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Abstract In this paper, the mechanism of the binding interaction between residual ciprofloxacin (CIP) and dissolved organ-
ic matter humic acid (HA) in natural water environment was systematically investigated. Various spectral analysis technolo-
gies, including the three-dimensional excitation-emission matrix spectra, fourier transform infrared (FTIR) spectra,
two-dimensional correlation spectra (2D-COS) and liquid nuclear magnetic resonance ('H NMR) spectra techniques, were
adopted to reveal the mechanism of the binding interaction between CIP and HA. The results suggested that the binding in-
teraction between CIP and HA resulted in significant fluorescence quenching, and the binding interaction tended to balance
after 6 h monitored by ultraviolet (UV) differential spectroscopy. Based on the FTIR analysis, the hydroxyl, carboxyl and
ketone groups of HA were the main contributors to the binding interaction, and the results of 2D-COS indicated that the ke-
tone groups preferentially participated in binding interaction compared to carboxyl groups. The H protons on the piperazine
ring of CIP were identified as the main binding sites by the 'H NMR, and the comparison of fluorescence quenching rate of
other fluoroquinolone antibiotics (norfloxacin and levofloxacin) with similar structures also verified that the piperazine ring
played a crucial role in binding interaction. Additionally, the influence of ionic strength (IS, range 0.001—0.1) on the binding
interaction was ignorable compared with pH. The fluorescence quenching rates increased firstly and then decreased with the
increase of pH (range 3—11), and the fluorescence quenching rate was up to 70% at pH 5. Moreover, the fluorescence
quenching rates were positively correlated with the valence state of metal ions (order of influence followed: A" >Zn2",
Co?", NH4", Ca?">Mn?", Na*, K). This study provides the theoretical basis and effective detection technologies for moni-
toring the migration and transformation of residual antibiotics in the natural water environment.
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Figure 1 (a) The UV-vis absorption spectra of HA, CIP and HA/CIP vs. time; (b) the difference in UV-visible absorbance of HA/CIP over time ([CIP]=

0.5 mg/L, [HA]=2.5 mg/L)
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Figure 2 Excitation-emission matrix spectra: (a) 0.5 mg/L CIP; (b) 1 mg/L HA; (¢) 0.5 mg/L CIP+1 mg/L HA; (d) 0.5 mg/L CIP+2 mg/L HA
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0.25—1.5 mg/L, [HA]=2.5 mg/L)
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AT 4551 F B9 % B 20 4. CIP, NOR il LEVO fE45 1y |
MZESWE 8 fi. ATLUEH, HT4EEHSHM
CIP, NOR Al LEVO %G K #5774 66.6%, 62.2%H
44.0%. PG KZE LT NOR Al CIP 5 HA 45 &1E
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R 20N, HERR T CIP th 5P ERAER C—N
SEMIMMER. T LEVO I T7EIREI 5 CIP i35 %
S, POCTERFEMLILT CIP RAWE TR, AN L4511
o B T AR R R R K R X L AL IR EAIE T TH
NMR 7458,

100

80

60

40

20+

Fluorescence quenching rate/%

T

r Sy ‘v’ . ° ”
Tan T
S e SR8

44.0%
T

\\

K 8

T
Ciprofloxacin

T T
Norfloxacin Levofloxacin

Antibiotics

AN [ A 2% 0 R U TR SRS A 3R OV K L ([CIP]=[NOR]

=[LEVO]=0.25 mg/L, [HA]=3 mg/L)
Figure 8 Comparison of fluorescence quenching rates of different fluo-
roquinolone antibiotics ([CIP]=[NOR]=[LEVO]=0.25 mg/L, [HA]=3

mg/L)

FTIR Al 2D-COS YRR 7t 45 K HA S 545
A AF F I 3 2R e A2 52 2 (-COOH) M il 2 (-C = 0),
H R ER e TRES 54541EH. T 'H NMR 77
S, CIP 254 51FRMEETRERI NS T4 LK

UL ST

3 g

IR B B () S U B SR PR 3R CIP 2 SV AT HL
Y HA RAERENES
W, “HNAGGIERERIERE, BJafE 6 h AT S
Tl Z4ETORLE R HA 55 CIP M4 & 1EH & 551

CIP [ZOEHER. B HA KRR,
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o F 5 R

g m, 3 CIP FIS5 R EERETIG N, KA KEIR
WK, T HA 45 A0 55 506 IR, CIP 2 6 v K &%
BE5 CIP [k B 42 i PR, 24 pH 5 A1 1S=0.05 mol/L
i, HA 5 CIP 45 & EH & 5. &R B X a5 & ER M
KNS E&REFRIMSEMIEME. FTIR
2D-COS Gtk 45 R E W] HA 2 54561 L 2w hg
[4] /& 2 £ (-COOH) M il 3£ (-C = 0), H: i B AR 2 T
BILS HEEAVER. T TH NMR 20T DL B AS [7] 25 46 ) 9
WIS PUAE =X TR, CIP S 5456 1ER T E
BUE REH R4 L IRIE IR,

4 LIRS A
4.1 IR

AP B (CIP, >98% (w)), i Vb A (NOR, >
98% (w)), & Vb A (LEVO, >98% (w))FlJE &
(HA)W E P H B B3 A IR A R (P E R, &R
BI(NaClOs). mAR(HCIO ) HEMHINaOH) I H F
Jet TA R =) (h E AR, Fraaksm s ot sl pir
B A BT /K (DDl £
42 W
42.1 =43 A (EEM)

FEMBEERRUERT 1 om AL, R H
F-7000 %)% 4% (Hitachi High Technologies, Tokyo,
Japan)ill 58 . ¥R W K (Bx) R 53 4 (Em) $2 4% T8 F 1
WE N 2.5 nm. FHEIEE N 240 nmemin~'. Ex VG
200~450 nm (/8] f& A 5 nm), Em $A$57EH 250~550 nm
(AR5 1 nm). HH63E 1 E Y 2400 nm/min.

422 4§52 etsh ki (FTIR)

3B H] CIP (0~2.5 mg/L)5 HA (2.5 mg/L)fIiE
AR 100 mL, ERBEE & A 10 h )G, Fk
RIBGEAT B AWML s, B2 M ARFIRF(EE] 50 mL.
IR A K R AR T 1) S LI B B L2 VR T IR A VR
TR 12 h, HEIHHE. B, EH], EEREES T K
(PIsEm, 38 I A B AR 4 4T AR R {U(FTIR, NXUS 670)
HEATISE . AMEEERAE 4000~450 cm ™' X3, 94
64 %, HEEN 4em .

423 HmEEik 2% ('H NMR)

W2 LR A 7E A% W AL IR 615 (X (Agilent 400-MR
DD2 spectrometer) FiEATI&E. KRR AVP (2 mg)
B HEER(0~4 mg) 7> AN 1.5 mL 2508, ARG 1
mL HK(D:0), B OB RN TR i P R 2 [
e ViR, RIGH BT NMR &, BT aitts
MestReNova A ALEE. b 2207 B ZZAAE (AS):

AS= Sobs—Or “)
AS N CIP &R T A Sovs N m(CIP) ©
m(HA)AS [ LL A5 B i AL 2 60 72, o NS LA #5,
EH m(CIP) : m(HA)=1 : 0 B0 R4 S
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it
424 RAFRFR

BT SEG AT BRI M P AT, R KRR AR
W e SR FE O RIRQ25 ). RN F, RIK
B HA (0~4.47 mg/L). CIP (0~1.5 mol/L). pH (3~
1A FIBEE IS (0~0.2 mol/L)ik7 % A F g 50
mL VR GV B E R P RIS R I HA BAX R I CIP,
FRSFAT A AL s SR (1 mol/L) Al & 8 A6 A4 (0.1
mol/L) A5 5258 pH, FH = & BRHM(0.5 mol/L)i 155 13
B, B AEIR % (100 r/min) FROEHEY 10 h. $2E
FEM(0.6 mL), FHZEBSF/KMRE 5%, #EAT 5058 B A il
(Aex/AEm=275 nm/450 nm). A58 HEVE KR (F,):

Fy=(Fo— Ferna)/FoX 100% (5)
Fo=2%0Fcip+2pFua (6)
20=0pu+ O1s+Om (7
2p=Ppou+pis+pum (®)

o, Fo NEMRIIR KR, Fo AT F &R
(PH/IS/&: &8 B 1) 26 T SRR 46 % ) Fow v CIP (1)
WILEDEBRE; Fua N HA FIVIGG TR ICHRE; Fopua A
[Fi) 52 1 R 2R (pH/1S /42 25 1) 26 A T 45 &P 5 CIP-HA
B IGIREL; 20 F1 B AR 5200 K 2R (pH/1S /42 J& 55 1)
SrHI%E CIP A HA 058 Y65em /50, HAE N T RN &R
N H CIP(EE HA) %650 5 5 )46 % 3 FE 1 LUAH.
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