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Abstract As one of the emerging aqueous contaminants, quinolones have attracted extensive attention, and selec-
tive decontamination is one of the effective methods to solve this setbacks. Therefore, a homogeneous Fenton-like
oxidation system of cupric complexes activated peroxymonosulfate (PMS) was proposed for the removal of trace
quinolones (QNs) from water. Over a wide pH range, over 99% of QNs can be degraded within 60 min, but they are
also free from the influence of natural organic matter (up to 1%) and various anions (up to 20% ). The activation of
peroxymonosulfate by cupric complexes coupling Cu (II1) complexes generation in situ promoted an intramolecular

electron transfer featuring selective oxidation of QNs. The generated Cu (Il ) and +OH played the primary and
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secondary role in the degradation of QNs, respectively. This work provides a successful case and feasibility for the

selective decontamination of trace antibiotics via cupric complexes activated PMS Fenton-like oxidation system.

Keywords In situ complexation; Fenton-like oxidation; Selective decontamination ; Trace level of quinolone ; Persulfate
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Fig. 1 Degradation kinetics(A), degradation Kinetics parameters(k,,.) of QNs(B) and effect of
pH on QNs k. and average residual copper concentration(C)
(B) Ceun=1 mg/L, CQN:IO mg/L, Vo, q/Von=1:1, V=50 mL, m,,, =5 mg.
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Fig.2 Effect of coexisting anions(20%)(A), and coexisting NOM(B), degradation efficiency of
QNs in tap water(C) and lake water(D)
pH=8, cq,i)=1 mg/L, (:QN:lO mg/L, Vi, I )/VQNZI :1, V=50 mL, m, =5 mg.
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Fig.3 Degradation performance of the mixed 4 antibiotics solution in tap water(cy,=10 mg/L)(A) and

degradation Kinetics of QNs, and TOC content change in piggery wastewater(B)

¥ %K 4 R AR 2R Cu (1D 3 B ) TOC IL R 1, (A 3l 124 K TOC & B84k an & 3 (B) f
N . KGR K MXF, CPFX, LVFX, NFLX F1 Cu (1) & 73512 0. 43, 0.58, 0.62, 0. 17 F1372. 46
ng/L, ZERELTEIR% LA . I H., TOCM 8. 75 png/LIEMKZE 0. 53 wg/L, FEAK T 2194%, Uik Zx%F
SEBRFRFE K H ) QNs LR B R AT BB SR AL R AR IR
Table 1 Content of MXF, CPFX, LVFX, NFLX, Cu( Il ) and the TOC in real breeding wastewater

Material MXF CPFX LVFX NFLX Cu(1l) TOC
Content/(pg-L™) 0.43 0.58 0.62 0.17 372.46 8.75

22 BBEE5NEXE

W 3(A) TR, VG KR H QNs JLF- 100% M . Cu 45459076 AL PMS [ fi# QNs 1) B i 1% 45
Wi Scheme 1~4 Ir7R . Z2 PR 540 . G #3840 . keIt | MamER . 2 F 4k | KRRk L b 2 0
BIF QNs B9 %EAL , I M a4 i A A% 43+ 7% (CH,COOH, CO,, H,0, NH,, NH; F1NO; %), itk
Hb, DK EFEPELCS0(76 h) AW s RV L KB s MERZ LT (RIE) 8ty FE S8, R
DFT 33 PEAE QNs & Hodral & (M9, M10, C7, C8, C13, L7, L10, L16, N18, N19) (#4455
FE 4 077 .

HE4(A) AL, 5 HARS 3 (MXF, CPFX, LVEX, NFLX)AH ., FrA v Al iA#i e 20 B 2 il 2
PEREMEREAR, SL A7 b a4 (C13, 110, L16) B\ X7k # (72 h) “ToE”. K 4(B)RM, Fify ik
H A1 B TR T . B 4(C)UEM] QNs(MXF, CPFX, LVFX, NFLX) HAT & &1, Mk L Ab,
Foarr A & B A IriEL, M10, C7, C8, L7, L10, N18, N19 K“ K F ", K 4(D) ikl H
PR A A i 5 AR 1 I S B, B C8 RINT9 b, A v [RIARES SRy BPE A8 PE . AR UL, B2 & i ik
PMS 359 41 B A A6 A AL R R AN AT DL QNs SAR A, 38 0] DA RS AIG L PR 88 XU . QN's 4R Ak R i iy
[E5(A)~(D) JREfR I [ 5 (E)~(H) 1A = 4E5O i an sl 5 s . Ak e WO is B g R 1%, 3]
Cu 85 Wi A PMS R F 4 QNs AT LU S0 .
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Scheme 1 Proposed degradation pathway of moxifloxacin
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Scheme 2 Proposed degradation pathway of ciprofloxacin
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Scheme 3 Proposed degradation pathway of levofloxacin
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Scheme 4 Proposed degradation pathway of norfloxacin
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Fig.4 Toxicity assessment of QNs and its intermediates

(A) Daphnia magna 1.C50; (B) bioaccumulation factor; (C) developmental toxicity value; (D) mutagenic developmental toxicity.
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Fig. 5 Three-dimensional fluorescence spectra of QNs before and after degradation for moxifloxacin(A, E),

ciprofloxacin(B, F), levofloxacin(C, G) and norfloxacin(D, H)
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2.3 AKEWIEN PMS K RIEF SN QNs HIHLER

WA nT Lt B i SRRV AR A B SRR L PMS, T2 BT M e B LR A 1 e nT RS
JET Cu(ID) F5A93E @ i EEHLHI. RO, X T ROSFI Cu (1M , B 5 Hil 2455 W11 AL PMS 4 2 [ f# QNs
B FHE M. BEAh, BT Cu(D) AL E G R VE R, AR T S AR FA AL .
2.3.1 ROS#yER  LLIDMPOMITEMP A A Fefakifi, il i 7 A ek (EPR) 2 Hrkil Cu 2554
TG AL PMS & R B A% QNs 22 B2 ROS 1977 A, o pH R RBUER R 7. W&l 6 (A) Jir7R , DMPO-+OH( -SO;,
- 0;) FI TEMP-'0, 34 7¢ Cu 255 W16 AL ) PMS {£ £ (pH=4. 6) Fh 9 W££ 3 , I 78 HH DMPO-+ OH (1) 3= 4%
. mAE 6(B) R LIE i, DMPO-+OH ({5550 BE R pH A3 N2 FEAR A a3, DEAFERRYE 251 T - OH
TE QNs A LR i = 2 ME M. 2RI, - OH A Cu (11D #RRE AL KA [F] i DMPO--OH &9, TR L5 22
e PEAT VK 52565, MeOH i1 --BuOH i FI/E DMPO-+OH A K5 . i 6(C) Rl %1, 24 pH=8 i},
10 mg/L 1Y) MeOH F1 --BuOH 7E 50 min A X} QNs F4 [ A 52 G0 400 10 A T, T 244 4 2500 ok I3 1 o 8
50 mg/LIF, XiF QNs (I REARAT R HAT A HIVE FH (<7%) , UEBHAERRME: pH F - OH F A& Cu 559761k
PMS K Z ) R E ALY . SR, 24 pH=3 I}, QNs (RS2 2™ A6, Xt AF]F QNs Ak
Ak, Ik, 8% DMPO-+OH J&H1 DMPO # Cu (11D AL 11, 8- OH J& Cu (1) () — 2 rh e A L8,
I H Cu(IID7E Cu BAWTEAL PMS IR R, FERRIE 254 T £ B¢ QNs IREPEPE AL

1.6
(A) * DMPO--OH pH=4.6, (B) 1.32 = ©)
DMPO--S07 =10 min 14 < MeOH(10 mg/L)
« DMPO--0; N 8 120 |1 1-BuOH(10 mg/L) T~
+ TEMP-10, * 12 F s MeOH(50 mg/L) L X & o
. g 100 -+ 1-BuOH(50 mg/L) ; ., 2 @
B 0.85 =t 95.35%
i [ g 80r
= 60 2
= I s N 0,
L 04l E P 33.8324
- I 301 RE
L 0.12 @ 20t | I
\ v I o]
1 1 1 1 1 0 I I O
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Fig. 6 DMPO--OH/-SO,/- O, and TEMP-'0, analyses by EPR(A), DMPO- - OH intensity at different
pH(B), degradation retention rate of QNs after adding scavengers(MeOH and 7-BuOH with

concentration of 10 and 50 mg/L) under acidic and alkaline condition(C)

232 Ca(lD B RIE  FAERIZE G YIELR HYO MK R, BRI T - OH Sy =40, i madi i v v
Cu(ID) 2 T SRR RIS Cu (Tt Cu Z5-E 4036 1L PMS 1 58 10 £ BRSO T IR IEX
— 1, IR AL Cu (T -3 LR SR 25 5 W3R A5 THRE I Ca(TTD) , HERAh-1] W OGIETE A, =415 nm
b 7(A)FNB) TR, 7EA,,=415 nm ZAEWE R B & (1) UV-Vis 5605, H I Cu (1D EEM 1 mg/L
BN 60 me/L, g B AR, R Cu B A P00E ik PMS IR R P AT Cu(TID A2 1K

233 Cu(D)#&IE  Cu(DIERPEUALE Co Bl & PTG L PMS & R VE A Rt — 2500 . andeny
HRIE R Cu(IDZE-AHAT L5 PMS 8445 % Cu (1D -PMS 45 &4, 1445 & k22 7 Hi 1 N BCAR 21 42 T 11
BRI Cu(DEA R (3) ] R, A Cu(DBEY 55— PMS il XU 75685 [ 30 (4) )
B AR Cu(TID BL A4 . 20(5) F R T Cu(1ID) F1- OH 2[RI, X i Re T 7emsitt 5 F N BL & i1k
PMS A Z - OH (SR IE . 24 Cu(IID) AN AEWE ONs B RGEFERT, - OH &A% QNs 19 — A4k .

[ Cu(1)-QNs J* + HSO; — [ Cu(11)-QNs-HSO, ] —> [Cu(1)-QNs ] + +SO; + H* (3)
[Cu(I)-QNs] + HSO; —> [Cu(III)-QNs]* + SO> + OH (4)
[ Cu(1I1)-QNs > + OH™ +4H,0 == [Cu(11)(H,0),]* + -QNs + -OH (5)

H T BAE X — 5, 31 AR R (NCP) 72k (1gK=19. D5 T Cu (D) ZEH1 45 & 176 4L PMS {4 &
RA# QNs AU S SAE R, E 7(C)FT7R, NCPBYIAE i T QNs BIREfish 1124, A NCP 5
Cu( DRI ABHIE T Ca R BIAERR, M T Cu (D &AW 0 B, eah, E—ME T Cu(1)1E
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Fig.7 UV-Vis spectra of Cu(Ill)-periodate complexes(A), influence of the concentration of Cu( Il ) in the absorbance
of periodate Cu(Ill) at 415 nm(B), influence of Cu( I )-chelating agent neocuproine(NCP) on QNs degrada-
tion Kinetics(C), consumption Kinetic of Cu( I ) in Cu( Il ) and cupric complexes activated PMS systems(D)
Cenny=1760 mg/L, ¢, =10 mg/L, pH=8, [Nal0,]=20 mg/L, 25 °C.

234 4 4% A 41 0E b PMS MR R PR AR QNs B9 AL IE AR PR DL B BT, Cu &5 A W B 0 AL §E
[ Cu(1D) (H,0),]*, [Cu(I1)-QNs]*, [Cu(1)-QNs JFI[ Cu(TT)-QNs |**. Cu (1) % fb 2 QNs BE 514 B A 1)
FEEE, Ca(ID AR -OHEN —HEAYLS 5T QNs R . BRI &k, 76
Cu(1D)-QNs —ociiH, ARy [ Cu(1D)- QNJ*Q%A%TU«MQPMS(VE?@LE”J>¢ﬁiz[cu(1>-QNst%
W, IR BRE AR HR, AERE [ Ca(1)-QNs |45 9y b 4K 4% o5 —FP PMS (1 R 846 71

T o X, T A i B AR AR L Cu (TID -QNs [* 48580 . R, ARaERr) cu(IH)EEA%J_L%?WEE
F (IET) 55 B3 12 F & 143 i 1 Ca (1D AT QNs H HH 5L, DT A B X5 1 Hl sk 5 1 /K (A e A7 A AL 5T F
TAL TP, SEBLQNs I IE BT AL MR . e, AERRIE T, 24089 Cu (1D A AL -OH, IF
WA Ca(TD). A SCHEH BT 2514 T QNs 78 Cu 255916 4k PMS 4 28 e Bk AL A LEL AN Scheme 5
B

HSO;%-SO‘ Hso-—.—>0X‘da“°“ 507+ Of

Scheme 5 Proposed mechanism scheme of QNs selective oxidation in cupric complexes-activated PMS

system via intramolecular electron transfer proces
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Fig.8 UV-Vis spectra of Cu( Il )-MXF(A), Cu( Il )-CPFX(B), Cu(II )-LVFX(C), and Cu(1I )-NFLX(D)
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Fig. 9 Complexation kinetics of Cu(II )-MXF(A), Cu( Il )-CPFX(B) and Cu(II )-LVFX(C)
Ratio of Cu(II) to QNs was 10 mL to 10 mL.

B DFT I, 455 W iR AT REAY 345K 4 Scheme 6 BT/ . Cu(TIDAE A A0 JFF LA Cu(H,0)3
BT X AELE Tk, QNs (MXF, CPFX, LVFX, NFLX)/E Bl A& . # 55 (C=0) . ¥ % (COOH) I
Cu(H,0); Z Al EAVE A L4 R BRI AR 28 54 [ Cu(1D-MXF |*, [Cu(ID)-CPFX]*, [Cu(ID)-LVFX]*
AL Cu(ID)-NFLX |, X628 5 W) 1 A58 B 7S JU IR AR G54 . 48 5 W i Ak . A B RN 48 5 A AL A
Scheme 7 itz , AW B HHEE(G) RN A HIBEZEE (AG) 433151 T8 2 1k 3 (pH=8). 455 S
AG JEFEHE-37~-43 kJ/mol Z ], BAHILE 5 RV Z F R, 2567 W2 nl LAY .

FIF DFT 33— 38 R 1 Hi e A 9076 1L PMS 358 4k 28 Fenton J2 1V (1 25 #4 2R J8, 18 T K H
(Cu—O0,) Fif /4 ( Cu—0, 0 F1 Cu—0, 1,1 H Cu—0 BT 8K | Mayer 877 . F SR AP HE 53 H (Natural
population analysis, NPA, —F 8422 Ik, T30 0 H0E th B9 i 204, DM S0 4 b F g {2
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Scheme 6 Complexation reaction and the most possible molecular structure of the

cupric complexes

(A) Moxifloxacin; (B) ciprofloxacin; (C) levofloxacin; (D) norfloxacin.
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Scheme 7 Evolution, configuration, complexation models and free energy change of
the cupric complexes
Table 2 Free energy of different species
Species E/(kJ-mol™) Gm_mw/(k]-mol’l) (7(”"353,\/(1(] ~mol™") G303K/(kJ-m0171) Gyss K/(k]-molfl)
Cu(H,0)* -1.3195x10° 17.6896 155.4664 -1.3194x10° -1.3194x10°
H,0 -2.0055x10° 6.7843 -3.0981 -2.0050x10° -2.0055x10°
H* 0 26.7801 -32.3199 -1.1703%x10° -1.1759%x10°
H,0 -2.0164x10° 41.4566 31.1883 -2.0164x10° -2.0165x10°
MXF -3.6194%10° 1001.6886 962.9651 -3.6184x10° -3.6184x10°
CPFX -4.5367x10° 1092.5257 1047.7872 -4.5356x10° -4.5357x10°
LVFX -3.0128%x10° 761.3897 728.1063 -3.0120x10° -3.0121x10°
NFLX -3.9301x10° 851.0007 811.5053 -3.9292x10° -3.9293x10°
[Cu( I1)-MXF]* -3.3133%x10° 850.6436 816.1997 -3.3125%10° -3.3125%10°
[Cu( Il )-CPFX]* -4.2307x10° 940.9031 900.4179 -4.2297x10° -4.2297x10°
[CuC D)-LVFX]* -2.9129%x10° 751.8198 719.3949 -2.9122x10° -2.9122x10°
[Cu( Il )-NFLX]* -3.8302x10° 839.0074 799.9426 -3.8294x10° -3.8294x10°

HRRN - 25 A6 R g TR B ) S L g 30 G LG TR 4 B

Cu(H,0); 1 Cu—0, FEEH 47 0. 1981 nm, J6 FHIAL &4 A58 (0. 2010~0. 2014 nm) , FBCA )
H1 Cu—0,, 0 F Cu—0,,,.,. VR 5324 0. 1877 F1Z5 0. 1895 nm. Cu(H,0)3 1 Cu—0, i Mayer $# /5
0. 434, KT HIHC S P H ) 0. 402~0. 405, HIBCHS P H Cu—0,,5,, F1 Cu—0,,,,,, Y Mayer 8 5 7351 23
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Table 3 Free energy variation of the reactions

Reaction AG,, J/(kJ-mol™) AG,s, (kI +mol™)
Cu(H,0)}" + MXF — [Cu( Il )-MXF]* + H,0 + H,0" -37.2117 —41.9496
Cu(H,0)% + CPFX —> [Cu( [ )-CPFX ]* + H,0 + H,0" -39.1593 -44.0952
Cu(H,0)% + LVFX —> [Cu( 1 )-LVFX]* + H,0 + H,0" -36.6008 -41.3660
Cu(H,0)?" + NFLX —> [Cu( Il )-NFLX]* + H,0 + H,0 -42.3994 -47.7637
Cu(H,0)7" + MXF —> [Cu( Il )-MXF]* + 2H,0 + H* -103.2055 -113.1061
Cu(H,0)¥" + CPFX —> [Cu( T )-CPFX " + 2H,0 + H -105.1540 -115.2516
Cu(H,0)2" + LVFX —> [Cu( 1 )-LVFX]* + 2H,0 + H* -102.5954 -112.5224
Cu(H,0)% + NFLX —> [Cu( Il )-NFLX]* + 2H,0 + H* -108.3945 -118.9202

Table 4 DFT calculation properties of different cupric complexes

Bond length/nm Mayer bond order NPA charge Tonization
Complex )
Cu—0, Cu_Ovarhuxyl Cu_O(:urlmn)l Cu—0, Cu_o(:rll’hux)l Cu_oum’hunyl Cu(Il) potential/eV
Cu(H,0) 0.1981 — — 0.434 — — 1.242 10.03
[Cu(T1)-MXF]* 0.2014 0.1877 0.1893 0.403 0.627 0.571 1.070 543
[Cu(II)-CPFX ¥ 0.2010 0.1877 0.1894 0.402 0.626 0.568 1.072 525
[Cu(ID)-LVFX ] 0.2012 0.1877 0.1895 0.405 0.625 0.565 1.073 5.03
[Ca(II)-NFLX J* 0.2013 0.1877 0.1898 0.404 0.627 0.570 1.071 5.26

0. 626 F1Z50. 570. 25451 Je K Al Mayer 877 (1048 AL 26 B Cu 5 BC M 2 IR0 A7 78 i () AR ELAE
LR A A 10 H ) NPA HLfT | HESAVRI 22 AT B2, i — 204 /s 25 A R R R AIE . 22
HA o7 285 B2 (181 10) 7R T QN HBR 5 AR 6 A v A0 i 0 HEL I AR RN Cu Jii - By F R R, AT
O F M QNs 1] Cu IOFE RS . BB A 9019 NPA HL AT 7E 1. 070~1. 073 Z (8], FE4KF Cu(H,0)2 ) NPA Hi
far , Ut QNs BT Cu A TRERAZS HFAER . Bk, i+ PMS /3T 1SR, QNs B4R 2 i
TRRBE S Cu PO A HL T2 5 B8 8, DA RGSE PMS (3G FEPERE . BB 34 (TP ) 248 AL TR B 5
SWL R — i i aea, FEHE Cu(1D/Cu(D/Cu (D L F56 516 M. kR4 7]
W BRSPS HCON 5. 03~5. 43 eV, BIRALT Cu(H,0)2 19 10. 03 eV, KBS Y A RIFAH
FEFIENE CRMEMZEY) , FFEBH [ Cu-LVFX ]*>[ Cu-CPFX |*~[ Cu-NFLX *>[ Cu-MXF |* A4 #4#.

OCu O0C ON;, ©@0; OF, o H

Fig. 10 Differential electron density of the cupric complexes
(A) [Cu(ID)-MXFJ*; (B) [Cu(ID-CPFX]*; (C) [Cu(ID-LVFX]*; (D) [Cu(I1I)-NFLX J*. The yellow and blue isosurfaces

(+0. 005 and —0. 005 a. u. ) indicate increased and decreased electon densily, respectively.

PLLVEX R, IS 25 A B — e B T S LR Rl A 7. fRE 11 (A) RTAE B, i e
1 AG. 3 R i AE , M [Cu(11)-LVFX ] %] Cu(H,0) 3 1Y 5 AG 2hy —281. 5832 kJ/mol, HF 5| J& 73 #r T
[Cu(IID-LVFX ] = A GR A IE) A A (I A ) , WEBE 24 00A Rl . & R PR (iR in
ACWHA R S RS AE RS A REEZ N E 11(B) . [ Ca(ID-LVFX A4 A%,
[Cu(ID-(H,0), (8 H B (E, ) N-3. 17 eV, ST PRS2 LLVEXCHF], #E— % g id
H WIS AL PMS 1 3 1 2 PO i 48 S U LEEEF 74347, U Scheme 8 FIF7R .
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