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Highlights 20 

 The effect of Cu(II) on CIP degradation efficiency varies greatly in different water matrixs. 21 

 The water matrix and Cu(II) can change the main reactive oxygen species in the CIP degradation22 

 system. 23 

 Cu(II) changes the reaction site of CIP, leading to the formation of hydroxylation, nitrification an24 

d cyclopropyl group cleavage on products. 25 
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ABSTRACT 28 

Co-contamination of ciprofloxacin and Cu(II) is common in marine aquaculture water. However, people 29 

often ignore the transmission and transformation of the two in natural water matrices. This study sought to 30 

determine the impact of Cu(II) on the ciprofloxacin (CIP) degradation process in distilled (DI) and simulated 31 

(SI) mariculture water, as well as to develop a relationship between Cu(II), CIP, and the products of its 32 

degradation. Firstly, the use of complexation assays and analog computations revealed that Cu (II) can form 33 

complexes by binding to the O of the carbonyl group (C=O) and O of the carboxyl group (COOH) in the CIP 34 

molecule. Secondly, photodegradation experiments showed that Cu(II) significantly hindered the degradation 35 

effect of CIP in DI water, while Cu(II) did not significantly hinder the degradation of CIP in SI water. In 36 

addition, the effect of Cu(II) on the degradation mechanism of CIP was determined by combining quenching 37 

and EPR experiments, Materials Studio software calculations, and UPLC-MS results. It was demonstrated 38 

that Cu(II) enhanced the production of singlet oxygen (
1
O2), hydroxyl radicals (•OH), and superoxide 39 

radicals (•O2
-
) in DI water. In the presence of Cu(II), CIP undergoes hydroxylation and decarbonylation 40 

reactions to form hydroxylated and nitroxylated products in addition to direct defluorination and piperazine 41 

ring cleavage, which are then followed by complexation reactions with Cu(II). However, in SI water, the 42 

production of 
1
O2 depends on the indirect action of Cu(II) and the excited state transformation of organic 43 

matter. Experimental evidence has shown that CIP can create intermediate compounds that include O-O 44 

peroxide rings, with or without the presence of Cu(II). When Cu(II) is present, the cyclopropyl group of the 45 

CIP molecule is more prone to transformation and so degradation. Finally, the toxicity assessment results 46 

showed that both Cu(II) and SI water increased the toxicity of the products. 47 

Keywords: Ciprofloxacin; Photodegradation; Simulated mariculture water; Cu(II); Degradation mechanism 48 

1 Introduction 49 

Ciprofloxacin (CIP) is a second-generation fluoroquinolone antibiotic that is widely utilized in 50 

medicines, aquaculture, and agriculture because of its antibacterial action against Staphylococci(Guo et al., 51 

2023). However, CIP, like other antibiotics, cannot be entirely metabolized by the human body or degraded 52 

in nature, thus it penetrates rivers, sediments, and agricultural soils as parent compounds, conjugates, and 53 

intermediates(Schwarzenbach et al., 2006; Tong et al., 2011). Even low concentrations of CIP in aquatic 54 

environments can endanger ecosystems, human health, and biological wastewater treatment processes(Bel, 55 



 

3 

 

2009; Guo et al., 2024). As a result, it is critical to investigate the fate and behavior of CIP in aquatic 56 

systems. 57 

The main chain of CIP is 4-oxo-1,4-dihydroquinoline, which contains a fluorine atom and a piperazine 58 

ring, which can significantly enhance its photolysis(Deng et al., 2022; Tan et al., 2018). Therefore, 59 

photocatalytic technology(Muthukumar, 2024; Van Doorslaer, 2011; Yu et al., 2021) and photolysis 60 

technology(Lulijwa et al., 2020; Qin et al., 2018; Silva et al., 2021; Wu et al., 2018) are often used for the 61 

degradation of CIP. However, photocatalytic technology is usually inseparable from the preparation of 62 

photocatalysts. Currently, most catalyst research focuses on laboratory conditions and cannot be directly 63 

applied to actual water environments. Therefore, photodegradation is a more effective and easy-to-operate 64 

treatment method. However, most antibiotics, including CIP, do not exist alone or in isolation in the actual 65 

water matrix and usually coexist with organic matter and various inorganic ions. Therefore, it is necessary to 66 

study the photolysis behavior of CIP in complex water matrix. 67 

Organic matter absorbs photons and transitions to the excited triplet state, producing more reactive 68 

oxygen species (ROS) under the combined action of water and molecular oxygen, further oxidizing 69 

pollutants. It has been reported that terrestrial humus components in natural colloidal particles (NCP) can 70 

significantly promote the photodegradation of CIP, and their contribution to indirect photolysis is close to 71 

46%(Cheng et al., 2021). It can be seen that organic matter in water bodies will significantly affect the 72 

photodegradation pathway of CIP. It is worth noting that there are significant differences in the effects of 73 

humus on CIP photodegradation under different experimental conditions. In laboratory pure water, only 74 

humic acid at higher concentrations has a slight promoting effect on the photodegradation of 75 

CIP(Rodríguez-López et al., 2021). Ciprofloxacin in ice is significantly affected by changes in the 76 

concentration of fulvic acid (FA). When CFA/CCIP≤60, it exhibits a promoting effect; when CFA/CCIP≥60, it 77 

exhibits an inhibitory effect(Li et al., 2022). It is not difficult to find that the current research perspective is 78 

mainly focused on the impact of organic matter on the photolysis of single antibiotics, while the photolysis 79 

behavior and environmental hazards of combined pollution of heavy metals and antibiotics in actual water 80 

matrices are not well understood. 81 

On the other hand, the coexistence of metal ions and antibiotics is also a common example. Metal ions 82 

can affect the photolysis process of antibiotics through various pathways(Khurana et al., 2021; Ramotowska 83 
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et al., 2020; Q. Wang et al., 2022). It is worth noting that Cu(II) is often added as a growth promoter for 84 

marine aquaculture animals, and the average concentration in aquaculture tailwater exceeds the Class I 85 

marine sediment quality standard, which has attracted widespread attention from scholars(Fan et al., 2022). 86 

In current reports, Cu(II) exhibits completely different effects on different antibiotics. For example, Cu(II) 87 

can form a complex with tetracycline, reducing molecular stability and making it more susceptible to ROS 88 

attack, thereby promoting the degradation of TC. In addition, when Cu(II) coexists with tetracycline, 89 

ligand-metal charge transfer (LMCT) is more likely to occur, and the Cu(II)/Cu(I) cycle induces more singlet 90 

oxygen (
1
O2) and hydroxyl radicals (•OH) to participate in the degradation of TC(Xu et al., 2023). However, 91 

the complexation effect between sulfamethoxazole (SMZ) and Cu(II) will significantly inhibit the 92 

photoreactivity of SMZ, thereby severely inhibiting the degradation of SMZ(Sha et al., 2022). Although 93 

there are more and more studies on the role of Cu(II) in the environmental behavior of antibiotics, there is 94 

still a lack of research on the photolysis process of fluoroquinolone antibiotics represented by ciprofloxacin 95 

and Cu(II) combined pollution in water environments. 96 

The main objective of this study was to investigate the effect of Cu(II) on the photochemical fate of CIP 97 

in deionized and SI water. Initially, the complexation ratio between CIP and Cu(II) was established, and the 98 

specific location of the complexation between the two substances was calculated and analyzed using Raman 99 

characterization and Materials Studio software. Afterward, we conducted a detailed discussion on the factors 100 

affecting the degradation rate of Cu(II) and CIP in different water matrices. The degradation sites and 101 

pathways were determined by performing active ingredient quenching experiments, EPR spectroscopy, DFT 102 

calculations, and MS analysis. An in-depth analysis was performed to examine the changes in the 103 

degradation mechanism of CIP in the presence of Cu(II) in different water matrices. Finally, the toxicity of 104 

CIP and its byproducts was analyzed using toxicity assessment software. This study provides a new 105 

perspective on the fate of combined pollution in aquatic environments. 106 

2 Materials and methods 107 

2.1 Reagents 108 

Ciprofloxacin (>98.0%), triethylene diamine and Sorbic acid (HAD) were provided by Shanghai 109 

Macklin Biochemical Co. LTD. Copper chloride dehydrate, calcium chloride anhydrous, potassium chloride, 110 

ammonia chloride, sodium sulfate anhydrous, sodium chloride glucose, magnesium sulfate heptahydrate, 111 
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isopropanol, chloroform and citric acid monohydrate were obtained from Guangdong Guanghua Science and 112 

Technology Co. LTD. Sodium nitrate, sodium bicarbonate, sodium nitrite, potassium dihydrogen phosphate, 113 

potassium bromate and sodium bromide were supplied by Chengdu Jinshan Chemical Reagent Co. LTD. 114 

Humic acid was purchased from Sigma. Phosphoric acid and acetonitrile were of high-performance liquid 115 

chromatography (HPLC) grade (≥99.9%) and were purchased from MERCK. 116 

Stock solutions of 200 μmol L
-1

 of CIP and 0.025 mol L
-1

 of CuCl2 were prepared in DI water, stored in 117 

the dark at 4 ℃, and used within one week. The pH of all solutions was adjusted with HCl/NaOH to 118 

circumvent any potential effects that the buffer might have had. The chemicals were of analytical grade and 119 

were used without further purification. Distilled (DI) water was used in all experiments. The composition 120 

and content of the simulated (SI) mariculture water are presented in Table S1. 121 

2.1.1 Complex preparation between CIP and Cu(II) 122 

A 100 mL glass tube was used as the reaction vessel, and 50 mL of reaction solution was added in each 123 

experiment. The initial concentration of CIP was 0.01 mmol L
-1

, and the amount of Cu(II) added was CIP: 124 

Cu(II) molar ratio of 1:0, 1:0.5, 1:1, 1:1.5, and 1:2, respectively. The pH of the solution was adjusted to 7 125 

and then the solution was stirred with a magnetic stirrer for 30 min. These solutions were analyzed by 126 

UV-Visible Spectrophotometer. 127 

In addition, the composite solution was refrigerated at 4 °C for 24 h to ensure that the CIP and Cu(II) 128 

were fully complexed, then the solution was removed and the blue crystals formed were filtered and dried to 129 

constant weight. The resulting blue crystals were ground into powder to measure Raman spectra. 130 

 131 

2.1.2 Photodegradation Experiments 132 

Photodegradation experiments were carried out in a photoreactor with a 350 W xenon lamp, which was 133 

used to simulate sunlight. A quartz tube with a capacity of 250 mL was utilized as the reaction vessel, and 134 

100 mL of the reaction solution was introduced in each experimental. A certain amount of CIP and CuCl2 135 

stock solutions were pipetted separately and mixed, and the pH of the solution was adjusted with NaOH/HCl. 136 

The solutions were then placed in the reactor and the magnetic stirrer was switched on for 30 min, after 137 

which the temperature controlled water circulation and xenon lamps were switched on successively to 138 

maintain the temperature of the irradiated solutions at a fixed temperature (293 ± 2 K). Finally, samples were 139 
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taken at fixed time intervals, passed through a 0.22 μm organic-based filter membrane, and the concentration 140 

of the substance was determined by ultra-performance liquid chromatography (UPLC). The removal 141 

efficiency of CIP after the photodegradation were calculated from the following equation: 142 

  
     

  
          

where R, C0, and Ct represent the removal efficiency, the concentrations of CIP at the initial moment and 143 

time t, respectively. 144 

Quenching experiments were used to determine the contribution of active species during CIP 145 

photodegradation. Isopropyl alcohol (IPA), triethylenediamine (DABCO), chloroform (Chlor) and potassium 146 

bromate (KBrO3) were used to quench •OH, 
1
O2, •O2

-
, and e

-
, respectively. 147 

2.1.3 Analytical methods 148 

Ultra-performance liquid chromatography (UPLC H-CLASS Waters, America) was employed to 149 

ascertain the CIP concentration in the aqueous solution. The specific detection conditions are as follows: the 150 

mobile phase consists of 0.025% phosphoric acid and acetonitrile (V1:V2=87:13) with a flow rate of 0.35 151 

mL·min
−1

, the detection wavelength is set at λ=275 nm, the injection volume was 5 μL, and the running time 152 

lasted for 3 min and the column was maintained at a temperature 40 ℃.  153 

Characterization of complexes was determined by Via Reflex laser Raman spectrometer and UV-2550 154 

UV-Visible Spectrophotometer. Active oxidants were captured by DMPO or TEMP and identified by 155 

electron paramagnetic resonance (EPR, Bruker A300, GER). The characterization of the excited states of 156 

CIP: Cu(II) at different ratios was conducted using the FL3C-111 TCSPC high-sensitivity 157 

steady-state-transient fluorescence spectrometer. The products were analyzed using a Waters Xevo G2QTOF 158 

ultra-high-performance liquid phase mass spectrometer (UPLC-MS)(Text S1). 159 

2.1.4 Theoretical calculation 160 

The active sites within the molecules were analyzed using the Materials Studio software. The DMol3 161 

module is used to simulate the frontier orbital, which is based on density functional theory (DFT)(Delley, 162 

2000). The local density approximation- Perdew Wang 19 (LDA-PWC) functional was chosen as the 163 

exchange correlation in the simulated process. Calculation parameters are as follows: convergence tolerance 164 

energy, max force, max displacement and self-consistent field (SCF) tolerance were set to 2.0×10
-5

 Ha, 0.004 165 

Ha/Å, 0.005 Å, 1.0×10
-5

 eV/atom, respectively. All electron and doubled numerical basis sets with 166 
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d-polarization functions (DND) were chosen as core treatment and atomic orbital basis sets, respectively. 167 

2.1.5 Toxicity evaluation 168 

Based on the quantitative structure-activity relationship (QSAR) model, the toxicity estimation software 169 

tool (T.E.S.T. v. 5.1.2.0) and the ecological structure-activity relationship model (ECOSAR. v. 2.2) software 170 

were used to calculate and evaluate the toxicity and potential risks of the intermediates of 171 

ciprofloxacin(Yang, 2021; Liu et al., 2024). T.E.S.T is mainly used to predict the bioaccumulation factor, 172 

developmental toxicity, and mutagenicity indicators of the intermediates. In addition, ECOSAR is used to 173 

estimate the acute and chronic toxicity levels of various aquatic organisms, including the median lethal 174 

concentration (LC50) of fish, Daphnia (LC50), and the concentration of 50% maximum effect (EC50) of green 175 

algae. 176 

3 Results and discussion 177 

3.1 Investigation of complexation between Cu(II) and CIP 178 

The solutions containing various ratios of CIP and Cu(II) were analyzed using a UV-Vis 179 

spectrophotometer (Fig. 1a). The maximum absorption wavelength showed redshifts and the absorption 180 

intensity increased after the addition of Cu(II), indicating interaction between Cu(II) and CIP. Furthermore, 181 

the absorbance reached maximum when the complexation ratio of CIP and Cu(II) was 1:1, indicating that 182 

CIP and Cu(II) formed a complex in a 1:1 ratio. This analysis confirms the existence of a complexation 183 

reaction between CIP and Cu(II).  184 

To further confirm the complexation site between CIP and Cu(II), laser Raman spectrometer was used 185 

to characterize CIP and Cu(II)-CIP complex, sample obtained after precipitation at 4°C (Fig. 1b). The results 186 

showed that the carbonyl (C=O) peak near 1614 cm
-1

 and the antisymmetric carboxyl (O-C=O) peaks at 187 

1590 cm
-1

 and 1380 cm
-1

 were all weakened or disappeared. Based on this, it can be concluded that Cu(II) 188 

forms a complex with the CIP molecule through the O atom of the carboxyl (COOH) in the CIP molecule 189 

and the O atom of the carbonyl (C=O) in the keto group (Fig. S1). In general, the structure of CIP comprises 190 

nitrogen (N) and oxygen (O) atoms that would provide lone pair electrons to interact with Cu(II)(Di Wu, 191 

2012). Subsequently, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 192 

orbital (LUMO) of the N and O atoms in the CIP molecule and Cu(II) in CuCl2 were calculated individually 193 

by Materials Studio software (Table S2). The calculations indicate a strong interaction between the O atoms 194 
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of the CIP molecule and Cu(II), which further validates the Raman results. The O atoms of C=O and O-C=O 195 

will serve as complexing sites for CIP and Cu(II). 196 
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Fig. 1. (a) UV-Visible spectra of solutions with different CIP and Cu(II) ratios. The reaction conditions: [CIP]=0.01 199 

mM, [Cu(II)] from 0 to 0.02 mM pH=7; (b) Laser Raman spectra of CIP and CIP-Cu(II) compound.  200 

 201 

3.2 Effect of Cu (II) on CIP degradation 202 

Cu(II) concentrations in simulated (SI) mariculture water are significantly higher than those in CIP(Wei 203 

et al., 2015), which may affect the UV-visible spectrum and accelerate the photodegradation process. The 204 

absorption spectra and the quantity of the free Cu(II) in the water demonstrated that the absorption in the 205 

system reached a maximum and the concentration of Cu(II) was minimal at a Cu(II) concentration of 0.4 206 

mmol L
-1

 and a CIP concentration of 10 μmol L
-1

 (Fig. S2 and Table S3). As a result, the concentration ratio 207 

of CIP: Cu(Ⅱ)=10 μmol L
-1

: 0.4 mmol L
-1

 was employed in the subsequent experiments.  208 

The impact of Cu(II) on the photodegradation efficiency of CIP in DI water and SI water is presented in 209 

Fig. 2. It is clear that the addition of Cu (II) can substantially diminish the CIP degradation in both systems. 210 

Cu(II) complexes with CIP, enhancing the stability of the molecular structure and reducing its reactivity 211 

which leads to a decrease in the photodegradation efficiency(Duong et al., 2008). Furthermore, the free Cu(II) 212 

in the solution can form additional complexes with the byproducts of photodegradation, which could 213 

potentially interfere with photon absorption and hinder the photodegradation process of CIP. However, as the 214 

length of irradiation increased, the degradation progressed gradually and the final degradation efficiency did 215 
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not vary significantly. 216 

Fig. 2 shows that Cu(II) has an impact on the photodegradation of CIP in DI and SI water matrix. The 217 

efficiency of CIP photodegradation in SI water was lower than those in DI water. The lower 218 

photodegradation efficiency of CIP in SI water could be preliminarily attributed to the presence of coexisting 219 

substances, such as organic matter and inorganic ions. These components may either produce reactive 220 

oxygen species (ROS) through photolysis or shield/quench the ROS. We have formulated the following 221 

rationale based on comparative testing (Fig. S3). The complexation constants of Ca(II)-CIP and Cu(II)-CIP 222 

in SI water were 11.3 and 14.7, respectively. This suggests that metal ions have a competitive connection 223 

with each other, which has an impact on the degradation of CIP (Fig. S3a)(Chen et al., 2013; Cuprys et al., 224 

2018). The hydrolysis of NH4
+
 in solution with OH

- 
increases the H

+
 concentration in solution and decreases 225 

the yields of •OH and e
-
, thereby inhibiting the degradation efficiency of the CIP-Cu(II) composite system. 226 

Nevertheless, the hydrolysis of NH4
+
 is a reversible reaction, resulting in an unstable H

+
 concentration in 227 

solution. As a result, the suppression of this reaction is also not stable(He et al., 2011). Furthermore, the 228 

water contains both humic acid (HA) and fulvic acid (FA) as metal complexing agents. These agents can 229 

form a robust complex with Cu(II) (the complexation constants of HA-Cu(II) were 9.26 and FA-Cu(II) were 230 

8.58), then attenuates the inhibitory effects of metal ions(Fig. S3b)(Chiron et al., 2006; Garbin et al., 2007; 231 

Yang and van den Berg, 2009). Furthermore, organic acids also can create excited states in the water, leading 232 

to the formation of 
1
O2 and promoting the photolysis of CIP(Monti et al., 2001). On the other hand, anions 233 

present in water (e.g. SO4
2-

, NO3
-
, Cl

-
, Br

-
) can suppress ROS in solution and simultaneously interfere with 234 

the absorption of light by CIP (Eqs. (2)~(5)) (Fig. S3c)(Chang et al., 2014; Ge et al., 2010; Hu et al., 2019). 235 

However, the photodegradation of antibiotics by NO3
-
 has a twofold impact, as it can either absorb photons 236 

and produce ROS, promoting photolysis, or react to generate NO2
-
, NO3

2-
, and OH

-
, which impedes 237 

photolysis (Eqs. (S1)~(S6))(Ge et al., 2010; Trovó et al., 2009; Wolters and Steffens, 2005). As a result, the 238 

degradation rate and efficiency of CIP in the SI water were inhibited compared to DI water, but the inhibition 239 

was not significant. Additionally, the degradation rate of CIP in SI water was slightly faster than that in DI 240 

water in the presence of humic acid and Cu(II). 241 

 242 
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Fig. 2. Photodegradation in four different systems. The reaction conditions: the molar ratio of CIP: Cu(II)= 1:40, 244 

[CIP]0=0.01 mM, [Cu(II)]0 = 0.4 mM, pH=7. 245 

Equations 246 

   
       

     
                                          

        
                                                      

        
                                                        

   
      

  
              
        

                                   

 247 

3.3 Effect of Cu(II) on the photodegradation mechanism of CIP under different 248 

aqueous media 249 

3.3.1 Photodegradation pathway in distilled water 250 

CIP typically undergoes direct and indirect photolysis. For direct photolysis, CIP leads to the formation 251 

of a triplet excited state (
3
CIP

*
), whereby it absorbs photons and subsequently undergoes a further chemical 252 

breakdown under the influence of light(Monti et al., 2001; A. Wang et al., 2022). For indirect photolysis, 253 

CIP receives photons, thereby forming a triple excited state of CIP (
3
CIP

*
). Subsequently, 

3
CIP

*
 reacts with 254 

O2 to form reactive oxygen species (ROS), which further oxidize and degrade CIP(Cardoza et al., 2005; Gan 255 

et al., 2019; Ge et al., 2010; Lin et al., 2018). Therefore, Sorbic acid (HAD) was employed as an 256 

excited-state parent quenching agent to investigate its effects on direct photolysis. The addition of HAD 257 
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resulted in a notable reduction in the degradation effect of CIP in both conditions without and with Cu(II), 258 

with the degradation efficiency of CIP being inhibited by roughly 80% and 60%, respectively (Fig. 3a). It 259 

was determined that direct photolysis is the primary mode of degradation for CIP. Furthermore, •OH, 
1
O2, 260 

•O2
-
, and e

-
 are all involved in the degradation of CIP (Fig. 3a). In the absence of Cu(II), DABCO 261 

demonstrated the strongest inhibitory effect. However, the contributions of •OH, 
1
O2 and •O2

-
 were all 262 

increased in the presence of Cu(II), and •OH >
1
O2> •O2

-
 could be observed. This also indicates that Cu(II) 263 

enhances the involvement of ROS in the CIP photolysis process. The EPR results shown in Fig. 3b provide 264 

further evidence for this conclusion. They indicate that the signals of •OH and •O2
-
 in the CIP system are 265 

weaker in the absence of Cu(II) under visible light conditions. However, the signals of •OH and •O2
-
 are 266 

significantly amplified in the presence of Cu(II), with the intensity ratios being 1:2:2:1 and 1:1:1, 267 

respectively. This is also consistent with the results of our previous quenching experiments. Thus, Cu(II) 268 

enhances the action of •OH and •O2
-
 on CIP in the visible system, which in turn promotes the indirect 269 

photolysis of CIP.  270 

To provide a clearer understanding of the influence of Cu(II) on the excited state of CIP, which was 271 

characterized by laser flash spectroscopy (Fig. S4). It was demonstrated that in the absence of Cu(II), CIP is 272 

more prone to the formation of excited triplet states, which subsequently absorb photons and undergo direct 273 

photolysis. With an increase in the Cu(II) concentration, the transient absorption values at the onset point 274 

decrease, indicating that Cu(II) reduces the generation of excited triplet states of CIP. Thus, the confirmation 275 

of the indirect photolysis of CIP facilitated by Cu(II) was further supported when paired with Fig. 3a. 276 

Based on these results, the following rational reaction mechanism is proposed in this paper: CIP acts as 277 

a photosensitizer, whereby photons are absorbed, an electron of CIP can be promoted to the excited state 278 

(
1
CIP

*
) followed by intersystem crossing and generation of CIP triplet state (

3
CIP

*
) (Eq. 279 

(5))(Blázquez-Castro, 2017; Sciscenko et al., 2021). 
3
CIP

*
 can produce degradation products when exposed 280 

to light (Eq. (7)). On the other hand, 
3
CIP

*
 can also be quenched by molecular oxygen (

3
O2) via an energy 281 

transfer reaction, resulting in the formation of singlet oxygen (
1
O2) and a CIP ground state (Eq. (8)). 282 

Subsequent oxidation of CIP is facilitated by photogenerated 
1
O2 (Eq. (9)). Furthermore, when Cu(II) is 283 

present, CIP and Cu(II) react to form complexes, which are then transformed into 
3
CIP

*
-Cu(II) in the 284 

presence of light, leading to further deterioration (Eqs. (10)~(12))(Pan et al., 2018; Sciscenko et al., 2021; Xu 285 
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et al., 2023). It has been demonstrated that Cu(II) exists in a polyvalent state, which undergoes a Fenton-like 286 

reaction to generate ROS and promote the decomposition of pollutants(Dong et al., 2024; Xu et al., 2023; 287 

Yang et al., 2023). It can therefore be postulated that under light conditions, due to ligand to metal charge 288 

transfer (LMCT) between CIP and Cu(II), Cu(II) is converted to Cu(I), and CIP itself was oxidized to 289 

intermediate products (CIP-ip) (Eq. (13)) is generated. In the presence of oxygen, Cu(I) oxidation can 290 

produce •O2
-
, species able to generate H2O2 by recombination. The presence of Cu(I) and H2O2 can undergo 291 

Fenton reaction leading to the formation of •OH. These two ROS can further oxidize CIP (Eqs. (14)~(18)). 292 

 293 
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 294 

Fig. 3. (a) Quenching experiments on photodegradation of CIP in the presence and absence of Cu(II) in DI water, The 295 

reaction conditions: the molar ratio of CIP: Cu(II)= 1:40, pH=7, [CIP]0=0.01 mM, [Cu(II)]0 = 0.4 mM, [IPA]=0.2 M, 296 

[DABCO]=0.1 M, [Chlor]=0.05 M, [KBrO3]=0.1 M, [HAD]=0.005 Mm, irradiation time = 8 h; (b) EPR spectra of CIP 297 

in DI water. 298 
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 300 

The Cu(II) transition metal ion significantly hindered the direct breakdown of CIP through a strong 301 

interaction with it. To support this concept, Materials Studio software was utilized to calculate the highest 302 

occupied molecular orbital (HOMO) for CIP and CIP-Cu(II) complex (Fig. S1 and Table 1). The higher the 303 

HOMO, the greater the ability to lose electrons at that position in theory, rendering it more prone to break 304 

chemical bonds(Yan and Song, 2014). Table 1 demonstrates a significant change in the HOMO values at 305 

various places within the molecule after the formation of the Cu(II) complex. The atoms with greater HOMO 306 

in the CIP compound are found primarily at the locations of 7C, 9C, 10C, 18N and 19N, which all belong to 307 

the piperazine ring. However, the HOMO decreased substantially at positions 7C, 10C, 18N, and 19N within 308 

the CIP-Cu (II) complex molecule, while they significantly increased at positions 4C,11C, 12C, 13C, 14C, 309 

16C, 17C, 20N and 23O. The data indicate that the complexation of Cu (II) alters the HOMO values of the 310 

atoms in the vicinity of the active center. The results demonstrated that the complexation of Cu(II) resulted 311 

in the conversion of the active site of the main attack in the molecule from the piperazinyl ring to the 4C of 312 

the C-F bond and the 11C, 12C, 13C and 20N of the pyridinyl ring, as well as the 14C and 16C of the 313 

cyclopropyl group. In general, the formation of the Cu(II) complex results in a relative increase in the 314 

HOMO value and the reactivity of the surrounding atoms. These positions are relatively active and are 315 

therefore always the most vulnerable to be attacked by other species. Consequently, in the presence of Cu(II), 316 

CIP is more susceptible to attack by active species such as 
1
O2 and •OH, which promote indirect photolysis 317 

of CIP. 318 

 319 

Table 1 The HOMO values of CIP and CIP-Cu(Ⅱ) complex calculated by using Materials Studio software 320 

Number* (atom) CIP CIP-Cu(II) 
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1C 0.038742 0.056389 

2C 0.194519 0.051214 

3C 0.009127 0.016629 

4C 0.051939 0.286497 

5C 0.071624 0.082669 

6C 0.051698 0.061348 

7C 0.186228 0.028343 

8C 0.014944 0.012244 

9C 0.030984 0.005865 

10C 0.179041 0.01115 

11C 0.010785 0.185622 

12C 0.007298 0.291456 

13C 0.045888 0.203709 

14C 0.005668 0.049936 

15C 0.010068 0.086613 

16C 0.008412 0.017468 

17C 0.00254 0.290401 

18N 0.42663 0.023663 

19N 0.473719 0.021681 

20N 0.030258 0.470046 

21O 0.016178 0.022713 

22O 0.028601 0.030754 

23O 0.020306 0.234196 

24F 0.102893 0.027234 

43Cu —— 0.086137 

 321 

In order to investigate the photodegradation mechanism effect of Cu(II) on CIP in DI water, the 322 

photodegradation products of CIP were determined by UPLC-MS in two conditions (with and without 323 
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Cu(II)). 324 

In the absence of Cu(II), the photodegradation of CIP was identified by the formation of three main 325 

products: P361, P290 and P245 (Table S4). The primary routes were inferred in Fig. 4 based on our DFT 326 

findings and prior scholarly work(Li et al., 2021; Wei et al., 2015). The degradation of CIP is attributed to 327 

oxidative cleavage of the piperazine ring and photolytic defluorination. Indirect photolysis leads to the 328 

oxidative cleavage of the piperazine ring. Initially, the chemical bond between 9C and 10C in the piperazine 329 

ring in CIP is attacked by 
1
O2, resulting in the opening of the piperazine ring. Subsequently, the ring 330 

undergoes further oxidation caused by •OH, resulting in the creation of a derivative containing a double 331 

aldehyde group, known as P361. In addition, 
1
O2 oxidizes the 7C of the aldehyde group of P361, leading to 332 

the removal of a formaldehyde group and secondary amine nitrogen group leading to the formation of P290. 333 

Photolytic defluorination is a commonly seen occurrence that takes place during direct photolysis. It can be 334 

defined as the process by which CIP absorbs photons to form 
3
CIP

*
 and is susceptible to photon attack. The 335 

continuous attack by light results in the complete oxidation of the side chain of the piperazine ring to solely 336 

the amine group(Agrawal et al., 2007). Subsequently, the molecule undergoes C-F bond breaking and further 337 

oxidation of 18N to form P245. The significance of direct and indirect photolysis in the photodegradation of 338 

CIP has been confirmed. 339 

 340 

 341 

Fig. 4. Photodegradation pathway of CIP in DI water in the absence of Cu(II). 342 

 343 

In the presence of Cu(II), three more degradation products of CIP, specifically P274, P292, and P314, 344 

were found in addition to the complexation product of CIP with Cu(II) and nine other degradation products 345 

(Table S5). The results of the product analysis demonstrated that direct and indirect photolysis also persisted 346 
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in the CIP-Cu(II) system. The inclusion of Cu(II) in the system led to a significant increase in the 347 

degradation pathways and degradation products, as depicted in Fig. 5. It was found that the piperazine ring 348 

of CIP also reacts is subjected to •OH and •O2
-
, resulting in the formation of a nitro product (P292). This is 349 

subsequently subjected to photolytic defluorination, leading to the generation of P274, as illustrated in the 350 

newly proposed pathway I(Cogan and Haas, 2008). Furthermore, CIP also undergoes direct photo-induced 351 

defluorination, which yields P314. This is then cleaved from the piperazine and piperazine ring of P314, 352 

resulting in the formation of P235, as depicted in the newly proposed pathway II(Lorenzo et al., 2008). In 353 

addition, the UPLC-MS analysis reveals the presence of Cu(II) complex products, including P290-Cu(II), 354 

263-Cu(II), P245-Cu(II), P292-Cu(II), P274-Cu(II), and P314-Cu(II), in addition to the aforementioned 355 

products. It is hypothesized that intermediate products generated during the process of CIP degradation 356 

complex with Cu (II), resulting in the formation of P245-Cu(II) and P274-Cu(II) from P263-Cu(II) and 357 

P292-Cu(II), respectively, upon further light exposure.  358 

Besides Path I and II, research has revealed that CIP can generate P287-Cu(II), P345-Cu(II), P334-Cu(II) 359 

and P316-Cu(II), as depicted in the newly proposed pathway III. (Fig. 5). The degradation pathways of 360 

CIP-Cu(II) complexes presumably include the following two pathways: 1. P313-Cu is the defluorination 361 

product of direct photolysis, which attacks 4C and then cleaves the piperazine ring to produce 362 

P287-Cu(II)(Cogan and Haas, 2008). 2. The 11C of the quinolone ring of the CIP-Cu(II) complex is attacked 363 

by •OH, leading to the formation of the hydroxylation product P345-Cu(II)(Taicheng An, 2010), which was 364 

then further oxidized in the presence of light and •OH, resulting in the decarbonylation to form P334-Cu(II) 365 

and P316-Cu(II)(Paul et al., 2010). In conclusion, the conversion of CIP in the presence of Cu(II) is a 366 

complex process involving several chemical reactions. The mentioned processes encompass hydroxylation, 367 

breaking of C-F bonds, cleavage of piperazine rings, and decarbonylation. The presence of Cu(II) caused the 368 

initiation of different degradation pathways and the modification of the degradation products of CIP 369 

photolysis.  370 

 371 
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 372 

Fig. 5. Photodegradation pathway of CIP in DI water in the presence of Cu(II). 373 

3.3.2 Exploring photodegradation of CIP in simulated mariculture water  374 

The impact of simulated (SI) mariculture water on CIP photodegradation was explored in Section 3.2. 375 

However, the influence of Cu(II) on CIP photodegradation in SI water remains unclear. To gain further 376 

insight into the impact of Cu(II) in SI water on active species during CIP photodegradation, we conducted 377 

quenching and EPR experiments to provide a crucial foundation for understanding the transport and 378 

transformation of pollutants in real water matrix (Fig. 6). The results indicate that the photodegradation of 379 

CIP, regardless of the presence of Cu(II), was significantly inhibited only by the addition of DABCO, while 380 

the other quenchers had negligible effect on the degradation (Fig. 6a). This represents a significant 381 

divergence from the principal ROS in DI water. The quenching experiments also indicate that the 382 
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degradation efficiency of CIP does not decrease but rather increases to a certain extent when the other three 383 

quenching agents are added to the system, regardless of the presence or absence of Cu(II) in the degradation 384 

system. Furthermore, EPR spectra indicate that Cu(II) can facilitate the production of 
1
O2, which aligns with 385 

the findings from our prior quenching experiments (Fig. 6b).  386 

As demonstrated in Part 3.3.1, Cu(II) and CIP can act as the primary donors of ROS in DI water. 387 

However, the composition of SI water is intricate, and the presence of additional compounds can have a 388 

substantial impact on Cu(II) and CIP (Part 3.2). Therefore, the source of ROS in SI water requires further 389 

reasoning and validation. Previous studies have indicated that SI water contains a considerable quantity of 390 

dissolved organic matter (DOM), which can be a significant source of ROS in waters(Guo et al., 2023; 391 

Jieqiong Wang, 2018; McNeill and Canonica, 2016; Sharpless and Blough, 2014). The DOM is excited by 392 

absorbing a photon to form an excited single state of DOM (
1
DOM

*
), which is subsequently further excited 393 

to a triplet excited state (
3
DOM

*
) or a charge transfer state DOM (DOM

+•/-•
) (Eq. (19)). Subsequently, 394 

3
DOM

*
 or DOM

+•/-•
, by quenching molecular oxygen, generates 

1
O2 and •O2

-
, respectively. Finally, with the 395 

participation of water and oxygen, •O2
-
 reacts further to form •OH (Eqs. (20)~(23)). In addition to DOM, Cl

-
, 396 

Br
-
, HCO3

-
, and HNO3

-
 in seawater also affect the photodegradation of organic pollutants(Guo et al., 2023; 397 

Li et al., 2016; Lin et al., 2013; Vione et al., 2009). Halogen ions and HCO3
-
 are common scavengers of •OH, 398 

generating secondary radicals with low reactivity. The reaction mechanism is shown in Eqs. (24)~(26), 399 

where X represents halogen ions. Furthermore, studies have shown that the quantum yield of 
1
O2 is around 400 

three orders of magnitude greater than that of •OH(Wan et al., 2019), rendering 
1
O2 more efficient in SI 401 

water. In the presence of Cu(II), in addition to complexing with CIP in reactions such as Eqs. (9)~(14), free 402 

Cu(II) will react with •O2
-
 to form dissolved oxygen and Cu(I) (Eq. (27)), while Cu(I) will also be oxidized 403 

to Cu(II) (Eq. (14))(Cai et al., 2020; Xing et al., 2018; Yuan et al., 2013). Based on the rate constants of 404 

9.62×10
9
 L (mol s)

-1
 for the reaction of Cu(II) with •O2

-
 and 0.48 L (mol s)

-1
 for the reaction of Cu(I) with O2, 405 

it can be inferred that most of the O2 in the solution will serve as a substantial supplier of 
1
O2 in SI water, 406 

leading to the degradation of CIP (Eq. (28)).  407 

 408 
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Fig. 6. (a) Quenching experiments on photodegradation of CIP in the presence and absence of Cu(II) in SI water, The 410 

reaction conditions: the molar ratio of CIP: Cu(II) = 1:40, pH=7, [CIP]0=0.01 mM, [Cu(II)]0=0.4 mM, [IPA]=0.01 M, 411 

[DABCO]=0.05 M, [Chlor]=0.05 M, [KBrO3]=0.1 M, irradiation time = 8 h; (b) EPR spectra of CIP in SI water. 412 
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 414 

Degradation pathways of CIP in SI water might also be changed. LC-MS was applied to identify the 415 

principal new products of CIP during photolysis (Tables S6 and S7), and the most reasonable degradation 416 

path were proposed in Fig. 7 and Fig. 8. Clearly, in both water bodies, CIP undergoes piperazine ring 417 

cleavage (at positions 9C and 10C) and defluorination (of the C-F bond) to generate hydroxylated, 418 

nitroxylated, and defluorinated products. Nevertheless, in SI water, 
1
O2 as the primary active substance 419 

significantly alters the degradation products of CIP, as shown in Path A. The 
1
O2 will attack the piperazine 420 
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ring in the CIP molecule, resulting in the formation of a product containing an O-O peroxy ring 421 

(P362)(Mella et al., 2001). Afterwards, the O-O peroxy ring can be further cleaved to form new products, 422 

including P335, P305, and P317, among others(Baena-Nogueras et al., 2017; Wan et al., 2019). This is 423 

markedly distinct from the degradation products observed in DI waters. Furthermore, the presence of Cu(II) 424 

also results in the formation of novel products, as illustrated in Path B. The 4C of the CIP-Cu(II) complex 425 

may create P329-Cu (II) complexes through substitution of fluor atoms by OH
-
 or H2O. And then followed 426 

by the piperazine ring breakage to produce the P315-Cu(II) complex containing an amide group(Batchu et al., 427 

2014). On the other hand, the formation of NOR-Cu(II) complexes is initiated by photon irradiation of the 428 

14C and 16C of the cyclopropyl group, which is followed by the rupture of the piperazine ring via 429 

desethylation to form P294-Cu(II)(Guo et al., 2013, 2015; Lin et al., 2018). 430 

Evidence showed that the photodegradation of CIP in the SI water will generate novel degradation 431 

products through new pathways, irrespective of the existence of Cu (II) in the system. Consequently, further 432 

research and study are required to gain a deeper understanding of this phenomenon. The presence of Cu(II) 433 

enhanced the role of 
1
O2 in SI waters. However, Cu(II) was not the sole factor causing changes in the 434 

photodegradation of CIP in SI waters. 435 
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 436 

Fig. 7. Photodegradation pathway of CIP in SI water in the absence of Cu(II). 437 
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 438 

Fig. 8. Photodegradation pathway of CIP in SI water in the presence of Cu(II). 439 

3.3.3 Toxicity analysis  440 

Under the influence of Cu(II) and water background, ciprofloxacin photodegrades to produce a series of 441 

degradation products with different structures and chemical properties. Given the uncertain toxicity of the 442 



 

23 

 

intermediates, they may cause environmental re-contamination or pose a threat to human health. Therefore, it 443 

is crucial to predict and evaluate the toxicity of these intermediates. T.E.S.T software was used to evaluate a 444 

series of toxicity-related parameters of CIP and its by-products, including bioaccumulation factor, 445 

developmental toxicity, and mutagenicity (Tables S8-S9 and Figs. 9(a-b))(Yang, 2021). It can be found that 446 

CIP and its intermediates are developmental toxicants (>0.5) under all circumstances, but the developmental 447 

toxicity of the intermediates decreases with the extension of reaction time. When only Cu(II) is present, P292 448 

and P274 containing nitro groups show greater developmental toxicity. Under the combined action of Cu(II) 449 

and SI water, most of the intermediates of CIP show greater developmental toxicity than the parent. Except 450 

for P361, P314, P329, P313, P335, and P317, other intermediates of CIP showed mutagenicity negative 451 

(<0.5), indicating that during the photodegradation process, the mutagenicity of the intermediates began to 452 

decrease, which may be related to the changes in the piperazine ring. 453 

In addition, the ECOSAR program was used to predict the acute and chronic toxicity of CIP and its 454 

intermediates to three aquatic organisms (i.e., fish, Daphnia, and algae) (Tables S10-S11 and Figs. 455 

9(c-d))(Liu et al., 2024). In DI water, all three organisms were sensitive to chronic toxicity, among which 456 

P262/P263 and P245 showed "very toxic" to Daphnia. In addition, Cu(II) can significantly increase the 457 

toxicity of products containing nitro and amine groups such as P314, P292, P274, and P235 to Daphnia. 458 

Interestingly, the chronic toxicity of most intermediates of CIP in SI water to organisms is between 459 

"harmful" and "very toxic", and the acute toxicity is in the harmful range, which shows that the influence of 460 

the water environment on the production of CIP photodegradation products cannot be ignored. In short, Cu(II) 461 

and water matrix can change the degradation pathway of CIP and further affect the toxicity of the product. 462 

Unfortunately, there is no specific research method for the toxicity analysis of antibiotic-heavy metal 463 

complexes, so it is impossible to determine the environmental hazards caused by the complexes and conduct 464 

qualitative analysis. Therefore, more toxicity analysis studies on combined pollution are strongly 465 

recommended. 466 
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Figs. 9. Assessment of the developmental toxicity (a), mutagenicity (b), chronic toxicity (c), and acute toxicity(d) of 468 

CIP and its photolysis products was conducted using ECOSAR and T.E.S.T software. 469 

4 conclusion 470 

This research work presents the varying effects of Cu(II) on the degradation mechanism of CIP in 471 

different aqueous media. In the complexation study, CIP complexed with Cu(II) via the carboxyl group 472 

(COOH) in the molecular structure and the carbonyl group (C=O) in the keto group. Following this, 473 

investigations on the photodegradation of CIP in different water matrixs revealed that most metal cations 474 

hindered the photodegradation process, while anions and organic compounds had both promoting and 475 

inhibiting effects. Furthermore, Cu(II) plays multiple roles in the direct and indirect photolysis of CIP. In DI 476 

water, Cu(II) quenches the triplet excited state of CIP, thereby promoting the inhibition of direct photolysis. 477 

Additionally, Cu(II) facilitates the role of •OH and •O2
-
 in indirect photolysis through a Fenton-like reaction. 478 

In contrast, in SI waters, inorganic ions were observed to quench •OH and •O2
-
, whereas 

1
O2 is mostly 479 

produced from the excited triplet state of organic matter and the indirect influence of Cu(II). Moreover, the 480 

degradation mechanism of CIP has experienced a substantial alteration. In DI water, the primary mechanism 481 
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responsible for CIP degradation is the cleavage of the piperazine ring and defluorination photolysis, which 482 

results in the formation of bis-aldehyde derivatives and amine-based products. When Cu(II) is present, CIP 483 

undergoes hydroxylation and decarbonylation, leading to the creation of hydroxylated and nitro compounds. 484 

These products subsequently form complexes with Cu(II). The degradation products and pathways of CIP 485 

are more numerous in SI water, where the aqueous matrix facilitates the formation of O-O peroxy ring 486 

intermediates from CIP, and Cu(II) promotes cyclopropyl cleavage of CIP to form new intermediates. 487 

Toxicity assessment showed that cleavage of the piperazine ring helped reduce the toxicity of the 488 

intermediates, but some products containing amine and nitro groups were more toxic than the parent 489 

molecule. 490 
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