%40 % %14 tOE 2 K HE K Vol. 40 No. 1
2024 41 A CHINA WATER & WASTEWATER Jan. 2024

DOI:10. 19853/j. zgjsps. 1000-4602. 2024. 01. 004

UASBHIR RS RIEERE SMBELFENXER

4—,1__‘7?7} 1,2,3, /%—&7}7]‘\11,2,3’ 7}5] %\1,2,3’ 5]{ 7&1123 /ﬁ:‘éﬂ,él,zg
(1. BHEFAHREKRTF FELSFTHIALFLR, BEH B 710055; 2. EHEHRE LHELE
EEEE, T HE 710055; 3. MAKFTREAREAESHKFTIHRELZRET, R BE
710055)

B E: ELAXNREFTRARR FH(UASB)ZE LA 3L R RAREMR BiEE P BT
T R EBALT 3T AU K e BBRBR 3 0 IR 2 AR IR T AR 38 R 5 R B4 o 3Lk 12
FoLF,, LR KN, RN BB FHE NH,-N%5 SO -SBp A BLIx, T3 KR FE 5 5 4 22.10% F=
14.83%; 7 #1 (3547 76 d /& )NH, =N BLIR B 38 hm , SO, =S BLIR Z 2 #1813 )& H NH, -N BLik & & 5
% 3] 30.79 mg/L, SO =S A AL . BRASAL R 1, H,0, VA B Anammox B ) 7T 42 % NH,'-N &

PR E , BL3gm HCO, A A T NH, -N oy 4t R m B N BILT LA, 2 A dhrH i H 3w R p

BNEAET AR TR FRA IR BB AT BB B B, £ B & MMR T £ WA ER,
FHHBEKSOT-SEARR AT, R ARG EAELSF NH, -N 5 SO, -SHFLIE, H ILAAR 238 R IR
AAEAMNINE, BEENOIEREN, BB B3R Acinetobacter ¥ F8 3+ F 15 5] 78.87% , K 4% £
L BLRAE A, 5 Anammox A B R FHALEH MR R B BT, R R B P B Y MR LT RE
(Desulfomonile #7 Desulfovibrio E) . BmAMNH (Rhodopseudomonas EVL R A AT
(Thiobacillus %) , =R MR, T 4K & O BIEER

K LAKXRAFREAREE(UASB); mMEBETR; RARAA; A AE AL

FEDES: TU992  XEkFRIZAE: A XEHS: 1000 -4602(2024)01 - 0022 - 10

Relationship between Deammoniumization of Anaerobic Sludge and Sulfate
Reduction in UASB
NIU Ze-dong"**,  YUAN Lin-jiang'*?,  YANG Rui'*?, ZHU Miao"*”,
HE Xiang-feng' >
(1. School of Environmental and Municipal Engineering , Xi’ an University of Architecture and
Technology, Xi’an 710055, China; 2. Shaanxi Key Laboratory of Environment Engineering ,
Xi’an 710055, China; 3. Key Laboratory of Northwest Water Resources and Environment Ecology
<Ministry of Education>, Xi’an 710055, China)

Abstract: This paper investigated the performance of anaerobic granular sludge for the removal of
ammonium and sulfate from inorganic wastewater, and explored the conversion pathway and mechanisms
of sulfate reduction and anaerobic deammoniumization in the process of establishing sulfate reduction and

anaerobhic ammonia oxidation in an upflow anaerobic sludge bed reactor (UASB). NH,'-N and SO, -S
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were removed in the initial stage of reactor startup, and the average removal rates reached 22.10% and
14.83%, respectively. In the middle stage (after 76 days), the removed NH," =N increased and the removed
SO, -S gradually decreased. In the later stage, the removed NH,"~N reached the maximum of 30.79 mg/
L, and almost no SO,”-S was removed. In addition to nitrification, both H,0, and Anammox reaction
improved the NH,"=N removal, and the increase of HCO; concentration was beneficial to NH,"-N
conversion. The combined reaction of sulfate reduction, sulfur autotrophic denitrification and aerobic
oxidation of sulfur was inferred to take place in the reactor according to the presence of sulfur and mass
balance, which constituted a biological sulfur cycle in the reactor, resulting in no change of SO, =S in the
effluent. The coupling of the nitrogen—sulfur cycle removed NH,'~N and SO, =S and resulted in the
occurrence of sulfate-reducing anaerobic ammonia oxidation phenomenon. The analysis of the bacterial
community showed that the abundance of Acinetobacter at the bottom of the reactor reached 78.87%,
which played a major role in nitrogen removal, and formed a nitrogen cycle with Anammox and
denitrifying bacteria. Meanwhile, a few SRB such as Desulfomonile and Desulfovibrio, sulfur oxidizing

bacteria such as Rhodopseudomonas and sulfur autotrophic denitrifying bacteria such as Thiobacillus were

FH40% FH1H

detected in the reactor, which together constituted the sulfur cycle in the system.
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Fig.1 Schematic diagram of UASB device
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I 6 FH A A 108 B PG 8 T B L Y R AR
WORLTS U8, AR A e BE A9 NH,C1 5 Na,SO, (NH,™-N
580,7-S 534l 4 25 .30 mg/L) ¥EAT 34 A B 5
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MLVSS/MLSS=0. 54,

S HE AR - TAUE K, K i NH, 5
SO, 439 i NH,C1 5 Na,SO, #24E. Bl /K43 unF .
27 mg/L ) KH,PO, .500 mg/L ) NaHCO, 500 mg/L ]
KHCO, . 38 mg/L [ CaCl,. 20 mg/L fJ MgCl,-6H,0,
NH,C1 5 Na,SO #& 75 ds i, HAR LR 1.

*1 #KNH-N5SO -SiKE
Tab.1 Concentration of NH,'-N and SO,”-S in the
influent
B | E R | e N | SO
(mg-L™") (mg-L™")
I 1~16 25 37 1.54
I 17~25 25 60 0.95
I 26~72 50 60 1.90
I\ 73~86 50 96 1.19
\ 87~113 50 60 1.90
Al 114~149 100 60 3.81
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M AE ;NO, =N \NO, =N K S0, =S 1% F 8 1 (033 1%
D 5 S* R FH O F L 43 D600 B v I 5 5 1,0, R H
B PR K 4 6 B VA 2 125 TOC SR TOC M 7 A3
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85 Qs i S 52 5 35 e (A B 2 0 SR 4 4 P
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34 CHAE T MR LASR BE A0 RV i 40, B PR 2 h BURE
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N, ] B 6 h BC— YA, 38 3 43 B NH,'-N  NO, N Al
NO, -N ¥ A8 4b 115 AAOB T4 .
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SR RS DU AR R k340 I TR (SRBO T 4, F2 5L oy
Na,SO, Fl COD, H 4% 3 it 5 f2 v #% 1 7K A (7], i il
COD B 331 R FH S PR EAVE Ay 5t o A2 5 S 8 B
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SO, =S K AR e () COD , FHG A% L7 R A7 s
48 10 min, B H % B A E IR R %5 (150 v/min,
34 C)FATIRN o 43 BIFE0.4.8.12 5 24 h HUEEKS
W, 38 32 53 B7 SO, =S ¥ BE ) A8 4k 1158 SRB I 1

b VR S B 2 K B N 2 R BRSO AR
(SAD)BLZ , F LT M ik S NO,-N FINO, =N,
MR A8 RS R EL S mL e /KIR &4, H PBS #hisk 3 ¥k
FE B0 (4 000 t/min) , B F 100 mL ML, inA
32 mg/L i 85 LA & 14 mg/L ) NO, =N K2 NO, =N,
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TH IR % %8 (150 t/min, 34 C)PEAT RN . 43 HI7E O,
4.8.16 5 24 h B AW, 38 & 53 A SO,7-S DL I
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M AACTINE 2 s . ZEBT B 1, N/S{EARHF7E 1. 54,
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AR T BT B FEOE ER o RN A H K
SRR SR K, 2 JE SR B B Wi R e TE
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Fig.2 Variation of NH,'-N, SO,”-S, pH and S*
concentration in UASB reactor

SR B ULEE £ NH, -N F1S0,7-S & 4B T i
BRELR  HIX—GIFATEE . NH, -N BB 2
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2.2 HCO, ¥ NH,-N F1 S0, -S #£ 1L By S

AR SZ RN NaHCO, P M2 KHCO, /S TE WLk
U5 25 S 2% pH AR E |, 76 7 22 ik S N A R 4k is 17
55162 K, NH, =N .S0,> =S J HCO, ¥ {457 7F
100.60.305 mg/L. W& 3 iR, 23 BIAESS 187 K 4
209 K H1E5 237 KA HCO, W % 668 .835.1 002
mg/L, & B NH, =N I B 232 87 7, SO, M o5 42 )
KZ RN AR HCO, RS 5E N IS Y
SR TSN A E S 89 TR I 3 1t L v S G A
%) 3. 4 mgNH, ~N/gVSS () Anammox {4 , Bl /7 7E
/DB 19 Anammox B . Anammox B A 38 13 IR 48 2 4R
b /ARG /05 NO, VE A L F32 4K 8
AEMHRN,, P 2 AR
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o 401 HCOS=305mgfl | goe | 835 mgll | 1002 el
= 35
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= 20 5
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. . o
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Fig.3 Effect of HCO, concentration on NH,"-N
conversion

2MHCO, W 2T % 1 002 mg/L B, NH,-N 4%
et TR o oA B, — 7 1T T BE R SN A e
#B A Anammox B 4 /0, Al FHl HCO, I RE J1 35 214y
s 53— 11 A] BE 2 AT BE A% A T HCO, my At A
FE > B EHCO, RN 214 5 . X
TE BV A5 e B A BB 3 (5 ) IS R AT XRD Az , & B
TERE £ 29.3° .35.9° .39, 4° 5 43, 1° 4b #5942 i
W , R WZY) i £ F A CaCO,. HCO, K BURTE X
N g, 5 R K Y Ca Mg A i CaCO, S MgCO,
SEUUTE BT & T ORLS e 0, A OGE i % AR
B2 PN URL 5 Y A , TR W) KK

B4, T UASB B g A4, 7E K is 47
T ¥ e JZ= R AR SOV A PN S i B0 A1, ) BE B
15 W= EAC R ARRS &, T BUNH, -N & S0,7-S
(10 JBE B , 1A 7 AR 52 56 R NH,-N 5 S0,7-S [ 251k #4

Pl R H A 7 2R S H A N 25 T
NH, =N H1S0,>=S (5% 1k, B e A [] w3 B2 o K
KT, LARSE A] RERY e Al A o
2.3 AR EL NH,-N5S0, kL IER

[F] — s ZIFE AN ] e JBE Ah SR AR /KRR HEA T ARG, 4%
HUE 4R o PEK NH, =N 78 520 % i 50 Bk i
F%, B 100. 34 mg/L [% 2 73. 23 mg/L. AN, T4 IR
SAUBURL TS Ve PR R AR T R EUR K B AR Y
NH, =N ¥ B b T, 3t 5 0 & A 2] 9 ORP J&
TOC YR FE A2 b —FL,

7180 80 g —eTOCT125 ~ 10
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N L 4 ]
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Fig4 Variation of NH,"-N, SO,”-S, TOC, S* and ORP
in the system at different heights

TOC [ SO, -S ¥k i 52 4% I+ e T Ry #a 9,
SO, -S ¥ 45 i 135. 16 mg/L E Wi T+ 170. 16 mg/
L, SR 28 T B, 70 K Ak 3k B R IRk BE 135. 08
mg/L, A1 I EL 3 7K SO, -S R AEMLER . 15 HRTS
I8 )2 TOC #e & 1 35 20. 12 mg/L, SRB i # F KA
LW e SO S #EAT 5 F2 B PR 36 38 it 77 A= §7, ™k
JE fe = ik 13. 61 mg/L.

BT e S D S AR ROV g IR A A
TREAEAE R A NH, N ¥ B2 A, RSB IR SR 5 e
FETAE TOC f SO -SHeJE B Wit & R, R4S
TeFE T I 2 B H,0, K - OH 25 48 Ak 1 ) I i 4804k
NH, =N S50 NH, =N 76 R &5 Je 2B BR . A
H 7 SO AL SO 5 A AL S B AR RS, S, B S™# BT
AN SO, =S, 7RI A% Hh I JZ SRB F A S0,7-S
K TOC K ABRIRER I JF N o 25 E TR IR S5
W16 NH,-N 5 S0, =S ZE AR Rl B 23 59k B
2.4 RMz=EFNSSHESSHRM

2N i IS HE NH, =N T A5 A6 A FH 8 Ak
NO, =N 9 [ B, 38 A7 E 8 FR £R 38 S5 i 7= ) S S S0
TE S K NO, -NARAAAERIE O T , B F 3% R Al AL A 0
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A6 AT, 1 h N SO,> =S ¥ i Y45 AN ) A 1)
L Tb B R AT T e A A O R PR T R
T4 S0,7-S KA ML, 11 ORP W TR 4= 561>
BECE ML M T M. ZJ5 SRB A A VLY
PEAT 5 F5 B IR 1 38 Ji 7= A S, SO, =S R S Wb [
ik, ORP7E COD #IHAE /5 2212 Bl 7+, 1E COD 4y 300
mg/L 1Y 25 08, I A5 B R 6 38 RS PR e L R
9.91 mgS0,-S/(gVSS-d).,

[i] Fsf XoF 52 7 i b J22 2 0 04D 308 0 o €6 40 R b A
XRD K, % BUAESE £ 0 23.1°.25.9°.26.7° .27.7°
Je 28, 7O Ab AT W R SC A . TSR
FEAE Y5 YL ), Ty o B AR o3 A8 Ak T B g A 1 )2
P T S 7K 3 SR 25 ORI V8 L TR 2R B TIUR
PRGN R i1 STR i Ak SO,

F K L S 5 R BT & Fe .Cu S &R LR B S
55 SRB iR JF A WY S5 A S BT, T B LA 42
J& AR 4 JE W AR A S A B UTTE | A B G 5
15U T SEM WLEZ (A& 7 Fir /i ), () IF X6 52 o7 2 e
5 K AT I AN S 0TS Ve AT O A, B R LR

2. M 7RI 2 T LIE 15 e hAE e S B DL vE I
RS A, BT RVAR B R T CaCO,TTHE , 2
S SR 5 RIS YR A Ca TC K b L ] AR .
SR ARE LE, 5 0 R0 g TS U T S JTER L
BAK, AT RESE TR A0 B 3R Al AL S 80 SC E R A
T S0.7-S. HERISIRAY S TR MIF I AL B, S ot
EH BRI 1% BB ZE 2. 3%, i kA 6 iz
IR FE R N AR T ST, Z IR A S B R R AR
HRET, X5 2. 3 LR 3,

¥
g "
4

. ’Q. N 1
B7 KRS ESTIERNSEME K

Fig.7 SEM image of sulfur-containing precipitation in

o

the reactor

F2 ARMEFRPHITERGL

Tab.2 Elements percentage of sludge in different periods %

WiH C (0] Na Al Si P S Cl Ca Fe Cu HiAlhy
JEEHREI 21.2 65.5 1.8 35 1.0 1.6 0.8 1.2 0.8 0.9 0.6 1.1
JEEHB A 22.1 66.2 2.6 2.6 0.5 1.5 0.7 1.3 1.0 0.8 0.2 0.5
rhEs A 21.5 65.1 1.5 3.7 1.1 1.5 1.1 1.3 0.7 0.8 0.5 1.2
R A 21.9 65.3 2.4 24 0.6 1.4 2.3 1.4 0.9 0.6 0.3 0.5

2.6 RMZFHHRMFERER

SV AR RS e 7 5 NH, -N g6k, — 5,
S B0AT) HH F ) DR SE OR Vs le R D A ALY
i IR AR B S 77 e 2 R, A 5 K o
H{E A 46 NH, =N, S BUEIR AR T NH, -N WK B2
FEA; 5 — T, T KA AR A T BR 4R, R 7K v 48
W B A (28 mg/L) , 24 [ I 48 JEE R S v IR
S 2 5 O, R 25 77 A 1,0, 78 SR ARG
B A AR IAT H,0, B 430 1.4.2.3.3. 1 mg/LL,
H,0, AT 4 Ak NH, =N, 45 55 NH, =N [ JBEBR & . i )2
7 2% P SO, =S (1R 55 Ak ) 32 ZE ) F AR 2R 95 TR A6 T
B TOC #4750, =S i it .

MIBTTZYE 89 KIN, JIEHR TS Ve th 28 (A % A8
S, 2R SRR IE B ISR T e Y g AL g ) T i
#) 30. 25 mgNH,~N/(gVSS-d) , H. = i & 7 [5) £
T TG e AR AR RS AL P o A Ak R R D

fift K NH, =N #5464 NO, =N, ALK Anammox B
AR T TR NO, N, 1fif H.>& Anammox Lt
Bl T4 BT RS AR 0 46 F BE T Anammox
P28 1, 6 NO, =N A 52 4 7 505 , 97 491 Anammox [
() 2 BE B, B A A ik Y I T HERN T, A KR
G208, REUNH, -NJBBR S8R SO a2 K A ]
IBATIG AT PR TG i, A Ak T LA B L0, S (8
7 NH, =N BEER B 42 =, 42 1L B 2 /9 NO, —N M2
M Anammox B A K o 55 89 IR I FH It Uk S 56 6
B KV 4 JFE B B9 Anammox i 5 A 3. 4 mgNH, =N/
(gVSS-d) , Anammox JZ )i 2 5 iK1 NH, =N iy %1k,
HE—AB 3 T NH, =N BB

TE IR #3847 45 150 KB, S0,7-S A % /4 i
B DU Hhy T 2 K il S A AR R S5 e AE T, B T
AN SO, =S, A, T I5 I H#E A 1A ML T
#&, SRBAXHIHITS P T2 A= 19 TOC 747 SO, =S i
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(A ICHE W7, 76 ) % )2 & AR B9 & Anammox
fififb Mt A 72 SR A i A A s s TR 2 S
JZ2 00 % A B R B R AR 3 i S SR A B b, DL IR 8
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S0, N, NH,
‘ =
SOB =
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Fig.8 Schematic diagram of nitrogen and sulfur

metabolic pathways in the reactor
M BT
A 3 20 b B R B T SO # £E 0.89.,240 d
{5 8 A Tl A B R e 25 4, 25 R L 9 ml R, A
L g 34 as AT B B, A BRSO AL T B R R i
JEA A 3R R A TR L B S R AR AE
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Fig.9 Relative abundance of bacterial communities in the

240

reactor

TE S 4 ISR AG I 2] Acinetobacter , Fo A2 FE )
IR 14 0. 023% 4 Z 5 240 K 149 25. 22% , [7] i A6 I 5]
Comamonadaceae ., Pseudoxanthomonas. Thiobacillus .
Thermomonas 55 AB AL T , ¥ 4 &L 4= BEAL R 0. 5%,
TE55 89 KAL R £ 6. 51%. HH1, Thiobacillus J&—
i A SR R AL B, K 4G 1Y 0 3B T 5
1. 32%, VLB SO0 a il SE ARG F 3% S AL S,

X525 THGRAW) G . i Ot R
Anammox [ , [HFE S NV #1217 28 55 89 R F LI
SCI6 K I 2 A A A9 Anammox 35 PE o = N g8
Desulfomonile , Desulfovibrio X Syntrophobacteraceae %
SRB i , TERI A HEFR 5 e h i S F T 5 51 4. 96% ,
BEA B as A HL R BED  SRB R B EEE R TR
W R TE5E 240 KR REE 1. 67% , 3t 5 K1 & h
Bt R 6 L B i AR ) B AR W 5 o [RJ I, 7 S 7
TR T B A AL TR & L 6140 Rhodopseudomonas
Rhodobacteraceae %5 , 7] F| FH H S #4710 B 724 K,
SRR 0. 188%

T3 162 KA = HCO, kB2 LUS , NH, =N BB
il | B e o 1 B9 U o Rt e oAU B2
Acinetobacter T8 ) FBEHE = 22 78. 87% . AWIFTH K
B, Acinetobacter T B AT F AL K S B AL g 11 EE &
#8493 Acinetobacter T /] #EAT IR AL A" o IR
A5 e B T AR 1 A AT LY N Acinetobacter T R
SRR AR AL T IR, [l K o Y DO DL R
H,0, M Acinetobacter W4 E S AHALRAE T 4544, S 2k
FOR TG FE L B g b 28 ARG I B 32 2k AR TR IR
G e, 5 R AT e R 0y 22 BAE T
Acinetobacter I F-JE . B Acinetobacter B FJEIRE T
L (0 3 SO, RLIHGIAA Acinetobacter 75 U #iv
il FERIIRENEH . Desulfomonile . Desulfovibrio
Syntrophobacteraceae W J2&: 2 N %% H 3= %2 1) SRB [ ,
FIH SO E L 7 Z AR HEAT SO, 38 J5 2 i >0
Thiobacillus £ BN B A 37 52 AE AL AN ER , 7]
SO, I A LAY S5k S RANO, N L T 32 (R Ak
80,27, B i AR A B A (R e f AR B, L
B = (5 SO, Y B BR B i — AP RRAIG, X 5
2.1 DAY & o FEAS SEE h IE R K& B Cai
A NS RE Y AT LRI R R NH N LR SO, -S Y
Bacillus Benzoevorans R, UL A% % B Liu 26 AFF
Anammox [V i H1 43 12 45 21 1) 1 &R A 2 AE T AR
Anammoxoglobus sulfate™ .

BRI, PEASBIFSE %) B g a7 B AE . Anammox , 5
I SRR KA A 37 B A 3 [RS8 T AR B8N Y A
PR 5 B R £ 340 J5L AL ) 5% B Al A B it e 4 4R 1 3
[FIAG I T RGN BB , 2L B0E BR AR5 15 I
JO7 g v T B R R A D DR AR AR A
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@ P UASB S i #E 7K N/S LI, NH,'-N
580,77 =S Wi B i IF RS2 BB B2 . (AR NAFE
TER) Anammox 2N FHEVE DR S04 90 7= A2 59 H,0, LA
LA HCO, W BE X A7 Bl T NH, =N BEER 2 i $2 5
7K HCO, e $2 795 2 1 002 mg/L Ji5 , NH, N it &
AT .

@ T UASB JI i (947 5, TEAS [A] (51 BE T
Ve JZIE T A [8) Bb 28 /Y A= 0 & R, NH =N HI
SO, =S TEA RIS 73 Bl B BEER | th AN [°) )2 1Y &
A=A R AR E RS TR B R 6 8 R A 2 S AL IR 42

@ R A A IR IS AR T 7 A LAY
S0,7-S,S0,” =St J5 A= 1 i) S* B Rhodopseudomonas
Rhodobacteraceae 55 it 5B AL TR DL S A F 37 KA 16 T
HOF AL SO, =S, 78 RN a N T B UG 26 , &
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DTN AN NH, N BB ER . 5 Anammox | 5 7 )2 fiF§
b Lt A 5% SO A 3 )R AR 2 9 1) B 2R
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