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ABSTRACT   

Ofloxacin (OFL), a fluoroquinolone, is an antibiotic found in hospital wastewater, groundwater, and other water bodies. 

Its occurrence in water results in several environmental problems, such as the emergence of antibiotic-resistant bacteria. 

This research is focused on determining the viability of removing and mineralizing OFL by photocatalysis under visible 

radiation with a graphitic carbon nitride photocatalyst (GCNP) synthesized from the pyrolysis of urea and calcium oxalate 

at 600°C. The photocatalyst was characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). 

Moreover, the point of zero charge (PZC) of the photocatalyst was determined, and the adsorption isotherms were 

obtained. The photocatalytic activity of this new material was tested with a synthetic aqueous solution of OFL (20 mg/L) 

exposed to visible radiation. Three pH values (5, 7, and 10) and three doses of H2O2 (41.7, 83.3, and 333.2 mg/L) were 

considered. The achieved mineralization was evaluated through the decrease in the content of total organic carbon (TOC). 

The highest degradation of OFL was 23.9% after 40 min, with an initial concentration of H2O2 of 83.3 mg/L and a pH 

value of 10. It was confirmed that the reaction follows a kinetics of pseudo-first order. 

Keywords: ofloxacin, water treatment, advanced oxidation processes, graphitic carbon nitride, heterogeneous 

photocatalysis. 

Degradación de un antibiótico del grupo de las fluoroquinolonas con un nuevo fotocatalizador 
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RESUMEN   

 

La ofloxacina (OFL), una fluoroquinolona, es un antibiótico que se puede encontrar en aguas residuales de hospitales, 

aguas subterráneas y otros cuerpos de agua. Su presencia en agua resulta en muchos problemas ambientales como el 

surgimiento de bacterias resistentes a los antibióticos. Esta investigación se centra en determinar la viabilidad de remover 

y mineralizar OFL por fotocatálisis bajo radiación visible con un fotocatalizador de nitruro de carbono grafítico (GCNP) 

sintetizado mediante pirólisis de urea y oxalato de calcio monohidratado a 600°C. La caracterización del fotocatalizador 

fue llevada a cabo por difracción de rayos X y microscopía electrónica de barrido (SEM). Además, el punto de carga zero 

(PZC) de fotocatalizador  fue determinado y se obtuvieron las isotermas de adsorción. La actividad fotocatalítica de este 

nuevo material fue testeada con una solución acuosa sintética de OFL (20 mg/L) expuesta a radiación visible. Tres valores 

de pH (5, 7 y 10) y tres dosis de H2O2 (41,7; 83,3 y 333,2 mg /L) fueron consideradas. La mineralización lograda fue 

evaluada a través del decremento en el contenido de carbono orgánico total (COT). La mayor degradación de OFL fue 

del 23,9% en 40 min, con una concentración inicial de H2O2 de 83,3 mg/L y un valor de pH de 10. Se confirmó que la 

degradación de OFL sigue una cinética de pseudo primer orden. 

Palabras clave: ofloxacino, tratamiento de agua, procesos de oxidación avanzada, nitruro de carbono grafítico, 

fotocatálisis heterogénea. 

Degradação de um antibiótico do grupo das fluoroquinolonas com um novo fotocatalisador de 

carbono nitreto gráfico. 

RESUMO 

A Ofloxacina (OFL), uma fluoroquinolona, é um antibiótico encontrado em águas residuais hospitalares, águas 

subterrâneas e outros corpos d'água. Sua presença na água resulta em vários problemas ambientais, como o surgimento 

de bactérias resistentes a antibióticos. Esta pesquisa tem como foco determinar a viabilidade de remover e mineralizar 

OFL por fotocatálise sob radiação visível com um fotocatalisador de carbono nitreto gráfico (GCNP) sintetizado a partir 

da pirólise de ureia e oxalato de cálcio a 600°C. O fotocatalisador foi caracterizado por difração de raios-X (XRD) e 

microscopia eletrônica de varredura (SEM). Além disso, o ponto de carga zero (PZC) do fotocatalisador foi determinado, 

e as isotermas de adsorção foram obtidas. A atividade fotocatalítica deste novo material foi testada com uma solução 

aquosa sintética de OFL (20 mg/L) exposta à radiação visível. Foram considerados três valores de pH (5, 7 e 10) e três 

doses de H2O2 (41,7, 83,3 e 333,2 mg/L). A mineralização alcançada foi avaliada pela diminuição do teor de carbono 

orgânico total (TOC). A maior degradação de OFL foi de 23,9% após 40 minutos, com uma concentração inicial de H2O2 

de 83,3 mg/L e um valor de pH de 10. Foi confirmado que a reação segue uma cinética de pseudo-primeira ordem. 

Palavras chave: ofloxacina, tratamento de água, processos de oxidação avançada, carbono nitreto gráfico, fotocatálise 

heterogênea.. 
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1. INTRODUCTION 

Pharmaceutical compounds are introduced to the environment, especially through hospital 

wastewater, effluents from the pharmaceutical industry (Rizzo et al., 2013; Szymańska et al., 2019; 

Peña-Guzmán et al., 2019), and human/animal excretions (Ma et al., 2015; Chen et al., 2017; Yang 

et al., 2018). In this way, they can reach water bodies (i.e., rivers, lakes, reservoirs, and groundwater). 

Many reported studies concluded that traditional treatments are inefficient in removing these 

compounds from effluents (Alexander et al., 2016). Antibiotics (e.g., fluoroquinolones) generally 

have antimicrobial properties, which limit their biodegradation in conventional wastewater plants. 

The presence of antibiotics in water bodies is an important issue for ecosystems and human health 

because the microbiological balance in the aquatic environment can be strongly affected, leading to 

the selection of antibiotic-resistant bacteria (Grenni et al., 2018; Liu et al., 2018). 

Ofloxacin: properties, applications, and their interaction with the environment 

Ofloxacin (C18H20FN3O4) is an antibiotic from the group of fluoroquinolones (FQs) used to treat 

different types of infections, including urinary tract, skin, gonorrhea, and respiratory tract infections 

(Blondeau, 2004). The mechanism of action of ofloxacin (OFL) is based on the inhibition of two 

enzymes that interact in the synthesis of bacterial DNA, which are not present in human cells. Figure 

1 shows the structure of ofloxacin (Al-Omar, 2010). OFL has an amphoteric behavior with values of 

6.1 and 8.28 for pka1 and pka2, respectively (Liam et al., 2014; Van Wieren et al., 2012).  

 

Figure 1. Chemical structure of OFL ((±)-9-fluoro-2,3-dihydro-3-methyl-10-(4-methyl-1-

piperazinyl)-7-oxo-7H-pyrido[1,2,3-de][1,4]benzoxazine-6-carboxylic acid) with ionization sites 
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Cases of bacterial resistance to OFL have been reported in the last few years (Van Doorslaer et al., 

2014; Andersson & Hughes, 2014). The problem may be associated with the presence of OFL in 

water in concentrations below the minimum inhibitory concentration (Allen et al., 2010; Charuaud, 

2019), thus triggering an evolutionary response in surviving bacteria. These concentrations are 

common in wastewater where strains of antibiotic-resistant bacteria are found (Manaia et al., 2018). 

Heterogeneous Photocatalysis 

Advanced oxidation processes (AOPs) are a group of physicochemical treatments characterized by 

the generation of strong oxidizing species such as hydroxyl radicals (•OH); these processes have 

shown effectiveness in the removal of emerging contaminants, such as pharmaceutical residues, from 

water (Bayan at al., 2021; Elmolla et al., 2010; Liu et al., 2021). Even some of the last-line antibiotics, 

such as the antibiotics of the carbapenem family, can be degraded by processes like heterogeneous 

photocatalysis (Altamirano-Briones, 2020; Laverde-Cerda et al., 2020). 

Heterogeneous photocatalysis occurs when a photocatalyst (e.g., semiconductors) is exposed to 

ultraviolet or visible radiation, and electrons of the valence band are promoted to the conduction band, 

generating an electron-hole pair. The “hole” in the valence band reacts with a water molecule, 

producing •OH radicals. These radicals are the main chemical species responsible for the degradation 

of organic pollutants, including the so-called emerging contaminants (Wang et al., 2022; Sandoval et 

al., 2017). 

Graphitic carbon nitride (g-C3N4) is an interesting photocatalyst with advantageous characteristics 

such as non-toxicity, biocompatibility, and chemical/thermal resistance (Dong, 2014; Wen et al., 

2017). It exhibits visible radiation activity attributable to its structure. It has a conduction band with 

-1.3 eV and a valence band with 1.4 eV, resulting in a bandgap of 2.7 eV. Therefore, g-C3N4 is highly 

attractive for water purification, disinfection, and organic synthesis (Chen et al., 2018; Qin et al., 

2016). The nanoparticulate nature of g-C3N4 material poses challenges in practical applications, such 

as its use as a photocatalyst for water treatment, as it hinders its effective separation from water after 

the treatment. (Wang et al., 2018) Immobilizing g-C3N4 and similar photocatalysts onto inert 

supporting materials has been explored to facilitate the separation (Su et al., 2010). 

In this work, we reported the removal of the antibiotic ofloxacin from water with a heterogeneous 

photocatalytic process. g-C3N4 was used as the photocatalyst and immobilized onto a calcium 

carbonate to facilitate its separation from water. The effectiveness of the heterogeneous photocatalytic 
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process in the removal and mineralization of ofloxacin was evaluated. In addition, the adsorption of 

the antibiotic on the photocatalyst was assessed. 

2. MATERIALS AND METHODS 

Synthesis of the graphite carbon nitride photocatalyst (GCNP) 

The synthesis of g-C3N4 was described earlier by Liu et al. (2011). A procedure based on this report 

was applied; 30 g of urea, CO(NH2)2 (99.0%, Sigma-Aldrich) were mixed with 15 g of calcium 

oxalate monohydrate, Ca(COO)2H2O (99%, VWR), placed in a 50 mL crucible and covered to limit 

the presence of oxygen during heating (condition for pyrolysis). The crucible was introduced into a 

muffle (A130, Vulcan), where the mixture was pyrolyzed by applying two temperature ramps: from 

18 to 300 °C for 3 min and from 300 to 600°C for 40 min. Once the pyrolysis was finished, the 

mixture remained at room temperature for 24 h, then washed with Milli-Q® water and dried in an 

oven at 100°C for 3 h. For purposes of this work, this material is called “graphite carbon nitride 

photocatalyst (GCNP). 

Characterization of the graphite carbon nitride photocatalyst 

The point of zero charge (PZC) of the GCNP was determined with a method based on that described 

by Xie et al. (2016). 50 mL of distilled water were placed in an Erlenmeyer flask, and the pH was 

adjusted to a specific value by the addition of a 0.1 M HCl (37%, Riedel-de Haën) solution or a 0.1 

M NaOH (98,5%, J.T. Baker) solution. Afterward, 500 mg of the GCPP was added, and the mixture 

was stirred with a magnetic stir bar for 24 h (speed 150 rpm). The final pH value of the solution was 

measured with a pH meter (HI-3220, Hanna). This procedure was applied in triplicate for different 

initial pH values: 4.0, 5.0, 7.0, 8.0, 9.5, and 10.5. 

A Scanning Electron Microscope JSM-IT300 (Jeol) was used to obtain SEM images that allowed to 

obtain information on the morphology of the GCPP. In addition, an energy-dispersive X-ray analyzer 

(EDS) was coupled to the microscope and allowed a chemical characterization of the GCPP. For the 

measurement, the sample was ground to a suitable particle size.  

The X-ray diffraction (XRD) measurements were carried out with an ADP PRO 2000 model X-ray 

diffraction system (GNR Analytical Instruments Group). The equipment operated with 30 mA and 

40 kV at a 5 to 50 ° diffraction angle. The infrared spectra were recorded using a Varian 670 FT-IR 
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spectrometer (Agilent Technologies); measurements were performed in the 600 to 3900 cm-1 spectral 

range. 

Measurement and characterization of ofloxacin samples 

The concentration of ofloxacin in water was measured by high-performance liquid chromatography 

(HPLC). An 1120 compact LC HPLC system (Agilent Technologies) equipped with a variable 

wavelength UV-Vis detector (set at 294 nm) and a Zorbax Eclipse Plus C-18 column from Agilent 

Technologies (4.6 mm × 150 mm; 5 μm particle size) was used. 

To prepare the mobile phase, 3.1 g of ammonium acetate, CH3COONH4 (>98%, Fluka Chemika), 

and 5.4 g of potassium perchlorate, KClO4 (≥99%, BDM Chemicals) were dissolved in enough Milli-

Q® water to obtain 1 L of solution. The pH value of the solution was adjusted to 2.2 by the slow 

addition of a 0.5 M fosforic acid, H3PO4 (85%, Fisher Scientific) solution. After the pH value was 

regulated, this solution was mixed with acetonitrile, CH3CN (99.9%, Merck) in a 240:1300 ratio of 

acetonitrile:solution. Before use, the mobile phase was filtered through a PVDF filter with a pore size 

of 0.45 μm. The injection volume of both standard solutions and samples was 10 µL. 

A stock solution of ofloxacin (1000 mg/L) was prepared by dissolving 0.025 g of the ofloxacin 

standard (99.3%, Lanfranco) in enough Milli-Q® water to obtain 25 mL of solution. Eight standard 

solutions (0,10; 0.50; 1.00; 5.00; 10.00; 20.00; 25.00, and 30.00 mg/L) were prepared from the stock 

solutions through adequate dilutions with Milli-Q® water. The injection of these standard solutions 

into the HPLC equipment allowed the obtention of the calibration curve. The linearity of the response 

was confirmed. 

Total organic carbon (TOC) was measured to estimate the mineralization of OFL. Therefore, TOC 

measurements were performed for the water treated with the best conditions (different reaction times). 

TOC removals and the degradation of OFl were compared. TOC was measured according to the 

Standard Method 5310-B. 

Adsorption of ofloxacin onto the GCNP 

The time needed to reach the equilibrium concentration was determined as a first step. Adsorption 

tests were performed as described in the following. 10 mg of GCNP were added to 20 mL of an 

aqueous solution containing 20 mg/L of OFL. The mixture was magnetically stirred for 3 min at 300 

rpm and then filtered through a syringe filter (PVDF, diameter of 25 mm, pore size of 0.45 µm). The 

concentration of OFL in the filtered solution was determined by HPLC. This procedure was repeated 
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for 6, 10, 20, 30, and 40 min to find the time after which the concentration of OFL does not change 

(equilibrium time). Also, these measurements were performed at pH 5.0 (below the PZC), 7.0, and 

10.0 (above the PZC). The amount of ofloxacin adsorbed onto the GCNP was calculated with 

Equation S1 (Supplementary Material). 

Considering the equilibrium time, adsorption isotherms were constructed as follows. 20 mg of GCNP 

were added to 20 mL of OFL of an aqueous solution containing 20 mg/L of OFL and stirred at 300 

rpm for the established equilibrium time. This process was then repeated for different amounts of 

GCNP: 30, 40, 50, and 60 mg. 

The correlation of the results of the adsorption test with the models of Langmuir and Freundlich was 

evaluated. The linear forms of the equations of Langmuir and Freundlich are shown in Equations S2 

and S3 (Supplementary Material). 

Heterogeneous photocatalytic degradation of ofloxacin 

The removal of OFL from water was carried out with a heterogeneous photocatalytic process. An 

adapted procedure to that described by Altamirano Briones et al. (2020) was applied with the GCNP 

photocatalyst under visible radiation. The experimental system used to test the removal of OFL is 

shown in Figure S1 (Supplementary Material). Degradation tests were performed in Petri dishes; 20 

mL of an aqueous solution containing 20 mg/L of OFL and 10 mg of the GCNP were added to a Petri 

dish and maintained constantly stirred (300 rpm). The photocatalytic reaction was carried out with 

visible radiation provided by a 35 W xenon lamp (λmax = 481 nm) placed at a distance of 8 cm from 

the reacting mixture. First, the mixture was kept in darkness (the lamp was off) for enough time to 

ensure that adsorption equilibrium was reached, and then the lamp was switched on. Since the volume 

of the solution was small (20 mL), individual experiments were performed to determine the 

degradation of OFL at different times (1, 3, 6, 8, 10, 20, 30, and 40 min). After each experiment, the 

solution was filtered through a syringe filter (PVDF, diameter of 25 mm, pore size of 0.45 µm), and 

then the concentration of OFL was measured by HPLC. Three levels of pH values were tested: 5.0, 

7.0, and 10.0. These values correspond to a level below the first pKa of OFL, the pH value of the 

aqueous solution of the antibiotic without the addition of any chemical species, and a value above the 

PZC of the GCNP, respectively. The pH value of OFL solutions was adjusted by adding 0.1 M NaOH 

or 0.1 M HCl, depending on the desired final pH. 
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From these first experiments, the pH value that allowed the higher degradation of OFL was selected. 

Considering this pH value, experiments with the addition of hydrogen peroxide (H2O2) were carried 

out. The experiments with the photocatalyst were repeated, adding enough solution of H2O2 (30% 

w/w, Scharlau) to obtain initial concentrations of 41.7, 83.3, and 333.2 mg/L. Again, for each 

concentration of H2O2, the remaining concentration of OFL at different times (1, 3, 6, 8, 10, 20, 30, 

and 40 min) was determined. Since the presence of H2O2 can interfere with the measurement of OFL, 

the remanent H2O2 in the solutions was eliminated by increasing the pH value up to 12 with a 0.5 M 

NaOH solution and, afterward, decreasing the pH value to 7 (pH value of the aqueous solutions that 

is injected into the HPLC equipment). 

The Petri dish (reactor) was maintained at a stable temperature (around 20°C) using a continuous 

water flow system. The temperature of the solutions was monitored throughout the process, and water 

evaporation was also carefully controlled. 

3. RESULTS AND DISCUSSION 

Synthesis and characterization of the photocatalyst 

Figure 2 shows the resulting GCNP after the washing, sonication, and drying processes. The resulting 

solid is a granolous material with a yellowish coloration, which suggests the presence of g-C3N4 

(Picho-Chillán et al., 2019). The yield of the pyrolysis reaction to produce GCNP was about 3.7% by 

weight, considering the mass of reagents and precursors. 

 

Figure 2. Synthesized photocatalys of g-C3N4 (GCNP). 
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The presence of the photoactive species g-C3N4 in the GCNP material can be further confirmed by a 

naked-eye inspection of the color and appearance of samples of pyrolyzed calcium oxalate 

monohydrate, pure g-C3N4, and a GCNP sample (see Figure 3). The pyrolyzed calcium oxalate 

monohydrate was transformed into CaCO3 (see also XRD and FTIR results) and presented a greyish 

color, possibly due to certain amounts of carbon that may have been formed during heating in an 

oxygen-poor atmosphere. This transformation to CaCO3 was expected because, according to Lewis 

et al. (2021), when calcium oxalate monohydrate is subjected to a temperature between 450 and 700 

°C, CaCO3 is produced. Compared to bare g-C3N4 and pyrolyzed calcium oxalate, GCNP samples 

have a larger particle size and coloration, suggesting the formation of a different material (see also 

SEM-EDS and FTIR XRD characterization). 

 

Figure 3. Samples of a) pyrolyzed monohydrate calcium oxalate (CaCO3), b) GCNP, c) pyrolyzed 

urea (g-C3N4). 

SEM-EDS characterization of the photocatalyst 

SEM analysis confirmed the deposition of g-C3N4 onto the surface of the pyrolized calcium oxalate 

particles. As shown in the image at 13000x magnification (Figure 4b), small particles of 

nanoparticulated size (<100 nm), presumably g-C3N4, are deposited onto the surface of CaCO3 

particles (see below) with a size between 2 and 5 μm (Figure 4a).  
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Figure 4. SEM image of photocatalyst (GCNP): a) x2700, y b) x13000 

Figure 5 shows the chemical mapping of the GCNP, which was obtained by EDS analysis. This 

analysis confirmed that the elementary composition of the material is carbon (C), oxygen (O), calcium 

(Ca), and nitrogen (N). The purple dots in Figures 5a and 5c confirm the homogeneous distribution 

of g-C3N4 on the surface of CaCO3 support. Both CaCO3 and g-C3N4 supply carbon. Nevertheless, 

during the pyrolysis of calcium oxalate monohydrate, the formation of carbon cannot be ruled out. 

Initially, the removal of hydration water occurs, followed by the transformation of calcium oxalate 

into CaCO3, probably accompanied by the release of carbon monoxide (Ismael, 2020). However, it 

is plausible that the reaction conditions, marked by a limited presence of oxygen, facilitated the 

generation of carbon. This carbon may account for the observed greyish color in CaCO3, which is 

conventionally white in its pure form. 

 

Figure 5. EDS analysis of the GCNP: a) chemical mapping, b) calcium, c) carbon, d) oxygen, and 

e) nitrogen. 
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FTIR-XRD characterization of the photocatalyst 

The XRD pattern of the GCNP is shown in Figure 6. The diffraction peaks observed in the pattern 

agree with the characteristic signals of CaCO3 (Ni & Ratner, 2008). However, the typical signal of  

g-C3N4 near 27.5° is not distinguished, possibly attributed to the lower amount of g-C3N4 in the 

material than CaCO3. 

 

Figure 6. X-ray diffraction pattern of the photocatalyst. 

FTIR measurements were performed for the CaCO3, g-C3N4, and GCNP to corroborate the 

composition of the GCNP. As can be seen in Figure 7, the infrared spectrum of the GCNP shows the 

characteristic bands of CaCO3 at wavenumbers of 1404, 873, and 713 cm-1, which can be assigned to 

the asymmetric stretching of CO3, the asymmetric bending of CO3 and the symmetric bending CO3 

deformation, respectively (Yu et al., 2018). Three weak signals at 1636, 1565, and 1255 cm-1 are also 

observed in GCNP and are typical of g-C3N4 aromatic heterocycles (Cui et al., 2012). The fact that 

weak g-C3N4 bands are observed compared to the CaCO3 bands in the IR spectrum of the GCNP 

suggests that CaCO3 could be the main component in the photocatalyst. 
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Figure 7. Infrared spectra of pure g-C3N4, CaCO3, and GCNP. Dashed lines indicate the 

characteristic bands of CaCO3 (red) and g-C3N4 (blue). 

PZC and adsorption isotherms 

The PZC of the GCNP material was measured using the methodology described in Section 2. A plot 

of the initial pH of the aqueous solutions before depression (x-axis) vs. the final pH after the 24-hour 

depression time had elapsed (y-axis) was prepared (see raw data in Table S1 – Supplementary 

Material). The point where both curves intersected corresponded to the PZC of the material 

(Kosmulski, 2018). As shown in Figure 8, the PZC value of the GCNP is 8.3, which agrees with the 

PZC of CaCO3 (~ 8.0), a major component of GCNP. The PZC of the GCNP indicates the pH value 

at which the sum of the positive charges and the sum of the negative charges on the photocatalyst 

surface are equal, giving it a neutral charge (Xie et al., 2016). The catalyst surface is negatively 

charged at pH values above the PZC and positively charged at pH values below the PZC (Kong., 

2017). 

Adsorption studies were conducted at the natural pH of OFL in the aqueous phase (pH = 7.0) to 

determine the adsorption behavior of GCNP towards OFL. At this specific pH, the concentration of 

OFL decreased during the first 20 min of stirring, reaching the adsorption equilibrium. At these 

experimental conditions (pH = 7, initial OFL concentration = 20 mg/L, and GCNP loading = 10 mg), 

the removal of OFL achieved by adsorption was 9.91%. 
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Figure 8. Plot of the final pH vs. initial pH of OFL solutions equilibrated with GCNP. The 

intersection of both lines indicates the point of zero charge (PZC) of the GCNP. 

Conversely, at pH = 10, the adsorption equilibrium is reached after 10 min, achieving a 10.95% 

removal of OFL. The low removal of OFL by adsorption can be explained by electrostatics. It is 

known that ofloxacin may be in the form of zwitterionic species at pH = 7 and anionic species at pH 

= 10. (Van Wieren, 2012) Since the PZC of GCNP is 8.3, it is expected that at pH = 10.0, the repulsion 

between the negatively charged surface of the photocatalyst and OFL anions will hinder the 

adsorption. At pH = 7.0, the positively charged surface may only interact with the deprotonated 

carboxylate group of OFL, obliging OFL to adapt a specific configuration onto the surface of the 

GCNP, which may heavily depend on the presence of particular functional groups on the material. 

Furthermore, the adsorption data were fitted to Langmuir (r2 = 0.83 at pH = 10) and Freunlich (r2 = 

0.98) isotherm models, and a better fit was obtained for the latter (KF = 0.44 L/mg and 1/n = 0.74). 

The results of the adsorption tests are detailed in Table S2 (Supplementary Material). 

Evaluation of the activity of the photocatalyst: Oxidation of ofloxacin  

Figure 9 presents a plot showing the decrement in the concentration of OFL as a function of the 

reaction time, at different pH values. After 40 min of reaction, the degradation of OFL achieved at a 

pH value of 7.0 is similar to the degradation achieved at a pH value of 10.0; the degradation 

percentages were 11.85 and 11.72%, respectively. The degradation achieved at a pH value of 5.0 was 

8.78%. The relatively low degradation percentages that were obtained with these treatments may be 
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attributed to the limited photocatalytic capacity of GCNP. It may be possible that the OFL interacts 

with the GCNP in areas where CaCO3 is present instead of g-C3N4 (Su et al., 2022). This also implies 

that there was a low quantity of g-C3N4 deposited onto the CaCO3. Nevertheless, an advantage of 

GCNP was its easy separation from water when the treatment was complete. When the stirring system 

stopped, the GCNP sedimented and water was effectively separated by decantation. The amount of 

g-C3N4 deposited onto the CaCO3 could be improved by modifying certain variables in the 

preparative procedure of the GCNP. For example, some changes in temperature ramps as well as the 

potential inclusion of reprocessing stages can be tested. 

 

Figure 9. Plot of the degradation of OFL in time by heterogeneous photocatalysis using the GCNP, 

evaluated at different pH values. [OFL]0 and [OFL] represent the initial concentration of OFL and 

the concentration of OFL at a specific time, respectively. 

In order to separate the effect of the adsorption of OFL onto the GCNP from the degradation of OFL 

due to the heterogeneous photocatalytic process, the mixture consisting of the solution of OFL and 

the GCNP was first stirred in the absence of visible radiation (lamp off), this for enough time to reach 

the adsorption equilibrium. Afterward, the lamp was turned on to start the photocatalytic process. 

Therefore, it was established that the initial concentration of OFL in the aqueous solution ([OFL]0) 

was the concentration corresponding to adsorption equilibrium. Starting from this concentration of 

OFL, the concentration of the antibiotic ([OFL]) decreased as the photocatalytic process progressed, 

as shown in Figure 9.  
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Effect of the addition of hydrogen peroxide in the heterogeneous photocatalytic process 

The degradation of OFL due to the heterogeneous photocatalytic process can be improved by the 

addition of H2O2 since this compound is also a precursor of •OH. From the experiments without H2O2, 

it was demonstrated that treatments that took place at pH values of 7 and 10 allowed the highest 

degradation percentages. From a technical point of view, both pH values could be selected for the 

treatment. On one hand, a pH value of 7 for the treatment would be appropriate since this is the natural 

pH of the aqueous solution of OFL and no chemicals (neither acids nor bases) must be added to adjust 

the pH value. On the other hand, a pH value of 10, as a first approach, seems appropriate since the 

pH value would be above the PZC of the GCNP, thus facilitating the adsorption OFL onto the 

photocatalyst. If the adsorption on the photocatalyst increases, the photocatalytic process also 

improves. 

Taking into consideration the mentioned considerations, the degradation tests were carried out with 

the addition of H2O2 at pH values of 7 and 10. The solution of OFL was equilibrated with the GCNP, 

then the lamp was switched on and almost immediately the concentrated solution of H2O2 was added 

to the mixture. The tested concentrations of H2O2 were: 41.7; 83.3 and 333.2 mg/L, which were 

established based on the stoichiometric (theoretical) amounts necessary to mineralize the OFL. 

Figure 10, presents a plot showing the decrement in the concentration of OFL as a function of the 

reaction time, at different pH values and concentrations of H2O2. The values of the apparent rate 

constant of the degradation of OFL, using different concentrations of H2O2 and applying the pH 

values of 7 and 10, are summarized in Table S3 (Supplementary Material). 

The variation in the degree of mineralization of OFL in time for the best conditions of treatment (pH 

= 10 and initial concentration of H2O2 of 83.3 mg/L) is shown in the plot of Figure 11. As expected, 

the mineralization is lower than the degradation of OFL. The degradation of OFL, and any other 

organic compound, implies the decrement in the concentration of OFL and the formation of other 

organic compounds that also contribute to the content of total organic carbon (TOC) of the solution. 

OFL is, progressively, in lower concentration as time passes, however, only a fraction of the 

degradation products of OFL suffer further degradation/oxidation reactions that finally lead to total 

mineralization (i.e., the total evolution of the organic compound to most oxidated and stable inorganic 

forms like CO2, NO3
-, F- and H2O). 
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Figure 10. Plot of the degradation of OFL in time by heterogeneous photocatalysis using the 

GCNP, evaluated at different pH values and with different concentrations of H2O2. [OFL]0 and 

[OFL] represent the initial concentration of OFL and the concentration of OFL at a specific time, 

respectively. 

 

Figure 11. Plot of the degradation and mineralization (expressed in terms of total organic carbon, 

TOC) of OFL in time by heterogeneous photocatalysis using the GCNP, evaluated at pH = 10 and 

using an initial concentration of H2O2 of 83.3 mg/L. C0 and C represent the initial concentration and 

the concentration at a specific time for both OFL and TOC, respectively. 
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As is possible to see in the plot of Figure 11, 11.20% of the COT was removed during the initial 10 

min required to equilibrate the solution of OFL with the GCNP. An additional removal of 16.57% of 

COT was achieved due to the heterogeneous photocatalytic process. Therefore, based on the 

composition of the GCNP and the perspective that further improvements in the amount of g-C3N4 

that can be deposited and retained onto the particles of CaCO3, is reasonable to consider promising 

this kind of photocatalysts.  

4. CONCLUSIONS 

The new photocatalyst exhibited photocatalytic activity with visible radiation. For this reason, it could 

be used for the removal of OFL from water in treatment systems based on heterogeneous 

photocatalysis.  

The point of zero charge (PZC) of the GCNP was 8.35 (i.e., above this pH value, the photocatalyst is 

negatively charged, while above it, it is positively charged). This result is relevant since suggests that 

the adsorption of OFL is favored at pH values as high as 10. Tests carried out at this pH value suggest 

that adsorption plays a remarkable role in the removal of OFL. 

In the photocatalyst (GCNP), the graphitic carbon nitride was supported onto calcium carbonate 

particles (sizes around 2 and 5 µm). The composition of this material was confirmed by XRD and 

SEM-EDS measurements. It was possible to verify the presence of carbon, calcium, nitrogen, and 

hydrogen in the photocatalyst. The adsorption of OFL showed a better fit to the Freundlich isotherm 

than to the Langmuir isotherm. 

OFL can be degraded in a heterogeneous photocatalytic process with a photocatalyst based on 

graphitic carbon nitride. The highest degradation of OFL (23.90%) was observed when the treatment 

occurred with a pH value of 10 and an initial concentration of H₂O₂ of 83.3 mg/L. Adsorption on the 

GCNP allowed the removal of 11.20%, thus being an important contributor to the elimination of the 

antibiotic from water. Although the achieved degradation and mineralization could be considered 

low, there is room for improvement. Future works should focus on increasing the amount of graphitic 

carbon nitride deposited on the surface of the supporting material. In this way, the degradation of 

OFL (and a variety of other pharmaceuticals) could be can be accomplished efficiently. 
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