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A B S T R A C T   

The photocatalytic degradation of sodium diclofenac (a nonsteroidal anti-inflammatory drug) in both ultrapure 
water and tap water with nanosheets of graphitic carbon nitride (g-C3N4) as catalyst and utilising two different 
sources of visible light (low-power (4 × 10 W) white light LEDs and natural sunlight) was carried out and 
compared. The highest depletion rate was observed for the system with tap water and natural sunlight. All 
photodegradations followed pseudo-first-order kinetics. A degradation pathway for sodium diclofenac has been 
proposed and four photodegraded products formed along with the diclofenac depletion have been detected by 
liquid chromatography coupled with high-resolution mass spectrometry using a QToF instrument. The accurate 
mass obtained for the detected ions together with the MS/MS data allowed us to propose chemical structures for 
the by-products. Moreover, a study to identify the main active species involved in the degradation mechanism 
was undertaken by introducing scavengers to quench the photodegradations: a N2 atmosphere for superoxide 
radicals (⋅O2

− ), triethanolamine for photoexcited holes (h+) and tert-butanol for hydroxyl radicals (⋅OH).   

1. Introduction 

In the last few decades, water quality is an issue which has gathered a 
lot of attention. Myriad pharmaceuticals have been found in diverse 
aquatic environments (surface waters, groundwater, and/ or tap water) 
[1] in several countries. Drugs cannot be completely removed by 
Wastewater Treatment Plants (WWTPs). Remediation efficiency might 
be less than 10% in the case of drugs such as diclofenac (DCF) because 
WWTPs are commonly designed to handle organic matter in the mg/L 
range [2] yet. DCF has been detected at a lower range (µg/L) in both 
treated water and surface water [3]. DCF is a nonsteroidal 
anti-inflammatory drug (NSAID), in wide usage on a global scale. It is 
particularly dangerous because as a chlorinated micropollutant it pre-
sents characteristics such as: low biodegradability, high toxicity, 
long-term persistence in the environment and strong bio-accumulative 
potential [4]. For this reason, advanced photocatalytic oxidation tech-
nologies have been the subject of thorough research. 

For the photodegradation of DCF in water, different catalytic pro-
cesses have been studied: photolysis [5–7], sonolysis [8], sonophotolysis 
[8], sonophotocatalysis [9] and photocatalysis. A large number of 

catalysts have been used for the photocatalysis process, such as: TiO2 [8, 
10], Ag/TiO2 [9], ZnO, Fe-ZnO [8], TiO2/BiOI [11], Pd/Al2O3 [4], 
g-C3N4 [12–14] or g-C3N4 hybrid composites such as: Co3O4/g-C3N4 
[14], TiO2/g-C3N4 [15], Ti3C2/g-C3N4 [16], V2O5/boron doped g-C3N4 
[13], Ag/g-C3N4 [17], AgI/g-C3N4 [18], Ag3PO4/g-C3N4 [19]. 

The well-known semiconductor TiO2, which has a wide band gap, 
has commonly been used in photocatalysis, however the fact that this 
type of semiconductor cannot absorb visible light (it can only absorb UV 
light due to its band gap) is a major disadvantage for practical appli-
cations, especially considering that UV light only represent 4% of total 
solar radiation. A semiconductor with a narrower band gap, such as 
graphitic carbon nitride (g-C3N4), which is able to take advantage of the 
visible light of the solar spectrum (approximately 43%), has been 
postulated as a material of interest for many reasons: (i) its low band 
gap, which makes it a suitable material for visible light applications, (ii) 
it is a stable compound and (iii) the abundance of precursors (dicya-
namide, melamine, urea, cyanamide, thiourea or ammonium thiocya-
nate) for facile synthesis [20], to name just a few. 

In the present study, the photocatalytic behaviours of natural sun-
light and low power LED lamps were evaluated for the degradation of 
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DCF in tap water and ultrapure water using g-C3N4 nanosheets as 
catalyst. The effect of two water matrices was compared with two 
sources of irradiation, which is unique to this study. The low power LEDs 
make it possible to study the kinetics of intermediates and the degra-
dation mechanism. This type of comparative study might be helpful for 
the future implementation of this technology in real-life applications. 
Furthermore, the intermediates formed in the degradation were identi-
fied by high-resolution mass spectrometry. This technique made it 
possible to calculate the elementary composition of the by-products and 
to propose identifications. This technique yielded promising results in 
prior studies involving ibuprofen and ciprofloxacin [21,22]. In view of 
the results of the main active species responsible for the photo-
degradations, a plausible degradation mechanism has also been 
proposed. 

2. Experimental 

2.1. Chemical reagents 

Sodium diclofenac (DCF) (≥ 99%), tert-butanol and triethanolamine 
were provided by Sigma-Aldrich (Germany). HPLC-grade acetonitrile 
came from Scharlab (Barcelona, Spain). Formic acid (98%) for mass 
spectrometry was purchased from Fluka Analytical. Melamine (99%) 
was obtained from Alfa Aesar (Germany). All chemicals were used as 
received without further purification. 

2.2. Synthesis and characterisation of g-C3N4 catalyst 

The graphitic carbon nitride photocatalyst was synthesised by 
heating melamine in a crucible, in order to prevent sublimation in air as 
former authors reported [22,23]. In a typical synthesis, 5 g of melamine 
were heated in an oven in two stages: 500 ◦C for 4 h, followed by a 
second round at 520 ◦C for 2 h in order to produce thermal oxidative 
exfoliation of the material. 

The light absorbance properties and morphology of the light 
yellowish material employed as a catalyst were characterised by trans-
mission electron microscopy (TEM), solid UV–Vis diffuse reflectance 
spectroscopy and X-ray photoelectron spectroscopy (XPS). The stability 
of the catalyst was assessed by Fourier-transform infra-red spectroscopy 
(FTIR). 

2.3. Photodegradation procedure and detection of active species 

In a typical DCF photodegradation, 45.5 mg of g-C3N4 were sus-
pended in 70 mL of a 3 µg/mL DCF aqueous solution (ultrapure water or 
tap water depending on the experiment; the tap water quality parame-
ters are listed in Table S1). The reactions were performed in a Schlenk 
glass reactor (Fig. S1). The suspension was sonicated for 2 min in order 
to disperse the photocatalyst properly. After that, it was stirred for 40 
min in dark conditions to establish the adsorption/desorption equilib-
rium before the photocatalytic reaction. Then, the mixture was irradi-
ated with two different sources of light, depending on the experiment. 
The experiments performed with natural sunlight were carried out 
outdoors, with an average temperature of 30 ◦C and an ultraviolet index 
of 6–9, accordingly to the Spanish National Agency of Meteorology 
(www.AMET.es). The specific meteorological data for each experiment 
is collected in Supplementary material Table S2. The assembly 
employed in visible LED light experiments consists of four 10 W white 
light LED lamps (LED-Engin, CA, USA) placed equidistantly inside a 
cylinder with cooling water circulating inside it to maintain the glass 
reactor at a constant temperature of 25 ◦C. The experimental setups for 
natural sunlight and visible light radiation are shown in Fig. S1 of the 
Supplementary material. In order to study the effect of active species on 
the photodegradation reaction, the corresponding scavengers were 
introduced into the solution to quench the specific reactive species, in 
ultrapure water irradiated with visible light. The reactions were 

monitored under three different conditions: in a 10− 3 M aqueous solu-
tion of tert-butanol for ⋅OH (hydroxyl radicals) scavenging, in a 10− 3 M 
aqueous solution of triethanolamine for h+ (photogenerated holes) 
scavenging and by bubbling inert N2 gas to avoid O2 in the solution for 
⋅O2

- (superoxide radicals) scavenging. 
During the irradiation period, the aqueous solution was vigorously 

stirred, and aliquots were withdrawn at different times to monitor the 
reaction. All samples were filtered with PTFE hydrophilic filters (13 mm, 
0.22 µm) before the chromatographic analysis and stored at 4 ◦C until 
further analysis. 

For the DCF by-products identification, the degradation was per-
formed with natural sunlight and 90 mg of the catalyst were suspended 
in 70 mL of a 90 µg/mL tap water solution of DCF. 

2.4. Analytical procedures 

The DCF intermediate by-products were analysed using a LC-MS/MS 
instrument previously described [21], a C18 column and a mobile phase 
gradient programme consisting of an aqueous solution and acetonitrile, 
both containing 0.1% (v/v) formic acid. The mass spectra data were 
obtained in both positive and negative mode. Further parameters are 
summarised in Supplementary material (Text S1). 

Samples for routine DCF analysis, such as monitoring by-product 
formation during photocatalytic experiments or calculating the ki-
netics constants, were analysed by HPLC-UV and detection wavelength 
was 276 nm. The column used in the separation was a C18 and the 
isocratic mobile phase consisted of 60:40 aqueous solution/acetonitrile, 
both containing 0.1(v/v) formic acid. (Further information about the 
equipment in Supplementary material, Text S2). As previously stated, all 
samples were filtered before the chromatographic analysis. 

The toxicology assessment of the DCF degraded products was eval-
uated employing Toxtree v3.1.0.1851 software, utilising the Cramer 
classification scheme. 

3. Results and discussion 

3.1. Characterisation and stability of the 2D g-C3N4 photocatalyst 

The catalyst g-C3N4 was characterised in previous studies [21,22] by 
transmission electronic microscopy (TEM) and UV–vis diffuse reflec-
tance. Additionally, XPS analyses of g-C3N4 provide relevant informa-
tion about the elemental composition at the surface of the material.  
Fig. 1 shows representative TEM images and the Tauc plot of 2D-nano-
sheets of g-C3N4 of ca. 50–100 nm with 2.79 eV of semiconductor band 
gap. Other authors have reported slightly different values for the g-C3N4 
band gap: 2.8 eV for bulk g-C3N4 and 2.94 eV for exfoliated g-C3N4 [24]. 
The band edge positions of the conduction band (CB) and the valence 
band (VB) for g-C3N4 may be estimated [25]. Thus, at the point of zero 
charge, the VB edge (EVB) and the CB edge (ECB) of a semiconductor can 
be calculated using the equations:  

EVB = X − Ee + 0.5Eg                                                                           

ECB = EVB − Eg                                                                                   

where X is the absolute electronegativity of a given semiconductor 
(geometric mean of the absolute electronegativity of the atoms forming 
the semiconductor); Ee is the energy of the free electrons (ca. 4.5 eV); Eg 
is the band gap energy of the semiconductor. The absolute electroneg-
ativity (X) for g-C3N4 is 4.73, which leads to a valence band edge (EVB) of 
1.63 eV and to a conduction band edge (ECB) of − 1.17 eV for our ob-
tained band gap energy of 2.79 eV. These values enable the construction 
of a schematic diagram of the photoexcited electron-hole separation 
process for the explanation of the reaction mechanisms of the g-C3N4 
photocatalyst and the determination of the reactive oxygen species (vide 
infra). 

The wide XPS spectrum of g-C3N4 displays the presence of intense 
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peaks corresponding to C and N (see Fig. S2a in Supplementary mate-
rial). From the analysis of this wide spectrum, it can be observed that the 
atomic composition % of C and N atoms is 39.9% and 58.8%, respec-
tively, pointing to a C:N ratio of 0.68, slightly below the theoretical one 
of 0.75. 

Fig. S2c depicts the high-resolution XPS spectrum for the C 1s region 
for g-C3N4, which is fitted into four peaks. The intense peak at 288.4 eV 
is assigned to the sp2 carbon atoms in the triazine units of g-C3N4 
(C–N––C). This observation is supported by the presence of the weak 
peak component of the C 1s region at 293.7, which is attributed to 
double bond π-excitations. The peak at 288.9 eV would be related to 
C–O bonds, while the peak at 285.1 is associated with C–C bonds. 
Fig. S2d displays the high-resolution spectrum of the N 1s region, which 
is also fitted into four peaks. The intense peak at 398.5 eV is associated 
with sp2 N atoms in the triazine unit (C–N––C), which is also related to 
the weak peak at 404.1 eV due to the double bond π-excitations. The 
weak peak at 399.2 eV is related to the N atoms between aromatic rings 
in the g-C3N4 structure, whereas the presence of NH2 groups is assigned 
to the peak at 400.8 eV [26,27]. The high-resolution XPS spectrum for 
the O 1s region (Fig. S2b) shows a weak peak at 532.3 eV attributed to 
adsorbed water molecules (532.6 eV). 

The stability of the catalyst was an important factor for its practical 
application. No obvious changes in the IR spectrum (Fig. S3) of the fresh 
and used g-C3N4 were observed, supporting the high-stability of the 
material. The only important difference is the presence of a broad ab-
sorption at ca. 3500 cm− 1 in the IR spectrum of g-C3N4 after photo-
catalysis, arising from adsorbed water. The rest of the common 
absorptions usually assigned to g-C3N4 at ca. 820 cm− 1 (breathing mode 
of triazine units) and in the 1100–1700 cm− 1 range (strong absorptions 
assigned to stretching modes of the CN heterocycles) remained 
unaltered. 

3.2. Photocatalytic activity and detection of active species 

To monitor the DCF degradation, samples at different intervals of 
time were analysed by HPLC-UV during the reaction. Fig. 2 shows the 
evolution of the DCF signal in both ultrapure water and tap water 
irradiated with natural sunlight and visible light, with and without 
catalyst, during the first 40 min of adsorption and during the irradiation 
period. Around 5% of DCF was adsorbed on the g-C3N4, regardless of the 
water matrix used in the experiment. As can be seen in Fig. 2, the 
degradation of diclofenac was negligible in the absence of a photo-
catalyst when the samples were irradiated with low power visible light. 
However, when employing a more powerful source of irradiation like 
natural sunlight, it was depleted after 150 min of light exposure. Some 
authors did not notice degradation of diclofenac in the absence of a 
catalyst with a visible light simulator [28], which implies that the 
photodegradability of diclofenac depends on the source of irradiation. 
The degradation rates observed in experiments with tap water were 
higher than those achieved in ultrapure water, which might be ascribed 
to the presence of chloride ions of salts, accordingly to the literature [3, 
4]. Moreover, the depletion of DCF in the experiments performed with 
natural sunlight was faster than in the visible light irradiated experi-
ments, which agrees with nature of the two sources of light employed. 
The sunlight radiation is a high energetic combination of near infrarred, 
visible and ultraviolet light and the experiments were carried out in 
sunny days with high ultraviolet index. On the other hand, the LED light 
source consists of low power visible light emitters and the higher the 
power of the light, the faster the depletion of drugs, as some authors 
reported [29]. 

In tap water, the photocatalytic degradation of DCF followed the 
pseudo-first-order kinetics with apparent reaction rate constants 
0.031 min− 1 and 0.383 min− 1 for low power visible light and natural 
sunlight, respectively. Whereas in ultrapure water the pseudo-first-order 
kinetic constants were 0.015 min− 1 and 0.131 min− 1 for low power 
visible light and natural sunlight, respectively (Fig. S4). 

Other authors have reported similar constant values for DCF degra-
dation with g-C3N4 (0.013 and 0.0141 min− 1) under high power visible 
light irradiation (300 W Xenon light) and those values raised to 0.561 
and 0.0429 min− 1 with g-C3N4/AgI and g-C3N4/Ag composites [17,18]. 
Whereas with similar visible light irradiation power, 0.0061 and 

Fig. 1. Representative TEM image of the corresponding g-C3N4 (a). Diffuse 
reflectance UV–Vis spectrum of solid g-C3N4 (b). Tauc plot for g-C3N4 (c). 
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0.1796 min− 1 apparent constants have been reported for g-C3N4 and 
g-C3N4/TiO2 catalysts, respectively [15]. 

The light irradiation promotes electrons from the valence band (VB) 
to the conduction band (CB) of the n-type semiconductor, generating 
holes (h+) in the VB and electrons (e− ) in the CB.  

g-C3N4 + hν → g-C3N4 (e− ) + g-C3N4 (h+)                                              

As it has been shown previously, the main reactive species for pho-
tocatalytic degradation are photogenerated holes (h+), superoxide rad-
icals (⋅O2

− ), and hydroxyl radicals (⋅OH). To fully understand which of 
these species plays the major role in the photodegradation of DCF with 
g-C3N4, tert-butanol and triethanolamine were used as ⋅OH and h+

scavengers, respectively. Also, the reaction was carried out after N2 
bubbling to remove O2, thus avoiding the formation of superoxide 
radicals ⋅O2

− from photoexcited electrons [30–33]. 
Fig. 3 shows the influence of three scavengers on the depletion of 

DCF. The regression data for the kinetics are summarised in the Sup-
plementary material (Fig. S4 and Table S3). 

As shown in Fig. 3, the N2 bubbling massively decreased the deple-
tion of DCF and the photodegradation was almost completely quenched, 
suggesting that superoxide radicals (⋅O2

− ) play the major role in the 

photocatalytic process. The addition of triethanolamine also decreases 
the depletion of DCF to some extent, which suggests that photo-
generated holes (h+) play an important role in the degradation process. 
However, the addition of tert-butanol had a slight effect on the photo-
degradation of DCF, which means that the ⋅OH radicals, formed indi-
rectly, were not the most active species in the process. The pseudo-first- 
order constant value found in the experiment carried out in ultrapure 
water was 0.015 min− 1, while in the presence of triethanolamine and 
tert-butanol it was 0.0035 and 0.0073 min− 1, respectively. In the 
experiment under a N2 bubbling, the concentration of DCF in the solu-
tion was steady and no degradation was observed. For that reason, this 
case could not fit a kinetic equation. 

Agreeing with previous reports [18,25], the CB edge of g-C3N4 is 
more negative (− 1.19 eV, vs. NHE) than the potential of O2/⋅O2

−

(− 0.33 eV, vs. NHE) and, therefore, the photoexcited electrons on the 
CB can reduce the O2. However, the position of the VB in the exfoliated 
g-C3N4 is not suitable for the direct formation of ⋅OH, because the po-
tentials of ⋅OH/OH- (2.38 eV, vs. NHE) and ⋅OH /H2O (2.72 eV, vs. NHE) 
are more positive than the VB edge of g-C3N4 (1.65 eV, vs. NHE). 
Nevertheless, the ⋅OH radical species might be formed from ⋅O2

− in an 
indirect manner by the following reduction pathway [24]:  

Fig. 2. Photocatalytic degradation of DCF with g-C3N4 under visible light and natural sunlight radiation in ultrapure water and tap water.  

Fig. 3. Effect of different scavengers on the photodegradation of diclofenac 
with g-C3N4 under visible light. 

Fig. 4. Schematic diagram of the photoexcited electron-hole separation process 
for g-C3N4 collecting the experimental observations. 
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Table 1 
Summary of UPLC-ESI-MS and MS2 results for DCF photodegradation with tap water/g-C3N4/sunlight.  

tR, min Experimental mass 
m/z 

Ion Elementary 
composition 

Error (×
10− 6) 

Compound 
formula 

MS2 fragments 

1.97 (P1)  242.0807 [M +
H]+

C14H12NO3
+ − 3.0 C14H11NO3 168.0885 (C12H10N+), 196.0848 (C13H10NO+) 

264.0637 [M +
Na]+

C14H11NO3Na+ 1.2  

240.0658 [M −
H]−

C14H10NO3
− − 0.1  

2.29 (P2)  310.0034 [M +
H]+

C14H10NO3Cl2+ − 0.7 C14H9NO3Cl2 166.0730 (C12H8N+), 194.0706 (C13H8NO+), 201.0442 (C12H8NCl+), 229.0406 (C13H8NOCl+), 235.0069 (C12H7NCl2+), 
264.0109 (C13H8NOCl2+), 292.0068 (C14H8NO2Cl2+) 

2.42 (P3)  226.0861 [M +
H]+

C14H12NO2
+ − 1.8 C14H11NO2 180.0893 (C13H10N+) 

224.0716 [M −
H]−

C14H10NO2
− 3.1  

2.87 (P4)  260.0466 [M +
H]+

C14H11NO2Cl+ − 3.9 C14H10NO2Cl 178.0740 (C13H8N+) 
179.0810 (C13H9N+) 
214.0530 (C13H9NCl+) 

282.0307 [M +
Na]+

C14H10NO2ClNa+ 4.0  

258.0318 [M −
H]−

C14H9NO2Cl− − 0.8  

3.38 
(DCF)  

296.0254 [M +
H]+

C14H12N2O2Cl2+ 3.7 C14H11N2O2Cl2 214.0539 (C13H9NCl+) 

318.0067 [M +
Na]+

C14H11N2O2Cl2Na+ 1.3  

294.0089 [M −
H]−

C14H10N2O2Cl2− 0.7 178.0765 (C13H10N− ) 
214.0563 (C13H9NCl− )  

M
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g-C3N4 (e− ) + O2 → ⋅O2
−

g-C3N4 (e− ) + ⋅O2
− + 2H+ → H2O2                                                          

g-C3N4 (e− ) + H2O2 → ⋅OH + OH−

The low efficiency of ⋅OH scavenging when tert-butanol is added 
points to a secondary role of this reactive species in the photocatalytic 
degradation of DCF. However, it seems to be responsible for some of the 
steps of the DCF degradation (pathway B) proposed and discussed later. 

Fig. 4 depicts the schematic diagram of the photoexcited electron- 
hole separation process for g-C3N4, collecting the experimental obser-
vations. In summary, based on the results obtained the major reactive 
species in the photocatalytic oxidation of DCF are the superoxide radi-
cals (⋅O2

− ). In addition, some part of the DCF molecules would be oxi-
dised by the photogenerated holes (h+) favouring the charge-carrier 
separation. ⋅OH radicals formed from superoxide radicals would also 
support the degradation process. 

3.3. Identification of DCF degradation intermediate products 

For the identification of DCF by-products, a degraded sample in tap 
water, irradiated with natural sunlight was analysed by a LC-MS in-
strument. Fig. S5 depicts a typical chromatogram. It was recorded in 

positive and negative ESI modes and the absorbance was recorded at 
276 nm. Five peaks were detected: 3.38 min (DCF) and four signals at 
1.97, 2.29, 2.42 and 2.87 min correspond to DCF photodegradation by- 
products, hereinafter named as P1, P2, P3 and P4, respectively. Table 1 
summarises the main m/z signals detected for the chromatographic 
peaks, the elementary composition with the corresponding mass error, 
the ions found ([M + H]+, [M + Na]+ and [M − H]− ), the MS2 data of the 
main ions and the compound formula proposed. Fig. S6 (Supplementary 
material) contains mass spectra of DCF by-products. The proposed 
chemical formulas were selected among the plausible possibilities pro-
vided by ChemCalc (http://www.chemcalc.org, Institute of Chemistry 
and Chemical Engineering, Ecole Polytechnique Federale de Lausanne), 
taking into account the smallest mass error provided as well as the 
feasibility relating to DCF chemical structure and molecule unsatura-
tion. In all the proposals, mass errors expressed in part per million (ppm) 
were ≤ 4 ppm. 

The first compound (P1) was eluted at 1.97 min with a main signal at 
m/z 242.0807 in the +MS spectrum. It was assigned to the [M + H]+ ion 
of a DCF intermediate with C14H11NO3 formula and the mass error is 
− 3 ppm. The corresponding signal of the [M + Na]+ ion was also 
detected at m/z 264.0637 with a mass error of 1.2 ppm. Finally, the − MS 
spectrum shown a main signal at m/z 240.0658 assigned to the 

Table 2 
Proposed identification of DCF photodegradation by-products.  

Compound formula Chemical structure proposed Name Reported in 

C14H11NO3 

P1 
P1a: 2-(9H-carbazol-1-yl)-2-hydroxyacetic acid  

P1b: 2-oxo-2-(2-(phenylamino)phenyl)acetic acid  

C14H9NO3Cl2 

P2 
1-(2,6-dichlorophenyl)-3,3-dihydroxyindolin-2-one  

C14H11NO2 

P3 
2-(9H-carbazol-1-yl)acetic acid Koumaki et al. [5], Krakkó et al. [6], Jin et al. [28]. 

C14H10NO2Cl 
P4 

2-(8-chloro-9H-carbazol-1-yl)acetic acid Koumaki et al. [5], Krakkó et al. [6],  
Lekkerkerker-Teunissen et al. [7], Zhang et al. [18],  
Liu et al. [34]. 

C14H11N2O2Cl2 

Diclofenac 
2-(2-((2,6-dichlorophenyl)amino)phenyl)acetic acid   
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C14H10NO3
− ion formula with a mass error of − 0.1 ppm. Among the 

possibilities for this by-product with formula C14H11NO3, the proposed 
structures (Table 2) are: 2-oxo-2-(2-(phenylamino)phenyl)acetic acid 
(P1b) and 2-(9H-carbazol-1-yl)-2-hydroxyacetic acid (P1a), both can be 
explain by MS2 data. The former is more likely based on the structures of 
the other peaks, because P1a is more likely to be formed from them 
(Fig. 5). P1a might be formed by the loss of chlorines through superoxide 
radicals attack, followed by the alpha carbon oxidation. It is consistent 
with the MS2 data, as can be seen in Fig. S7 (Supplementary material). 

Some authors [5–7] have reported the ion m/z 242 in their studies or 
the ion m/z 240 when the negative ionisation mode was used [16]. 
However, they proposed other structures which are incompatible with 
our MS2 data. Three of them proposed a cyclization between the car-
boxylic acid and the amine group (2-(8-hydroxy-9H-carbazol-1-yl)acetic 
acid), which cannot be supported by our MS2 data (Fig. S7 and Table 1) 
corresponding with the ion formula C12H10N+ and C13H10NO+. On the 
other hand, Krakkò et al. [6] proposed a structure, which involves a 
cyclization and breaking the aromatisation of a benzene ring. 

The second by-product eluted, P2 (retention time 2.29 min), was the 

only by-product that was not detected in negative ESI mode. This might 
suggest that P2 has endured a reaction which involves the carboxylic 
acid and subsequently does not form anions. It shows a m/z signal at 
310.0034 that corresponds to the protonated ion of an intermediate 
product with formula C14H9NO3Cl2 (− 0.7 ppm mass error). Moreover, 
the spectrum reveals that the compound should have two chlorine atoms 
accordingly to its isotopic distribution (m/z 310 and 312 being the latter 
around 60% of the former). Considering the chemical structure of DCF, 
the by-product proposed is 1-(2,6-dichlorophenyl)-3,3-dihydrox-
yindolin-2-one, which corresponds to the oxidation of the alpha carbon 
(due to the attack of ⋅OH or the action of ⋅O2

− ) and the cycling reaction 
between the carboxylic acid and the amine group. Other authors [11,28, 
34] also found the m/z 310, although they proposed different structures 
which are incompatible with our MS2 data. Jin et al. [28] found the same 
MS2 fragment (m/z 201) that we found, which seems to be an ion which 
has lost the three oxygen atoms (C12H8NCl+) that its precursor had. 
However, for the structure they proposed [28] ((E)-2-(6-((2,6-dichlor-
ophenyl)imino)-3-oxocyclohexa-1,4-dien-1-yl)acetic acid) this is fairly 
unlikely to happen. Furthermore, it is a plausible alternative that the 

Fig. 5. Possible photodegradation pathway of DCF with g-C3N4 nanosheets.  
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real by-product formed in the photodegradation process was the com-
pound 2-(2-((2,6-dichlorophenyl)amino)phenyl)-2,2-dihydroxyacetic 
acid (C14H11Cl2NO4), which could suffer dehydration by losing a H2O 
molecule in the ionisation source; hence we detected the m/z 310. 

A third chromatographic peak was eluted at 2.42 min (P3). The m/z 
signal at 226.0861 corresponds to a protonated by-product whose for-
mula is C14H11NO2 with a mass error of − 1.8 ppm. The corresponding 
anion was also detected in the negative ESI at m/z 224.0716 (3.1 ppm 
mass error). This compound has been reported previously in the litera-
ture using the same catalyst and a photochemical reactor simulating 
visible light. Other authors found it in photolysis experiments [5,6,28]. 
In all cases, the authors proposed the same structure as we did in the 
present study: 2-(9H-carbazol-1-yl)acetic acid. The main signal in the 
MS2 positive spectrum at m/z 180.0893 corresponding to the decar-
boxylation of the by-product with ion molecular formula C13H10N+. 

The last by-product (P4) was detected at 2.87 min and showed two 
main m/z signals. One at m/z 260.0466 in positive ESI that was assigned 
to the protonated degradation product with formula C14H10NO2Cl and 
another at m/z 282.0307, assigned to the sodiated product, with mass 
errors of − 3.9 and 4 ppm respectively. In the negative ESI, the respective 
deprotonated anion was also detected at m/z 258.0318 (− 0.8 ppm mass 
error). The compound proposed in the present study, 2-(8-chloro-9H- 
carbazol-1-yl) acetic acid, has been reported by other authors [5–7,18, 
34]. This compound is supported by the MS2 data (Table 1 and Fig. S7), 
with a signal at m/z 214.0530 assigned to the ion formula C13H9NCl+, a 
decarboxylation of its precursor. Both compounds P4 and P3 arise from 
successive dechlorinations of DCF and cyclization provoked by the su-
peroxide radical attack as observed in the photocatalytic degradation of 
chlorophenol derivatives [35]. 

The last chromatographic peak at 3.38 min corresponded to DCF. It 
was detected in UV, +MS and − MS chromatograms. The protonated DCF 
ion at m/z 296.0254 (3.7 ppm mass error), the sodiated ion and the 
deprotonated ion were identified. The proposed structures for the MS2 

fragment ions are summarised in Fig. S7. 
Finally, it must be mentioned that all by-products and the diclofenac 

itself have been classified according to Cramer rules as high toxicity 
hazards (class III). 

3.4. Degradation mechanism and pathway 

According to the previous results, there seem to be two main 
degradation routes (Fig. 5). One of them involves the loss of chlorine 
groups (pathway A), whereas pathway B seems to be favoured more by 
the oxidation of the alpha carbon. Moreover, P1 might be formed 
following both pathways. The by-products P1 and P3 were detected in 
the photolysis studies with natural sunlight and the pathway A by- 
products have been mainly described on the literature in photolysis 
studies [5–7]. This suggests that pathway A could be ascribed to the 
influence of the irradiation, although the superoxide radicals’ dechlo-
rination ability would also be responsible for this pathway to some 
extent, as observed in the LED light experiments for which photolysis 
can be ruled out. 

The formation of by-products in pathway B may be influenced more 
by the action of the catalyst and the attack of ⋅OH (or the action of the 
superoxide radicals), although P1 could be formed by both routes. 

On the other hand, the kinetics of the by-products are shown in 
Fig. S8. The by-product P3 seems to be the main degradation product. 
The four by-products were totally degraded except in the experiment 
with tap water and LEDs radiation, where P3 and P4 persist in the so-
lution after 480 min of irradiation. Furthermore, the four by-products 
were only found in the experiments with natural sunlight, whereas in 
the experiments with LED light and ultrapure water, P4 was not detected 
and in the experiment with tap water and LED light, P3 and P4 were the 
only by-products observed. In the experiments with natural sunlight the 
depletion of DCF was faster and the four by-products were formed and 
degraded in less than 100 min due to the power of the irradiation. 

4. Conclusions 

The usefulness of g-C3N4 nanosheets to photodegrade DCF with 
different sources of irradiation (high energy and low energy) has been 
confirmed. The photodegradations of DCF exhibited higher degradation 
rates in tap water than in ultrapure water. Also, when the diclofenac 
solution was irradiated with natural sunlight it exhibited higher degra-
dation rates than with the low power visible LED lights. The fastest 
degradation took place in tap water with natural sunlight, where the 
pseudo-first-order kinetic constant was 0.383 min− 1. The tentative 
identification of the four by-products was performed by high-resolution 
mass spectrometry (with mass errors < 4 ppm) to determine their 
elemental composition. The debates on the MS2 data were of the utmost 
importance in order to check the plausible chemical structures proposed 
and discard some of them, which was one of the novel aspects of this 
study. Two tentative structures for the four intermediate products have 
been reported for the first time: 1-(2,6-dichlorophenyl)-3,3-dihydrox-
yindolin-2-one and 2-(9H-carbazol-1-yl)-2-hydroxyacetic acid. Bearing 
in mind the degraded products detected, the photodegradation of DCF 
seems mostly to be caused by two routes: the loss of chlorine groups and 
the oxidation of the alpha carbon. Furthermore, the main active species 
involved in the photocatalytic process were the superoxide radicals, 
producing the dechlorination of DCF, and the photogenerated holes in 
the valence band of the g-C3N4, which favours the DCF oxidation 
process. 
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