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Advanced Nitrogen Removal of Biogas Slurry Secondary Effluent by Simultaneous

Nitrification-Autotrophic Denitrification Driven of Iron and Sulfur

OUYANG Chuang', SONG Lijie', XUE Gang”* , XU Lei’, CHEN Hong’, LI Xiang’, ZHANG Ai’
(1. Shanghai Environmental Sanitation Engineering Design Institute Co. , Lid. , Shanghai 200232, China;
2. College of Environmenial Science and Engineering, Donghua University, Shanghai 201620, China)

Abstract  Aiming at the problems of high concentration of nitrate nitrogen ( NO;-N) and ammonia nitrogen in the secondary
biochemical effluent of biogas slurry, the influencing factors of iron-sulfur synergistic enhanced simultaneous nitrification-autotrophic
denitrification were studied. The results showed that under the conditions of no external carbon source, iron-sulfur synergy could
enhance the simultaneous nitrification-denitrification and effectively improve the removal rate of TN, NO;-N and ammonia nitrogen.
Then, the results showed that the optimal S/N was 2.0, and the removal rates of TN, NO;-N and ammonia nitrogen under this
condition were 51. 25%, 83.63% and 67. 33%, respectively. Further, the optimal S/N conditions were selected to study the nitrogen
removal kinetics of the process, and the results showed that the TN removal pattern conformed to the first-order reaction kinetics within
0~15 h, and its reaction rate constant (0.051 0 h™") was higher than that of the control with no addition of iron scraps and sodium
thiosulfate (0.0355 h™"). The microbial community evolution under the optimal S/N condition revealed that the addition of ironscraps
and sodium thiosulfate increased the richness and decreased the diversity of microbial communities. The addition of iron scraps and
sodium thiosulfate significantly increased the abundance of autotrophic denitrifying bacteria ( Thiobacillus, Ferribacterium ) and
heterotrophic denitrifying bacteria ( Defluviicoccus, Candidatus_Competibacter, Thauera) .

Keywords biogas slurry secondary effluent simultaneous nitrification-autotrophic denitrification advanced nitrogen removal
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HFE RAEPFEHF R TR R EZAIEFTY
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PTG T AR N PR AR 22 AR S AR S HE
1 MBE5FEE
1.1 REEESEMTRE

TR S g AR R BE 43 50 110,160 mm, A7
BTN 1 L, OV A5 2R R 98 P8 e AT 1 1 |
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Fle

1.2 KBEAKkEETAR
BRIE FH /K i SV A G — A A A B
7k, H TN NO;-N NO,-N 2% .COD,, iy FiHik
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- A SR AL 2 R 2 B B B — A
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ABRRR XS RRZH , Forp B A B R A AH 4 T 5 BT A
G HAMBRIR , HoK M, B 5 g A Y BRI,
HICT IR A A BE A R T 52 5 Sl A 5 0y
FRRCR , HA AR5 7 K NOS-N 1k
ME , B A (1) TR £ SO
AiRE Nk 1 R, SRS ESRAET
1517 48 h, I TP R FER R AE (RS 1 =94. 16% )
FHER DM A J57 2 28 10 510 1) A B Ak A0 8 T o g i
o B BRIR BN 2GR R A R T A, A
FERR #8558 @ TR IT 8L, IE AR 4 (DO ) 2+
FE0.5~2.0 mg/L, 13 %} Fik 5, $R B | gk I H:
PR RLXF R A AR L 52
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0. 09NH; +0. 11H,0—0. 09C,H,NO, +
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Tab. 1 Setup Method of Experimental Stage I Reactor
IR kK R A WG IR/ (mg- L") BRldE/ (g L) BRACHR M/ (mg- L")
ZHE K A=) 3000 0 0
A=+ BRI 3 000 30 0
A= W)+ AL IR M 3000 0 130
A+ R AR A CBR R 3 000 30 130
F2 RIeprE I s E
Tab.2 Setup Method of Experimental Stage Il Reactor
BRI HEK SR S A WP/ (mg-L7h) BRAIE (g L") WARBRRRE/ (mg-L7")
YLK S/N=0 3000 30 0
S/N=0. 66 3 000 30 43
S/N=1.39 3 000 30 90
S/N=2.00 3000 30 130

NO;-N NO;-N 2 k B 2B A% DR 5%, I X 4
JNE A TR IR B AR A W TR A S R A AL i AT
30T .
1.3 KSR E S FTE

(1) #HIEbR

ARWFFE T K HTHTE T 0. 45 wm BT JE AR

Je R TN 2R NO5-N  NO;-N 7K i85, 257K i
FEBRY UK 8 TR AR O kLR n 3 3
Fiis .

(2) mrE Iy

E IR S LB IR E B AR AR AE

PEAT R R I . A5 P O S By Be I s

R 3 WHIEIRIGIE Ik

Tab.3 Measurement

Methods for Routine Indices

SIMTEEER W5 5 v PR
N Bl R R ~ 28 S 1O B s KRBT BARIIE Bl BRI fif 25 S OBEE: ) (HJ 636—2012)
HA 4 [ e B vk KRBT A AR A9 IR 6 B ) (HI 535—2009)
NO;-N MR KRBT MRRER AR S50 (HI/T 346—2007)
NO;-N Vipiov 615 SEN KB B RERREREMNE 43C6RE:) (GB 7493—1987)

SRR A S/N 41 W A 32 47 1 5 45 RN P95 8
REW4 20 mL,?’{ 8 000 r/min . 4 C F&.L» 10 min,
&5 PG, 5T -20 C F#fE, FIHIEmSIY)
338F (5'-ACTCCTACGGGAGGCAGCA-3") 1% [ 5]
) 806R (5'-GGACTACHVGGGTWTCTAAT-3") 4" 1
16S rRNA L[ V3-V4 X, ARG A YRS 1E
Ilumina Novaseq 6000 V-5 #E47 & ZEF1 16S rRNA &
DRI Y 8 3k B H RN A 38 S R I e 9 R4S 30
FEH A, SR XA 3 2 B I0 (OTUSs, = 97% A )
PE) AT RIS WA R S R, K o B
2 HA FfedE S/N 4 N A 3s 17 8 45 50
i 5 TR IR SRR 1y 8 £ 58 7 28 B B R A i E AR R B
HL (NCBI) & 5558 PRINA954156,,
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B AR R - A SR A T
XF TN \NO;-N I A BRI
Fig. 1 Removal Efficiency of TN, NO;-N and Ammonia

Nitrogen by Simultaneous Nitrification-Autotrophic

Denitrification Process

NO;-N EBRACR, HARW T, 45 5O 3 5 7F 7K
TN 4 65.60 mg/L,NO;-N Jy 23.58 mg/L, AN
17. 14 mg/L, Wiz 47 48 h Ji , A% v 15 IR 1Y
HWIZH K TN A 38. 98 mg/L,NO;-N 9. 16 mg/L.,
AN 10.81 mg/L, B8 3 40l A 40.58% |
61.15% ,36.93%, 4 + &k U] 4 41 11 7K TN Ky
35.96 mg/L, NO;-N & 8.06 mg/L, % & J 10. 40
mg/ L, B 5K 45. 18% .65. 81% 39. 32% , 't
Y+ ACHR R AN ZEL K TN 4 34. 69 mg/L,NO;-N Jy
7.91 mg/L, WA N 7.08 mg/L; £ F 455 K
47.12% 66. 45% 58. 69% , Bk thA s Ak A A6l
fb- SR AL T2 A0 B, A 4+ 2k ) 46 + B A % iR

FHZK TN NO;-N Filz & 40 5l B % 30.96.,0.,5. 71
mg/L, ZHRF 518 52. 80% . 100% .66. 69%

RIGEE R AETCHMINBR IR 551 T i b
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NO;-N FIE ZUH KBRS etk
2.3 HgmhERUESHEL-BEFRELHNEE
BEh HE

Shy itk — 20 ) WA P ) 5 A TR 25 Ak - B 97
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B2 A S/NFTEBREL - A
Sk TN \NO3-N FIZ AR 2 BRECR
Fig.2 Removal of TN, NO;-N and Ammonia Nitrogen by

Simultaneous Nitrification and Autotrophic Denitrification of

Iron and Sulfur under Different S/N Ratios

WE 2 2H W45 15 h I TN \NO;-N \NO;-N & &k
FEARE A5 R AN 3 R,

M 3 45 a1, 7E 15 h s it f e AL aem
WIS IR aS AR AE S/N =2 £ FRiR 4], W
A TN (NOS-N Sz B 3G — 2 1 bR,
TP AR & ¥ % A R D A Ak B i Ak /2,
o PZAR R TN 22 BR324 B 32 47 B T 9 384 i
BT, TN RBRFLALTE 0~ 15 h IWFF & —2%
I 3 7 2F A, S A S AR A — B,
S/N=2 F5 i 56 41 J2 I 7R %00 (0.051 0 h™")
N S | RER R Sl = L P AT S e
(0.035 5 h™") , FRUIFIBT BB AL H 78 2 S/N B8k
B Wr a1 [R) 20 Ak — B 57 SR TR0 20 3R e R 8 R A5 1T
R R EBRE R, [FE, L A5 FE 0~3 h 1z
A, 27 B NOS-N A& & 2 T %, DL

— 104 —

NO,-N P b By B G, I Bl S 0 i (] 328 7RI
BRSO S P N A5 NO,-N B B4 1 5
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2.4 WEMBEDW
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Y hE YRR A A 64T 1 o, b iR
PN g as A7 I 4 i T B FhJe Az 47 15 h 25
TR ZR T e At i
2.4.1 WUEMZ RS

WIZH SO g 8 V5 Je A i Y Alpha Z2 4053 A
Z5RNER 4 iR, H Goods-coverage $i5 AT H.5%
PR BRI A 1A RV, 25 #F i Goods-coverage 7
RN 0. 997 975~0. 999 096 , F W45 AbH ZR 475 6
R it il P TR B 3, RE A% 5L S0 50, o e 7 2 1K R
A W) B T 45 R ) 5SS L5 Chaol 458 U
Observed-species 18 £ A A BUA LA D HEI5 + &
J ; Simpson F1 Shannon £ W GBS (R B A= I HETS
ARSI B X T PR R 15 U FE i Chaol
FEEUFN Observed-species 64,1217 15 h J5 =5 4
FS/N =2 AR T P G B, B E A BEAL, R
TN YR TE () F BT FE A, X ORR8 UE K AT
BRI NOS-N A, S E0HR I e Yy e L AR
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B3 PI4LRNA 15 h P (a) TN R (b)) NOS-N ¥R | () Z R E K (d) NO,-N A2 4k
Fig.3 Variations of (a) TN, (b) NO;-N, (c¢) Ammonia Nitrogen and (d)NO;-N Concentration of Two Ractors within 15 h
x4 BT YREE R R T (AHRLES97%)

Tab. 4  Microbial Community Abundance and Diversity Analysis in Each Sample

R R IE Chaol Observed-species Shannon Simpson Goods-coverage
e 114 758 1740.75 1711.1 7. 648 44 0. 984 45 0. 998 189
EE| 97 124 1 481.20 1471.8 7.148 70 0.973 95 0. 999 096
(S/N=2)4 113 456 1685. 17 1 646. 8 7.226 11 0.976 25 0.997 975

RER A FUMA 9 OTU B, Al B W E RS
OTU Bt 4H LA E R S5 B, Fhe 25 (4
K (S/N=2) A 474 4> OTUs, 539 5 45 56 i
OTU %1% 27. 78% .32.20% I 28.68% ., %1k %
B 0 o 5 ) A R ik /L & BH W 4 I I #5 J
NEZAT 15 h J5 , A F b K 2 B0 A 20 TR AT O T
REAE R H A= Ak oK T i NOS-N T2 55 58 1
LA A A 75 RS AL DL S R RIS LA OR B ik
w26 A - A F7 RO AR & OTUs $i K
TARGE RIS R i AR & |, SRR @I 4E 5 B G
R ASEHE T WD a1 - A 37 RO AR 3 e 2
K HEmARAS A AR, 1z 5 E 3 45
—,

Beta Z2A%NE ] HIT HOAEAN [R] PR EE3  [h] 1) 4y Ao
AN 2R, FH WS F kA4 Jaccard | Bray-
Curtis | Unifrac 5%, H. A7, 3£ Bray-Curtis B0 2556 [
(1) AR AR I3 HT (PCoA ) i) F TR AEAN[R] V5 Je i it o
MEYIREE M 2ZE 50, W 4(b) IR, AL ¢
IB47 15 h 5, PRAL ROV g iR R R RE TS B AR, B
B 504G T e rh A PR VR A AR RO 22 5, X A g
JE T PILE SO A RIS A TR R TPV IR T B AN
A KRR EE TR PR B T ORI R ZHON REAE 52
PRI A A B AF A it B 08 D03 T, 50 2 S 1 s 1
1715 h JE &R R AR BB AR
2.4.2  GAEWIRRESS I S AT

AR TP R ] (FEEHEAA T 10) FE
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B 4 (a)Venn EFI(b)PCoA
Fig.4 (a) Venn Diagram and (b) PCoA

(AR T 20) K- E A3 7 ZE RN 3 2 43 A1 G

K5 Bos

B 5  AHEATE (a) MIACEAI(b) B K i 5 A
Fig. 5 Distribution of Bacteria Presented in Each Sample at (a) Phylum and (b) Genus Level

&5 (a) Al J0, ZETT K B, 2892 W T
( Proteobacteria) YE MG 1], ZEFRHJE . 25 H 4 A
(S/N=2) 2 ' i It 3 &% &, KK A 40.85%,
52.68% .53.74% . Proteobacteria 22 %%~ 3t 1 ol &
LRI , 78 BURK AL B AU B rp ke SC e Y
SERRY], HRJEA L, Bom ek Qe SRR e
— ERFEEHLAE UE Proteobacteria 14 9 AL I 31,
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HEHAE RN YRS B 1] ( Chloroflexi ) , 1%
BT BB JE T NOS-N #4468 NO,-N, Bl
Ve R S 0 A R e DR A T R R A AR
FEME 25 A L (S/N=2) 2 i Fe a3 25. 38% |
21.01%, 17.07%, =5 H 4 1 (S/N=2) 4
Chloroflexi =F B U AHXT TP A AR, R IR R
BRAAES B AR RN I A7 AE AT RE SRR & T T AR
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K s Bk B 1] ( Actinobacteriota ) 7] 2 55 ME [% fi# A #L
Yy R A, IR AL TEHLA, B — 5 i R Ak T ags"
TERMYE 25 AL (S/N=2) A % Eb gl ok 2. 82% |
4.93% 4.99% ; fLUFTF I |7 ( Bacteroidota ) B AFT1E T
BREEIREE, TR AR 1 BT B AR R T, RR B HEAT
SAARAE ) FERe a5 FIER S/N =2 i 1L
TN 1.87% 3. 86% 4. 24% , Z5 SRR, 5k
FA LG, 7K 2 i ) A6 FHBA AR R A 34 23 AN [ 8
HiAE 3 Actinobacteriota F1 Bacteroidota {8 4= 9 A
R R T A Y (AR RS M b B
BWEEE N R Calditrichaeota(7.58%) , T TEZS
HAI(S/N=2) AR HHazAT 15 h )5 % F
EERRAC, IR % 0. 66% 711 1. 48% , HHSCHFSE
FWITE WAL 38R g8 b R &R A AL TS G W al e 2
Calditrichaeota FJFE = I A, S A TR RAL B R 452
FyRp e B 8 EE R Calditrichaeota , T 7E AL PR
AFXS A BILA e S AP 1 8 /K I, JE i 2 4R L O
WA ST, P 2 B R eIk, RRATF T T
( Acidobacteria) B £ H A K B & A AL D ig, I 0l {2
I PR L ) AR R X S B AR R R 2 AL A
(S/N=2) T HA I 22 57 ; R BE B 1] ( Firmicutes ) |
W AR 7R IR SR T B RO AR T ) e A
Je A5 FVALRT (S/N = 2) 4l b i L 43 51 0.79% |
4.68% 1 1.92% , WIZH N ' Firmicutes 5 J& 1)
P g8 ARS8 1Y TN NOS-N EBRF (K 3),
AR 1] ( Nitrospirae ) 7] KE IV fiF iR £h S84k A A
FRER"  AERPUE 25 HALRN (S/N=2) 415 o ik
2.26% 1. 46%Fl 2. 84% , TE4 1K Z (¥ UG #1K ot
it B R EEAEH

& 5(b) g &N it v 3 SR T 0 A X T
ERJEAR L, 2R SN s I DL B A F AR R 25 57
Hrp , Proteobacteria H7 ) FhimEE ( Defluviicoccus ) pan
PRAA Bt A NI, 7E 47 S Bt AT R A T 7E
ST B A T AU SR A, DA T S 3 LR A
T @ E A B A TP i R R o L T A e
(7.03%) , 254N 8.76% ,S/N=2 4} 9. 52% , fF
F(S/N=2) 2 Fizs (241 BoA B R L BRIERE Y IR
o Candidatus_Competibacter [F]J& T Proteobacteria,
FHELLOIR NI B A i IR oS8 R T AT
FRAEAAE R B AR R 25 (4L (S/N =
2) 4P AT EE AR B 6. 40% (6. 87% Fil 10. 20% , # 1
BRAUAE A A R A 0 B 2 A2 TR B A

K, 5K 3 AL R —2, LI, Proteobacteria H
BB N B J R T & ( Thauera) R AH AL TR
BATR SR AR5 28 75 YL IR BE 1, vl Bt I /K 35
Yerb i) & R 246 G W, ] 40 <8 HY B | 1) Y R 1 |
X 2,3- "Ry 2, 4- IR R 3- 2
HEARE O ARBT RN (4. 65% ) , T FE 2L
I Ao N - R U T W o L e 1|
6.65% 9. 4% ., {HAFT R, Fleh JLF A FETE
B i AT W JE ( Thiobacillus ) 1 8% ¥ W J&
( Ferribacterium) ,fF(S/N=2) A H B A 55
FIERE b, o, Thiobacillus 31 R A AL RE B
TR, FEAR S i NOS-N & FFHE 5 @ &£ i,
Al ¥, o AR B A W 55 O i i AR NOS-N ER
NO,-N L T2 AT AR LA o Bk G
W55 KB Thiobacillus 78 DS AF T W BEMS vE 47
FHPRER ML Fe (11 ) %4k, Thiobacillus TEFNE =5
FALFT(S/N=2) 41 &t 23 5124 0.00,0. 209% Al
6.93% ,HAE(S/N=2) ZH I RIS 4= B .3 i TR e
oz 1A, RO AR B R B AT LL 3K 5
Thiobacillus FIAE 1K, HAWF7E B 0 26 1 B
Al FE AR AR, 3 T 5 Ak W] 25 i Ak - A 3R B
TR R AR X5 (S/N=2) 4 A Bk hg
TERA IR A T2 B HM R (B 3) .
i8> , Ferribacterium A5 57 3% il b — 4 %A I i 1k
fEJ7, TRl 2 BR 2 A NOS-N, FEFh I | 25 4 A
(S/N=2) 44 5 73 il 8 0.02% ., 1.89% HI
5.59%., Ferribacterium 7£(S/N=2) 1 Y LY [R]AE T
AR A A, HIZ R TE S H A PRy AR XS
JE R TR, T RE A VE WD R R T AEE
WAL AR R KR LR, R BOBIE K TP &2
BIERE T, A 3k T Ferribacterium A K ZE5H
AN TR B AR R T 25 A R (S/N=2) 21
K A A BRI [ 3 (e) T o

L5 B TIR BT MRESE R o B, 1AL GE (R 2D
k- B 3% S AR 2 v i AR ) A8 AN A B R A T
I E R A RS ( Thiobacillus  Ferribacterium)
M5 FF AL W ( Defluviicoccus . Candidatus _
Competibacter , Thauera) M SaRERa P [E
AL - A 37 SRS AR T 20T AR AR e S T R
RGRIEAR —F (8 3)
3 Hig

(1) FETCHMINRR IR 25 F T, 2k o3 [ 1] 20 i
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fb— A SR IAHAL T AL BRVR W — S A Ab K T 345
PHAHAY TN \NO;-N FIE A LR, a1 48 h
Je AXBOE 5 Ve i AE B4 TN NO;-N FIZ A
EBRFII K 40. 58% 61. 15%F136. 93% ; =¥ +ik
{20 TN \NO;-N Rl A1 L8R 25518 45. 18% |
65. 81% 1 39. 32% ; A=W+ B A QA IR B 24 AR V. 22 B %6
I3IN 47, 12% .66. 45% 1 58. 69% ; 1l 2 k47 1 [7)
s PRSI - A SRR L T 2 A B, TN KRR
52.80% ,NO;-N ZERHE ik 100% , " A LR HE N
66. 69%

(2)TEARTA] S/N N 564 T, 4 20 I N i 1% 42
izfT 48 h, S/N=0 i} TN NO;-N Fla & 1) LB %
I35 28.47% 77. 61% Fl 59. 16% ; S/N = 0. 66 I}
AR 225 53 50 36. 78% . 79. 38% il 59. 54% ; 24
S/N=1.39 Fl S/N=2 I}, TN £ [HZ5 0N 48.17%
Ml 51.25%, NO3-N % B& 2 4 5l h 83.21% Al
83. 63% , T A BRF 5300 61. 88% 1 67.33% .,
I, S/N=2 B AT ARAGE S 1 TN (NOS-N Fl12 A /Y 25

(3) AN V5 e 1 25 AL R S/N =2 254
T, TN ZEMALE 0~ 15 h WIS — RV 8 1
SEREAE . S/N=2 2 I R £ (0.051 0 h™') K
T2 HZ(0.035 5 h') , RV TSR i
FAEAE IR R, el S/N BYERER Ur IR [F] 26 ik - A 7%
FAHACTE A R GE BE N8 A4S T i ) R PR R

(4) UAEYIRETE AR AR R B, SRR AH HE 4k
A6 R A AR R A A BN 2> P E i =F B 4
e YRR HAEAR LR D A - B 37 SR AR
F AR A RN B AR R A T b 2 = R A
AL ( Thiobacillus . Ferribacterium ) J 5 37 S i Ak B

( Defluviicoccus . Candidatus _ Competibacter . Thauera )
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