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Abstract

Ciprofloxacin can complex with metal ions by providing carboxyl, carbonyl, and piperazine groups
containing N as ligands, thereby affecting its chemical reactions. In this paper, the complexation
of ciprofloxacin with common metal ions, the effects of metal complexation and coexistence on
chlorination, and the influencing factors have been investigated. The complexation products were
characterized by UV absorption spectrum and FTIR, and it was speculated that ciprofloxacin was
complexed with metal ions in a ratio of 2:1 in the form of a single dentate ligand or double dentate
chelation. The chlorination degradation of ciprofloxacin followed pseudo-first-order reaction kinetics.
The reaction rate constants increased by 20% and 160%, the formation of trihalomethane decreased
by 11.7% and 36.1%, and the formation of haloacetic acids increased by 12.8% and 19.8% with the
coexistence and complexation of Fe’', respectively, compared with the Fe* absence condition.
In the complexation process, electron transport by metal changed the molecular structure and electron
cloud density of ciprofloxacin and promoted the formation of strong oxidizing free radicals, resulting
in a more obvious effect of ciprofloxacin by metal complexation than by coexistence during chlorination.
With different metal complexation, the order of inhibition on trihalomethane formation was
Ca?"™> Mn?*"> Fe** and the order of promotion on haloacetic acid formation was Mn?"> Ca? > Fe’*,
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Introduction

Among synthetic organic compounds, antibiotic
substances are frequently detected in surface water
and groundwater due to their widespread application
[1], with fluoroquinolone antibiotics exhibiting
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particularly high detection frequency [2]. As precursors
to disinfection by-products (DBPs), the benzene rings,
carboxyl groups, and carbon-carbon double bond in
fluoroquinolone antibiotics serve as primary reaction
sites for chlorination, yielding a series of compounds
during chlorination disinfection [3, 4]. Zhang et al. [5]
investigated the chlorination of enrofloxacin in drinking
water distribution systems, identifying the formation of
three trihalomethanes (THMs), three haloacetic acids
(HAAs), and two nitrogenous disinfection by-products
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(N-DBPs). Through chlorination disinfection, antibiotics
produce DBPs exhibiting cytotoxic, genotoxic, and
mutagenic properties [6], thereby posing threats to
human health. Consequently, the chlorination reaction
process of antibiotics has attracted significant attention
from researchers.

Meanwhile, metal ions are inorganic compounds
widely present in aquatic environments. The discharge
of industrial wastewater, the dissolution of metal
compounds from riverbed sediments, and the use of
metal coagulants in water treatment processes contribute
to the increasing concentration of metal ions in surface
water [7-10]. Antibiotic substances, rich in electron-
donating groups [11], such as hydroxyl, carboxyl,
and amino groups, interact with metal ions through
adsorption, coagulation, and complexation. These
interactions influence the migration and transformation
patterns of antibiotic substances during water treatment
processes. Therefore, the risk of combined pollution
posed by antibiotics and metal ions during chlorination
processes warrants attention.

Currently, several studies have reported the influence
of metal ions on the chlorination reaction of organic
compounds. Liu et al. [12] found that Fe** promoted
the formation of total trihalomethanes and total
haloacetic acids in raw water from the Yangtze River
and Huangpu River. Zhang et al. [13] investigated the
catalytic potential of copper corrosion products (Cu(1l),
Cu,0, CuO) on chlorine decay and haloacetic acid
formation. Their study demonstrated that the presence
of soluble Cu(IT) and surface-bound Cu(II) increases the
extent of the reaction between natural organic matter
(NOM) and chlorine. Zhao et al. [14] observed that
adding 4 mmol Ca*>* to NOM (humic acid and fulvic
acids) during chlorination increased the formation of
trihalomethanes, dihaloacetic acids, and trihaloacetic
acids by 24%~47%, 51%~61%, and 15%~25%,
respectively. Previous research has primarily focused
on the effects of coexisting metal ions on the formation
of DBPs, while the influence of metal-organic
interactions on chlorination reactions warrants further
investigation.

Carboxyl groups form strong Ligand-to-Metal
Charge-Transfer (LMCT) bands with metal ions in
the near-ultraviolet and wvisible light regions [15].
Metal complexation not only reduces the overall
pollutant levels but also affects the reaction activity
of organic compounds [16, 17]. Studies indicate that
fluoroquinolones can complex with various metal
ions [18], forming relatively stable complexes, thereby
influencing the adsorption, oxidative degradation,
and photodegradation characteristics of antibiotics
[19]. Zhang et al. [20] investigated norfloxacin
degradation in algae-laden water, discovering that Fe**
can form ligands with carboxylic acids, accelerating
organic degradation. Similarly, in the photodegradation
of tetracycline, both Fe?* and Fe*" promote degradation
through complexation [21]. Batista et al. [22]
evaluated the degradation effects of Fe** on two

sulfonamide antibiotics under sunlight exposure,
observing that the degradation efficiency of the two
antibiotics increased by 20% and 19% within 70
minutes, respectively. Chen et al. [23] discovered
that the complexation of Fe’* with carboxyl groups
promotes the degradation of penicillin antibiotics. Vione
et al. [24] examined the photodegradation reactions
of clarithromycin and roxithromycin, finding that
complexation with Fe® accelerates the degradation
of both antibiotics. The complexation of quinolone
antibiotics with metal cations (Fe**, Al**, Zn?*', Cu*"
and Mg?) decreases antibacterial activity [25]. These
studies collectively demonstrate that metal complexation
significantly impacts the chemical reaction processes of
organic pollutants.

Therefore, this study aims to investigate the influence
of metal complexation on the degradation of antibiotic
substances and the formation trend of disinfection by-
products during chlorination. It focused on ciprofloxacin
(CIP) as the target pollutant, and the selected metal
ions included Fe*", Mn?, and Ca?. The complexation
reactions between CIP and metal ions were examined,
inferring the complex structure through characterization
analysis. The impact mechanism of metal complexation
versus metal coexistence on the chlorination of CIP
was systematically investigated, including the reaction
kinetics, degradation products, and DBPs. Furthermore,
the influences of pH, metal ions, and coexisting organic
matters on the chlorination of the Fe(IIl)-CIP complex
were investigated. This study provided technical
guidance for elucidating the interaction between metals
and organic substances and its impact mechanism on
water treatment processes.

Materials and Methods
Chemicals

Ciprofloxacin (>99%), sodium hypochlorite (NaClO,
6%~14%), Fe,(SO,),xH,0, MnSO,-4H,0, CaSO,2H,0,
sodium thiosulfate, anhydrous sodium sulfate, sulfuric
acid, and other chemical reagents were purchased from
Sinopharm Chemical Reagent Company (Shanghai,
China). Chromatographic-grade methanol, acetonitrile,
and methyl tert-butyl ether (MTBE) were purchased
from Aladdin Reagent Company (Shanghai, China).
Four trihalomethane standard solutions (chloroform,
bromodichloromethane, dibromochloromethane,
and bromoform) and nine haloacetic acid standard
samples (bromochloroacetic acid, bromodichloroacetic
acid, chlorodibromoacetic acid, dibromoacetic
acid, dichloroacetic acid, monobromoacetic acid,
monochloroacetic acid, tribromoacetic acid, and
trichloroacetic acid) were purchased from TMstandard
(Beijing, China). N,N-Diethyl-1,4-phenylenediamine
(DPD) chlorine reagent pack was obtained from HACH
Company (Loveland, USA).
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Experiment Procedure

Metal Complexation: 1 mg/L CIP solution was
prepared and placed in a brown glass bottle. A solution
of metal ions was added, and the mixture was placed
in a constant-temperature shaker, with the reaction
temperature set to 25°C and the shaking speed set to
150 rpm for 6 h. Samples were taken at predetermined
time intervals to investigate the effects of different
complexation times and complexation ratios. After
the complexation reaction, suspended particles were
formed. Following filtration and drying, the complexes
were prepared as powders.

Chlorination: Three sets of control experiments
were conducted to investigate the differential effects of
metal coexistence and complexation on the chlorination
reaction of CIP by controlling the addition methods of
metal ions. The experimental setups for the three sets are
as follows: 1 mg/L CIP and 1 mg/L sodium hypochlorite
were added as the control group; 1 mg/L CIP, 0.5 mg/L
metal ions and 1 mg/L sodium hypochlorite were added
simultaneously as the metal coexistence group; 1 mg/L
CIP, 0.5 mg/L metal ions were complexed under the
condition of (25°C, pH = 7.0, 150 rpm) for 4 h, followed
by the addition of sodium hypochlorite as the metal
complexation group. In the three reaction sets, 0.1 mg/L
Br~ was added to promote the formation of DBPs.
At 24 h into the reaction, excess sodium thiosulfate
solution was added to quench residual chlorine. Water
samples were taken for CIP degradation trend analysis
and DBPs analysis. Parallel groups were established for
all experiments.

Analytical Methods

UV-visible spectrophotometer (UV-vis) (DR-6000,
HACH, USA), Fourier Transform Infrared Spectrometer
(FTIR) (Spectrum Two, PE, USA), and X-ray
Photoelectron Spectroscopy (XPS) (ESCALAB 250Xi,
TFS, USA) were employed for the characterization
analysis of the complexes. Chlorine concentration was
detected using the DPD spectrophotometry at a detection
wavelength of 530 nm.

CIP was measured using an Agilent 1200 High-
Performance Liquid Chromatography (HPLC) system
(Agilent Technologies, USA) equipped with a UV
detector. A Zorbax Eclipse XDB-C18 column (4.6 mm
x 150 mm, 5 pm particle size) was used with a detection
wavelength of 278 nm and a column temperature of
40°C. The mobile phase consisted of acetonitrile/0.1%
phosphoric acid (25/75, v/v) at a flow rate of 0.8 mL/min.
CIP degradation products were analyzed using an Agilent
6460 High-Performance Liquid Chromatography-
Triple Quadrupole Tandem Mass Spectrometry (HPLC-
TQTMS) system (Agilent Technologies, USA) and QP
2010 Plus Gas Chromatography-Mass Spectrometer
(GC-MS) (Shimadzu Corporation, Japan).

Trihalomethanes and  haloacetic acids, two
classes of halogenated disinfection byproducts, were

analytically detected using Thermo Trace 1300 Gas
Chromatograph-Electron Capture Detector (GC/ECD)
(Thermo Fisher Scientific, USA). The chromatographic
column employed was an HP-5 capillary column
(30 m x 0.32 mm x 0.25 pm). Samples for THM analysis
were pretreated with MTBE for liquid-liquid extraction.
The instrument conditions were set to an injector
temperature of 210°C and a detector temperature of
290°C. The temperature program was as follows: initial
temperature was 35°C, held for 13 min, then increased
to 200°C at 30°C/min and held for 3 min. For HAAs,
samples underwent liquid-liquid extraction with MTBE
followed by derivatization reaction pretreatment
with sulfuric acid-methanol solution. The instrument
conditions were set to an injector temperature of 175°C
and a detector temperature of 300°C. The gradient
temperature program was as follows: initial temperature
was 35°C, holding for 5 min, increased to 90°C at a rate
of 5°C/min, and held for 5 min.

Results and Discussion
Metal Complexation Reactions

This study investigated the effects of complexation
reaction parameters on UV absorption spectra of
metal-CIP complexes, including complexation time,
complexation ratio, and metal type, and the results
are shown in Fig. 1. As observed, the UV absorption
spectrum of the metal-CIP complex exhibits significant
changes, with a pronounced decrease at 278 nm.
The complexation time had a negligible effect on the
complexation between CIP and Fe*". CIP and the metal
ion likely form a relatively stable complex via strongly
covalent functional groups, without exhibiting re-
hydrolysis over time.

As shown in Fig. 1b), the absorption spectra of
CIP exhibited varying degrees of deviation upon
complexation with different ratios of iron ions. The
comparison between calculated and measured UV
absorption spectra revealed significant peak shifts for
the Fe(II1)-CIP complexes across the 0.6:1 to 4:1 ratio
range, with the most pronounced difference occurring at
a 2:1 ratio. Lopez et al. [26] discovered that CIP forms
three complexes with copper at 1:1 or 1:2 ratios. Ouyang
et al. [27] compared the complexation of Fe** with
three carboxylic acids (CA, TA, MA) and found that
they achieve optimal complexation states with Fe** at
different ratios. Antibiotics form distinct complexes with
different metal ions at varying complexation ratios. Fig.
Ic) compares the complexation of CIP with Fe*", Mn*,
and Ca?*, showing the most pronounced UV absorption
spectrum changes for Fe¥, followed by Mn?*, and
Ca?* exhibiting the least variation. Brillault et al. [28]
determined the complexation constants of CIP with five
metal ions, which followed the order: Cu?' >Al** >Zn?"
>Mg?*" >Ca*, which generally aligns with the order
of electron-withdrawing ability of these metal ions.
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The complexation ability of the metal ion is influenced
by both the electron-withdrawing capacity and the steric
hindrance effect. Therefore, the order of complexation
capacities in this study is likely Fe* >Mn?*" >Ca?".
Subsequent experiments will primarily focus on the
complexation of CIP with Fe*".

FTIR and X-ray photoelectron spectroscopy were
employed in this study to characterize the Fe(III)-CIP
complex, with the aim of elucidating its structure. The
corresponding results are presented in Fig. 2(a-¢). The
infrared spectral characterization of CIP revealed a
characteristic peak at 1707 cm™ corresponding to the
C=0 stretching vibration of the carboxyl group, which
disappeared upon complexation. The peak at 1272 cm’!
represents the cooperative action of C-O stretching
and O-H bending vibrations of the carboxyl group,
with diminished intensity observed in the Fe(IlI)-CIP
complex. Additionally, a new peak corresponding to the
COO-Fe stretching vibration appeared at approximately
1144 cm™. These spectral band variations indicate
that the complexation between CIP and Fe** induced

vibrational shifts in the functional groups. XPS analysis
revealed that the C 1s, O 1s, and Fe 2p binding energies
shifted to lower values in the Fe(Ill)-CIP complex
compared to the free CIP. The C 1s peaks of the free CIP
were observed at 288.2, 285.8, and 284.6 ¢V, shifting to
288.1, 285.2, and 284.2 eV upon complexation. The two
O 1s peaks of the free CIP correspond to O-H and O-R
bonds, located at 532.1 eV and 530.7 eV, respectively.
Upon complexation, these peaks correspond to O-H
and O-Fe bonds and shift to 531.0 eV and 529.7 eV,
respectively.

Gu et al. [29] investigated the adsorption of CIP on
hydrous iron oxides, hypothesizing that CIP forms a
complex through coordination of its carboxylate oxygen
atoms to iron ions. Rakshit et al. [30] investigated the
adsorption of CIP on nanomagnetite, discovering that
CIP forms a bidentate binuclear complex through
chelation of its two carboxylate oxygen atoms to two
iron ions. Therefore, in this study, the coordination
between CIP and metal ions may occur either via a
monodentate complex involving the carbonyl oxygen
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or via a bidentate chelate involving both oxygen atoms
of the carboxyl group. The change in XPS binding
energy indicates electron transfer occurs during the
complexation of CIP with Fe**. DFT calculations
show charge redistribution upon complexation, and
the charges shift from O, (-0.294) and O, (-0.448) to
O, (-0.039) and O, (0.162), respectively, indicating
electron transfer between oxygen and iron that alters the
electron density distribution of CIP. Combined with the
characterization analysis, the proposed structure of the
Fe(I1T)-CIP complex is depicted in Fig. 2f).

Chlorination of Ciprofloxacin
Degradation Kinetics

The addition of metal ions during chlorination
alters the degradation of organic compounds and the
formation of DBPs [31]. Fig. 3a) presents the chlorination
degradation kinetics of CIP wunder three different
conditions: Fe** complexation, Fe’* coexistence, and
Fe** absence. The results indicate that CIP degradation
follows pseudo-first-order reaction kinetics, with rate
constants of 0.26 h™!, 0.12 h™', and 0.10 h™* under Fe**
complexation, Fe’* coexistence, and Fe*" absence
conditions, respectively. Both Fe** complexation and
Fe*" coexistence promote the chlorination degradation
of CIP to some extent. Yao et al. [32] observed that
the addition of iron ions increased the degradation
rate constant of tetracycline by 50% in their study of
tetracycline photodegradation. Cai et al. [33] found that
the complexation of Cu(Il) enhanced the degradation
of tetracycline in the ferrous sulfide/sulfite system,
raising the degradation rate from 15.6% to 76.1%. In
this experiment, the degradation rate constant of CIP
increased by 160% and 20% under Fe** complexation
and Fe*" coexistence conditions, respectively. Complexed
Fe** promoted the chlorination degradation of CIP to a
greater extent than free Fe’*. Through intramolecular
electron transfer, the formed metal-antibiotic complexes
alter the antibiotic structure and electron density, while
generating free radicals. Acting as electron carriers,
metal ions promote the oxidative degradation of
antibiotics.

Formation of THMs and HAAs

Chlorination of CIP typically generates C-DBPs.
This study analyzed and compared the formation of
DBPs during CIP chlorination under three conditions:
Fe*" complexation, Fe** coexistence, and Fe** absence,
as shown in Fig. 3b) and c). Under all three conditions,
DBP formation increased rapidly within 8 h and then
gradually increased from 8 to 48 h. Compared to the
absence of Fe**, THM formation was suppressed,
decreasing by 35.9% and 11.6% at 48 hours under
Fe** complexation and Fe** coexistence, respectively.
Conversely, HAA formation increased by 34.2% and
20.0%, respectively, with no significant differences

observed among the groups. These different trends are
explained by the distinct formation mechanisms of the
DBPs.

The formation of THMs involves a multi-step
reaction, where precursors first react with chlorine
to form intermediates, which subsequently undergo
hydrolysis, decarboxylation, or ring-opening to generate
THMs. LIU et al. [34] proposed that altered electron
density may influence the electrophilic substitution
reaction activity between chlorine and the corresponding
carbon atom, thereby reducing THM production. During
the complexation between CIP and metal ions, both
the electron density and the vibration of the carboxyl
or carbonyl group on CIP are altered, thereby affecting
THM formation. The formation of HAAs is related to
the structure and molecular weight of DBP precursors
and is significantly proportional to hydroxyl radical
concentration [21]. Increased hydroxyl radicals promote
aromatic ring cleavage, positively influencing the
formation of small molecules and the conversion of
intermediates into HAAs [34]. The presence of metal
ions alters the structure of CIP, catalyzing the generation
of more hydroxyl radicals, which in turn affects HAA
formation.

Degradation Mechanism

During the chlorination of CIP involving metal
complexation, LC-MS analysis of the reaction products
revealed that the intermediate compounds formed
primarily resulted from substitution, ring-opening, and
hydroxylation reactions. The proposed degradation
pathway of CIP is illustrated in Fig. 4, primarily
comprising: (1) Substitution of chlorine at the C(1)
position of the quinolone ring to form PI, followed
by chlorine-mediated cleavage of the piperazine ring
to yield R2, which finally undergoes hydroxylation
at the amino group to form product P3; (2) Chlorine
replaces hydrogen on the piperazine nitrogen to form
intermediate R1, followed by chlorine-mediated
cleavage of the piperazine ring to yield product P2. As
the reaction proceeds, the piperazine ring is completely
cleaved to form R3. The amino group is either
chlorinated by hypochlorous acid to produce R4 or
substituted by hydroxyl radicals to form RS.

To further elucidate the degradation mechanism of
CIP, DFT calculations were performed at the B3LYP/6-
311++G (d,p) level using Gaussian 09 to obtain the
total charge distribution and HOMO value of the
ciprofloxacin molecule; the computational results are
shown in Fig. 5. The figure indicates that the negative
charges on atoms in CIP are relatively high at C(1), C(8),
0(14), and O(15), making these atoms prone to electron
loss, thereby forming radical intermediates. Following
complexation, CIP exhibits higher negative charges
at C(1), C(5), C(6), N(17), and N(20), presenting more
sites susceptible to chlorination, thereby enhancing the
chlorination rate. Prior to complexation, the preferred
reaction sites during chlorination likely occur at C(3),
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(b
charge 2FED?somo0 charge 2FED%10m0
NO. Atom NO. Atom
Before  After  Before  After Before  After Before After
1 C -0.839 -9.034 0.127 0.198 | 13 (0] -0.294 -0.039 0.001 0.004
2 C 0.203 11.534 0.131 0.129 | 14 (6] -0.448 0.162  0.003 0.004
3 C -0.296  0.023 0.166  0.043 | 15 (6] -0.514 -0.565 0.056 0.084
4 C -0.049 -0.146 0.047 0.165 | 16 C -0.388 -0.155 0.001 0.007
5 C 0.781 —-4.148 0.177 0.110 | 17 N 0.102 -0.281 0.564 0.053
6 C 0.008 -6.519 0.035 0396 | 18 C -0.215 -3.221 0.081 0.027
7 N 0.427 0.723 0.005  0.057 | 19 C -0.331 2.165 0.074 0.020
8 C -0.884 -0.103 0.017 0.088 | 20 N -0.363 -0.408 0.132  0.007
9 C 0.872 0.881 0.013  0.046 | 21 C -0.217 -0.175 0.071  0.008
10 C -0.548 -0.560 0.035 0.084 | 22 C -0.275 0.254  0.077 0.009
11 F -0.187  9.000 0.028 0.184 | 23 C -0.174 -0.470 0.001  0.002
12 C 0.504 -0.695 0.002 0.015 | 24 C -0.461 -0.423  0.000 0.002

Fig. 5. DFT calculations for the CIP chlorination process: a) HOMO orbital of CIP; b) Frontier electron density of atoms in CIP before

and after complexation.

C(5), and N(17) with higher 2FED? = values. After
complexation, C(1), C(2), C(4), and C(6) exhibit higher
2FED?, ., values, making them more likely to undergo
electrophilic reactions with chlorine. The metal binds
to the oxygen atoms in the CIP carboxyl group via
either monodentate or bidentate coordination, thereby
enhancing chlorine oxidation by altering the charge
distribution across the atoms in CIP. Additionally,
complexation modifies the HOMO values of individual
atoms, altering the electrophilic reaction sites, thereby
influencing the preferred reaction sites for chlorine. This
leads to a greater diversity and yield of products than

those formed during chlorination of free CIP alone.
Influencing Factors
Metal lons
A comparative study was conducted on the effects
of complexation with three different metal ions on

the chlorination reaction of CIP. Fig. 6a) shows the
degradation of CIP at 24 hours. Compared to the

absence of metal ions, CIP degradation was enhanced by
18.1%~19.6% via complexation and by 3.7%~15.6% via
coexistence. The promoting effect of the metal complexes
on CIP degradation followed the order: Ca*>Fe**>Mn?*'.
As shown in Fig. 6b) and c), metal ions suppressed
THM formation while promoting HAA generation.
Compared to the metal-free control, metal complexation
reduced THM production by 13.8%~58.9% and
increased HAA generation by 22.5%~50.7%, whereas
the coexistence of metal ions reduced THM production
by 7.6%~36.7% and increased HAA generation by
2.8%~22.5%. Metal ions exerted a significantly stronger
effect in the complexed state than in the coexisting
state. Overall, metal complexation reduced THMs
by 0.2 pg/L~5.0 pg/L and increased HAAs by
04 ng/L~2.5 pg/L, relative to metal coexistence.
Specifically, for THM formation, complexation had little
effect for Fe** and Mn?" compared to coexistence, but
markedly enhanced inhibition for Ca?". For HA As, while
Mn* showed negligible difference between the two
conditions, complexation of Fe** and Ca*" significantly
promoted HA A formation relative to coexistence.
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Fig. 6. Effects of different metal ions on the chlorination degradation of CIP: a) CIP; b) THMs; c¢) HAAs.

In this study, the inhibitory order of metal
complexation on THM formation was Ca?>Fe*>Mn?*";
the promoting order on HAA formation was
Fe’*>Ca?>>Mn?". The mechanism of action, whether
through coexistence or complexation, was qualitatively
consistent across all three metal ions and with that of
individual ions: each promoted CIP degradation and
enhanced HAA formation while suppressing THM
generation. However, no regular synergistic effects were
identified. This is likely attributed to competition among
metal ions preventing stable formation of metal-CIP
complexes, thereby disrupting subsequent chlorination
reactions. Consequently, mixed metal ions exhibit a less
pronounced effect than that induced by complexation
with individual ions.

pH

CIP possesses two acid dissociation constants
corresponding to its two chemical groups: the carboxyl
group and the piperazine group [35]. As pH varies, CIP
exists in three states: cationic (CIP*), zwitterionic (CIP?),
and anionic (CIP7) [36]. This pH-dependent speciation
affects its complexation and chlorination reactions. As
shown in Fig. 7a), the 24-hour chlorination degradation

efficiencies of CIP were 61.3%, 74.6%, and 95.5% at
pH 5, 7, and 9, respectively, indicating a clear positive
correlation with pH. In studying the effect of iron ions
on enrofloxacin photodegradation, Sciscenko et al.
[37] observed that the degradation rate constant at pH
7 increased by an order of magnitude compared to pH
3. This can be attributed to more active metal-antibiotic
complexation under neutral and alkaline conditions,
which promotes the generation of free radicals, thereby
accelerating antibiotic degradation.

Under alkaline conditions, Fe** exhibits a greater
propensity to promote the formation of DBPs during
CIP chlorination. As shown in Fig. 7a), compared to
acidic conditions (pH 5), chlorination of CIP following
complexation with Fe** under neutral and alkaline
conditions (pH 9) resulted in increases of 2.9 pg/L
and 15.5 pg/L in THM formation, and 1.3 pg/L and
1.8 ng/L in HAA formation, respectively. Under low pH
conditions, CIP is protonated to form CIP*. This occurs
via the addition of a proton to the secondary amine
nitrogen of the piperazine ring, generating a positively
charged ammonium group (NH,"). As the pH increases,
the CIP* undergoes initial deprotonation at the carboxyl
group to form CIP?. In this state, the negatively charged
carboxylate (COO™) balances the positively charged
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matter.

piperazine ammonium group (NH,"), resulting in a net
neutral species. Upon a further increase in pH, the CIP°
loses a second proton from the piperazine ammonium
group, converting it back to a neutral amine (NH)
and thereby yielding CIP~. The three states of CIP
at different pH levels alter its complexation reactions
with metal ions, affecting the formation of chlorinated
products. Specifically, alkaline conditions favor the
increased generation of hydroxyl radicals, promoting the
hydrolysis of chlorinated intermediates.

Coexisting Organic Compounds

Organic compounds compete with CIP for
complexation with Fe** and its chlorination reaction.
Sulfamethoxazole (SMX) and humic acid (HA) were
selected as representative compounds to compare
their respective influences on DBP generation from
chlorination of the Fe(IIl)-CIP complex. Fig. 7b) shows
that the presence of organic compounds significantly
impedes the chlorination degradation of CIP. In the
three systems, the degradation efficiencies of CIP at
24 h were 92.5%, 67.7%, and 39.6%, respectively. Both

SMX and HA inhibited CIP degradation by competing
for oxidants, but HA exhibited a significantly stronger
inhibitory effect than SMX.

When chlorinated individually, the Fe(III)-CIP
complex, SMX, and HA generated THMs at 13.4,
11.5, and 12.8 pg/L, and HAAs at 74, 7.9, and 8.0
ng/L, respectively. Due to competition among organic
compounds for metal ions and chlorine, which
influences DBP formation, when SMX coexists with
the Fe(IlI)-CIP complex, the DBP yield decreased
compared to that from the complex alone; when HA
coexists with the complex, the yield increased yet
remained below the sum of the yields from HA and
the Fe(III)-CIP complex chlorinated separately. Wang
et al. [38] found that the chlorination of CIP produced
fewer DBPs in the presence of other organic compounds
than when chlorinated alone. Furthermore, n-m stacking
between the benzene rings of CIP and coexisting
organic compounds can occur, which modulates the
CIP chlorination reaction through hydrogen bonding
and hydrophobic interactions, thereby inhibiting DBP
formation.
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Conclusions

This study systematically investigated the
chlorination of ciprofloxacin under metal complexation,
with a focus on the reaction kinetics, the formation
trends of DBPs, and the influencing factors.
Characterization of the Fe(III)-CIP complex suggested
that CIP binds to the metal ions at the carboxylate
oxygen atoms via either monodentate complexation or
bidentate chelation. The study revealed that metal ions
enhanced the chlorination rate constants of CIP by 20%
and 160% in the coexistence and complexation states,
respectively, which is attributed to their role as electron
carriers that markedly accelerate the chlorination
degradation process. The complexation of CIP with
metal ions enhances the generation of strongly oxidizing
radicals and alters the group reactivity and electron
density of CIP, resulting in a more pronounced effect of
metal ions on the chlorination reaction in the complexed
state compared to the coexisting state. DFT calculations
indicate that complexation additionally alters the HOMO
values of individual atoms, shifting the electrophilic
reaction sites and thereby influencing the preferred
reaction sites for chlorination, which successfully
explains the experimentally observed increase in both
the diversity and yield of chlorinated products relative
to the chlorination of CIP alone. During chlorination,
the impact of metal complexation on DBP formation is
ion-specific: it suppresses THM formation in the order:
Ca?>Fe**>Mn?", while promoting HAA formation in
the order: Fe** >Ca%* >Mn?". Furthermore, pH influences
hydroxyl radical generation, with alkaline conditions
potentially favoring hydroxyl radical formation and
thereby promoting the production of DBPs.
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