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ffE i OB (SMX) 2 WIIRIIZRPUER, BoEE LR, HEAKIE 2B N1 R
BT 4. ABFF L SMX Jy HARTG e, =S50 T FAb 2 sk P Al SMIX (A= e v
I AR AR . R SCIUR R BRI R

(1) DA B Al A S Rids A48, B 9E T AN R SR ARI0AG R TS e 22 B e AN AE )
HEEATALAE L . G5 5L, SMX WIURIKE N 1.0 mg/L. 7K 1158418 (HRT) A 36 h Mk /KiREE N
24 °C, ZB AP B ERE R AE, KA (NHS-N) PR 81.2341.05%. EA

(TN) “FHJEERZE 50.20+0.64%, ¥R (COD) “FHEBRE 89.74+0.66%. [ 1/KF: K% HRT
Hhn SMX 5 Kb st B 3G, (2EEEER ] (Firmicutes) &4, 49/KF: B HRT H N
PR (Bacilli) FXF=EEEALT- 30.0% A L, Uil HRT 84004 T & S8 2 B4 A e b SMX. RO B 1t
A, ik SMX B&ff. JE it UPLC-ESI-Q-TOF-MS 5l £ 7 Ff SMX 46 ()44, R H 7T B AR
@i, TR

(2) PAHAL 2 A AR OS89 AR, BIFFE T ANIR] LI 5 B RV G i) 25 B RCR R A= P
BAAEDL . GEHRFH, 24 SMX HILAIKE AN 1.0 mg/L. HRT A 36 h FIRE/KIEE N 24°C, HEE N
2.0 mA/em?, H7K NHy-N PRI RZFN 75.98+1.03%. TN “FHJ LR N 42.42+1.16%, COD 1
HKIKREE A 41.60+4.80 mg/L, ZFRFTIIE 91.4240.82%. AR A RN, v-AR I 4

(Gammaproteobacteria) FIFFEA (Bacilli) HOAMHABEN, AF T B EFRBEAN SMX FIPEE. R4E
HRMASE T RE PR AT, BLETITEE . SRR B HERIR A SN o X AR B AT T, e
AR Y I N AR RE SR SMX B Ak o T BRT 1 AR DB AR KI5, RIS A 30 20 v T 440 A= 4
TFAEVE TSGR o

(3) DAL o R U R B 28 9 AR, B4 1 RS AL A IR S TR 15 G B

PERER AV REE B g5 R, RN, AW TNEILEIT] (Proteobacteria) F1JEHEER ]
(Firmicutes) , AL 225 A ARSI A, AR BT T RIS AR AL, HLJFAE B 1] (Firmicutes)
i Eik B 67.8%, Ui B B AL B AR A R T SMIX R 25 Bk, 5T o ) P FrA g s HE SMX
FEE I R PR BRI N-O 8 ) W 24 8 A AR S
RERE]: TR, RUEMIRRE . PERIELS,



Abstract

Sulfamethoxazole (SMX) is a common sulfonamide antibiotic, which is easily enriched and difficult to
remove, and can threaten human health and environmental safety when entering the water environment. The
objective of this study was to investigate the distribution and transformation pathways of electrochemically
enhanced microbial degradation of SMX, with SMX serving as the target pollutant. The main conclusions of
the thesis are as follows:

(1) The removal capacity of pollutants and changes in microbial communities were investigated under
different conditions of optimisation using a multi-stage biological contact oxidation reactor as the main body.
The results showed that the multi-stage biological contact oxidation reactor performed best with an initial
SMX concentration of 1.0 mg/L, a hydraulic residence time (HRT) of 36 h and an influent temperature of 24
°C, with an average removal rate of 81.23+1.05% for ammonia nitrogen (NH4"-N), 50.20+0.64% for total
nitrogen (TN) and 89.74+0.66% for chemical oxygen demand (COD) in the effluent. Phylum level: As HRT
increased the contact time between SMX and the substances in the water increased, promoting the enrichment
of the thick-walled bacterial phylum Firmicutes. Class level: The relative abundance of Bacilli was above
30.0% with the increase of HRT, which indicated that the increase of HRT was beneficial to the growth of
bacteria that enriched or promoted the degradation and transformation of SMX, and promoted the degradation
of SMX. Seven SMX transformation intermediates were detected by UPLC-ESI-Q-TOF-MS, and the
possible degradation pathways, mainly hydroxylation reactions, were speculated.

(2) The removal efficiency of pollutants and the changes of microbial communities under different
current densities were investigated with an electrochemically enhanced bioreactor as the main body. The
results showed that when the initial concentration of SMX was 1.0 mg/L, the HRT was 36 h and the influent
temperature was 24 °C, and the current density was 2.0 mA/cm?, the average removal rate of effluent NH4"-
N was 75.98+1.03%, the average removal rate of TN was 42.42+1.16%, and the average effluent
concentration of COD was 41.60+4.80 mg/L, with the removal rate was 91.42+0.82% on average. In the
electrochemically enhanced biological reaction, Gammaproteobacteria and Bacilli became the dominant
organisms, which were favourable for nitrogen and phosphorus removal and SMX degradation. Possible
degradation pathways were proposed based on the intermediates, encompassing bond breaking, isoxazole
ring-opening rearrangement and hydroxylation reactions. Toxicity of the intermediates was predicted, and
the electrochemically enhanced bioreactor was able to convert SMX into harmless or biodegradable

substances, while some of the intermediates were potentially hazardous to organisms.



(3) The pollutant removal performance and microbial community changes in micro-oxygen and
electrochemically enhanced micro-oxygen were investigated in an electrochemically enhanced micro-oxygen
reactor. The results showed that the dominant phyla were Proteobacteria and Firmicutes in the microoxidation
reaction, and in the electrochemically enhanced microoxidation reaction, the dominant phyla were similar to
the microoxidation reaction, and the percentage of Firmicutes reached 67.8%, which indicated that
microoxidation or electrochemically enhanced microoxidation was favorable to the removal of SMX.
According to the intermediates, it was proposed that SMX degradation was mainly due to the breakage of
the N-O bond of the isoxazole ring substituent.

Key words: sulfamethoxazole; microbial community; degradation pathway; electrochemistry
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1.1 IREEMNENX

111 RS =

PUAE 3R AR W Bl s S AR 7 AR B o D A s HC At Bk A= A 3 2 R IR AR W
P, R N T A A AN A B — 2R 250 . PUAR B AR IR T 109 RN B Gy T 45 N 2 {ek B
AV O R A R B R IF AR 23], SR1T, KA = Al e K AR A A i TE B
AT, RO E NG, K2 A R I BRI T BRI B UK IR, SR
fEIFIB IR 1-1 fiR. KEHEAFZRBGIAR CERR. HRK JUBRPIAVR K
RO, B, PR PTA B BRI BRI A K e 5, R R A
FIRFELE 11.76-389.80 ng/L 2 [, KAT I BOKIERE H 14 FhpiAE R, WURRIKE EIE
1708.33 ng/L, HAFEHFHWE. Binyb EMIUIRRZR H T 100%, i i Zp0 i 5 R 4650
= 5 d v (8o 0 M R K ORI A A v AR B DU PR 2R 2K (1322 ng/L) A% (851
ng/L) , T F/KA 3 ER AR (250ng/L) Pl 30 KB, #EHTAE 28 HR e,
VU] I 3 M 2 A PP A P v T A, T VAT AR IR A v U e e

AR IIBIE FEVTA & BI, 2000-2015 42 18] 76 EH FKPTAERMHEEK 7 39%, fiit
2030 FEIRHMEHTA R E I 200%M . £ 2019 4F, PR EEEER 127 5
NFETDA, ARG A TR 2 2019 F RIS, ARSI, BEHAE 1000 /3N Hi
ZIRE AT, TR 2030 4, KA 2400 73 N RN 2497 B i B 05 Fia N 2 TR 31, 2021
F11H2H, (PR E SR TR UG B i BRI = L) fe3ie, «5
2025 48, SHriG G BREE W G 5R 7 o RN CHrG G WNa BAT 3 T R (RS WARD )
HfR RIS6], €5 2035 4F, FRIE E BN TEE BTG RYNE EA R, HriE RIS RS
VRTINS, Bis IR B AE I o ARG R, PR R
FEG 5K RE R R 2B, B T K, HAGI TR A7 7 AR 2 b i 2 R N\ S fd i
AT E AR H | WWTPs KR sl B 2 FipiE &R, HiRERILESE
R T T TG AR B 10T
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Figure 1-1 Sources and routes of transmission of antibiotics in the environmentl?]

1.1.2 HiREX

PUAERBENASE S, PUREERGR, BHTESMAYINTT. RI\ELEHZER, L
Iy NS (SAs) « KIAARESE (MLs) « MEFERZE (FQs) . WUFAEIE (TCs) M B-
N eI (BLASs) 25022, i e 2k 2002 et il 1 F b A 1 3, A o AR 9212
FEAEHZK . I57K. DU R /K SR EE h  ds A7 £E . R FF e (SMIXD &%
RIERINWERGEEM, A MRS PR AERW AR, T2 TR ME SRk,
B f B g AR A, 2t NRFNBN Y R R fa 5 . BBtk JFREKH SMX HLE T
Fo TARAEH A W

FRT, SMX AFE 745 My . AL A Wi, Wik B SR ES i« A E B
FNER AN 55 52 VP 2 2238 I R RA, (H G T Mk 22 45 B LE Wik AL 4 R V8 25 A
R, AN, EYNER SMX FAL R LR —, HAZRmEK, WA,

FTF LR, ARk SMX AT S, i A Y SR AL 2
VN, W SMX AR AN N 2% P IR S M AT IR T s AR SIS 251, X
FEAN IR 5 At R I M A5 R A8 Ak o AIF 58 1 SRl A D b S AR AT LA i A AR R A 3
SMX JE /KSR 1 FIH AR K -
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1.2 BRI

1.2.1 FEpREREM SRR A EE

T fic FR BRI (SMIXO J& — Ml RS e e SR B A= 2R, K 22 8 == PR M 1 R 9 12 T
HA R 067 808, & TR 98 AR kA K 2627), JEARPE R nk 1-1 Fios . [AIR,
SMX 4 51| N R = FH 24 it AAS N4 2= it sR A S A 1 24 44 B 281 (B AR R
REIEAT IR /AR, 2 2500 DAREA AR ) 2RHE R P9, - SMIX vz B F RIS K Ak
HBARERRR, SRR MK S K Ao ) 5] s0-321,

22 1-1 B R s RE A P i

Table 1-1 Sulfamethoxazole Basic Properties "

2 gk e FROSTE R (SMIXO)
15 AR 4-5 HE-N (5-FAJE-3- S Ml ) IRt T Jie
P pm it C1oH11N303S
LER R H2N~®§~NH/]iNZO
4
24 T i Lecn .
I 253.28
WEE (mg/L) 610 (37°C)
J& 167°C
P2 B9 fif i 45 pKa 5.60
S RE-7K 5 E R A 1gKow 0.2235

AR R, BR, W, JLPFAET
Ky Gy T EIK M ER ARG S BN
BT SMX KEMHMA LT, HiEH SMX 5 Ha™E. Hil, £EANNES
FE(H ., IR WV A KA H SMX,  FRFE R /K H VR BE =ik 5.57 mg/LEe),
IR K A vy AR E K 1-4 D RCESL, HEEARRDK P gl 2], A8
o X PR RS Y ™ TR, R R A 1 A 25553, IR SMX O B AR R,
Ao R ) 1 28 G AR R 000, KA D NGB R . SR A S AR R

e,

WAL IR

1.2.2 HERREEM R R R R R

SMX BA B AEYIEE  BORAEY & EVE AR A P B, B A KR,
warAfad. Bk, FHKT SMX AR, & 00T BRI R
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HAT, X SMX BRI LA DNTE . mBAIE. EWidsE.

VAT R AL 2 AR A R PR K, R P AL RN B S5 AR . AR P
ARARIE R L RS IE X5 Y AT 0 8, EEA RIBIE . IEMYNJESE . Echevarria 55
(401358 3oL i i - S BB B AR N SMX R I 4 - 2L 8 R 2575 e 22 1, P35 5B K 55+11%
AW 5N RS & DR A B & 2 Bk SMX, JEId B 0 PMSS 7l &, Rt £
TEPEAL A, $Em SMX £ BrFUL, 5 (Rl , 0P EOK A 4R 4 A BB YT SMX
LR ET 89%, 4iRKHY, BEEEM/N, REBE, SMX LRI, ik,
# Sn02/Sb B NG 4EE T, 76 pH N 6.0+ FEARFR I N 10 mmol/L MINHLE 2.5
V FIIIE SMX WKE N 10 mg/L B, BEMRZFLE 1 h WANEE] 67%1), 87y B H R AE A
BLOREREAC, (HATEAMEZE. AR, 2 RN,

W BB AR 2Bk s e el 50 735, W RITEPE R . WA IR B . An 4
7| £ = e R IB 24 A SBIR B, 90 min YN SMX HBRZFN 94.11%. SRR, SMX
B ff B R IR B A8, FLZESRAE PMS Al SMIX W BRHEFE ARt me Nk 28 X s A7
SAERL, fRiE SMX FEff. Uk, ZKEER 7K A et BoA W BRI R Th e, X
SMX [ FIEF] 95.91%, B 1LZFRiL T 43.56%. 450K WBEE KR AWIEAK, SMX 4>
THBEKEROEEH, 7EH R B AL AT T b, SMX Tl K 1k 2
BESRR IR B RE A 3R, A ek BB SRR T o [ B 2R I A A R B e R B 25 o 1) 2
ELOR A 77 72 W B A2 AR B 550 2 TR AF LA R 14850, S A5 it 9 2 3 e e e 2 A e L S2 TR & 1
B3N SMX W, WRFHES> BN 124+1 umol/g A1 25.65 mg/L, i imsgfl A st
SMX Wy Btk BN o BB A . W B BE 77 3 AN A (] BS54 A, X5 4l
BT B RE ST, (EAFAE pH 52 PRAN RS Yo v

H AT S AR FZEAFE Fenton 5. JGEALIEFI A ANIESE . R0 R TR E R
PEZAE N AN REL, R4 KA D@ A T E. Zou
SR TR R PR SMX, 60 min P SMX L P58 4. ARSI N R, %
R AN I JF A O AL R, 4G R EVE YR RS A BSOS R SMIX AT FRAR, R
A E HEEE R SMX B3 B ATk E P, Bhsh, KEFF7TLL FONEAM, Hl5 L
FIEBE WS AR . Z5 KW, SMX 7E MgFe04/MIL-88 fALFIBO, FHEEKEE (BG)
FeCls i A4 (FA-BCs) 71, MIL-100 (Fe) FIHENE FesSa M AL FIP8IRI 2. B34k (C-AC-
AFe) PUMERI T EBFRD 5N 99.80%. 99.94%. 41%F1 98.20%. B-HkA Ak 77 250 s i
FE R AR A R-OH H B3 A& 97% AR N 5 3%. LA R, -OH H
B 5 AR T IIA R T SMX 2Bk

JCHEAL R G RS e AT AR B B i, B BRI T R . e AL 7R
F & TS50 SRR B, RTS8, 8RR SR B R A, kD
AR AN R, TS AT AR S R0 I A B AR
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ARG BALE . EALEE A A ALEROIS, thAh, BB I Ag 9K FFEE
AgsPO4 2B SMX, 15 min N SMX B4 26, SLIRERH Ag fl AgsPO4 S =4 SMX
I3 TS AT A, (2 HE SMX TGRS, BBl 2 BRI ISCER AN a5 Y kAT B R
I UV-C/H,0, 8% UV/Fe¥/BS % R4 2Bk SMX, EBRFETE 99%LL L0067, e fi fk p i
HASUEMBROEEER S, RAFHMRIGETE, HRZHHTFELIMNS,,
HEAMAL Y 5% AT, B A LR &

SR EMNIE R — M a5 B b BT B, B SoRES, B RIS, TR
ToKAREE . SRR BT B B ARG e G HAREOR 2:BRI5 ). Gorito 55
81 E B2 R H O3 A FE /K= FR AR /K, SMX 7E/NTF 30 min N 584 2Bk [FN, A2 KA
TR AL 2Bk SMX, EBRFIEE] 84.82%, 45K -OH F1 10, (G RIE I SMX FFiE
691, H A2k SMX HRAL ARARA RA/SBRIREE T 200, LA 4 f s Ry
flEfh A A%, RAEI R R ARG S R YRe ke s, JF B AR H R B,
AR RIS e . AT S W FCHE 5 B /PW o/ KI/HL 00 LA AR R 5 SMX IR AR, 24
IR 130 W B, SMX LR (95%) o US/H20o/KI/PW 2 R R INE T
SMX HIFEAR, 15— o Bl PR 75 ZhA R I 1 SMX 78 SRR 57 i 18] 4% T A,
Perm T SMX [ BRRCR - (HFE 75 Ik Th i i, S 78 i s ko oK, AN FI T opilel,
zi b, WPREABEAR T A B 3 A R SR A, N, (EARK
2T, R AR 584 LA ML e T,

ARG KA R R B BEHR, TN SMX HIREARFI AL B2 2 Fi
PUER: — IR, RUEYE SMX BAL Rl —HRIBGIEEFUGK, MAYH SMX 1
NEEIEFBIE, SE IS RIEAED T E S BRI TR, AT LA NI E R AR %
fift. SMX HIUFARF A 3 BRIG MG e KRG HAR M FIRIBEFL, 365 et SMX HI4F
SRR AR A R . A B USRS e 25 Bk SMX AT T, R ILAEIESE
Tl B ATCRT AGS R SMX [ L BRFTE 80%LA I, FAAA 42 32 0 A Tk e
IKAEFIEEWTZE, FeA/N PR . Alvarino 2RISR MC RUR MR BEVETE I E & E T 2
ARSI G R S RS PR A E SRR TS VT SMX R RIE L, 15 R R A AL AE Y A]
FIFH ) SMX ST N 98% K4 £ 94%, T FEAEA A HF T IRFFEE 99%, FH SMX [
TP PR AR AR T /M0 BIIR . FE V5 /K AL ER )R H AR IR SMX PRA MR 5 AF S8 A BL,
ERMAEMNENEIEER . Quyang SV U A IR B KBk SMX, 45 KB, bE
# SMX W /1 1.52 uM/day _ETHE 6.54 uM/day, FE4LZRI4N H 581 5) /1% Michaelis-
Menten FH1LL, R ZIS LR T ERRIIEEEFRIME 6 AN, Bidwih SMX
WFETH 100-250 uM (1] 90%4 2B, KA SMX #ib . thoh, AT @
TRIR A IR Eiy5 ek (SRUSB) B0 B4 MBBR 4545146 MBR st b 2 BLAN PR 42 I
AW N #s (AnMBRO) 21, 435115 SMX £ BR# N 13.3 ng/g SS-d+ 65%-100%F1 97.10%.
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25 SRR W B 175 Y8 15 B I 1) R LA 2 A ) Al 2 AR v A AR O B R AR5 e L
A AR I 200 B K N5 G 25 B e 881 g S 25 o R LIRS AR e A, IREENL 2
W BT AE Y

PEIEA A AR S G AL B R A N BB L 5, AR H BB R ICR R
of. HAET, RTHELMIUA R SMX AV AT AL R SN R
FEVEDT U D o BRI, ASHIE FORAR AR A S A0 SMX I e AR AN ZE e v 45 1
RIS

1.2.3 EYEMEURARMR

A A ATE AR A AT, 32 B R b T A M K AT
WPt AL BE, gk a i EORHN, AR & B UK SO DR N R, SR Y A
O AN S R Z3 7K o 5 e . Song S5 FH AR 1) i v Y A B R A K- o2 2 P e
M RGPS QAR K, WFR R SRR BRI i R I E Y 50 mg/L, SEILT
XU . UVass FLEA PR (TOC) HIEBRFED BN 50%. 32%H 26%. 5 HR BN
EE, UVasa F1 TOC FIPIROGEE 73 70 BRI T 36.71%FH 29.63%, A Al e £8 [=1 37
R EANAY), AR ESAEAUIERE, AT AR KSR A, BRI %R
A HLTT ey BB RS e IR A0 (O W M P FHAE %5 B B4R A . Zheng S5 BSUR IS I 4 A
AR MR/ TR (A/O) AEWEHM A T EAA B M IT K, SEERH: TR
AR, A0 AW EA T Ed TN MEB LR 72 66.50%A 73.80%%2 i £
95.30%7F1 80.60%, FEALAHTE (Nitrospira A1 Nitrosomonas) Al i AL 41 & (Denitratsoma-
Thauera F1 Dechloromonas) ¥4 I0HE 5 T [ MWAR 2% BT 2 .

Zr ERT I, AW E A VA AR A B S BR AR TR K R AR 2, BN TR AT R
FENLEE A IS ZBR

1.2.4 BUE-EYRGHARERE

AR, WS- R GRS Gl 22 05 T 7 i BRI 7. LA R G F 2
T P E RN Rl A R e T R RS AL, R P R A A LA 2 s K 7K P )
BT AL B0, Li SEBTIR@RAE YRR N T8 (CW-MFCs) VAT R
P9-F (CBZ) . tificl g (SDZ) MZ5¥) kA N4 ELi (PPCPs) SERFRAA R . 45K 8
N, CW-MFCs Z 4t FIIZ AT % R /K E: A1 PPCPs. NH4*-N Al COD ) Jifi & fu g #5 A P&
%, EMAFPEE A S 204G ) TR FE AN 25 5 COD % s =5 B Bk 2 P B8, [A)
K HRT A BhF P& = PPCPs 78 AR b i B &AL 2, HRT #J, COD M
NH,"-N i 5 A #R 3 I, & e PPCPs AT RE <4k S U 41 B (1 G R0, Li 2000y 7
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