
Journal Pre-proof

Enhancing the photocatalytic degradation of ciprofloxacin contaminant using a
combined laser irradiation (285/365�nm) and porous g-C3N4

J. Oliva, J. Sanchez, S. Romero Servin, J.A. Ruiz-Santoyo, C.R. Garcia, M.A. Vallejo,
L. Álvarez-Valtierra, C. Gomez-Solis

PII: S0254-0584(20)30569-1

DOI: https://doi.org/10.1016/j.matchemphys.2020.123198

Reference: MAC 123198

To appear in: Materials Chemistry and Physics

Received Date: 13 December 2019

Revised Date: 29 April 2020

Accepted Date: 9 May 2020

Please cite this article as: J. Oliva, J. Sanchez, S.R. Servin, J.A. Ruiz-Santoyo, C.R. Garcia, M.A.
Vallejo, L. Álvarez-Valtierra, C. Gomez-Solis, Enhancing the photocatalytic degradation of ciprofloxacin
contaminant using a combined laser irradiation (285/365�nm) and porous g-C3N4, Materials Chemistry
and Physics (2020), doi: https://doi.org/10.1016/j.matchemphys.2020.123198.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier B.V.

https://doi.org/10.1016/j.matchemphys.2020.123198
https://doi.org/10.1016/j.matchemphys.2020.123198


CRediT author statement 

J. Oliva: Made the  writing- reviewing and editing of the paper, C. Gomez-Solis: 
Made the conceptualization, proposed the Methodology and made the writing of 
the paper, J. Sanchez: Made the investigation and experimentation process, S. 
Romero Servin: Made the experimentation with laser, J A. Ruiz-Santoyo and L. 
Álvarez-Valtierra performed the computational study of the ciprofloxacin molecule, 
C.R Garcia and M. A. Vallejo: Made the photocatalyst characterization 



Enhancing the Photocatalytic Degradation of Ciprofloxacin Contaminant Using a 

Combined Laser Irradiation (285/365 nm) and Porous g-C3N4 

J. Oliva1, J. Sanchez2, S. Romero Servin2, J A. Ruiz-Santoyo2, C.R Garcia3, M. A. 
Vallejo2, L. Álvarez-Valtierra 2 and C. Gomez-Solis2*  

 

1CONACYT-División de Materiales Avanzados, Instituto Potosino de Investigación Científica y 
Tecnológica A. C., Camino a la Presa 2055, 78216 San Luis Potosí, SLP, México. 

 
2Universidad de Guanajuato, División de Ciencias e Ingenierías 37150, León, Guanajuato, 
México 

3Facultad de Ciencias Físico Matemáticas, Universidad Autónoma de Coahuila, CP. 25000, 
unidad Camporredondo, Saltillo Coahuila, México. 

 



1 

 

Abstract 

This work reports the use of porous graphitic carbon nitride (g-C3N4, gCN) for the photocatalytic 

degradation of ciprofloxacion (CPX) contaminant using two laser wavelengths (285/365 nm). 

The simultaneous irradiation with both wavelengths promoted the total degradation of CPX 

dissolved in water. First, an aqueous solution of CPX + gCN was prepared and exposed to laser 

irradiation with single wavelengths of 285, 365, 405 or 532 nm and no degradation of CPX was 

observed after 3 h under of continuous irradiation. The solution of CPX + gCN was also exposed 

to solar irradiation using solar simulated light (Xe lamp). In this case, the maximum degradation 

percentage for CPX was 68% after 3 h. Afterwards, the aqueous solution of CPX+gCN was 

irradiated with combined wavelengths of 285/365 nm, 285/405 nm, 285/532 nm and maximum 

degradation percentages of 100, 62 and 27% were obtained after 3 h, respectively. The complete 

degradation of CPX during the simultaneous irradiation of 285/365 nm was produced by the 

following mechanism: the CPX was firstly protonated (charged positively as demonstrated by 

DFT simulations) due to its direct interaction with 285 nm. Secondly, OH- radicals are generated 

after photoexcitation of gCN by the two wavelengths and these radicals attacked the protonated 

CPX by electrostatic attraction (the presence of such radicals was demonstrated by scavenger 

experiments). The results presented here demonstrated that only two wavelengths are necessary 

to produce total degradation of CPX (avoiding the use of lamps with full solar spectrum), which 

could be one way to design more efficient and more compact photocatalytic systems able to 

degrade organic contaminants. 

 

Keywords:  Laser irradiation, Solar Photocatalysis, Ciprofloxacin, Photocatalytic Degradation. 

 

1. Introduction 
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Pharmaceutical products are currently a source of contaminantion for drinking water.  These are 

organic compounds that include drugs, sun creams, sanitizers, antibiotics etc. [1]. The presence 

of these contaminants is not considered during the design of water treatment plants, therefore 

their removal is difficult. Also, most of these organic compounds are resistant to oxidation 

processes and are toxic to microbial organisms [1]. Among these compounds, Ciproflaxin (a 

fluoroquinolone antibiotic widely used in the treatment of respiratory diseases in humans) can 

inhibit plankton and algae growth or can produce estrogenic effects in fish such as alterations of 

their sexual characteristics and lower egg fertilization rates when dispersed in water [2]. 

Moreover, CPX residues could produce carcinogenic/mutagenic effects in humans [3] or 

environmental problems such as antibiotic resistance and physiological teratogenesis of plants 

and algae [4]. The elimination of CPX is currently achieved by simple UV irradiation (photolytic 

decomposition) and by photocatalytic processes which employ UV/H2O2 or UV/O3 [1]. Those 

processes produce strong oxidizing hydroxyl radicals, which attack the CPX molecule [1]. The 

UV irradiation +TiO2 system has been also used to degrade CPX by photocatalysis, since TiO2 

produces oxidizing OH radicals [4]. Other studies reported TiO2 based systems such as: 

TiO2/montmorillonite, g-C3N4/TiO2, g-C3N4/TiO2/Kaolinite and Fe3O4/TiO2/C-dot to produce 

CPX degradations of 50-95%; ZnO based systems such as: ZnO/Au NWs, γ-Fe2O3/@ZnO, ZnO-

Ag2O/porous g-C3N4 and ZnO/CdS/GO to produce degradations of 16-97%; and Bi based 

systems such as BiPO4, RGO/BiVO4 and Bi2S3/g-C3N4 to produce degradations of 60-100% with 

reaction times of 3h or less [4]. Although these compounds above have demonstrated decent 

degradation percentages, some of them (ZnO based systems) require complex synthesis 

procedures (to form core/shell or heterojunctions architectures) and the use of expensive/toxic 

materials such as Au and CdS. Furthermore, all these systems were evaluated under UV lamps or 
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solar (Xe) lamps with continuos spectrum in the UV/VIS/NIR regions. Nevertheless, these lamps 

are not suitable because they need high energy consumption and can release toxic heavy metals 

after their lifetime expiration [4]. For this reason, more efficient wavelengths or eco-friendly 

lighting sources should be found for the CPX degradation. Taking into account the disadvantages 

mentioned above and the need of low cost/simple operation systems for the degradation of CPX, 

we propose in this work the use of combined laser wavelengths (285/365 nm) and porous g-C3N4 

(as photocatalyst) to quickly degrade CPX. The g-C3N4 (gCN) is very attractive because it is a 

low cost material that can be synthesized in large quantities using simple combustion methods 

[5,6]. Particularly, we synthesized porous g-C3N4 in order to have a high surface area, which is 

suitable to enhance the degradation of CPX. The main novelties of our work were: 1) We 

demonstrated that the simultaneous irradiation with two lasers (285/365 nm) produced total 

degradation (100%) of CPX after 3 h, while only 68% of CPX degradation was produced by the 

simulated solar light for the same time; 2) We employed an optical power (70 mW) which is 

much lower than that commonly employed in UV or Xe lamps (18-50 W) for the degradation of 

CPX; 3)  We used pure gCN to produce 100% degradation of CPX instead of using a composite 

that contained gCN as previously reported [4,7] and 3) We avoid the use of an extra compound 

H2O2 in the aqueous solution to degrade CPX. Hence, the results presented here confirmed that 

only certain wavelengths are needed to promote the total degradation of CPX instead of hundreds 

of wavelengths from a simulated solar source (Xe Lamp), this in turn, reduces the cost and 

complexity of the system for the degradation of CPX. 

2. Experimental section 

2.1. Materials 
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The following chemicals employed in this work were purchased from Sigma Aldrich with a 

purity of 99.9% and used as received: Melamine, ciprofloxacin and deionized water. 

2.2 Synthesis of g-C3N4 

The g-C3N4 (gCN) porous microparticles were prepared by calcination of melamine as precursor. 

Basically, 5 g of this compound was heated at 550 ºC for 30 min in air atmosphere. At this 

temperature a combustion process was achieved, as result, a fluffy yellow powder was obtained. 

This powder was finally grinded to obtain a fine powder.  

2.3 Morphological and structural characterization of  g-C3N4 

The morphology of the g-C3N4 powders was observed using scanning electron microscopy 

(SEM, FEI-ESEM Quanta 250) and an energy in the range of 5-15 kV. Before the visualization 

of the samples by SEM, the powders were coated with 1 nm of gold to better visualize the porous 

structure of the powders. The X-ray diffraction patterns (XRD) were obtained using a Bruker D8 

equipment with Cu-kα radiation (λ=1.5418Å) in the 2θ range of 20°-80° at a scan rate of 0.05°/s. 

The EDS spectra of the samples were recorded using a Thomas scientific detector coupled to the 

SEM equipment. 

2.4 Optical characterization of g-C3N4 

The Fourier transform infrared (FTIR) spectra of the samples were recorded in the range of 500-

4000 cm-1 by using the ATR accessory coupled to Thermo Scientific IR spectrometer equipment. 

The Absorbance spectra were measured in the UV/VIS range (200-800 nm) by using a UV-VIS 

spectrophotometer (Agilent) equipment.  

2.5 Photocatalytic degradation of CPX 
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The photocatalytic experiments were carried out as follows: First, 200 mL of an aqueous CPX 

solution (20 ppm) was prepared by dispersing 20 mg of CPX powder in 1 L of deionized water 

(pH=7.6). After this, 0.10 g of gCN were added to the solution and magnetically stirred for 10 

min. Immediately, this solution was irradiated for 3h by simulated solar light (Xenon Lamp, 500 

W), by individual lasers with wavelengths of 285, 365, 405 or 532 nm or by two laser 

wavelengths (the laser emission was focused on a collimating lens to produce a beam able to 

illuminate the whole aqueous solution of CPX). During this time, aliquots were taken each 20, 

30, 40, 60, 120 and 180 minutes and their absorbance measured. A decrease of the characteristic 

peaks of CPX (at 273 nm and at 327 nm) over the time indicated the degradation of this organic 

compound. 

2.6 Measurements of total organic carbon (TOC) 

The ciprofloxacin (CPX) mineralization was analyzed by the total organic carbon (TOC) 

technique (SHIMADZU TOC-VSCH analyzer). For this analysis, 20 mg of photocatalyst was 

added to an aqueous solution of CPX (200 mL with a CPX concentration of 20 mg L−1). During 

the TOC experiments the CPX+gCN solution was irradiated with solar light (Xe lamp) or with 

two lasers (285/365 nm). 

 

2.7 Determination of oxidizing agents with the scavenger technique and DFT simulations 

The scavengers’ technique was employed for the detection of OH groups with terephthalic acid 

(TA). First, 5x10-4 mol∙L-1 solution of terephtalic acid and 2x10-3 mol∙L-1 solution of NaOH were 

prepared. Next, 5 mL of the TA solution was added to 1000 mL of deionized water. After this, a 

pH=6.8 was obtained. Subsequently 5 mL of the NaOH solution was added to the water (at this 

point the pH of the aqueous solution was 8.6) to facilitate the dissolution of TA in the deionized 
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water.  Afterwards, 0.1 g of gCN powder was added to the water and the whole mixture 

(TA+gCN) was stirred for 40 minutes. Subsequently, the solution was irradiated by a single laser 

wavelength, which was 285, 365 or 405 nm or by two laser wavelengths 285 /365 nm. During 

the time for which the mixture TA+gCN is irradiated,  aliquots (1 mL) were extracted at regular 

intervals of time for 60 minutes and their fluorescence was measured immediately in the range of 

350–600 nm by exciting them with UV light of 310 nm. The fluorescence spectra were collected 

by using an Ocean Optics spectrophotometer Q65000 coupled with an optical fiber. Finally, 

density functional theory (DFT) calculations with functional B3LYP at CC-PVTZ basis were 

employed to evaluate the negative and positive charge distributions of CPX molecules with and 

without UV laser exposure. 

 

 

3. Results and Discussion 

3.1 Structural and morphological characterization of g-C3N4 

Figure 1 shows the SEM images of the gCN photocatalyst. This material is formed by porous 

microstructures with irregular morphology, see figure 1a. A closer inspection (see Figure 1b), 

shows a porous structured network formed by quasi-rounded pores (see the holes marked by the 

red circles), which is attractive for the removal of CPX (since more surface area is available for 

the adsorption of CPX). Figure 1c shows a SEM image of the pores at higher magnification, 

where the quasi-rounded shape of the holes is clearly observed (see green circle). In addition, 

there are some cracks around these pores (see blue arrow), which suggest that the pores are 
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formed on a thin sheet that can be broken. The inset in Figure 1a shows the pore size distribution 

for the pores in gCN. This was obtained after measuring the size of 300 representative pores (the 

standard deviation for the pore’s size measurements was ±6 nm). As observed, most of the pores 

have sizes in the range of 50-1000 nm (≈63%) and only ≈11% of pores have sizes above 2000 

nm. This porous structure has not been seen in previous reports where gCN or TiO2/gCN 

composites were employed for the degradation of CPX [8,9]. These last published works showed 

only spherical nano/micro particles for gCN. The structural analysis by XRD in figure 1d 

showed the typical peak at 27.6o for gCN, which corresponds to the stacking of conjugated 

triazine aromatic sheets according to the 87-1526 JCPDS card [9]. Finally, the EDS spectrum for 

gCN was obtained and plotted in Figure S1 of supporting information. As observed, there are 

strong peaks for the C and N elements as well as a small peak for the O element. The absence of 

any other element in the EDS spectrum confirms that the gCN powder synthesized in this work is 

highly pure. The presence of the O element could indicate a partial oxidation of gCN. 

3.2 Optical characterization of g-C3N4 and energy gap determination 

The absorbance spectrum of gCN in Figure 2a shows a broad band extending from 200 to 800 

nm. These absorption bands are associated to the nitrogen non-bonding to aromatic antibonding 

(n→л) transitions [8]. The broad absorbance of gCN is an advantage because more light can be 

absorbed in the UV-VIS range, which favors the photocatalytic degradation of CPX [10]. The 

absorption spectra and the Kubelka-Munk function F(R∞) were employed for the calculation of 

the band gap for gCN: 

�

�
=

(����)


���)
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where K is the absorption coefficient and S is the dispersion coefficient. Additionally, R∞ is the 

reflectance of the sample when it has an infinite thickness. Figure 2b shows the diffuse 

reflectance spectra of the gCN powder after the Kubelka-Munk treatment. The intersection of the 

linear fit with the photon energy axis gives the value of band gap. The value of band gap (Eg) 

obtained for gCN according to Figure 2b was 2.77 eV, which is close to that of 2.7 eV previously 

reported for non porous gCN powder [11]. 

3.3 Photocatalytic degradation of CPX by  g-C3N4 

In the first experiment, an aqueous solution of CPX (20 ppm) without gCN photocatalyst was 

irradiated for 3h with different laser wavelengths separately (288, 365, 405 and 532 nm) but no 

change was observed in the absorbance spectra of CPX with respect to the reference spectrum 

for pure CPX (compare the colored curves with the black curve for pure CPX), see figure 3a. 

This indicates that single laser irradiation for 3 h did not produce degradation of CPX, since its 

two peaks at 273 and 327 nm (which are attributed to л→л* transitions of the fluorobenzene 

moieties and quinolone ring, respectively) are still observed [9]. The experiment of irradiating 

for 3h the CPX solution with single laser wavelengths of 288, 365, 405 and 532 nm was repeated 

again, but this time it contained 0.1 g of gCN. The absorption spectra of the CPX solution 

irradiated with these individual wavelengths still show peaks for CPX at 273 and  327 nm, see 

figure 3b, indicating no degradation of CPX. Now, if the CPX solution (without gCN 

photocatalyst) is irradiated by combined wavelengths of 285/365 nm, 285/405 nm or 285/532 nm 

during 3 h and its absorption spectra recorded, intense peaks of CPX are still observed (those 

spectra not showed here because they are very similar to these showed in Figure 3a), suggesting 

that irradiation the CPX solution without gCN is useless to produce the degradation of CPX. If 
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gCN is added to the CPX solution and this mixture is irradiated for 3 h with a combination of 

laser wavelengths (285/405 nm or 285/532 nm) or simulated solar light, the CPX molecule is 

partially degraded because its typical absorption peak at 327 nm (which is related with the 

quinolone ring) disappeared, but the peak at 273 nm is still observed, compare the dark curve 

with blue and green curves in figure 3c. The most effective laser irradiation for the degradation 

of CPX was 285/365 nm because it produced a total inhibition for the CPX absorption peaks, see 

red curve in Figure 3c. Figure 3d depicts how the CPX is being degraded as a function of time 

under laser irradiation of 285/365 nm. We calculated the CPX degradation percentage by using 

the figure 3d and the equation reported in references [12, 13]: 

Degradation (%)= (
�����

��
) � 100%  … (2) 

Where A0 is the absorbance of the CPX+ gCN solution before photoirradiation at t=0 and At is 

the absorbance of the CPX+gCN solution after certain time t. As result, maximum degradation 

percentages of 100 and 68% (see Figure 4a) were reached when the CPX+gCN solution is 

irradiated by 285/365 nm and by simulated solar light, respectively. This result demonstrates that 

the combined laser irradiation is more effective than the simulated solar light to induce 

degradation of CPX. Figure 4b shows the degradation percentages obtained for each combination 

of lasers after 3 h of continuous irradiation (the irradiation with 285 nm was maintained for all 

the combinations). Interestingly, the efficiency of degradation decreases as the second laser 

wavelength is shifted toward longer wavelengths, thus, the degradation efficiency decreased in 

the order: 285/365> Solar simulated Light >285/405>285/532 nm, being the second highest 

degradation percentage for the solar irradiation. We should mention that other pure graphitic 

systems such as: exfoliated gCN, amorphous gCN powder and gCN nanoplates produce 
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maximum degradation percentages of 38-78% for initial CPX concentrations of 10-20 ppm under 

solar natural/artificial irradiation for 1h [8,14,15]. In our case, 95% of CPX degradation was 

obtained for the same time and initial concentration of 20 ppm, indicating better performance for 

the porous gCN. Furthermore, the value of degradation=95% obtained in this work (after 1h of 

laser irradiation) is comparable to that of 92.8% obtained by TiO2 nanoparticles immobilized on 

glass slide and subjected to UV irradiation with lamps of 254 nm for 1 h [16]. Table 1 shows 

relevant published results about pure gCN materials or composite materials that contained in its 

structure gCN. As observed, only our system was able to reach a degradation of 100% and the 

optical power (70 mW) used from the lasers (285/365 nm) to produce the total degradation of 

CPX is much lower than that employed by UV, tungsten or Xe lamps with power in the range of 

18-500 W. Thus, the consumption of energy to produce the degradation of CPX is lower in our 

case. We should mention that Ou et al. also reported 100% of degradation of CPX using 280 nm 

UV-LEDs/H2O2 [17]. However, these authors employed an arrangement of 16 UV LEDs as a 

source of irradiation (home-made UV module), which is a more complex setup. 

According to literature, the degradation of CPX in presence of gCN and using 285/365 nm could 

occur as follows [16]: Firstly, electron-hole pairs (h+
vb− e−

cb) are generated from gCN after the 

dual laser excitation, followed by the oxidation of adsorbed water molecules by electron transfer 

to h+, which in turn, produces the formation of OH- radicals and H+. At the same time, the laser 

of 285 nm is causing the protonation of the CPX. This was confirmed by DFT calculations (used 

as support because the experimental demonstration is difficult): Figure 4c shows the CPX 

molecules simulated by DFT with and without UV irradiation (285 nm). As observed, the 

piperazine ring of CPX is more positively charged when exposed to UV light (see blue 

coloration and compare with the scale bar), which indicates that CPX is protonated and makes it 
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more susceptible to be attacked by the OH- radicals by electrostatic attraction, causing its 

degradation. In order words, the DFT simulations demonstrated that the ammine sites of the CPX 

molecule are protonated after irradiating them with 285nm, in consequence, those sites became 

electrophilic sites (positively charged sites that can be attracted to a rich electron center). This 

favors their attack by OH- radicals, which are produced during the irradiation of gCN by UV 

lasers (285/365 nm).  Additionally, the adsorbed CPX on gCN could be oxidized directly by 

electron transfer toward the h+ sites generated in gCN [12], which creates also CPX+ cations that 

can be attacked by OH- radicals generated by laser irradiation. In fact, the formation of CPX+ is 

also favored for pH>7 and we had 7.6 in the CPX solution [15]. The adsorption of CPX on the 

gCN surface is possible because this graphitic compound contains OH- formed after its synthesis, 

which can electrostatically attract the CPX+, see the band centered at 3166 cm-1 in the FTIR 

spectrum for gCN in Figure 4d (black curve). The spectrum was obtained from the gCN powder 

before its use in the photocatalytic experiment for the degradation of CPX. This spectrum also 

shows vibrational peaks in the range of 1000-1750 cm-1 and a peak at 815 cm-1, which are 

assigned to aromatic rings/C=N bonds and C-N bonds in triazine units [15]. In order to confirm 

that gCN removed CPX by photocatalytic degradation and not by physical absorption, the FTIR 

spectrum of the gCN powder was recorded after its use in the photocatalytic degradation of CPX. 

As observed, no peaks related to CPX are observed (see the FTIR spectrum of pure CPX in 

reference [18]), that is, the peaks associated only to gCN were again observed (compare red and 

black curves). This result indicates that CPX was not adsorbed on the surface of gCN. Another 

experiment was carried out to corroborate that the CPX was degraded. First, the FTIR spectrum 

of the aqueous solution contaminated with CPX (20 ppm) was recorded before starting the 

photocatalytic degradation of CPX (see the red curve in figure S2 of supporting information). As 
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result, we found vibrational bands centered at 661, 1629 and at 3315 cm-1, which correspond to 

water (according to the well-know NIST chemistry webBook), and a band centered at 1038 cm-1, 

which corresponds to the fluorine group C-F of CPX [18]. Next, the gCN was added to the 

aqueous solution of CPX and this one was subjected to the photocatalytic process for 3h. 

Subsequently, the FTIR spectra was recorded for this solution and the vibrational bands for water 

were observed again, but the band corresponding to CPX at 1038 cm-1 is not observed anymore 

(see the black curve in figure S2 of supporting information), suggesting the degradation of CPX. 

The total organic carbon (TOC) mineralization percentage was also determined to monitor de 

degradation of CPX. Figure 5a shows the mineralization percentage of the CPX+gCN aqueous 

solution after exposing it to solar light or laser irradiation (285/365 nm). As observed, the 

mineralization percentages were 100% and 73% for the solar and laser irradiations, respectively. 

A higher mineralization % indicates a higher transformation of organic compounds into smaller 

and simpler organic compounds. Thus, the mineralization percentage of 100% for the CPX+gCN 

aqueous solution when subjected to laser irradiation suggests a complete degradation of CPX. 

During the mineralization process for CPX, the formation of organic intermediates (quinolinone 

derivates) with lower molecular weight. These by-products can be degraded easier during the 

irradiation process. Figure 5b shows the possible by-products formed during the mineralization 

process. The simplest and smallest compound would be 4-oxo-1,4-dihydroquinolin-1-ium, see 

green circle in Figure 5b. Finally, reuse experiments were carried out to confirm the stability of 

the gCN for the degradation of CPX, see Figure 5c. After 4 cycles of reuse for gCN (the material 

was used continuously without further treatment), the degradation percentage of CPX decreased 

from 100% to 83 %. After the fifth cycle, the degradation percentage decreased to 68%. Those 

results indicate that the porous gCN is quite robust for the degradation of CPX for the first 4 
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cycles. Finally, we should mention that all the photocatalytic curves in Figures 4a, 4b and 5c had 

a maximum standard deviation of ±3%, as indicated by the scale bars. 

3.4 Determination of oxidizing agents by scavengers 

The generation of hydroxyl radicals during CPX degradation was confirmed trough fluorescence 

measurements and using TA as an identifying probe (scavenger method), since it reacts only 

with the oxidizing agent OH-. Basically, TA captures the OH radicals to generate the 2-

hydroxyterephthalic acid: OH-+TA→TAOH and the content of OH- radicals in water is 

proportional to the fluorescence intensity of TAOH [15]. Thus we can associate a higher content 

of OH-s in the CPX solution to higher emission intensities. Figures 6a-6c present the fluorescent 

emission of TAOH obtained during the laser irradiation at wavelengths of 285, 365 and 405 nm 

and for times from 0 to 60 min. It is clear that the fluorescent emission centered at 434 nm 

increases as a function of time in all the cases, indicating that OH- radicals are continuously 

generated. The maximum emission intensity reached after 60 min decreases in the order 

285>365>405 nm, suggesting that longer wavelengths are less efficient to generate OH radicals. 

This explains why the combinations of 285/405 nm and 285/532 produced lower degradation 

percentages in comparison with the 285/365 nm combination, see figure 4b. In fact, the 285 and 

365 nm wavelengths are in the range for the highest absorption of gCN (see Figure 2a), which in 

turn, favors the generation of OH- radicals. Figure 6d shows the fluorescent emission recorded 

under the combined excitation of 285/365 nm, the signal after 60 min was approximately 90% 

stronger than that for only 285 nm (compare figures 6d and 6a), indicating that the OH- 

generation is much higher under irradiation with two lasers. This corroborates that the 

degradation of CPX is more efficient by using only two wavelengths instead of one laser 

wavelength or solar irradiation from commercial lamps.  
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4. Conclusions 

We report a simple method to synthesize porous g-C3N4 microparticles and were used for the 

degradation of CPX contaminant. The photocatalytic experiments achieved with several 

irradiation sources demonstrated that a full UV/VIS/NIR spectrum (from a solar lamp) is not 

necessary to reach the total degradation of CPX, instead, using only two specific wavelengths of 

285 and 365 nm was enough to produce the total degradation of CPX after 3 h. The 285 nm 

wavelength caused the protonation of the CPX molecule while that of 365 nm favored the 

generation of OH- radicals from gCN. These radicals attacked preferably the protonated part of 

the CPX molecule by electrostatic attraction, which in turn, produced its degradation. The results 

presented here demonstrated that using low power lasers for the degradation of CPX is more 

efficient than using solar or UV commercial lamps, since the optical power employed by the 

lasers (70 mW) is much lower than that typically employed by solar or UV commercial lamps 

(18-500 W). This work demonstrated that the system UV-diode lasers/porous-gCN is an efficient 

alternative for the degradation of CPX and the results of degradation percentages obtained here 

are comparable with these previously reported for UV-lamp/H2O2 systems. This work 

determined the optimum wavelengths for the degradation of CPX and the same methodology 

could be applied for other organic contaminants. Once the optimum absorption wavelengths are 

found for an organic contaminant, the photocatalytic systems could be re-designed to degrade 

organic contaminants using a few wavelengths, instead of using a full emission spectrum from 

lamps, which in turns, decreases the cost and time of the photocatalytic experiments. 
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Figure Captions 

Figure 1. SEM images of the porous g-C3N4 at different magnifications: a) 15000X, b) 40000x 

and c) 60000x. d) shows the XRD patterns of the g-C3N4 powders. Inset in Figure 1a shows the 

pore size distribution of the gCN powders. 

Figure 2.  a) absorbance spectrum and b) (αhν)1/2 vs. energy plot for the g-C3N4 powders. 

Figure 3. a) and b) are the absorbance spectra of CPX measured after 3 h of continuous laser 

irradiation (using wavelengths of 285, 365, 405 or 532 nm) without and with g-C3N4 

photocatalyst, respectively. c) shows the final absorbance spectra of the aqueous solution CPX+ 

g-C3N4 powder measured after 3 h of continuous laser irradiation (combined wavelengths). d) 

shows the absorbance spectra of the aqueous solution CPX+ g-C3N4 powder as a function of time 

(under combined laser excitation of 285/365 nm). 

Figure 4. a) Curves of degradation percentages of CPX as a function of time under combined 

laser excitation (285/365 nm) and under simulated solar irradiation  (Xe lamp), b) is a bar 

diagram showing the degradation percentage of CPX after 3h of continuous illumination with 

different irradiation sources, c) depicts figures of the CPX molecules simulated by DFT 

calculations and d) shows the FTIR spectrum of the g-C3N4 photocatalyst before and after the 

degradation of CPX. 

Figure 5. a) TOC mineralization % for the CPX+ gCN solution under solar and laser irradiation, 

b) proposal of molecules formed during the mineralization process of CPX and c) Degradation 

percentages obtained after using gCN several times for the degradation of CPX. 
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Figure 6. Fluorescence spectra obtained from the aliquots extracted from the TA+gCN solution 

(excitation wavelength=310 nm). These aliquots were extracted at the times showed in each plot 

while subjected to several individual/combined irradiation sources (285 nm, 365 nm, 405 nm or 

285nm/365nm). 
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TABLES 

Table 1. Summary of results previously reported for the degradation of CPX. 

 

Material Irradiation source Maximum 

degradation 

% 

Reference 

Amorphous gCN Xe Lamp, 35 W 75 [8] 

gCN nanoplates Xe Lamp, 35 W 38 [14] 

Exfoliated gCM Natural solar light 78 [15] 

TiO2 NPs on glass UV-C (254 nm), 18 W 92.8 [16] 

gCN/ TiO2  Tungsten Lamp, 150 W 95 [7] 

gCN/ TiO2/Kaolinite Xe Lamp, 90 mw/cm2 92 [7] 

ZnO-Ag2O/porous 
gCN 

Tungsten Lamp, 500 W 97 [7] 

Bi2S3/ gCN Xe Lamp, 350 W 65 [7] 

Porous gCN 285/365 nm, 70 mW 100 This work 

 

 















1. Porous g-C3N4 (gCN) photocatalyst was used for the degradation of ciprofloxacin (CPX) 

contaminant. 

2. Total degradation of CPX is produced when the gCN is exposed to combined laser irradiation 

(285/365 nm). 

3. Using only two laser wavelengths is more efficient than a solar lamp to produce the total 

degradation of CPX. 



 

 


