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ARTICLE INFO ABSTRACT

Keywords: Ciprofloxacin antibiotic (CP) is one of the antibiotics with broad-spectrum antimicrobial activity
Cu that has the highest rate of antibiotic resistance. This antibiotic undergoes incomplete metabolism
G-C3N4

within the human body and is excreted into the water, resulting in its hazardous biological and
ecotoxicological effects. In this study, a novel photocatalyst, comprised of graphitic carbon nitride
(g-CN) and Tetrakis(acetonitrile)copper(I)hexafluorophosphate ([(CH3CN)4Cu]PFg), denoted as
CuPF/g-CN, was employed for the degradation of ciprofloxacin under visible-light irradiation.
The Cu complex, functioning as a co-catalyst, assumes a crucial role in facilitating the efficient
separation of photogenerated charges and exhibiting high absorption in the visible-light region.
More surprisingly, CuPFe/g-CN does surpass by up to 6 times the behavior reached with bare g-
CN. The experimental findings indicated that the optimal degradation of ciprofloxacin (CP)
occurred after 50 min when using a concentration of 20 mg L™! CP and a concentration of 0.05 g/
L CuPFg/g-CN, under a pH of 8. This research offers valuable insights into the advancement of
cost-effective co-catalysts that enhance the photocatalytic capabilities of established photo-
catalysts. It contributes to improving the overall performance and efficiency of these photo-
catalytic systems.

Photocatalyst
Antibiotic

1. Introduction

Photocatalytic technology, being recognized as a highly favorable and promising process, holds great potential in addressing the
escalating issue of water pollution. Through its safe and environmentally friendly approach, it offers an effective solution for the
decomposition of organic pollutants, contributing to the mitigation of water pollution in a sustainable manner [1,2]. The core of the
process of photocatalytic degradation is the design and fabrication of high-performance, eco-friendly, and economically viable pho-
tocatalytic materials. Materials with semiconductor properties are extensively employed as the predominant photocatalysts in various
applications owing to their distinctive surface electronic, physical, chemical, optical, and redox properties [3]. g-CN as a metal-free
and cost-effective organic semiconductor, stands out among these materials with its exceptional photocatalytic properties, due to
great band structure, good thermal stability, non-toxicity, and tunable electronic structure [4,5].

Several studies have demonstrated that in comparison to bulk g-CN, the g-CN nanosheets (NS), have larger surface area and higher
solubility in water and thus C3N4-NS have been applied in broad fields such as photocatalysis, electrochemical sensors, fuel cells, and
fluorescence applications [6-11], Nevertheless, the large bandgap implying weak solar light absorption, the high photogenerated
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carrier recombination rate, and the inability to produce reactive species by the photogenerated holes (h™) [12,13], hydroxyl radical
have limited the use of g-CN in photocatalytic activity. One of the most significant strategies used to overcome these problems
expressively and improve the effectiveness of g-CN photocatalysis is assembling the pristine g-CN with metal oxides [14], metallic
elements [15], semiconductors [16,17], and magnetic nanoparticles [18].

In various methods explored, the use of co-catalysts is particularly important for simplifying the charge acceptance by species in
solution and facilitating the redox reactions. Among several candidates, the heterojunction of g-CN with visible-light sensitizing Cu
complex can be an excellent suggestion with a high absorption coefficient within the solar spectrum and low processing cost.
Moreover, Cu metal is a cheap, nontoxicity, and abundant element [19,20], and the cu element has been investigated for photolysis
application in various research [21-25].

On the other hand, the use of antibiotics as important clinical drugs has marked a new era of drugs for infectious illness therapy or
other diseases in humans and animals [26,27]. The wide use of various antibiotics in order to treat infections and prevent diseases in
animals has revolutionized in livestock, poultry, aquaculture, and cultivation industry [28-30]. However, arbitrarily and the overuse
use of antibiotics leads to the production of untreated discharge and these antibiotic residues cause drug resistance which poses a
significant threat to the ecological environment.

CP as a third generation and synthetic antibiotic belongs to the fluoroquinolone group of antibiotics which exhibits broad-spectrum
antimicrobial activity but, unfortunately, CP is not able to be efficiently metabolized in the human body because of high structural
stability, and thus, the residues are diffuse to the environment [31]. In addition, expired CP antibiotics as wastes are released into the
natural environment [32] In general, the presence of CP in water and wastewater is a serious problem due to its toxicities and can
accumulate in the organism.

In this research, we have synthesized ([(CH3CN)4Cu]PFg) modified g-CN photocatalyst (CuPFg/g-CN) for the destruction of CP in
water in VIS light. Results show that the pure g-CN almost exhibits a partial reduction of CP concentration (about 10 %) during the
photocatalytic process, and also, the photocatalytic performance of ([(CH3CN)4Cu]PF¢) salt, and g-CN modified with CuO was less of
CuPFg/g-CN. The results demonstrate the incorporation ([(CH3CN)4Cu]PFg) molecules with g-CN resulted in improved light ab-
sorption spectrum of the carrier and photocatalytic activity due to its high surface area. Tetrakis(acetonitrile)copper(l) hexa-
fluorophosphate is a useful source of unbound Cu(l).

2. Experimental section

All the materials, including thiourea, HPFg, CH3CN, ethanol, copper (I) oxide and acetonitrile were in analytic grade, prepared by
Merck, Fluka, and Sigma-Aldrich chemical company, and used without further purification. X-ray diffractometry, XRD Philips PW1730
(using Cu Ko radiation (« = 0.154056 A), was used for phase purity and crystalline structure analysis of samples. Fourier transform
infrared spectra (NICOLET IR100 FT-IR with spectroscopic grade KBr) were obtained within the 400-4000 cm ™! range. The Thermo
Scientific Evolution 300/600 UV-Visible spectrophotometer (USA) was utilized to acquire the UV-vis diffuse reflectance spectra (DRS)
of the samples. A Philips XL-300 was employed to perform the field emission scanning electron microscopy (FESEM) analysis. To
determine the specific surface areas, the BET method was employed using the Micromeritics Instrument Corporation TriStar II.
UV-visible absorption spectra were acquired at room temperature using a Shimadzu UV-2550-8030 spectrophotometer in the range
190-800 nm with a slit width of 5.0 nm. The light source employed had a wavelength of 360.0 nm. A 400 W lamp, specifically a high-
pressure mercury-vapor lamp emitting light with a cutoff filter at 420 nm (SCF-S50-42 L; Sigma Koki, Japan., was utilized to provide
the visible illumination.
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Fig. 1. XRD of g-CN, CuPFe/g-CN and CuPFe.
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2.1. The synthesis of the photocatalyst

First, g-C3N4 was synthesized by annealing thiourea at 550 °C for 3 h with the heating rate of 5 °C min~! [33]. Tetrakis(acetonitrile)
copper(I) hexafluorophosphate molecules were prepared following a previously published method [34]. To synthesize CuPFg/g-CN,
the g-CN (1.0 gr) in 60 ml of ethanol were added and sonicated (2 h) to make the thick slurry. Then, ([(CH3CN)4Cu]PF¢) (0.05 g) was
added to the formed yellowish heterogeneous solution and for a duration of 24 h, the mixture underwent continuous stirring. In the
final step, the cap was removed from the reaction vessel, and the solid phase was separated by filtration, it was then subjected to a
drying process at 80 °C.

2.2. Characterization of the catalyst

Fig. 1 illustrates the XRD measurements of g-CN and CuPFe/g-CN materials, shedding light on the presence, crystallinity degree,
and purity of both g-CN and the catalyst. The X-ray diffraction (XRD) pattern of g-CN exhibited a prominent peak at 26 = 27.5°, which
corresponds to the (002) planes (JCPDS No. 87-1526). This peak is characteristic of the interplanar stacking structure commonly
observed in graphitic materials [35,36]. Furthermore, a secondary diffraction peak at 20 = 13.1° was identified as corresponding to the
(100) planes. The relatively good intensity of this peak provides further evidence for the presence of a graphite-like structure in the
g-CN material [37-39]. Importantly, the characteristic peaks [Cu(CH3CN)4]PFg of g-CN remained weaker in the spectrum of the
catalyst, indicating the successful loading of [Cu(CH3CN)4]PFg onto the g-CN material. The observed diminution in the intensity of the
g-C3Ny diffraction peaks within the catalyst spectrum suggests the possibility of structural alterations to the g-C3Ny4 lattice arising from
the modification process. Additionally, the emergence of new peaks at 20 = 43.3° and 50.4°, corresponds to the (111) and (200) planes
of the elemental copper phase (JCPDS card 04-0836).

FT-IR spectroscopy was employed to analyze the molecular vibrations and functional groups of (2a) g-CN and (7b) CuPF/g-CN in
the range of 400-4000 cm ™' (Fig. 2). The chief peaks for pure g-CN appear between 1200 and 1700 cm™}, corresponding to the
stretching vibration of CN heterocycles. Another significant band is observed at 800 cm ™, indicative of the breathing vibration of Tri-
S-triazine units. The peaks in the range of 3150-3300 cm™! originate from the stretching vibration of N-H bonds [40]. In pure [Cu
(CH3CN)4]PF¢ (CuPFg), a prominent characteristic band is detected at 2427 cm ™! which can be allocated to the vibration of the co-
ordinated acetonitrile ligands. Additionally, the principal peaks observed within the range of 550-900 cm™! can be ascribed to the
vibrational modes of the PFg counter ion (2c). The FT-IR spectrum of CuPF¢/g-CN retains all characteristic vibrational peaks of g-CN,
including the bands attributed to CN bonds at 2327 and 2348 cm™!. Additionally, distinct peaks corresponding to PFg vibrations are
observed at 804 and 591 cm ! [41]. The presence of a small amount of [Cu(CH3CN)4]PF¢ on the g-CN material in the CuPFg/g-CN
spectrum leads to a reduced intensity of the specific g-CN bands. (Fig. 2b).

Fig. 3 illustrates the UV-Vis diffuse reflectance spectra (DRS) of the synthesized g-CN and CuPF¢/g-CN, providing insights into their
respective optical properties. The addition of [Cu(CH3CN)4]PF¢ particles on the g-CN surface increased the absorbance of CuPF¢/g-CN.
This higher absorbance indicates the generation of more electron-hole pairs under visible light, potentially enhancing the photo-
activity of the material.

Fig. 4 showcases the SEM images of the g-CN support (Fig. 4a) and CuPFs/g-CN catalyst, providing insights into their respective
morphologies. In Fig. 4b, it is evident that the g-CN material is decorated with crystals, indicating successful loading of [Cu(CH3CN)4]
PF¢ onto the g-CN support (Fig. 4b).

The successful incorporation of [Cu(CH3CN)4]PFg onto the surface of g-C3Ny is further evidenced by the TEM images presented in
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Fig. 2. FT-IR Analysis: (a) g-CN, (b) CuPFs/g-CN and (c) CuPF¢ Spectra.
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Fig. 3. UV-Vis DRS of a) g-CN, CuPF¢/g-CN, and b) CuPF.
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Fig. 4. SEM Analysis: (a) g-CN and (b) CuPFs/g-CN Morphologies.

Fig. 5. This figure demonstrates that the CuPFe¢/g-CN nanocomposite is composed of a significant quantity of [Cu(CH3CN)4]PFg
particles, which occupy a substantial fraction of the available surface area on the g-C3N4 material. The g-C3Ny substrate serves as a
matrix within which these [Cu(CH3CN)4]PFg particles are successfully integrated and uniformly distributed. This observation cor-
roborates the effective integration and even dispersion of the [Cu(CH3CN)4]PF¢ species within the g-C3N4 matrix.

Energy-dispersive X-ray spectroscopy (EDS) was recorded and shown in Fig. 6. In the EDS spectrum of the catalyst, all the peaks
related to Cu, P, C, N, and C were observed.

Nitrogen adsorption-desorption isotherm measurements were conducted to provide insights into the catalyst’s pore structure and

Fig. 5. TEM image of CuPFe/g-CN.
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Fig. 6. EDS spectrum of the catalyst.

textural properties (Fig. 7). The nitrogen adsorption-desorption isotherms demonstrated a class IV mixture as per the IUPAC classi-
fication, characterized by a H3 hysteresis loop. The presence of hysteresis loops within the relative pressure range of 0.35-0.97
suggests that the samples possess a mesoporous structure in their porous network. As reported in previous studies, the pure g-CN
material exhibited a low BET surface area of 10.2 m?/: g [42,43] and after [Cu(CH3CN)4]PFg was loaded on g-CN, the BET surface area
of g-CN experienced a significant increase to 17.64 m2/g. The catalyst’s specific surface area was determined using the BET method,
yielding a value of (specific surface area value) m?/g (Fig. 7a). The pore size distribution was Pore size = 1.64 nm and a pore volume of
0.118 cm®/g (Fig. 7b).

Mott-Schottky plots were leveraged at a frequency of 500 Hz to scrutinize the band-edge potentials of the g-C3N4 and CuPFs/CN
photocatalysts (Fig. 8a). Fig. 8a displays the plots, and the positive slope observed in the curves denotes that both the g-C3N4 and
CuPFg/CN exhibit the characteristic n-type semiconductor behavior. As a result, the extrapolated conduction band (CB) positions of g-
C3N4 and CuPFg/CN samples stand at —0.95 V and —0.97 V, correspondingly (vs Ag/AgCl, pH = 7). Based on the band gaps of the g-
C3Ny4 (2.84 eV) and CuPFg/CN (2.59 eV), the valence band (VB) positions are calculated to be 1.62 V and 1.89 V, respectively. It was
observed that the ECB changed to more negative for g-C3N4 after Cu modification, suggesting that CuPF¢/CN retained the strong redox
ability of the photogenerated electrons. Fig. 8b displays electronic band structures for g-CsN4 and CuPFg/g-CN.

The stability and recoverability of the catalyst were evaluated during the degradation of ciprofloxacin under visible-light irradi-
ation. After each reaction, the catalyst was separated, washed with deionized water, dried, and then directly reused in the next run. It
was observed that the recovered catalyst could be recycled in subsequent runs without a significant decrease in activity, even after the
sixth run (Fig. 9).

2.3. Photocatalytic experiments

The evaluation of the photocatalytic activities of CuPFg/g-CN involved using a catalyst mass of 0.05 g, 2 mmol of 33 % H50,, and a
reaction mixture containing 50 ml of an aqueous medium with a concentration of CP (20 mg L’l). To maintain the adsorption-
desorption equilibrium between CP and the catalyst surface, an adsorption reaction was initiated by subjecting the CP solution to
magnetic stirring in the dark for a duration of 30 min. The solution was exposed to irradiation for a period of 50 min using a 400 W
lamp (a high-pressure mercury vapor lamp emitting light at a wavelength of 546.8 nm). To avoid any potential thermal catalytic
effects, the temperature of the photocatalytic reaction was carefully controlled and maintained between 25 and 30 °C. Cooling fans
were employed to regulate and stabilize the temperature throughout the reaction. After 10 min, a sample of approximately 5 mL was
extracted from the reaction mixture and subjected to centrifugation to separate the catalysts from CP. The resulting supernatant,
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Fig. 7. Ny sorption isotherms of photocatalyst (a), pore diameter distribution curve of photocatalyst (b).
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Fig. 9. Reusability of the CuPFs/g-CN for degradation of ciprofloxacin under visible-light irradiation.

containing the CP, was measured by UV spectrophotometer.
Fig. 10 displays the UV-Visible absorption spectra of CP degradation using CuPF¢/g-CN under VIS light at pH 8. The spectra exhibit
a maximum absorption band at 275 nm, indicating the absorption of light during the degradation process. Fig. 10 demonstrates the
decrease in the absorption peak at 275 nm and the shoulder at 322 nm as the degradation progresses. After 50 min of irradiation, the
degradation efficiency reached an impressive 98.5 %, indicating the successful photodegradation of CP using the photocatalyst.
Table 1 presents a comparison of the results from the current work with the results reported in similar articles investigating the
degradation of antibiotics [44-49]

3. Results and discussion

3.1. Optimizing photocatalytic performance: reaction conditions for CuPFs/g-CN composite

Fig. 11 showcases the combined effect of light irradiation and the catalyst on CP degradation, providing insights into their influence
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Fig. 10. UV-visible absorption spectra of CP elimination with CuPFe/g-CN (CP) = 20 mg L™}, [cat.] = 0.05 g, H;0, (2 mmol), pH = 8).

Table 1
comparison of the results from the current work with the results reported in similar articles.
Entry  Catalysts Modification Light source (lamp) Band gap Antibiotics (mg/ Performance over pristine g- Ref.
(eV) L) C3Ny4
1 La-g-C3N4 Metal doping 18 UV (A: 400-800 nm) 2.63 TC (10) 5.6 [44]
Cl-g-C3N4 Non-metal doping 300 Xenon (A > 420nm)  2.70 TC (10) 2.4 [45]
3 Er (1I)-g- Metal doping 35 W Xenon (—) 2.4 TC (25) 1.7 [46]1
C3Ny
4 Ba-g-C3N4 Metal doping 150 W Xenon (A > 400 2.56 TC (20) mg/L 2.8 [47]
nm)
5 Ag/g-C3Ny Metal NPs 300 W Xenon (A > 420 2.72 TC (20) 3 [48]
decoration nm)
6 Cu/0O-g-C3Ny4 Co-doping 300 W Xenon (A > 420 2.28 LEVO (15) 6.2 [49]
nm)

on the efficiency of the process. In the absence of the catalyst under visible (VIS) light irradiation, no degradation of CP is observed.
However, a partial reduction in CP concentration (approximately 10 %) is observed when the catalytic reaction is conducted in the
dark. This partial reduction is likely attributed to the partial adsorption of CP molecules onto the surface of the catalyst. The degra-
dation efficiency is significantly enhanced up to 98.5 % when the CP solution containing the catalyst is exposed to visible (VIS) light
irradiation.

Moreover, the effect of various VIS light-driven catalysts on CP degradation were examined (Fig. 12). The reference photocatalysts
chosen for the study included CuO/g-CN, pristine g-CN, and [Cu(CH3CN)4]PFg salt, and their photoactivity was investigated by
catalyzing the degradation of CP in water. Obviously, the photocatalytic activity of CuPFg/g-CN was found to be significantly higher
compared to pure g-CN and [Cu(CH3CN)4]PFg salt and also, CuPFe/g-CN shows higher catalytic activity than CuO/g-CN for CP
degradation under VIS light. This indicates that the introduction of the ([(CH3CN)4Cu]PFg salt enhances the photoactivity of the g-CN
catalyst by absorbing well in the VIS light region, exhibiting superior adsorption towards CP molecules, and efficiently separating the
photogenerated charges.

Fig. 13 demonstrates the influence of pH on the degradation of CP antibiotic in an aqueous solution. Based on the findings depicted
in Fig. 13, the elimination of the CP at pH = 8 was complete after 50 min. The interaction strength between the catalyst and CP can
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Fig. 11. Impacts of VIS light, g-CN, cat. and, (VIS light + cat.) on CP degradation.
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Fig. 12. Effects of various VIS light-driven catalysts on CP degradation.

influence the efficiency of Fenton reactions which is related to the pH conditions. Normally, CP molecules acquire positive and
negative charges when introduced into acidic and basic solutions, because CP molecules accept and lose a hydrogen ion (H')
respectively [50]. On the other hand, the acid-base properties of catalyst surfaces play a crucial role in governing the
adsorption-desorption dynamics and the overall photocatalytic degradation performance [51]. pH levels ranging from 4 to 10 were
investigated in the study. The degradation of CP is favored at slightly weak basic conditions because more CP molecules exhibit
adsorption on the catalyst surface. The surface characteristics of catalysts play a crucial role as the reactions predominantly occur on
their surfaces.

Fig. 14 demonstrates a positive correlation between the CP removal rate and the catalyst dosage within the range of 0.03 g/L to
0.15 g/L. The reaction exhibits the highest yield when utilizing 0.1 g of catalyst under VIS light irradiation, and reducing the amount of
catalyst results in a decrease in yield, while further increasing the catalyst dosage leads to negligible improvement in the yield.

3.2. Possible oxidation mechanism

Herein, we report a postulated mechanism of combining our experiment results with related studies [52,53]. The results indicated
that the coordination between Cu™ and graphitic carbon nitride nanosheets resulted in enhanced generation of reactive oxygen species
(ROS) upon exposure to light (Schemes 1 and 2). Probably, the integration of Cu’ with g-CN would enhance the pro-oxidant effect.
Cu'—g-CN, serving as the redox-active species, exhibited the ability to catalyze the reduction of molecular oxygen to produce both
superoxide anions and hydrogen peroxide. These reactive species, in turn, facilitated the generation of ROS, including the hydroxyl
radical. It is observed that the reaction of the CP antibiotic with (OH) produced the CO,, H20, and etc.

A series of control experiments were meticulously conducted to thoroughly investigate the pivotal reactive species involved in the
photocatalytic degradation of CP in water by the CuPFg/g-CN catalyst under sunlight. We strategically introduced various radical
scavengers into the reaction system to selectively trap different reactive species. 1.0 mmol of KI, AgNOs, ascorbic acid, and t-BuOH
were carefully added to the reaction mixture to effectively trap holes (h™), electrons (e”), superoxide radicals ('02’), and hydroxyl
radicals (*OH), respectively. It was observed that the incorporation of ascorbic acid and t-BuOH significantly impacted the degradation
reaction rate of CP, while KI and AgNOs played a relatively diminished role in the photocatalytic activity compared to t-BuOH and
ascorbic acid. These findings clearly and conclusively demonstrate that both *0%~ and "OH species are essential components in the
photocatalytic oxidation process (Fig. 15).

100 pH=8 —o—
PH=7 —o—
80 pH=9 —o—
—_
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&
g% pH=10-o—
=
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# 20
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Fig. 13. Impact of Solution pH on CP Degradation in the Presence of CuPF¢/g-CN.
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Scheme 1. The photocatalytic pathway of CuPFs/g-CN under VIS light irradiation.
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Scheme 2. Possible passway for the removal of CP under VIS light catalyzed by CuPFg/g-CN.

4. Conclusions

In summary, the combination of g-CN with Tetrakis(acetonitrile)copper(I) hexafluorophosphate (CuPFg/g-CN) resulted in the
development of a highly effective photocatalyst. This photocatalyst exhibited exceptional performance in the removal of CP under VIS
light irradiation. In this study, we evaluated the performance of g-CN, CuO/g-CN, [(CH3CN)4Cu]PFg salt, and CuPFs/g-CN photo-
catalysts. Among these, CuPFg/g-CN demonstrated superior effectiveness, exhibiting a CP elimination rate six times higher than that of
g-CN. The presence of copper in the composite probably caused the reduction of the carrier recombination rate and the enhancement of
photocatalytic degradation of CP. This project holds promise in providing an efficient and environmentally friendly technology for
antibiotics treatment, utilizing CuPFg/g-CN under VIS light.
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Fig. 15. The Impact of radical scavengers on the oxidation yields of CP Catalyzed by CuPFe/g-C3Ny.
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