥ NO-N Jit & ¥ FE ik T
1 mg/L. Ho BRSNS , REEH NO, -N 2%
Bk 2R 2 s R i e, L 25 B 4 e il Rk o 75 1Y)
TR AR et Fpe AR T 80 2 0 Sy S s R R
RIS HL 2B v R R T 7 B VAR I o A .

FRids 1 g MRRER TR BB /g K p(NO-N) )/ K p(NO;-N)/ FHEINO-N IR ERRHE AR/
Gi's (B g FHRRERPFTIHFERR IR /) (mg-L ™))" (mg-L™") FBRR2 /% (kgem-d™")
1# 7.35(6.71 £0.63) 16.5+1.7 0.26 £0. 19 98. 4 0.72
2# 12.00(11.28 £1.48) 16.4 £1.8 0.31+0.23 98.1 0.19
3# 4.00(3.78 +0.60) 16.4£1.7 0.35+0.35 97.8 0.32
4# 3.37(3.17 £0.85) 16.5+1.7 0.17 £0.12 98.9 0.73

@itk ,NO; -N SRR NO-N 14 97. 7% ~98.1%.

@F-# NO -N L& =

K p(NO,; -N) - P4 1HI7K p(NO; -N)

x100% .

T3 K p(NO,; -N)



2510 1

WOKER, A DUMBRIR AT T T 75 K AL BE T /K TR BE I LR PR RE S5 U I R R 454

1163

2.2 RM=FRTFRRERERITENE

4 ARG TG e T e AR A AN 3 BT,
IR BL 4 > R GET5 Ve B v B KA BT T B O
LA T #R] 4 AE D A1 T e RN R 48 1Y 9 8 TR
IR A BT LT 15 U B R R R R T RE 2

3500
>y |
3000} N i
o I
2, 2500 @
e L |75}
5 2000 o
Eﬁ
ﬂﬂ%{ 1500t 104 =
‘E 1000+
;E 10.2
T 500¢
L i orirereie st e i el Sl
1 6 14 19 26 33 51 57 63 70 78
t/d
(a) 1#(ZTREN)

3500
3000} o 08
5 ) i
= P o] Slad SN ol
-~ 2500F »
& - 10.6
= 20000 | A 0
> L {04 £
= 1500 -
‘3,5 1000+
i 102
T 500¢

1 6 14 19 26 33 51 57 63 70 78
t/d
(c) 3#(HEE)

[CIMLSS [COIMLVSS

P T ANIE Bl Ak 2% 1 R AR o 3 Y ke, (EL TR
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TR 45 R RRE 1) 33 T S A 1) TR R 114) T80 34 ¥ 728 R i 2K

3500r

3000 B o '} 108

2500 @y iy |5

2000r h
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(b) 2# &N

3500
--p
30000 —— 0.8
= K [ andl g
5, 2500F XN los
E N B
= 2000k | m A
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&z 1500 =
=
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Fig.3  Variation of sludge concentration in DN-SBR
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WEEAT G, BEAE RN AT, 45 4 BN 2% 15 e 1T
FEPEREXTE RS 2 FEUE AR W i sl e A e IR
A, 1HIRDIREMERR & AU i | oK BT Tt ik
FEAIK, S R G5 e i i vk B AR e R 43t 1T A R 254
Ffitt— 1 R Gk B A X AR RS, SRR AN
NIRRT | 2R G0 075 Ui T R 14 Rl AR fh 1% 0 B R
W, Fe s {EIRF) 157,90 mL/g, B & A R i 75 7
M. ST RESE T R R A LA 5 T
LARTIGAKG. 3K SR AR ST RGE T 7E AR A BL
A T BN SR BN SR AR BRI 3 3 B 22 4R T
TERK NG, Wit HEE > I gE i — 28 R, TR AR

200
- (L)
- 2#(HAIH)
150l o 3#CHIEE) e
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£ -
Z 100F -
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Fig.4 Dynamic changes of SVI in DN-SBR
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AR 2R L S50 2 W 1) 1R 28 BE L R A T R i
2.3 AEHKBERMUERGZHNSESNF S5

R4 SRR T AU SAE AR BRI R 78 d J5
4 A AL R G5 e AE A TE OTUs /K 1Y
Chaol ,Shannon ,Simpson ,Sobs ,Ace $5 0. H(¥i W~ ,
SRR I, 2 CTRENFIHE AR I AMMBR IR, R ST
A ) R R R T B, Horh LR R Ge el
B, k] REULIITE RN R GE P A AE 58 JI Ao
MBS BCHAB TR YR BB iR Uk 5 1T LA
B2 (| 1) S AN IR 5 5% RO S U E )
VRN —E BT, B OBER G A 2 HE 1
ez,

x4 HERUTHESEEREY

Table 4 Diversity statics for samples

Chaol Shannon Simpson  Sobs Ace
E=F /G F QI £ QN = G 1= §
e 823 918 4.53 0.04 823 918
14 360 488 2.56 0.15 360 488
24 659 899 2.71 0.17 659 899
3# 1052 1224 472 0.04 1052 1224
4# 1063 1192 4.97 0.02 1063 1192

1. OTUs . Chaol 8% . Shannon #5 %% . Sobs 541 . Ace 1§
BOHOK , Simpson FEEGH/)S , U BHFP B Fh AP e

Kl 5 R T HEM TG IE R 4 > SBR RS ik
IR ERYE . SRR, 4 FhaR IR IR T
A Ak 15 U8 B W) Bl A O R A 3R Ak
Nitrospirae [ £E ¥ 38 H 75 fif§ 4k o % bl 31 o 24
LT TR SR = R A, 4 TS e
Nitrospirae [ JAEWJL-F 8 VEE 2. 256 F 4 Fis
PR AL K IRTE SRR T LR S
Actinobacteria [ JA4E4) i Fb 357 BH T [, T 7 A 25 0
R AW S AR R 25% $E T =
45% X A] HEULHA Actinobacteria | ] 4= ) 75 7 25 B
i B AR, To %' SR MAR-FISH J7 3%
X DRAATH AR TS VeI T 9T, 25 5% 7 Jr #  11)  g
A —2 A J& Actinobacteria [ 1429, MO Ry H:
Ry T R B R A ). [F] &, Firmicutes |]4=
YTE N P O RGN FERET
[, M7E CTREN R G i Ah 9 19% 4871 2 94%
HAAXEHEE 5 U Firmicutes 1AW 7E L 182
B BRIR B S AF AL R Ge v Rl g BAT s sE i, B
N EA AL TIRE. Firmicutes | ]2 RA M T &
TN RAEACT 2. Deng 552 Lh SR A hy A infse
U, 0 SBR &7 5 3R R G AT A AL BN, TS 2

REBR R AE m i A &N 4R 100% , T
Firmicutes [ T4 5 008 Az, DL L 25 2R AAS AT
FEALE B T Firmicutes |14 YITE SR 4N Ry B U 1)
SCAEAE R G BA AR, T RES W K R L
FAFPIE IR AT, Fhieh B4 Rt 5 LA
IR X 2 AR TR Ay e F e v 2 o A A
IREG A, T P B AR P8 SRy A 3 35 K v i S A
e S R R LA TP RO 2 iR B AR
AP FEBRIA.

= =
— [ |
— Nitrospirae
b5, (4% [ Bacteroidetes
[ Chloroflexi
— — [ Patescibacteria
199 94% [ Actinobacteria
[ Firmicutes
15% [ Proteobacteria
I A R
e 1# 24 34 4

K15 DN-SBR RGEH 1K bR YR

Fig.5 Microorganism composition at phylum

level in DN-SBRs

TE S A 6 4 W8 B L e o A A AR T
BAERSN L BA T B, RO A L3 &4 3
COD AW RIHFEMAR. XAl REE h TAER R4,
AR 2 G0 TP RE A M FH sl B A 4 Wl Y 32 2 W
SR A AE T A TR A W, 2 0 DRt 2 ) B D e 3
COD/p(N) =12 i, s Wy 46 A A b =
RMERR. Tslesigead fh v Wit ve i) 22 1B 1 L 5
Z—3. FhiH Actinobacteria [ JELA 25% X F
JE 397 78d Jim HAHA 42 BE AR S 5 = 45% , 1%k
[ZGR7/B okl A ER Y NS TP AL - %
MG FPJEH Patescibacteria [ JHAXS 3 BE AR I,
X IR 0 35 4 BE AT REAE AR 55 , T KG 9% 78 d JE
FXT K & 44% , 5 Actinobacteria ] JLF#H
24 Patescibacteria | J4& 2018 43 32 13 2H 42 %) #8 2%
R R TAEWL T IO HENE D FEA
H AT RE S B S AR PE . B T R D BRI
AR B S O AR RE AR SC I i . A
RSP ZITAYENKFELEEEN
Saccharimonadia 2 , #5138 1% 20 A= Y1 7T BE 5 A HLA
TREHHSC H S TE R A PR S5 1Y
EH S CBERGE TG IR IR S AT T AE Y] B



2510 1

WOKER, A DUMBRIR AT T T 75 K AL BE T /K TR BE I LR PR RE S5 U I R R 454 1165

BAM AT SR VER].

T SR BN FR G A % 0% R G2, TP R LB
RGAEN VK B ARRE S A BoA B R . 2
N Z B Proteobacteria | JAHX] A BT H.
45 3= S M7 T Proteobacteria ) A48 # WL 2
WAL THRER " AT e S R G NI BRI HR T2 1)
AHZ. Chloroflexi Fil Patescibacteria [ ] A%} = & 1,
AT X 2 DT TR A T RE S A AR G,
Chloroflexi [ TA: ¥ A B J2& 55 2L SIS AL AR DG T 1288, e
H11 Anaerolineaceae £}  Caldilineaceae £} JG30-KF-
CM45 HEY B R AEAL DI RE S i X 262k Y 7E 2
PRGN Chloroflexi [ 1AM 5 LLi &, 7l i K 4%
— B EACAE T, 7% & 3| Pastescibacteria | ] 7F i
AMERG PRI, LAY ] e B A A LA
S AEAAE .

H SR 2T R 8 I R 45 A A AE — 0 22 5.
HEERGE Chloroflexi [TAHX F W] B T L BE &R
¢, 1M Bacteroidetes [ '] . 4K, B RGEHYREE 0]
HEFIT Chloroflexi [ TAEY R4 K.

3 ZEig

ARWFFERTAE 4 Fis I8 5510 T, SBR 3 B /K I
JEE I AR e P BE AR W R BE S5 M 2R AT TR ST,
FELERWT.

1) FERBERGAHRN 0.03 kg/(m®-d) BYFEH
T, 4 FhAM s IR BT A # Y DN-SBR R Ge /£ TS
SR RRELIZLT 78 d, 15 U Mk B AL R PE BE 4 B %
Wi, TERVENTE, 4 1SRG NO,-N KFRZ
ik #] 97.8% LA b, BB /& 7K p (NO-N) <
1 mg/L HER BAR. B (075 ek BE AN R 4 1 i
PEREVEIIZ IR B A R G B AT

2) AR 4 ARG L IR L BRBCR TR
B COD/p (N) 405K . L TRENZR S8 COD/p(N) =
5,8 R S COD/p(N) =12, H R 5 COD/
p(N) =6, &% COD/p(N) =7, EHILHTIA L
4555 R R FH A B U A, U 1 ¢ NOJ-N #0m
AR IR 4 91 M 7. 35 .12.00 4. 00 .3.37 g. 4 D&
G YR L BRI 0.72,0.19,0.32,
0.73 kg/(m’-d). LR G HA f i B R 2B
RCR Y R 2 BR % H s s Y5 B ik, 8l
KRG E A IR, TIPS R G B AR 2
FR B R L2 17 o S A 12

3) WRIEFEXTIZ R G YR B A
F. CTRENFNHI R AR IR Y R G0 TS P2 A

Pi— H Firmicutes [ J1U4E ) 5 4 2 BR8N 2 Gt
AW MR 1Y 94% |, Actinobacteria [ ] Fl Patescibacteria
I35 531 o5 Hh 0 2 Wl 2R S ) SR 459% 11 44%
HZ MR, Wl O R G e VIR R Z e A
it b Ft.

SE

[1] YU C, HUANG X, CHEN H, et al. Managing nitrogen to
restore water quality in China [ J]. Nature, 2019, 567
(7749) . 516-520.

[2] CONLEY D J, PAERL H W, HOWARTH R W, et al.
Ecology
phosphorus[ J]. Science, 2009, 323(5917) : 1014-1015.

[3] HOWARTH R W, MARINO R. Nitrogen as the limiting

controlling  eutrophication:  nitrogen  and

nutrient for eutrophication in coastal marine ecosystems:
evolving views over three decades [ J]. Limnology and
Oceanography, 2006, 51(12) ;. 364-376.

[4] WANG Y, LINZ, WANG Y, et al. Sulfur and iron cycles
promoted  nitrogen and  phosphorus  removal in
electrochemically assisted vertical flow constructed wetland
treating wastewater treatment plant effluent with high S/N
ratio[ J]. Water Research, 2019, 151 20-30.

[5] ZHENG X, ZHANG S, ZHANG J, et al. Advanced
nitrogen removal from municipal wastewater treatment plant
secondary effluent using a deep bed denitrification filter
[J]. Water Science and Technology, 2018, 77 (11):
2723-2732.

[6] HU H, LIAO K, GENG J, et al. Removal characteristics of
dissolved organic nitrogen and its bioavailable portion in a
postdenitrifying biofilter; effect of the C/N ratio [ J ].
Environmental Science & Technology, 2018, 52 (2). 757-
T64.

[7] HUSBAND J A, SLATTERY L, GARRETT J, et al. Full-
scale operating experience of deep bed denitrification filter
achieving <3 mg/L total nitrogen and <0. 18 mg/L total
phosphorus[ J]. Water Science and Technology, 2012, 65
(3):519-524.

[8] JEONG J, HIDAKA T, TSUNO H, et al. Development of
biological filter as tertiary treatment for effective nitrogen

removal ; biological filter for tertiary treatment[ J]. Water
Research, 2006, 40(6) : 1127-1136.

(97 A Sh I AE 4 ik v Ak 2 3 K T R K i Uik
BRI D). RO BBBHERE, 2011.
XU P. The study on nitrogen removal in biological filter of
extra carbon source for the secondary effluent of municipal
wastewater treatment plant [ D ].  Wuhan; Wuhan

University of Science and Technology, 2011. (in Chinese)
[10] HE S, WANG Y, LI C, et al. The nitrogen removal



1166

b =

T i ok

E 1 2021 4F

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

performance and microbial communities in a two-stage
constructed wetland for advanced
secondary effluent [ J ].
Technology, 2018, 248 . 82-88.

BSI L, WANG C, HUANG C, et al. Reuse of drinking

water treatment residuals as a substrate in constructed

deep sequencing

treatment  of Bioresource

wetlands for sewage tertiary treatment [ J].
Engineering, 2014, 70 295-303.

EWE, s, WM, %, SBR L ZALHSIBRAE G
TR AT REREFERY P AT [V ], JEat Tl K2R i,
2012, 38(8) . 1247-1252.

WANG S'Y, YANG P, GU S B, et al. Energy saving of

real domestic wastewater treatment in a pilot-scale SBR

Ecological

[J]. Journal of Beijing University of Technology. 2012,
38(8): 1247-1252. (in Chinese)

RODRIGUES PANTOJA FILHO J L, ZAMARIOLLI
DAMIANOVIC M H R, FONSECA D F, et al. Nitrogen
and residual organic matter removal from anaerobic reactor
fixed-bed
denitrification[ J ].
Biotechnology , 2015, 90(12) : 2227-2233.

LI P, ZUO J, WANG Y, et al. Tertiary nitrogen removal for

effluent in a reactor with biogas for

Journal of Chemical Technology and

municipal wastewater using a solid-phase denitrifying

biofilter with polycaprolactone as the carbon source and
filtration medium[ J]. Water Research, 2016, 93. 74-83.
I P, XING W, ZUO ], et

denitrification for tertiary nitrogen removal from municipal

al.  Hydrogenotrophic

wastewater using membrane diffusion packed-bed bioreactor
[J]. Bioresource Technology, 2013, 144 452-459.

LV X, SONG J, LI J, et al. Tertiary denitrification by
sulfur/limestone packed biofilter [ J ].
Engineering Science, 2017, 34(2) . 103-109.

EWE, BT, B, & LU AR N SR IR Y
AMIRARA[ ], U Tl R &2 2A4H), 2009, 35(11)
1521-1526.

WANG S Y, YIN F F, HOU H X, et al. Biological

denitrification with methanol as external carbon source

Environmental

[J]. Journal of Beijing University of Technology, 2009,
35(11): 1521-1526. (in Chinese)

g wKER, ERE. AR SN TS U R Ry
PERYZI [ ], Ab A0 Tl Ko7 524, 2009, 35(6) :
820-824.

MA Y, PENG Y Z, WANG S Y. Effects of different
external  carbon  sources on the denitrification
characteristics of sludge[ J]. Journal of Beijing University

of Technology. 2009, 35(6) : 820-824. (in Chinese)
SR, WML, T, . LN I ik R

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

7y E ISP T R AN RS & S R NG o o
(HERFL2ERR) , 2007, 39(3) ; 349-352.

ZHANG L Q, YUAN L J, WANG L, et al. Study on the
effect of acetate sodium concentration on denitrifying
phosphorus removal [ J]. Journal of Xi’an University of
Architecture & Technology ( Natural Science Edition)
2007, 39(3) : 349-352. (iin Chinese)

Wt RN, A, SF. BRI RS YR DU L
AE M 2R E R RE M [T]. e T 274, 2011, 62
(12) . 3471-3477.

YANG X, HUO M X, WANG S Y, et al. Effects of
carbon sources on sludge settling and filamentous bacteria
growth[ J]. CIESC Journal, 2011, 62(12) . 3471-3477.
(in Chinese)

ITO T, YOSHIGUCHI K, ARIESYADY H D, et al
Identification and quantification of key microbial trophic
groups of methanogenic glucose degradation in an
anaerobic digester sludge [ J]. Bioresource Technology,
2012, 123 599-607.

WANG H, HE Q, CHEN D, et al. Microbial community
in a hydrogenotrophic denitrification reactor based on
pyrosequencing [ J ].  Applied Microbiology and
Biotechnology,, 2015, 99(24) : 10829-10837.

LUO J, LIANG H, YAN L, et al. Microbial community
structures in a closed raw water distribution system biofilm
as revealed by 454-pyrosequencing analysis and the effect of
microbial biofilm communities on raw water quality [ J].
Bioresource Technology, 2013, 148(11) ; 189-195.

DENG Y, RUAN Y, MA B, et al. Multi-omics analysis
and fitness differences in typical

reveals niche

denitrification microbial aggregations [ J]. Environment
International , 2019, 132 105085.

HERRMANN M, WEGNER C, TAUBERT M, et al.
Predominance of Cand. Patescibacteria in groundwater is

caused by their preferential mobilization from soils and
flourishing under oligotrophic conditions[ J]. Frontiers in
Microbiology, 2019, 10 1407.

TEF. A R £h AL T U8 K W R pL ] S o R A1k
[D]. dbst: JEat Tk R, 2019.

WANG X L. Mechanism and process optimization of
nitrite enhancement on sludge digestion [ D ]. Beijing:
Beijing University of Technology, 2019. (in Chinese)
WANG H, HE Q, CHEN D, et al. Microbial community
in a hydrogenotrophic denitrification reactor based on
pyrosequencing [ J ].  Applied
Biotechnology, 2015, 99(24) . 10829-10837.

("iERE K &)

Microbiology &



