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LRIE I E RIS R TR 2EBE, WP 1108195 2. % 2 B 1 KiRTE SAESBEE B A LRE, 225 066004;
3ATARHER, AFKIE 050035

B E OIEk, ZRUESEEAEZRE ZMATETY . BH0LE, HAAKFREEIR R, X ASEEMIR
A TEREM . —EASA (Clo,) HAE MR BT A ki RIHA RIS, BA BRI E RN ERR .
I, B ClO, MR IR Z R LA (DOX), RFT T M IAR (1) K 2 LA B i sh J12, ek, I AR A i -
RSB AT TR AE =, R E T R R RO N TR A A, T DR SR A5 I S B T A A A H AL
P, OGEERE, Y Clo, FRERE N 0.8 mg' L, VRE N 25 °C. pH N 7.5 B, ClO, F&f# DOX B R imiF, FEmHEN
94.07%; ClO, [&f# DOX £56& R/ 3 J1 2 MR, | R HH0R 2.41x107 mmol-L™'-s™'; KR iG1LAE R E,=25.46
kJ'mol™'; DOX ZEBESME T LRSS F A G Wil . B LA Ea5 B, DOX 1) C—C MR 5 Z 85
Yiifi, O—H#A S ZBEHEIGE; 026, 039, C20 MEH NS, FEMTa R &8, DOX # Clo, Afb)s kA4
T A IR E RIS, SN AR TR 0 M+16. M+32, M-157. M-241, M-396, SiFELHRILA—F, i@
i3 4347 DOX Mefad B ARtk S (L BB, FAAe R PEAsm g H I =4

KigiE XA RS B R Bk

5 T A 414 (world health organization, WHO) FK, JREJEJE 4 EREE — RIET RN . 2020 4E & FRA
1 930x10* FPREAEEMH . 1 000x10* FEAEAET, FitE) 2032 4F, AAEHHRAERIMNG FTH2] 2 200x10%, X
REPUERUAE R S SR ™, (AhiA R MR A S A IR TE 2ok, HLR 25y
Ao FE O IR RSN SEOME e KRR AP Z R HATEY), TR ERK . AT
PEAMK K AL B K ik R e vh B4, T BOE K . V5 KA | s KA R K, 4 AT LUK )
ug L RARVD IR | BN . BB R . BUKATEREZET, Yk R — R e b Ty |
E R, — O AT EAZ AR R S R AN e . SRR A BRI I TP RS,
AR IR R A R, O B S EON 2 L R =AU b A F s R E AR E A, X
IR PR i O, A S 2 A = Egon Y, KIS YU E RS E AR 258,
L P YRR A A FR TR

BAPUE RS g, HARRYZRAER | 2R | R R SRR 1) s A
B, BTXELSRATY . BRI YRR R SR bR R Y R
AR ZE DU R TR AR AT SE 4% . FRANQUET 21 It Bigs (sequencing batch
reactor, SBR) XK TR LER . ZRWEMITREME I LI, RATERMWIEMIFE LR L ETE
%, RN 15 min P, LRGS0 TR, 2R T 60%. (HAEYIREFEEARLR FHHEY
Ab B R BB AE R IR K A FE I, Sl W e A A O A S — S B0 TR 7 AR T 24 1 Y XU o
GHODRATI 252 fifi R Ml A7 88 . TN S BERRANIAES A I AT R0 22T 85 R A TR IR 31 02 LA
WFTE, R IRAry s ELAG 050 P O B ) R o TR 3R, G BR8] 4 30 min,  REAEIZE 88% Y
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TR, MR ZEERGIKE BRI FE- s EHE 5 300 min A1 1400 min, WEFFR{GEE] 51%
68%. (EWZEHHEFE RIS Y m e, A MRS et itk DRI, 27 RIS YA
[, DUMITRU %522 58 i St s FRAMVERL S 115 BiFeO,, IR HAR GBI S5 B o 2o BB Rt 2 2 B
HIRERR 2SR . 45RFKW], BiFeO, HIGIALTE 150 min J5 AT 225R 79% HIZZRILE, iEALliESMNBGH Y AT 255
33%., (BT ICHAFAN TECEESRE R, RAKEPREFYEL . OF BRI CERCR,
PR RS R

TERAE (CIO,) P AR R AR RN R, R T S SIS R = S T LA
SRR AT, ZBRIBIFAER . A MR TS G, RIS = B =S ER A PSR
WP WATTEBRERPE . K B PEREAE AR SN AU ) 2N . ClO, it Rl TR e 51
WU A B AR SRR, RERSAT R A s> | JRUMs T | e 2520, DR B R e R
TEREST . R RAEPD R ClO, [t P SRR RN DK, FTARYRER 0.5~2.5 pmol-L™" Ayl FP S
S0 ERTF 20 pmol-L™' 1 C10, &N 30 s Ji, KBRFAIIAE] 83% LU L MifHKTE Cl0, iRk E K
F 50 pmol-L™" B}, SV 120 s ZBRFIRE] 95%; FHBRMERMF TSI Clo, XIEEMbt AR MR, e
BPESA TR 120 s J5 JLF-ARRENE SE R %A

J T IR R IEEER Clo, FAMAICE, Wb E SR G Yy, AWl %5 Clo, ML 3
FLA (DOX) HURBRRCR . SN E | OV sh fi2E D KRR HLEE, rItRIZEA PSR N 2%, el
E—2 e TR S BRIl . XIS AT R TE Y . A RSB e PR e b 2
A HE B PREE SOR M E.

1 #RETEE

1.1 ClO, BUHl&Fn DOX kiR

K GB26366-2021 { —AAAGINTER AR ) A1.4.2 B7ikhilsmai A, A E R TR
Wl R 500 mg L', FRTIATRRE . DOX WASLT Ly BRI AALRM A IR R, Gikal, 45 98%.
il DOX FRfEF I, FREL 0.05 ¢ DOX, HAEBali/Kinf/ait 2 50 mL BAEIRH, Rl ek i
H 1.0 g L IFRHERIRITE 4 C VKRS PR CA7AE
1.2 ClO, X DOX PEREHER K 20X 32 556

1) ClO, WIHRHR EEXF BRI M SEN . ROV AR FARFN 100 mL AR PUIRME3ER, Fg4atE
ARG, R 60 mL FTREE 5 mg- L' (Y DOX TR IGTEESRS, 1417 pH Ry 7.5+0.1, JEEIR
ARG FERS T, WE IR (25+1) Co MAFTEWE R 0.2, 04, 0.6, 0.8, 1.0 mg-L™' ) ClO, Xf
DOX #HATREME . TFatd i Pids, ML H 200 rmin”', ABBAE5IFE 0. 5. 10, 20, 30 min TZHL
5 mL ARVIEIR T EZ054 20 uL #9 0.05 mol- L™ A SRR BNV AR (0 NI HF R 1 U

2) IR XTI SE S2 5 . ClO, B E N 0.6 mg L™, VAR pH #EHI7E 7.5£0.1, XFFoLmid i
HRIRAE, FIAMERRE PR e gl X iRt RIFHKEOKIA R .

3) pH XREMSCR N L6 . SCR i FEREA 5 R iR MIE, Clo, % H 0.6 mg- L™,
HCI 11 NaOH X DOX ¥R TR 15 ris pH 2504, [FIRHHHARIEREA (25+1) C.

4) PrA: R XTSRS 3L . ClO, i ik B 0.6 mg L™, &I 60 mL itk R 2. 5.
10, 15, 20 mg-L™' ) DOX TRIMFB LGB, 6] pH oy 7.540.1, RN (25+1) C, HEHEEZKIS
R, (R SIAE 0. 5. 10, 20, 30 min "L 5 mL FORVAE, IGACHRIR S TIAK .
1.3 ClO, [£fiZ DOX RMFNHEF L

1) CIO, F¥fi DOX 2 I 2 6 5 Fi 8 S W RS S . B 60 mL BT Eh 5 mg-L™' /) DOX ¥ & F
100 mL VUG A BEEE M, BAINA R HRIER Clo, Ik, RS RIEW b Clo, Bk E KT 50
mg-L™', R DOX WITAMEERY 10 5L L, R BIRE R (25+1) °C, FFawiJipittas, 5l
B0k 200 r-min”' . SRR HIAE 0. 20, 40, 60. 120 s BFWZHL 5 mL f2) DOX ST, FwCHER
FRENIET TR K

2) pH X% DOX [ NERZEHEGEN L . DOX BTk 5 mg' L', ClO, BimikEH 6.5 mg' L', #
TR NREE R (25+1) °C, ¥ pH 4308 5.2, 7.5, 8.2, 9.0,
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3) I E X} DOX [ 5 I 33 R B i 52 56 . DOX M 4f BB e B o 5 mg-L™', ClO, i ik i
6.5mg L' &M F, &I pH 4 7.5+0.1, ISR 7. 14, 20, 30 C.

AP SHCR G A w i bfE , (i Clo, W KT DOX ) 10 f%5L 1, IR ClO, FER N AR
SREHIE LS, BRI Clo, Ff# DOX RN ST 12F i Bkdat (1) A1t (2) 1145

d
v =22 o g, [DOX)” Q)
dr
kobs = kapp [ClOZ] (2)

depox N

A =g N DOX WRBEREI AL AR 5 ko FIE—GLLH AR TR Koy, A G R AL
[C10,] 11 [DOX] 435/ ClO, Fl DOX FUHREE .
1.4 DOX HHi73.

AHFFE R FH AR 3% (HPLC, LC-10AT) %} DOX FFRIERE S FIFEAR IS RS 105 B S B E ARG
W AR A TRE 0T, T EGERAI S ZORBAX SB-C18., AHKA 3 4 FAT525:, BCEIME.

K DOX A i 240N o WA g I : 0.01 mol-L" il2 &% (NH,H,PO,): Z#2=30:20:0.1.
g KB 254 nm, PEFERA 20 pL, AR 25 °C, WECA 1.0 mL-min', DOX £~ B i)
A 4.5 min,

1.5 PERFIIR DR E

DOX PR F e OB (- B i AN, AN ES B B IR 23wl i 7 0 B s e FH A
(HPLC—MS), 444 Themo Scientific TM Hypersil GOLD C18 Column(50%2.1 mm, 1.9 pm), DOX %
FHABEE VR, WzhAH A b7k, B HZME, 0~1 min 5% B, 1~8 min 5%~70% B, 8~9 min 70%~100% B,
9~14 min 100% B, 14~14.1 min 100%~50% B, 14.1~17 min 5% B, &} 0.3 mL-min"', #EEERE: 10 uL,
FEWR R 30 Co Bkl BSIHIE B 180 AT, 35 Pa; Gas 1, 45 psi; Gas 2, 45 psi; A
500 °C; BEFALETI N 5000V, ZFEEHEN 70 V; £HIER, m/z 150~1800; HfFEHEH 5V; CE
Spread, 0V,

1.6 EFHHFITE

AHFFEFI A Gaussian 16 FX{) B3LYP/6-31G(d, p) JriEx DOX 43T 5454ai4k, FEAI RS %1
HA 6-311++G(2d, p) HE—00r, BEFEBBEALN B REAEfF s fe2a O AR, Sl R PSR N,
PRARIT, g AL T LR AL T R SEAYRE RS BE AU U548 s (] DFT )59, 4 B3LYP %2 s 6-
311++G(2d, p) SEABATEEMIAL; TR Gaussian View I =HEREF /> TH0E, H35FhResis
7 5 HEEE (HOMO) Mg R AR G HEHE (LUMO), YEFINRAIELLA N B | Frkiasil /K e TAE G
fbET . ARSCET R BI EFe HRR A fem G 4 or FH0E (HOMO) ., Fe iR i fis 4 F#LiE
(LUMO). BiZBuaRER (AE)EK (3)). H#H (X (4). BEEE (X (5)). FEHIEEL (0)( (6)), FIHX
BB DOX AAISE S A

AE = |EH0MO_ELUMO| (3)
I+A
p=— “)
I1-A
- 5
n=— (5)
2
M
= 6
w=5 (6)

K. AE HRTEHLARENT, eV; Eyomo NI TR THUEMBEE, eV; E o FEARK L THIER
AE, eV pu MR, eV n MR, eV o FERIEE, eV; I AHEH, eV A NHTHEME, eV,
1.7 fEHERH

J T RGN R R R S BSOS TEPE, FUKUTL 45 B 5| AT 3%k (Fukui) X —F8 . i
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NEF PRI SRS H A Fukui sREUMIRE (7). 20 (8) M1zt (9) 1143

) =qN)-q(N-1) (N
F10)= G+ D=4 () ®)
fny= 1020 ©)

A gV (N =1). N+ DFRPHITT L RE TART B8] DR FREFRIMDIRES; froFs
JEF AL NIRRT - f~ (0 FORECF AR OVFPERIA DN O FoR B BB ATE TR N.
1.8 SNERBETE

ARSI T B R T EE R KL (logP) RFIW=HIRIIRIEE, #EMHERT C10, Xt DOX FEf#)m 1)
FEYIETER BRI . logP BUEMOR, SiWZYRBA RIRTERGR , a8 MK PR . — B o0
T, 3 logP<5 I, XEMIESLIERMEMEREMERE BEERIEAE, ARSCRAT ERABE LA LI
FFSEHTT AR XLOGP3 T AP, WAL BRI R AL | LAKHL CIO, B Iy logP #E47
T, S TR A R AL AR A TR E A AUES
2 HR5TH

2.1 ClO, ¥t DOX HIPEARIR KM E =
1) CIO, W)t e B2 XS B BOR BRI o MR B (25+1) °C. pH N 7.5£0.1, DOX W46 it ¥k B2 4y
5mg- L7 B}, CIO, Ptk B FEFFRCR It L&l 1(a) Us. I 1) "TLVE 1, BiE ClO, Ak

100 1 80
—/—; M
80 f
60 /’74‘
—
- /
® 60 —A B o = / A |’4l
o -u- [ClO,]0=0.2 mg - L < ! /
i o [CIO.]J0=0.4 mg - L g 40 — &
A 40t ° ° W —B—T=5C
—— ——T=15%C
20k -a- [C10,]0=0.6 mg - L"! 20 —A-T=25C
-v- [CIO,]0=0.8 mg - L' —v-7=35°C
-+ [CIO,]0=1.0 mg - L"! ——T=45C
G- " " 1 1 1 1 () 1 1 1 1 1 ]
5 10 15 20 25 30 5 10 15 20 25 30
SR /min S s R /min
(a) CIO,FJ 1R Uk BE X DOX KRR (b) LT DOXRE AR 1 5%
100 ¢
80 Py ® L]
¢ * —¢ -u-[DOX] =2 mg - L
s —3 ;_/‘ ~e-[DOX].=5 mg - L
M ./ /l —A-[DOX] =10 mg ~LJ‘ a
& " ”— A——
4 ./ / —n—pH=4.8 —v—— " M
—e—pH=5.2 * TS —®
—a—pH=7.6 Y
—y—pH=8.5 -v-[DOX],=15 mg - L*!
—e—pH=9.5 ——[DOX],=20 mg - L"!
10 15 20 25 30 0 5 10 15 20 25 30
J I B 8] /min SR B B /min
(¢) pHXDOXFHfRAL A M5 (d) DOXAYI AU B X BAARAE SR A 5 1)

1 ClO, MiERE . ;BE. pH F1 DOX ¥I&KEXT DOX FEAEXIERAISNT
Fig. 1 Effects of initial concentration of Cl0,, temperature, pH, and initial concentration of DOX on DOX degradation
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BN, DOX MERRFRIA BT, 4 ClO, BT 0.6 mgL™' Ja, DOX KFRR ETHESIMLE . Xt
T ClO, B4 AL RE 7 BEC AR B2 (3 i ini S 2 8, AN INTA RO I MR DOX 43 ik 5, B4
CIO, Friik i 0.6 mg L' J&, JLFIHAR) DOX 73+ FHIES ClO, S50y, SRR R EIT T
R, I, #E—2HN Clo, YR BETFAN S W E S i SRR . APV T THIZE 5 min R FRBCR 3, 5
min J5 S LA FPEARIRAS . DOX 7E#Efit 0.2, 0.4, 0.6, 0.8, 1.0 mg-L™' (% ClO, 30 min J5, &Ry
HH 35.31% . 40.95% . 66.97% . 93.09% . 94.07%, ¥ ClO, WEEREMS AR R DOX.

2) TR XA IR . 24 pH Ny 7.5£0.1, DOX #IAFRHMIE K 5 mg- L', ClO, #IHA B N
0.6 mg-L™" i, JELEEXTREMPACRAVEZ AT RN 1(b) Przn. dilE 1(b) alEH, BEEEERTHE, Clo, X
DOX W EBRFEA B2, 30 min J5RBRFET] 48.32% . 50.65%. 63.22%. 60.45% . 60.33%, iX
W ClO, Z:r DOX [IRESIAZIREEFZ AR/

3) pH XFRRMSCRARENR . SIRIE R (25<1) °C, DOX WIHAFERIE N 5 mg- L', ClO, ¥ItA kT N
0.6 mg-L" i, pH X FEMRRCR AR SR 10) Bivs. HE (o) fTLAF Y, BEFZ IR pH 95 m
ClO, ¥} DOX HIA#SCR W, DOX ISIAE pH g 4.8, 5.2, 7.5, 8.5, 9.5 3%l 30 min J52:BR35351
iK% 54.02%. 62.25%. 66.18% . 64.22% . 67.80%. MMEFAF FXT DOX MFEARRELSS T, SO&HE N
ClO, WA ALIRIFRA S pH BAMICER, X pH &GN 1, HAMEIERAIE 0.062 VP, [t ClO, %k

REJIBEZ

4) DOX HRFEMT AU . 2SI N (25+1) °C. pH A 7.5+0.1, CIO, WIEAFERHEH 0.6 mg L™
i, DOX HeHE AR I A AN 1(d) BT, I 1(d) AT, DOX [y BoRbER A Rk 4
(ERAAITIT SEREAE , DOX FIATEEHARE R 2. 5. 10, 15, 20 mg'L™ i, 5 CIO, KA 30 min J5 B4
HEKE] 93.41% ., 78.28% . 49.5% . 40.16% . 28.43%. KK ClO, FIAFTEIRERAHN 0.6 mg L', ZpRE
IHEAATRER T Clo, BinEid K, K& DOX KfitS ClO, RN Misk B SRR IT.
2.2 ClO, f&f DOX HIR Rih

1) CIO, Fifift DOX J MR H 5 BN AL . AR CLO, MR T In(ey/c,) XF RN [E] ¢ FEIE, 45240
K 2(a) . HE 2(a) ATAEH, In(ey/c) SR RAFRILMER (R?>0.98), RN RIS S I—2sh 11
SERIR, NI DOX HIECR 1. HiIEl 2(a) FPIGEESRIE EZARPR (W) Ky 5 ClO, MM TSR] —
FREZ, WE 2(b) B, ATLAE kg, 5 ClO, WREER RUFIVZIECR (R7=0.992), W HHHIE ClO, HREE
BTN, BrLL ClO, RBERECH 1, PRI IE LR AARER R SN Y — S N AL, &, =2.41%
10 M "-s™, [HI ClO, Bt DOX 754 X s f12p iR . ARIF] Clo, W 5 DOX R i3 71224
21 PR,

4 - 0.035
m k

0.030 f— UAEH}%Q R*=0.992
0.025

0.020

< < 0015]
= 2=
® [CIO,] =6.5, R=0.998 0010 |
! ® [CIO,],=7.0, R*=0.994
& A [CIO,]=8.0, R>=0.987 0.005 |
S v [C10,],=9.0, R=0.988
0 . . . . . . 0 . . . . .
20 40 60 80 100 120 0 2 4 6 8 10
SR/ CIO, i Wi i/ (mg - L)
(a) ANFICIO Ve & B A DOXI 3 F1 44U A h 2k (b) kobs 5 CIO, ¥ ik A4 & i 26

E|2 [ Cl0, JREMAE DOX HIENHFIGHL; K, 5 Cl0, ¥IIaRERISIZ

Fig. 2 Kinetic fitting curves of DOX degradation by ClO, at different concentrations; (b) Fitting curves of
k,, and ClO, initial concentrations
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2) pH X DOX I S by 35 FoEm . AEANR]
pH T ¥ In(cy/c) X & B B 18] ¢ 7E & (& 3(a))s
pH 5 k, K ZWE 30) Fran. K 3 FE
3(b) AIEH, 24 pH=5.2~9.0 i, ClO, X%} DOX [#
FFHCRIEHT S, VR E R 2.00x107 57 |
F1# 4.03x107 ™' REAFRPESAF T C1O, T
DOX FREAR, s S5 1F T e Lk

3) IR EEXT DOX Y s b 5 B il . AN
MET In(ey/c) HRNIAT] ¢ LR ANE 4(a) Fis,

# 1 F[E Cl10, KE TR DOX sihESH
Table 1 Kinetic parameters of DOX degradation by ClO, at
different concentrations

[ClO,],/(mg- L") Kyo/s! T,,/s R
6.5 0.024 98 2745 0.998
7.0 0.026 22 26.44 0.994
8.0 0.028 34 24.46 0.987
9.0 0.031 59 21.94 0.988

E, WL k,, SIRERIGEE], IR ILE 40), ARRE F& RN IES80 % 2. fE
4a)~(b) ITE I : Kk, SIEEZ A RAFIEMIER (R=0.995); MG Lk AR AT LI Clo, 5
DOX WG LRE N 25.46 kI-mol ™', H#& 2 AJLIAS R, JEEMTHE 10 C, k,, &80 1.41 %, Hit, 4E

app

JETHE, DOX BIRNER ETbe BOEROMREE TR, ROVRR P FsifeigoR, mienvEL, Rk

ZAHE I T A REHEIESE N, R SRR

6 -
= PH=5.2, R=0.988
5| e pH=7.5, R=0.994
A pH=8.2, R*=0.994
v pH=9.0, R*=0.991

In(c,/c)
W

—n

120

6-0 Sb 160
SR a) /s
(a) A [FIpH F HEADOXAH 1774014+ ik

20 40

st E S

0.045
0.040
0.035
0.030
0.025
0.020
0.015
0.010
0.005

5 6 7 8 9 10
pH
(b) RFIpH T DOX¥y J52 Jir 1 4 K

B3 A pH THHE DOX HIEIIFHIAHLZ:; AR pH T DOX BIRRLIRRFEH
Fig. 3 Kinetic fitting curves of DOX degradation at different pH levels; The reaction rate constant of DOX at different pH

m 7=7 °C, R*=0.982

® 7=14 °C, R*=0.989
41 A T=20°C, R>=0.988
v 7=30 °C, R*=0.994

60 80 100 120
EAmARIEIE

(a) A [ERELIE T CIO,F A DOXHY L 15 fih &

20 40

621
6.0
58
~ 567
=
= 54¢f
52
50F [ ] ln(kﬂpp)
— AR, R=0.995
48 E=25.46KkJ - mol
330 335 340 345 350 3.55 3.60
(1 000/T)/K

(b) k, IR AL 12

E4 ATEIRET ClO, A% DOX #uil&rIZk; k,, SIRERIEHIZ

Fig. 4  Fitting curves of ClO, degradation DOX at different temperatures; Fitting curve of k,,, and temperature

2.3 ClO, f# DOX HIHNIE
1) DOX 73 FZ5H 5 R NG AL s AT o o3 REE R BENE S B th o3 s i v, X DOX 4541k
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RIEMETEIE 5, 7+ FEEKRER LK 3, %2 TEERET ClO, Bfi# DOX KR REhHFSH
MR IFTLIAEH, WK EFH DOX 7+ L1 Table 2 Kinetic parameters of DOX degradation by ClO, at
CC.C=C.C0.C=0.CH. O H. CN, different temperatures

N—H W 8K 50 5 1.516 2, 1.401 1, TEE/C ks Jy/(mmol-(L-s) 1) R
1.408 4, 1.226 4, 1.089 1., 0.975 8. 1.464 8§, 7 0012 82 133.04 0982
1017 O AO gﬂiiﬁ:t B/‘J C—C i%mﬁ%ﬁ*ﬁ H./A s 14 0.019 99 207.45 0.989

Y EE LR CS—CT AL AN LR B
C—C PR AR, BERIY N C—C>C—N>
C—O>C=0>C—H>N—H>0—H, M FiRZEHEATLI
F i, DOX 4y 4% A& &N nH L c
C—C HSTERE ot B TP AR 5 22 BEAZ DY, I
H O—H #AREFHADSE T () AL i S 380N PR
VLA 2= 5 2 B R T H

DOX i SR /P R i 5 F S Tl A o
NEHEAARIR O, (BRI SN s A
ST SRR E SRR N TE TR AL /C,u%c P N

20 0.030 13 312.68 0.988
30 0.042 53 441.37 0.994

F SN IR G S R EE AR T RO ”‘” » I : |4/011H
DOX SRR AL, . SEH AL B LR NN N
R4, 35 4 5 DOX RUsEt: () ﬁ Cs ‘ T
REBIGE (f) . —RefoU T, ks I N
K, BHZE T b EEE . 32 4 TTLFE : OH
H, DOX Y f I RAEAE RIS 1Y) 026, 039 J& 5 DOX HiiLEHFLEHE

FE, U 026 #1 039 Ao FEHA . Fig. 5 Molecular structure of DOX

2) NPA(natural population analysis) FLfai 734537, ClO, [ DOX B FE S A A LTI, 1o+
) LA A3 A s M L S N REE . DOX 43 F B FR L faf A, Hidf C1. C2. C4, C6. C8. Cl4. C15. C20,
C23, C24. C28, C29. C34, C35. C37 fraw i far 4—0.035, —0.123, —0.404, —0.437, —0.110, —0.426.
—-0.045, —0.584, —0.213, —0.139, —0.074, —0.172, —0.158, —0.180, —0.199 a.u., HAMIHRFE T 1E
W, A AR P, i 026 F1 039 Frd L 4-0.698 F1-0.720 a.u., AR FIHIER, K
HREH C20, 039, 026 A 523 ERIH . DOX FE A AR AR T BIEREA_ iR RElU I () U 1 LA
RS2 RAE R . K 6 9 DOX By #E], Frii 20 A X FR = s B 2% 5
#hor. FTLAEER] DOX M+ =8 RN X B e d i JE [, a9 R MY X 2 T e
/=l e a1 8

3) IS FHIEESMT. HOMO Fl LUMO $LEKIERENS EUMA 20 T A SRR BT X, A0
AR/ HOMO Bl T8 o5 Xk, URIHIZ XA 5 & A e i T IUIE I s 800 T R 33540 1%
LUMO B FTE XK, SIAXIRA S kAR RSN, B 7 /R T DOX AigksrFHLER, Hrsg
I CRIEMN, . @A BREAAN ., WE 7 HRTLIER], XFF DOX B HOMO #Uil 2 REFE 5
SRR Ery R+ Shra R, iz X IEE 5 2 256Gt H LUMO $uB o1 2 4EHTE
TR I i S ) PR L 3 AN L, N IX 35 ) & Azl . DOX e 44T
HREE H-5.95 eV, TR G0 THLERER N—2.88 eV, RILPLERERTN 3.069 eV, fh¥Hh 4.42 eV,
TR 1.54 eV, SEHIEECH 6.34 eV, HIEHN 5.95eV, HTHAREN 2.88 eV,

ZE AR, W1 5 RS AR DOX 43 T-rh Sk FATEESTCES EIY C-C BsAENT
B, X el E R T A S22 E T . O—H BB BUE RN, RULXAM AR 52 355
. fRIFeRE R fHEEERY], DOX 1Y f S KEAEEIRIA LY 026, 039 Ji+ I, iXFRUIXLL]HF
KRR, 7E ClO, M DOX myidfedr, /AR m I, FE e Bl L ry e
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Table 3 Bond length of DOX

x4 DOX FENMRTEAERHIE
Table 4 Fukui function values per atom for DOX

lacssiis

K /A

i

B /A || s

HHE /A

Cl—C2
Cc2—C3
C3—C4
C4—C5
C5—C6
Cl1—C25
C22—C23
C23—C24
C24—C25
C23—C30
C29—C30
C28—C29
C27—C28
C24—C27
C29—C32
C32—C33
C33—C34
C34—C35
C28—C35
C13—Cl14
C14—C15
C15—Cl16
Cl6—C18
C18—C20
C5—C7

1.384 4

1.5132

1.526 73
1.541 98
1.55178
1.406 806
1.410 19
1.41793
1.402 01

1.471 68
1.469 62
1.408 09
1.493 56
1.47573
1.421 08
1.399 35
1.38547
1.386 5

1.388 76
1.521 01

1.529 72
1.540 17
1.528 21

1.514 04
1.53575

C7—C8
c5—011
8—09
C25—026
C22—039
C32—036
C37—036
C3—012
012—CI3
C13—019
C18—019
Cl16—017
C30—031
C27—038
Cc7—010
C3—H40
C4—H41
C4—H42
C6—H44
C6—H43
C8—H45
C8—H46
C13—H49
Cl4—H51
C14—H50

1.5303 || C15—H52

1.427 68 || C16—HS53
1.438 1 || C18—HSS
1.357 34 || C20—HS56
1.342 57 || C20—HS57
1.344 38 || C20—HS58
1.431 35 || C35—Ho64
1.441 54 || C24—H63
1.412 31 || C33—H62
1.420 48 || C37—HO66
1.444 57 || C37—H67
1.432 25 || C37—H65
1.245 67 || C15—N21
1.223 91 || N21—H59
1.209 52 || N21—H60
1.088 06 || O9—H41
1.089 86 || O11—H48
1.089 7 || O17—HS54
1.091 73 || O39—H68
1.085 42 || 0O26—H61
1.084 75| Cl1—C6
1.091 07
1.092 06
1.093 32

1.090 1

1.093 16
1.092 45
1.093 86
1.090 61
1.090 88
1.091 67
1.080 07
1.082 75
1.078 81
1.091 54
1.091 51
1.086 36
1.464 81
1.016 56
1.017 5
0.966 93
0.966 04
0.966 76
1.000 57
0.978 63
1.503 36

L A

BT [

f+

BT

=z

1C 0.0246 0.043 6

2C 0.0247 0.0415
3C 0.0029 0.0058
4C  0.004 0.004 1
5C 0.0026 0.003
6C 0.004 5 0.006 8
7C 0.0002 0.000 3
8C 0.0051 0.004 5
90 0.0015 0.000 2
100 0.010 6 0.007 4
110 0.0147 0.014 7
120 0.006 2 0.007 3
13C 0.000 3 0.000 9
14C 0.003 3 0.000 3
15C 0.009 4 0.000 8
16C 0.0104 0.001 6
170 0.0195 0.006 8
18C 0.004 6 0.000 8
190 0.004 1 0.001 5
20C 0.0058 0.002 1
21N 0.033 6 0.003 9
22C 0.0425 0.022

23C 0.0382 0.013

24C
25C
260
27C
28C
29C
30C
310
32C
33C
34C
35C
360
37C
380
390
40H
41H
42H
43H
44H
45H
46H

0.0345 0.0185
0.048 7 0.0252
0.066 8 0.022 4
0.008 7 0.052 4
0.001 3 0.0249
0.004 7 0.017 2
0.008 4 0.063 6
0.0235 0.079 5
0.018 0.0232
0.024 3 0.040 6
0.0257 0.049 1
0.0256 0.0252
0.0191 0.0108
0.008 8 0.0112
0.0333 0.083 5
0.0724 0.0353
0.005 8 0.007 8
0.0116 0.0144
0.005 4 0.004 2
0.007 5 0.008 9
0.0093 0.0132
0.0118 0.0111
0.005 0.005 2

47H
48H
49H
S0H
51H
52H
53H
54H
55H
S6H
5S7TH
58H
S9H
60H
61H
62H
63H
64H
65H
66H
67H
68H

0.003 8 0.002 2
0.0052 0.007 5
0.002'1 0.005 6
0.004 3 0.0011
0.006 9 0.004 5
0.0081 0

0.0117 0.006 7
0.0059 0.000 1
0.003 4 0.000 3
0.006 0.003 6
0.005 1 0.000 7
0.0092 0.007
0.022 5 0.006 4
0.0199 0.0039
0.0175 0.0116
0.014 8 0.023 2
0.0171 0.028
0.0131 0.0183
0.0097 0.014
0.0097 0.0115
0.0101 0.0118
0.0153 0.012
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Fig. 7 HOMO and LUMO orbitals of DOX

&5 ClO, & DOX Hife m/z FIBRIEIHHEER
Table 5 The mass spectrometry scan results of m/z before and after DOX degradation by Cl10O,

EAivE S Keefife A R fi I
RPN 54417, 149.02, 344.22, 47036, 388.25. 475.32., 518.88. 474.78. 406.79, 544.17, 303.12, 576.16. 459.27. 503.31,
pH 158.15, 158.15 576.17, 387.18, 158.15, 149.02

54417, 425.21, 453.34, 396.80, 405.81, 149.02, 154.99, 562.66. 412.77. 544.17. 149.02., 388.25. 520.33. 503.31,
FRMESRAE 149.02. 432.28. 388.25, 432.28. 476.31. 566.43. 588.41. 547.33, 407.79. 303.12. 509.88. 560.17. 158.15, 576.17.
158.15 387.18. 158.15

560.17. 149.02. 544.17. 303.12, 458.80. 562.66. 548.70.
544.17. 344.23, 41525, 476.31., 453.34, 520.33, 564.35.

A 592.15. 594.16. 47630, 158.15. 576.17. 560.18. 387.18.
BREEAH 340.25. 158.15 Lsais

Aeft DOX Tawfb, IHHZAEWHE ClO, el h = PSRAEAE, T Bax B ] =it — ik
500, BEAk, 45 pH G T AYZS FORIRRAR o BORE S FREARINEN T m/z=158.15 (I, &M TR
INABARBRRRENIEA T THK, B Z T CBREREN . m/z 544.17 7 3 ZUARIR] pH AR RSZI8 TG
), HILHEN RS Z RN Y H B . ClO, TEREMRRYE . Btk . PHEAIE DOX T, Hy=yh Rt El T
M+16. M+32, M-157. M-241 VUFRF=H), 728 M-396 f GG BARTEAE, HAEF /N, %= Ynl ey 216k
WAL HAL N, HAZP e ZHAO 255 Bige i [RlRE tH R, PRIRE b =425 SE T =4 A

2) ClO, [#f# DOX [ igsfE. HPLC-MS F4# i RE =25 R aniEl 8 iz, MMl 8 FpzbtaXAIH]
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Fig. 8 Reaction path diagram of DOX degradation by ClO,
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Degradation kinetics and mechanism of doxorubicin in wastewater by chlorine
dioxide
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Abstract In recent years, anthracyclines antibiotics including doxorubicin have been widely used in medical
treatment and animal husbandry, and their half-life in water is relatively long, which poses a great threat to
human health and the environment. Chlorine dioxide (ClO,) has the potential to degrade antibiotics because of
its strong oxidation and free of halogenated disinfection byproducts. Therefore, ClO, was used to degrade
Doxorubicin hydrochloride (DOX), and the influencing factors and the reaction kinetics were explored;
meanwhile, high performance liquid chromatography-mass spectrometry was used to identify its degradation
products; quantum chemical calculations were used to reveal its reactive sites; and the degradation mechanism
was illustrated through the combination of experimental results and theoretical calculations. The results showed
that the best DOX degradation effect of ClO, occurred when the concentration of ClIO, was 0.8mg-L™', the
temperature was 25 °C, and pH was 7.5, and the degradation rate reached 94.07%. DOX degradation by ClO,
conformed to the second-order reaction kinetic model, and the reaction rate constant was 2.41x1072 mmol-L s .
The activation energy was 25.46kJ-mol™'. DOX was more easily degraded under alkaline conditions than under
acidic conditions.The quantum chemical calculation results showed that the C-C single bond of DOX is
vulnerable to nucleophilic attack, and the O-H bond is vulnerable to electrophilic attack. 026, 039 and C20 are
electrophilic reaction sites. The results of mass spectrometry showed that free radical hydrogen extraction and
addition reactions occurred after DOX was oxidized by ClO,, and the reaction degradation products were M+16,
M+32, M-157, M-241, and M-396, respectively, which were basically consistent with the calculated results. It is
found that there were more toxic intermediate products by analyzing the changes in toxicity during the
degradation of DOX.

Keywords doxorubicin; chlorine dioxide; degration kinetics; reaction pathway; quantum chemical
calculation
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