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Study on the synergistic removal of carbon, nitrogen and sulfur in dyeing
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Abstract; It has been observed that UASB reactor not only could improve biodegradability and remove color effectively, but also had a synergistic removal
of carbon, nitrogen and sulfur when a pilot process combining UASB, anoxic-aerobic and coagulation-sedimentation to treat dyeing wastewater.The indice
of B/C in wastewater could be increased from 0.18 ~0.26 to above 0.4 and average removal rates of color, COD, TN, SO3™ and S*" could reach to 77.0%,
36.4%, 38.5% , 77.5% and 60.1% respectively, by UASB reactor under optimal conditions. In order to explore the mechanism of synergistic removal of
carbon, nitrogen and sulfur in the reactor, the performance were analyzed under the optimized conditions and bacteria were identified by using 454 high-
throughput sequencing technology. The results show that there were four reactions in UASB, including sulfate reduction, anaerobic ammoniation,
simultaneous desulfurization & denitrification and traditional nitrification & denitrification, which led to the simultaneous removal of carbon, nitrogen and
sulfur. Methanogens were not found by species identification, which meant that methanogens was inhibited and UASB reactor stayed in the hydrolysis
acidification stage. Results also show that the nitrification & denitrification and simultaneous desulfurization & denitrification was due to sulfate reduction,
which also acceletated the removal of organic compounds. Briefly, sulfate reduction stimulated the synergic removal of carbon, nitrogen and sulfur.

Keywords: UASB reactor;synergistic removal of carbon, nitrogen and sulfur;454 high-throughput sequencing;sulfate reduction
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A AT 9, A =3 TH R LA M R BRIUT T (2
K, 2011 258 55,2014 ), AR Y 25 B3R Bl 2040 B
YLK H B A T2 B DL R R AR AL ) R S A
e, (GiRG A TOK TS B HE bR ) (GB 4287—
2012) XFBi Ay i HE AR TR R ER A B X
IR B e H HHAE— & &0 T RE AL i
Wy, kA 3 PR BT ([ RRAE, 1993 ;41 M BLAE, 2003 ;
ZEIN,2014) R ER YL R K R i SR BT ST
PR, A PR HT R ] T “ UASB ( Upflow Anaerobic
Sludge Blanket) -t 48 41 S - TR BEUTIE " 2 G T 25, LA
PRI — R B G Aol HE TSI 2555 P B G R K Ay Ak B
XFRIAT IS, AL T ALY G A
B A T 25 283, I L2 % ) 3 s 2 %) 5080 o #1135
Bill ERIAPWTSE T 2 KON N B &L B AL 22 BRAIL
B UASB AEMIZAH & T A% O SOV i, %) 5230
[ 20 %% COD B SRS 1 OCHAE . R, A
SCAETT AR LAl b, AT e A T 00 55 T as 174k
P o3BT A Wy i A 4 5 AN 3 AN T E ARO0
UASB [ I i AR | 480 i 119 P[] 25 o AL 2 3 47
5T, U R Zei T iR B 5%

2 MBS 7% (Materials and methods )

2.1 R

HATE R NI B T i AT %) LB Gl i 4F
4t Bz WE IR i8R & HE ) 2 25 A
EpYe kK KK pH A 7.0 ~10.0, 7Kk 30~ 40 °C
HE FEIEFR N COD,, 452~775 mg-L™" BOD, 98 ~
185 mg- L™ A 400 ~ 600 5 . NH;-N 22.5 ~40.6
mg-L™' TN 70.3 ~ 102.3 mg-L™' 'NO;-N 1.2~1.8
mg-L™' TP 0.3 ~ 0.5 mg-L™" SO} 44.7 ~ 80.3
mg L' S 32.5~41.8 mg-L™" SS 225~400 mg-L™",
RAGI HY NOS-N FIE TR (S°).

R E T 2014 4F 3 A sk, SRIE i TS
BOUAAT L 410 UASB K 3 5ff 0.4 m m™h™' (&
F I R AR AR T 15 CHIBEE 0.3 m* m™>h™") 761k
1598 A SN #s DO=0.5~0.8 mg-L™" B [Z Wi #% DO =
0.2 mg- L™, 42 filh S0 Ak 52 10 #5% >R FH 9 ik i <0 HL <K
Feok 12:1, R EEFR] PAC(10%) F1 PAM(0.1%) #¢hn
B9 1.2 mL-L7'#10.9 mL-L™", 2% 30 min, 3¢
BT C NS WL, HKIEbRIA BT (Y
UYL Tl K5 Y HEBOPR ) ( GB4287—2012) 1Y
BEAEHEORE, HiE 2B AR s R, T2RE B
T AWPME 1 PR,

Bk TR RS
pH| (%1 [#| lasi |A|B| gl |=| &
A | (R| BB |mb| | |
Bk || [ | w4 L]
it et e B
55| |t it
VAR
Y5 w
W BRIV l BRTTR | e
L ERES k] 00 S

|eptsniz

E1 hiRGEIZRER

Fig.1 Process flow chart of pilot-test system

2.2 UASB R &

22.1 WHiREFE  UASB N HRETN A Z A R UK
AR N g 22—, LT 0 K A R Ak i (T 2R AR5
2014) . J g B T5 P SN XSO = A 2 4 DL
TEX AR F LR, HARUNE 2 B, SRy 2% Bk~
2 mx2 mx5 m(KxFExE) , ¥R 4 DRI, AR
FERI8 m’, =M E A (L 4 1) 5 0.8 m, R E
R EE 60°, YITE XA & EE 0.4 m B 55°, 10
KX 5 0.8 m, A 0.4 m, BRI E 1 m’, Bk
FIAr 0.25 m* m~>h™' . p AR T AL, MR 4 P
E K, IR AL 5K J5 3, BAR G 2 i
PR 7S A2 P8 B 73 M 3 35 K T 00 & K
R 82% MBI A5 e, FFhiE 15 g- L7 N #iw Se Rk H

a. 7r|:' b.

o

B 2 UASB kR REBE (a WA, b. TR E, c A ;1.3
K205 380 4. S E AR 5 UK, 6. 111K,
7.34k)

Fig.2 The diagram of UASB reactor
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67 o5 0 ol JRK 48 H R K# B E oD, i 200
mg- L™ JHBERESY pH N 7.0~8.0, L4 0.6 m™h™' %
gLk K, 5 d JaE b B kK R, 4R e K
COD, 5 15 d Yk, Fatls e i A8 Sh 200k Je. 7
PUFRAE R 3t 7K, DLIE & T i o)1, 9638 25 41 s K
S B IHE 0.25 m>m™>h™", 455 40 d 1537 E
BT RS R, RiAR R 0.9 ~3.5 mm, PR BT,
MLVSS #] 48 g-L™",VSS/SS 4 0.51,COD,, EFRFR N
35% ~ 41% , Bl I B 2% i 3l Bt T 3 7KK IRy
30~40 °C, 0 N BE S 5 31 Hh i T A i s i T R
222 NREF NN AR A PR
ST R 15 emx 100 em( HAAXE ) | A& i T
AR AT KV R 43 ] A L Ak S UE H
H i UASB S 3 i P B 15 77 4 1 Uk T U8, T
Pl 5 95 U8 e BE W) ik UASB 2 v 2. il T/
I ARG YR B 5 5 4 g UKL TS U8, R, TG
e FC R B) B A 3% 75 K I E A R Gk oK,
pH 4 7.0~8.0,i% 28517 5 d, /KBl 2] 1 vk
UASB [ w1 HE KPR UE ) sl ).

2.3 A7k

23.1 FHAEARAN  COD, @ NH;-N TN,
TKN NO;-N \NO;-N S SO7" SS TP I $i¢ [ 5 FF
PR AR ) R K WS o BT 5 ) (56 4 B
AT W OBE, pH SR fE #5200 % X ( HACH,
America, SensION1) I % ; BOD U % > ] BOD i i
M5E{Y (HACH , America, Trak ™ I1) ; %F T S°AYill & |
FHWFFEAS AT LLR F WA €3 35 (Hurse et al.
2002) FA G R (45255 12006) , A SCR 4
HtREEE.

232 fhAEgaN ST ECE T UASB J
N AHG IR, BURE J5 2% A TC 4S5 B, I S22
R i PCR,IFZHE LIGRR S 28 AR 454 (38 it
P EEAR AT RUE YT 4, S 30 . DDNA
FEHC i E.Z.N.A Soil DNA {5 & (OMEGA 2%
Al ) EEFEI 41 DNA 1% B BEHEEf i Yk K6
e DNA 521 ; @PCR 74 . Hed5 e W y XA
BUAEA 5'454 A B B L-FERSIW 3 ELG 51 Y,
PCR 1% & ABI GeneAmp9700 i % H TransGen
TransStart Fastpfu DNA Polymerase AP221-02 AU 4&
fitg, BEAFEM 3 AN K [ —FE 5D PCR IR &
Je 1 2% Byt REob 56 15 F DK A D, 5 FH AXYGEN /2 ]
f9 AxyPrepDNA #E [W1ic s 31 €581 8 191 Wi, Tris-HCI
VEWE s @)U i . S IR KA 25 5 PCR 7=

H QuantiFluor™-ST 7 ¢ %€ & & 4t ( Promega /A H))
PEATASINE B, 2 )5 4 RS ot DU A R A AR L
LB A EmPCR 1 Roche GS FLX -+ i it 741
435 Roche GS FLX Titanium EmPCR Kits( Lib-L)
F1 Roche GS FLX + Sequencing Method Manual _
XLR70 kit; @AY {5 B2 0 M« 2558 7 51 K Ui J 5 |
YAk 7 91 AR R BREE  barcode A48 731 HITH
YIps, £ K EERLT 200 bp BOMIBRIEEL>0 )7 51
PRI BEART 25 FS) IRIEEEE P, Silva
BAEE (hitp . //www. arb-silva. de/ ) H1E Ho X 4 4% 4
VRIF 50 500 PR (16S/18S, SSU) i 47 He X, 2k
Mothur #48 OTU #3155 Silva B8 22 b X, $%
B A HLAT AR BE 3R 80% LA I FP 15 .

3 Z£R51Fi8 (Results and discussion)

3.1 BABoAr

BEHLAL AR T B2 17 808, 73 B UASB i
BN C NS #E4b L BRMLEL Ep YL R /K il 5 22 DA
YRR 2 Bh 75 %A HLA (Org-N) FI2 A (NH; -
N) JEAAATE, Hor, Org-N 7 K4 ( 27k #2,2011).
e 1 KBRS, Org-N £ TN F5F1 (5 60%
DL b NHG-N (5 8] 33% 2247 oK Bl 7, NH;-N
SN 28.3 mg - L' T 2 T 34.9 mg- L7, W
FEERAE 23.3% oA, NH-N B4 Hni56 W 52 107 2% Y A7 7
IRAEZA N, f# Org-N 43 fi# 7= 45 NH,-N (9B EL,
2003). JLIG A (TKN) A 45 NH;-N Fl Org-N, 45 &
TKN NH;-N # H /K Bz 5341 ol F, 80% 2247 1) Org-
N3N T LB, b K25 T2k, B R
[FIAEAE I XF Org-N A9 98 /0 BTk 8¢ 2 (8] 5 4%
2000) . [AIEF, H 7K TKN #H EF 2E KRR T 44.1%,
ULEHFR AN NH,-N 25 7 580 s b g #e 40, H 24k
fEH NH;-N 7B KT HS 5 RV IHFE &, Al
K NH;-N R B A SR TN LBRFEN
38.5% , Ut ] 2 17 g A A7 A6 B bl B LA A B 28
BARH AT N, SUMGR I, B TN 458 K
NO;-N FFE 25 1.3 mg-L7', WA ] T NO,-N, 7¢
0.6 mg-L™' /247, 1R WA 8, UASB JX B a§ N &4 T
NO;-N NO;-N JEA&FEAE SIS H A5+ HRT
X UASB [V #3247 5 W A OC U4 |, itF — 20 40 A iy
7K NO;-N NO;-N 345 (Bl A[NO;-N].A[NO;-N1)
B HRT 28 Ak 1500 45 5 & B0 (1] 3) |, B HRT A B
K,A[NO;-N] A[NO;-N]Jesé s F fE, AL NO;-
N]F#EHRT=5 h BHAEIR K, B 15.2 mg-L7" | MiJE T
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F%2 HRT=11 h A% 0.8 mg-L™", i A[ NO;-N] kb
A[NO;-N 48 2 h U E RMH , 7 12.5 mg- L7, 1
J& FFEZE HRT=11 h B9 2.1 mg-L™".A[ NO;-N7] |
A[ NO;-N e84 n J5 3 /0 i) 28 Ak 1 L U B UASB J2
N7 IR & 2R T RS AR RO, T SRT RE & A A
TRAVER , 35 B NH;-N #8-THAEFN TN 525 (A dAHE
BRAFIEIR S & AL B T BE. R E 4 F T, LA NO,
LT 32 A0 NHG AR N, 09 A 400 5 Bk TR 48R
Ak (Van de Graaf et al.,1995; F33F-45,2004) |, ) i
PRt NO,-N Fl NH;-N 9 [A] 25 25 bk, e &K AR B0
TN 8/ R, N EE A48 46 /1 BE 43, UASB X
AEBRFIN TN A5, 2% J5 K AT BE 2 il 1k
B A AR A AR A .

—=— A[NO;-N]

WBE /(mg-L7h)

1 2 3 4 5 6 7 8 9 10 11 12
HRT/h
3 UASB &IZ2&H7k NO;-N.NO;-N & fnkE HRT T 1ER
Fig.3 The influence of HRT on increment of NO;-N and NO3-N

from UASB reactor outflow

®1 RETRT UASB REZEE 2015 £ 5—7 BiS{THIR
Tablel Performance of UASB reactor from May to July in 2015 under optimal conditions

UASB 77k

UASB 7k

=Y T v A (02 3%
£zt Hf e proyes e Ty T R
pH 7.3~8.2 7.7 7.0~8.0 7.5 —
K ik C 26.2~34.5 30.4 22.1~29.4 26.3 —
g i 400~ 600 500 80~ 150 115 77.0%
COD, mg- L~ 440.4~720.2 580.3 286.8~451.3 369.1 36.4%
B/C 0.18~0.26 0.22 0.40~0.43 0.42 —
NH;-N mg- 17! 24.2~32.4 28.3 29.6~40.2 34.9 ~23.3%
TKN mg-L.7! 70.8~92.5 81.7 38.6~52.8 45.7 44.1%
TN mg-L™! 72.5~95.3 83.9 46.8~56.4 51.6 38.5%
NO;-N mg- 17! 1.0~1.8 1.4 2.2~3.2 2.7 —
NO;-N mg- L~ — — 0.3~0.9 0.6 —
S0% mg- L~ 45.2~74.8 60.0 11.2~15.8 13.5 77.5%
ol mg-L~! 28.5~40.1 34.3 9.2~17.8 13.5 60.1%
S0 mg-L™! — — 0.5~0.9 0.7 —

T " R AR T BT L.

MR ITCRBHE ELE , ok SO ST
W&, R0 N 77.5% . 60.1% Fi A, KA A6
BTN S WREFE 0.5~0.9 mg- L™ AW 0 4
1, S05 T B U W] AT RE A7 7E B R R 34 T T 138 S5
H i BR £ 18 )57 B ( Sulfate-Reducing Bacteria, SRB)
JE— AR AR B IR SR, BEE A T /K A HLY)
VEJ vy 5 R B B R 1 (SO ) i I B 4 1k 9
(S) (ZFFEH%,2013) MR SN TC R SFHE
S0 Bd AL S* Y[R BF 23 i 40 (0) | i it
1) 0 WiZAEZ 5 1 sk SN FIA HLY) Y AL R A
T A sz 7 g 15 38 114 3 NOL-N U NO3-N 5 i i) 5
% IRl IHE i COD 25 k. H 1 SR B 5 4z B s 2 R 38
JEAE SRR, K ST & RN ize i £, X 55 bR
K S TR LG A G . i — 431 S* Bl HRT

ATE AL (E 4) , HK S* i (B A[S™ )kl
HRT 3K 22 W in, HRT =5 h i & ok, ol
15.4 mg- L', 1fij J5 34 & 1R, 29 6.5 h Bf 4 0
mg-L_] ,JH’JETJ‘L#ILHﬂ( Sz"?ZUEPFH%, X HRT=11h Eﬂ‘,
A[S* 1 H-18.6 mg-L™", 7K S N T HEKIER
40% Fe A7 IR, 254 ST .S0T MY AR fbAB L, 1548
7w R I & A2 T B IR 8 348 DU R 1, 53 SOT I
A STHEIN, WTE S I N kA TR A B S A AR, BT
REAFAE OB AN TR , LA S* B T A K NOS-N |
NO3-N i 5 N, , [Fl B S* 9 Ak Al 87, 5 2 S* ok
(4535 ,2010) , X 5 H KRS S° B Rz R g
NO;-N NO;-N AR {0 DL IE G475 . 7K Rl o S°
D R R A - B AR 0 15 K AR P Ak B K
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A R JBT A A2 PR A A R P ) B INIBORE ( ZR4E 5
8,2006) , #7815 VR BEA 1 05— o LUE TR IR
BT RPN ef 5 ST 5 EERE T4 4
17U AL DTTE LB, 2 SRR i S

E./l\

B

60 — — 3k S

W [(me-L7")

HRT/h

El4 UASB RE#M S REM HRT L FR
Fig.4 The influence of HRT S** in UASB reactor

3.2 VTR AT AR E AT

S I BE ST, A UASB SR i Y A7 7E DR 46
Ak AL RS AL | B R Fh A I AR S i Ak, T AR
WA REAEA A T ERFEN, #4704 Y
EYE. k& 5 W LUE 7T TR B 2R
K. A JE W ] ( Proteobacteria ) . 4 T B [']
( Bacteroidetes) . J& B2 1§ ] ( Firmicutes ) | 2% 25 B ]

60%
55%
50% [
A5% I

40%-

)

20%-

:z:;::
o

5%

O O O O ) ) N\
P e A e AIVE N
?‘gﬁv ,@_‘ﬁé\ @’V vg/}'ga f{’}?‘ N K

El 5 UASB k2875 RAETEITKF EHZES]
Fig.5 Bacterial species on level of phyla in UASB reactor

( Chloroflexi) 7% 8 1 | ] ( Planctomycetes ) R FT T ]
( Acidobacteria) FI#EFTF i [] ( Fusobacteria ) 55, Ho i,
Proteobacteria It 5 F ] B K (44.2%) , H ik &
Bacteroidetes (24.9% ) 1 Firmicutes(15.8%) .

29 T AR R KF B E AP
P AiE 4L 7 ( Ammonia-Oxidizing Bacteria, AOB ) FIfi ik
P ( Nitrite-Oxidizing Bacteria, NOB) A& H: 3= & X} Hi itk
FiAE 43 25, 58 — A 4 . Clostridium | Bacillus |
Lactococcus . Paludibacter . Paenibacillus. Fo b, 1R /&
( Clostridium ) J& T JEREF [ 1T B IR A H , ZEHBR W
REREWE | EE F1 5 Ko T A HLYI R R IR (B L CO, |
H, FI AL ( Kobayashi et al.,2005) .t A #F 5% & I
( Bragger et al.,1997) ,#2 [ J& nT LA R0 K% fift 1H3 2L 4
B I, ZF AT R (Bacillus) J& TR BER ],
Z AR IR AL RE 5 T, BV R T AL o)
fi# A 4> 1 12 1Y fE /7. Banat %5 (1996) #F 5% & PR,
Bacillus TERE ST 0] LU= A8 20 TR i, X8
Yk J B L A Y B e P e FLER 1 I8 ( Lactococcus )
JB T IRRER ] AR IR A, LR K6 &9 0 Y
REPAIR , A WE T8N HF G R K i 7 TR T (A2
T4 2012) . Paludibacter J& T HAFF 1 1], GEAE I
PRAEAT T Wi 22 Fh FROBEFD 0%, 7 A TR L &R
/b TR, R RE B TR R 2K EF AT I m
( Paenibacillus ) 1 E. A5 [5] #£ (%) D) B8 ( F 2+ 42 55,
2014) WFFE R 7R, UASB AT LUK EN LK B B/C
0.2 Zefi # m 0.4 AL, [Alh x5 B2 REIK 2 77.0%
A ZBRA, DL 5 FOL 3B R AR Hh IR S AU )
FHATEU T UASB /K IR AL ORI 68 4 S H:
X COD A H 5 R (36.4% ) AL

R2 UASB REFMABEER AOB.NOB R EFEE

Table 2 The abundance of dominant bacteria, AOB and NOB on level of

genus in UASB reactor

L# 8 . AOB \NOB FE
Clostridium 8.2%
Desulfobulbus 6.5%
Paludibacter 4.2%
Bacillus 3.1%
Lactococcus 3.0%
Thiobacillus 3.0%
Desulfovibrio 2.8%
Arcobacter 2.6%
Thauera 1.2%
Paenibacillus 1.1%
Nitrosococcus ( AOB) 0.8%
Nitrobacter ( NOB) 0.5%
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KA FE. Desulfobulbus ., Desulfovibrio. Hrp ,
B ™ R ( Desulfobulbus ) 5 i &% 9K # &
( Desulfovibrio) J& T 72 L A 11T IR A8 AU 19 Bk iR £h i
JETE (SRB) , AR FIFLIR N BER | £ BESFA  Bk UL
PR £ 38 5N A A & ( Maier et al.,2009) . 3X F F
T AR RS T S0 e PN AF TR B R #h 38 L, 5 52
B SO Wb BB GAH — B0 AE A B e R RE R
MRAAFTERIIR AR NAA R, — R 2 AETE R R £ 18
JEH (SRB) 57 e 1 ( MPB ) X iS4 ( LR H,)
HSE G Ve, 21 T SRB X H, Ml LR A s 1
SRR S P UM (2288, 2008 ) , A fiT X MPB
PR AN RN BRRRER I 5 A2 1Y H,S X MPB
M4 7E A A I AE F (Choi et al., 1991 Reis
et al., 1992 ;K555 2014 ) TRl 45 78 A & 7 H
Be s, BEI P U BE I 2 2 1 3], UASB F i A AR
LSRR A T KRR AL B B

5 =2K40%5 . Thiobacillus . Arcobacter. J: 7 Bi FT
B ( Thiobacillus ) J&ZETE 1] T BB AL AN TH
R ST AR 87 SOT, HAERN K | A B AU AT B
( Thiobacillus denitrificans ) FCERREE , J& H AT 5T A9
T A . Thiobacillus denitrificans F 5k 2 AL 78 F 4f
AR EIRAT T RE AT i S AL, BT & AT Y 2 1
— ST, LL O, i T2 AR, AR ST A AR S
SO% , M #% LA NOS-N A L 73244 iR S* 4 Ak
A S° AIAHA B NOS-N Bl N, |, S B AY 2 [6] 25 i a7 e
Ak (22 8 55, 2004 ) 76 Fl 9 /K 7 A 2] 1
Thiobacillus denitrificans , 215 Thiobacillus 1) 82% , i,
B UASB J2 i i A A7 7 [ 28 Jid &R . T & T2 T2
BT 5 R # 8 (Arcobacter ) W, B A B 25 B 2
RE (5% ,2010) . Gevertz 45 (2000) 75 7ift FH % 7K H 43
BRI —pRERfE ST AL AL S° \NO; LR NOS 1Y
AR, %%, % E RS Arcobacter J& Y xR
L

50U 25 43 45 . Nitrosococcus . Nitrobacter . Thauera.
Hodp P ABALER & ( Nitrosococeus ) BEXF & ( NH} ) %
PR G R £ (NO ), fil§ AL AT 18 & ( Nitrobacter ) #5
NO, 4ZLE L U AE R ER (NO; ) (Maier et al.,2009).
B )2 [C TR ( Thauera ) 272 IR 1] T B9 — 385 24 [
FIPEAN T, BA s tbRE ) (£ 4855 2014) B4
Ak Hh UL AR RS AL RCAF AL R T NO;, #T NOS 71
J Ve RS AR Ak 1 B TA] B, Nitrosococcus  Fll
Nitrobacter & J&: 75 A AU J& , A H U] UASB
ar NAETEA SR, BT SOT 3B JEUBE k1 0 4

A PHIE B8 1 TS P SE AR

TEJE IR AR B HETE R0 5 AR A i Ak
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Fig.6 The influence of sulfate concentration on removal efficiency of
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