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Abstract
Several studies were carried out to monitor and reduce the presence of diclofenac in the environment.  Some of them reported 
an abatement of the drug of only 20–40%, whereas others based on advanced oxidation processes or photocatalytic methods 
mediated by TiO2 often highlighted high energy cost requirements and the formation of byproducts whose toxicity was higher 
than that of diclofenac. This study concerns both the photolytic and the photocatalytic degradation of diclofenac in aqueous 
media to evaluate its partial or total elimination and the formation of the transformation products, whose toxicity has been 
investigated. For this purpose, an ultra-high-performance liquid chromatography coupled with a high-resolution quadrupole 
time-of-flight-mass spectrometry method was used to elucidate the transformation products following a non-targeted approach 
based on mass data-independent acquisition. Twelve different transformation products were identified, two of them (TP1 and 
TP4) for the first time, and accordingly elucidated. Based on the accurate tandem mass spectrometry information acquired, a 
photodegradation mechanism was proposed. A toxicity assessment of the photoproducts was performed by in silico method. 
Although UV–vis photolysis degradation alone can abate the diclofenac after 120 min of irradiation, the formed transforma-
tion products persist at the end of the degradation, and they are mainly carbazole derivatives with comparable toxicity and 
similar persistence in the environment to that of diclofenac. On the contrary, the use of quaternary chalcogenide nanoparticles 
(Cu2ZnSnS4) is a successfully promising process for the drug photodegradation, resulting in the elimination of diclofenac 
and the formation of less toxic products than diclofenac at the end of degradation.
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Introduction

The environmental impact of the growing worldwide con-
sumption of pharmaceuticals is often undervalued. Once the 
active substance has achieved its intended purpose, it reaches 
the environment through a series of pathways that give it a 
second life causing potentially harmful effects. One of these 
pathways is related to metabolism, since the human organ-
ism does not completely degrade most pharmaceutically 
active substances, and releases metabolites and unaltered 
active substances through urine. Wastewater treatment plants 
(WWTP) are not capable of completely eliminating these 
compounds, which end up in ecosystems (Bound and Voul-
voulis 2005). In 2005, a survey was conducted in the UK, 
in which it was estimated that 63.2% of unused or expired 
drugs ended up in household waste, 21.8% were returned 
to distribution centers and pharmacies, and 11.5% were 
dumped directly into the sink or toilets (Bound and Voul-
voulis 2005). The average annual per capita consumption of 

Responsible Editor: Roland Peter Kallenborn

 *	 Fabio Gosetti 
	 fabio.gosetti@unimib.it

1	 Department of Earth and Environmental Sciences ‑ DISAT, 
University of Milano-Bicocca, Piazza Della Scienza 1, 
20126 Milano, Italy

2	 Department of Materials Science and Solar Energy Research 
Center (MIB‑SOLAR), University of Milano-Bicocca, Via 
Cozzi 55, 20125 Milano, Italy

3	 Tecnologia E Sostenibilità per lo sviluppo dei Materiali 
Ceramici, CNR-ISSMC Istituto Di Scienza, Via Granarolo, 
64, 48018 Faenza, RA, Italy

4	 POLARIS Research Center, University of Milano-Bicocca, 
Piazza Della Scienza 1, 20126 Milano, Italy

http://orcid.org/0000-0001-5712-0562
http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-025-36466-5&domain=pdf


	 Environmental Science and Pollution Research

drugs globally is estimated at 15 g, while in industrialized 
countries the value tends to be considerably higher, reaching 
a consumption of 50–150 g (Ternes and Joss 2006). Most of 
the molecules, known as emerging micropollutants (EMs), 
released into the environment are often of pharmaceutical 
origin, but they may also come from personal care products, 
industrial chemicals, or agricultural activities. In particular, 
the concentration of drug compounds in the environment and 
biological matrices ultimately depends on the frequent use 
and may range from micrograms per liter to nanograms per 
liter (Diaz-Camal et al. 2022). Therefore, analytical methods 
with low detection limits are required for their determination 
(Chen et al. 2023; Cruz Muñoz et al. 2024; Zaki et al. 2023).

A special mention must be made to a specific class of 
drugs: non-steroidal anti-inflammatory drugs (NSAIDs), 
which are compounds widely used for the reduction of pain, 
inflammation, and prevention of blood clot formation (Sob-
hani et al. 2023). Among all NSAIDs available on the mar-
ket, diclofenac (DCF) is especially garnering popularity for 
the treatment of musculoskeletal and systemic inflammatory 
conditions. The estimated global consumption of this drug 
is 940 tons per year (Zhang et al. 2008).

The first degradation of DCF is due to transformations 
undergone in the metabolic process following absorption 
of the substance through the skin or orally. Orally taken 
up DCF is mostly eliminated following biotransformation 
into several metabolites and excreted mainly through urine 
(65%) (Davies and Andersen 1997), while the excretions 
have less than 1% of unmetabolized DCF and about 11% 
of DCF conjugated with glucuronic acid, taurine, and other 
molecules. In addition, there is evidence that the application 
of gels is followed by absorption of the substance of only 
about 6–7%, with the remainder either reaching the environ-
ment as a result of washing the skin or clothing or degrading 
due to sunlight (Davies and Andersen 1997). Although it 
is important to consider that metabolites may also turn out 
to be micropollutants, the most critical situation is due to 
that percentage of DCF that is released into the environment 
without having undergone any modification; in particular, 
reference is made to the DCF contained largely in water 
coming from urban uses and hospital facilities. From a struc-
tural point of view, the aromatic rings and the Cl atoms in 
the molecule give DCF high toxicity and a high degree of 
persistence and accumulation at the ecosystem level. For this 
reason, in 2013, the European Parliament and the Council of 
the European Union issued a new directive including DCF in 
the list of priority substances to control and monitor in the 
field of water policy (Directive 2013/39/EU). In this docu-
ment, the maximum concentration limits in fresh and marine 
waters were defined, corresponding to 0.1 μg L−1 and 0.01 
μg L−1, respectively.

DCF is difficult to remove from water through com-
mon purification methods. The efficiency of these 

varies depending on the technique used, but on average it is 
between 20 and 40%: a considerable amount of DCF remains 
in the water, as it leaves the WWTPs. However, an exam-
ple of successful removal of DCF is found in the advanced 
oxidation process (AOP) method, where a total minerali-
zation of DCF was achieved after 100 min of exposure to 
light (Pérez-Estrada et al. 2005). Nevertheless, a limitation 
of AOP and other complex treatments is the formation of 
intermediates whose toxicity could be similar to or greater 
than that of DCF, in addition to the fact they are carried out 
on a laboratory scale and have high-energy costs. Photocata-
lytic methods for DCF degradation were reported and they 
are mainly based on titanium dioxide (TiO2) as a photocata-
lyst due to its photochemical and thermal stability (Calza 
et al. 2006; Diaz-Angulo et al. 2019; Murgolo et al. 2018; 
Sarasidis et al. 2014). Recently, alternatives to the use of 
this type of catalyst have been found in the literature (Li 
et al. 2018; Liu et al. 2022; Silvestri et al 2019; Zhou et al. 
2018). The implementation of more sophisticated and sensi-
tive analytical techniques has allowed a better understanding 
of the DCF photo-degradative pathway (Luongo et al. 2021; 
Salgado et al. 2013) and, regardless of the different condi-
tions used, a common problem arises: many products formed 
in this process are toxic and able to bioaccumulate in aquatic 
environments and are more difficult to remove than DCF 
(Diniz et al. 2015; Kolakovic et al. 2022).

Preliminary experiments in our laboratory demonstrated 
the effectiveness of using both UV photolysis irradiation 
and photocatalytic one mediated by kesterite nanoparticles 
(CZTS) for the abatement of DCF in aqueous media (Tse-
berlidis et al. 2024). Kesterite (Cu2ZnSnS4) is a quaternary 
chalcogenide with interesting applications in the field of 
photocatalysis. CZTS shows a high absorption coefficient 
in the visible and is nontoxic, insoluble, and stable in water, 
with an excellent ability to disperse homogeneously in 
solution when synthesized in nanoparticle form (Ito 2014; 
Trifiletti et al. 2019; Tseberlidis et al. 2020, 2021). To our 
knowledge, CZTS nanoparticles have never been tested for 
the degradation of EMs in water such as DCF, and some 
studies reported only their use for the photocatalytic degra-
dation of some dyes (Apostolopoulou et al. 2018; Burhanuz 
Zaman et al. 2019; Henríquez et al. 2023; Hou et al. 2014; 
Phaltane et al. 2017; Semalti et al. 2021; Wei et al. 2019).

Therefore, the aim of this study is the characterization 
of DCF transformation products (TPs) after photolysis and 
catalytic photodegradation in water by an ultra-high perfor-
mance liquid chromatography quadrupole time-of-flight tan-
dem mass spectrometry (UHPLC-QTOF MS/MS) method. 
For this purpose, four laboratory experiments were carried 
out, considering the use or not of ultraviolet (UV) radiation 
and the use of CZTS, finally proposing a photodegradation 
pathway of DCF and the toxicity assessment of DCF TPs by 
in silico predictions.
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Material and methods

Reagents and standard solutions

DCF sodium salt (≥ 98.5%) was purchased from Sigma-
Aldrich (St.Louis, USA), whereas water (UHPLC-MS 
grade), methanol (UHPLC-MS grade), acetonitrile 
(UHPLC-MS grade), ammonium acetate (LC–MS grade), 
and formic acid (LC–MS grade) were acquired from 
Carlo Erba (Milan, Italy). All chemical reagents used for 
the CZTS Nanoparticles synthesis were purchased from 
Sigma-Aldrich Corporation (St. Louis, MO, USA) and used 
without any further purification: copper (II) acetate mono-
hydrate (Cu(CH3COO)2 · H2O, > 99%), zinc (II) acetate 
dihydrate (Zn(CH3COO)2 · 2H2O, 99.99%), sulfur powder, 
> 99.5%), tin (II) chloride dihydrate (SnCl2 · 2H2O, > 98%), 
Oleylamine (OLA, 98%).

Fifteen standard solutions were prepared for DCF quan-
tification. First, a DCF standard stock solution (1000 mg 
L−1) in ultrapure water was prepared, from which a working 
solution was prepared (10 mg L−1) in methanol. Finally, this 
solution was used to prepare the standards ranging from 0.05 
to 500 μg L−1 by appropriate dilution in the mobile phase at 
initial gradient conditions.

Instrumentation

An LSB530 xenon lamp (300 W) with a color temperature 
ranging from 6050 to 6350 K was acquired from Quantum 
Design (Roma, Italy) and used for the photodegradation 
experiments. It was equipped with an IR and UV filter, used 
in experiments involving irradiation with visible light only. 
The working power during the experiments was 216 W and 
it was used out of focus to guarantee an irradiance equal to 
1000 W/cm2 at the usage distance, in order to emulate 1 sun 
(AM1.5G) irradiance at laboratory scale.

The UHPLC analyses were carried out by ACQUITY 
UPLC H-Class system (Waters Corporation, Milford, 
USA) coupled with the Xevo G2-XS QTof Mass Spectrom-
eter (Waters Corp., Milford, MA, USA), using electrospray 
ionization (ESI) as an ion source. MassLynx 4.2 software 
was used for instrument control and data acquisition (Waters 
Corporation, Milford, USA) whereas data processing opera-
tions were carried out by MS-Dial (ver. 5.1.230517) and 
MS-Finder (ver.3.52) (Tsugawa et al. 2015, 2016).

Chromatographic and mass spectrometric 
conditions

An Acquity HSST3 C18 column (100 × 2.1 mm, 1.8 μm; 
Water Corporation, Milford, USA) was used as stationary 

phase, whereas the mobile phase was a mixture of 1.0 mM 
aqueous ammonium acetate/methanol 98/2 v/v (solvent A) 
and 1.0 mM aqueous ammonium acetate (1 mM)/methanol 
2/98 v/v (solvent B). The mobile phase flow rate was 0.300 
mL min−1 eluting in gradient mode as follows: 0.0–0.5 min, 
5% solvent B; 0.5–6.0 min, 100% solvent B; 6.0–7.0 min, 
100% solvent B. The injection volume was 5 μL and the 
column oven temperature was set at 40 °C.

ESI operated in both positive and negative ionizations. 
Accurate mass data were collected in the data-independent 
acquisition MSE mode by alternating low and high energy 
applied to the collision cell; i.e., in the low-energy MS 
mode, data were collected at a constant collision energy of 
6 V, whereas in high-energy mode, the collision energy was 
increased from 15 to 30 V with a scan time of 0.1 s.

Spectra were recorded in the mass range of m/z 50–650. 
The source parameters were set as follows: electrospray cap-
illary voltage 2.50 kV, sampling cone 10 V, and source and 
desolvation temperatures 140 °C and 600 °C, respectively. 
The cone and desolvation gas flows were 0 and 1000 L/h, 
respectively. A resolving power of 30,000 was applied both 
in full and in MS/MS scan modes. The mass spectrometer 
was calibrated with sodium formate (0.5 mM in a solution 
acetonitrile/water 80/20 v/v) and mass correction was per-
formed by using a known mixture as LockMass, which con-
sists of leucine-enkephalin (200 pg mL−1) and GFP [Glu1]-
Fibrinopeptide B (100 fmol μL−1) in 50% acetonitrile and 
0.1% formic acid. This mixture was infused at 8 μL min−1 
and acquired every 30 s.

Synthesis and characterization of CZTS 
nanoparticles

Kesterite possesses the properties of a p-type semiconduc-
tor and possesses a band-gap that can vary between 1.4 and 
1.6 eV, depending on the number of copper vacancies, the 
order degree of the crystal lattice, and the morphology of 
the material (Ito 2014; Trifiletti et al.2019; Tseberlidis et al. 
2020, 2021). This band-gap value allows it to exploit virtu-
ally the entire range of visible light to promote electrons 
from the valence band to the conduction band. Thus, highly 
reactive free radicals are generated according to the reaction 
pattern shown in Fig. 1.

Moreover, it consists of naturally abundant elements and 
is therefore easy to produce in large quantities and at low 
cost.

Nanoparticles were synthesized by following the hot-
injection procedure, where a cold solution containing the 
precursors is poured into a hot solution consisting of a sur-
factant and a solvent with a high boiling point. The precur-
sors used were copper acetate hydrate (Cu(CH3COO)2·H2O), 
zinc acetate dihydrate (Zn(CH3COO)2·2H2O), tin chloride 
dihydrate (SnCl2·2H2O), and elemental sulfur. The binder 
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used was oleylamine (Hasan Husien et al. 2025; Khanzada 
et al. 2016).

Precursors and oleylamine were placed in a flask 
equipped with a reflux condenser in an anoxic environment. 
The solution was kept at 150 °C for 1 h and the temperature 
was raised to 200–280° C. A solution of sulfur powder in 
oleylamine, degassed in the anoxic environment for 1 h at 
60 °C, was then rapidly injected into the reaction medium 
and the temperature was kept constant at 280 °C for 30 min, 
after which it was then allowed to cool down to room tem-
perature. Afterwards, the solution was washed with a solu-
tion chloroform/ethanol 1/5 (v/v) and centrifuged at 8000 
rpm for 2 min. The supernatant was removed, and then the 
washing process was repeated several times to remove any 
residual oleylamine. For the characterization of CZTS nan-
oparticles, scanning electron microscopy analyses (SEM) 
using the Tescan VEGA TS5136XM (Brno, Czech Repub-
lic) and transmission electron microscopy (TEM) investiga-
tions using a JEOL JEM-2100PLUS (Tokyo, Japan) with 
an emission voltage of 200 kV were performed. Fig. S1 of 
Supplementary Materials shows the SEM and TEM images 
of synthesized CZTS nanoparticles.

Photodegradation experiments

Four sets of experiments were conducted, i.e., photolysis 
with visible radiation (P Vis), photolysis with ultraviolet and 
visible radiation (P UV–Vis), photocatalysis mediated by 
CZTS nanoparticles with ultraviolet and visible radiation 
(PC UV–Vis), and photocatalysis mediated by CZTS nano-
particles with visible radiation (PC Vis). For the photoca-
talysis experiments, 28 mg of CZTS was weighed in a vial 
and 25.2 mL of milli-Q water was then added. The resulting 
suspension was magnetically stirred for 10 min to disperse 
homogenously the CZTS nanoparticles and, finally, 2.8 mL 
of DCF stock solution (100 mg L−1) was added to operate at 
10 mg L−1 DCF concentration. The vial was finally closed by 
using a rubber stopper with a needle to avoid the accumula-
tion of hydrogen that could be generated inside the vial. The 
vessel was placed at 0.5 m from the xenon lamp and kept 
under stirring for 2 h. Aliquots of 2.5 mL each of independ-
ent solutions were withdrawn at different photodegradation 

times (0, 1, 3, 5, 15, 30, 60, 120 min), indicated as t0 to 
t7 hereinafter. Each aliquot was filtered with a hydrophilic 
0.22 μm PTFE filter (Carlo Erba, Milano, Italy) and kept at 
− 20 °C until UHPLC-MS/MS analysis. Before introducing 
and filling another DCF solution at t0 into the cell, the latter 
was emptied and carefully cleaned. The procedure for the 
photolytic experiments was the same, except for the use of 
the catalyst. For the analysis of the samples resulting from 
each set of photodegradation experiments (from t0 to t7, 32 
samples in total), 10 μL was withdrawn and diluted with 190 
μL of mobile phase (solvent A). Each analysis was repeated 
three times.

Chemical oxygen demand

Chemical oxygen demand was determined according to the 
normative ISO 15705:2002 (ISO 15705:2002 2002).

To understand the extent of the mineralization during the 
three different photodegradation experiments (P UV–Vis, 
PC UV–Vis, and PC Vis), COD determinations were car-
ried out.

The experiments were performed at t0 (before irradiation) 
and t7 (end of degradation) for all three sets of experiments. 
The extent of degradation was calculated as the percent-
age ratio between the difference of COD value (initial COD 
minus final COD value) and initial COD value.

Toxicity assessment

Environmental impact and the toxicity of TPs formed during 
the different irradiation experiments were predicted in silico 
using quantitative structure–activity relationships (QSARs) 
and read-across models using the free available internet 
resources Toxicity Estimation Software Tool (T.E.S.T) (U.S. 
Environmental Protection Agency, 2020) and VEGA soft-
ware (Benfenati et al. 2013).

T.E.S.T. software was used to predict the acute aquatic 
toxicity in fish (LC50-96 h), Daphnia magna (LC50-48 h), 
Tetrahymena pyriformis (IGC50-48 h), and the acute oral 
toxicity in rat (LD50) after using the Simplified Molecular 
Input Line Entry System (SMILES) notation as input and 

Fig. 1   Oxidation and reduction 
reactions undergone by expo-
sure of CZTS to light radiation, 
with the consequent generation 
of radicals
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following the consensus method and relaxing the fragment 
constraint in all cases.

VEGA software was used to predict the mutagenicity 
(consensus method), developmental toxicity, bioaccumula-
tion, ready biodegradability, and persistence in water, soil, 
and sediments, also using the SMILES notation.

Results and discussion

Photodegradation of DCF and UHPLC‑MS/MS 
analysis

DCF degrades very rapidly forming TPs in all irradiation 
experiments (Fig. 2), except for the P Vis experiment where 
no evidence of degradation was found. Table 1 shows the 
removal percentage of DCF from the aqueous solution after 
1, 5, and 120 min of irradiation. The final solutions at 120 
min of all the photodegradation experiments were still sub-
jected to irradiation up to a time of 240 min, and no change 
in the intensities of DCF and its TP formed was highlighted.

It is observed that drug removal after 120 min is more 
than 90% in all three experiments. This percentage is higher 
than most of the common treatments used in sewage treat-
ment plants, which are based on advanced and energy-
consuming oxidation processes (Kodom et al. 2021; Yang 
et al. 2017; Zhu et al. 2024). Furthermore, it is observed 
that irradiation with UV–Vis light causes a higher removal 
rate compared to the use of only Vis radiation. A very high 
removal rate was already observed after 1 min in the PC 
UV–Vis experiments.

To identify potential TPs by UHPLC-MS/MS, MS-Dial 
software was used to make a project for each set of experi-
ments including all the MS/MS data from t1 to t7, using t0 
as a reference for peak alignment. For the reprocessing of 
the acquired data, 0.1 min for the retention time and 0.015 
Da for the m/z were imposed as tolerance parameters for the 
peak alignment. Moreover, to consider a candidate as a TP, 
the ratio of the sample peak area to that of the reference (t0) 
must be greater than 10 times. Then, a chromatographic peak 
list was created including all the possible m/z candidates.

In addition, MS-finder software was used for the charac-
terization of the chemical structures of the identified TPs.

UV–Vis photolysis experiments (P UV–Vis)

In this experiment, five TPs were identified (TP1, TP2, TP3, 
TP4, and TP5), as shown in the chromatogram of Fig. S2 
(Supplementary Material), where the extracted ion chroma-
togram (XIC) of DCF and each TP was plotted, min–max 
scaling the signals to better compare them visually. The 
TP evolution profiles are shown in Fig. S3 (Supplementary 
Material).

TP1 reaches its maximum concentration almost immedi-
ately after DCF is exposed to light, whereas TP2 and TP3 
after 3 min of irradiation, and all remain in solution at the 
end of irradiation (Fig. S3). TP4 reaches its maximum con-
centration at the end of the irradiation experiment, and TP5 
reaches its maximum concentration after only 1 min of DCF 
being irradiated, completely disappearing after 15 min.

UV–Vis photocatalysis experiments

Figure 3 shows the chromatographic peaks of the seven TPs 
identified in this experiment, (TP1, TP6, TP7, TP8, TP9, 
TP10, and TP11), of which TP1 was already identified in 
the P UV–Vis.

The evolution profiles of the TPs identified are shown in 
Fig. S4 (Supplementary Material). TP6, TP8, and TP9 reach 
their maximum concentration after 5 min, TP10 after 3 min, 
and TP11 after 60 min from the start of irradiation, and they 
gradually decrease until completely disappearing at 120 min.
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Fig. 2   Trend of DCF concentration (ng/mL) as a function of degrada-
tion time of PC VIS experiment (blue square), P UV VIS (black trian-
gle) and PC UV VIS (red triangle)

Table 1   Percentage of DCF degradation based on chromatographic 
peak area diminution with respect to t0 (t1 = 5 min, t3 = 5 min, t7 = 
120 min)

Experiment % DCF removal 
at t1

% DCF removal 
at t3

% DCF 
removal 
at t7

P UV–Vis 32.8 87.0 99.6
PC UV–Vis 70.7 87.6 99.0
PC Vis 55.6 74.2 91.1
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Vis photocatalysis experiments

Three TPs were identified (TP1, TP6, and TP12) and shown 
in Fig. S5 (Supplementary Material). TP1 was previously 
identified in the P UV–Vis and PC UV–Vis experiments, 
whereas TP6 was identified in the PC UV–Vis ones.

After 60 min, TP12 reaches its maximum concentration, 
remaining still in the solution at the end of radiation expo-
sure (Fig. S6).

Identification of the TPs

Chemical structure elucidation of TPs was based on the 
interpretation of the high-accurate and high-resolution MS/
MS acquired spectra, considering the molecular formula 
within the average MS accuracy obtained around 10 ppm, the 
relative abundance of the isotopic cluster (tolerance 10%), 
and the number of rings and double bonds (RDBs). All the 
related information are summarized in Table 2. All MS/MS 
spectra of DCF and TPs (from TP1 to TP12) with the iden-
tification of the most abundant m/z signals are reported in 
Figs. S7-S2 (Supplementary Material), respectively.

Overall, in the three irradiation experiments, 12 TPs were 
found and their chemical structures elucidated, two of which 
(TP1 and TP4) have never been reported, to our knowledge, 
in the literature yet.

The proposed structure of TP1 involves the loss of the 
carboxyl group (-COOH) and a rearrangement of the aro-
matic ring leading to the formation of a 7-carbon cycle. On 
the other ring, the attack of OH· leads to the substitution 
of the atoms of chlorine with the hydroxyl group and the 
subsequent formation of a new C-O bond. TP1 has been 
also found in the other two sets of degradation experiments, 
as shown in Fig. S2 and Fig. S5 (Supplementary Material).

TP2 formation is probably due to the cleavage of the 
C-N bond with the formation of a reaction intermediate 
that is subsequently hydroxylated by OH· radicals (Pérez-
Estrada et  al. 2005). However, the bonding position on 
the aromatic ring cannot be precisely determined only by 
mass spectrometry analysis. Nevertheless, it is assumed the 
ortho- and meta-hydroxylation with respect to the aliphatic 
chain, where this structure was verified by MS/MS spectrum 
measurements and NMR spectroscopy studies concerning 
the oxidation of DCF in water using sodium hypochlorite 
(Luongo et al. 2021).

The possible mechanism of TP3 formation involves the 
cleavage of the C-N bond, the hydroxylation (which can 
occur indifferently before or after the cleavage of the C-N 
bond), and the opening of the benzene ring, as reported by 
Salaeh et al. (2016) in a study concerning the removal of 
DCF using TiO2-based zeolite as photocatalyst.

The proposed structure of TP4 is based on the loss of the 
carboxyl group, followed by hydroxylation and cleavage of 
the C–C bond, resulting in the loss of the aromatic ring.

The proposed structure of TP5 involves a loss of a chlo-
ride ion with the formation of 8-chloro-9H-carbazol-1-yl 
acetic acid. The subsequent loss of the carboxyl group leads 
to the formation of the final product (Alharbi et al. 2017; 
Murgolo et al. 2018).

The formation of TP6 is due to an initial DCF hydroxy-
lation on the aromatic ring. The reaction proceeds with the 
loss of a chloride ion and the subsequent cyclization with a 
carbazole formation. Lastly, the loss of the -CO group leads 
to the formation of the final product (Murgolo et al. 2018).

The proposed structure of TP7 was previously found 
in studies focused on the evaluation of the DCF toxico-
logical effects in the environment (Ellepola et al. 2022) 
and the photocatalytic removal of DCF using an Ag3PO4/

Fig. 3   Extracted ion chromato-
gram of DCF (black trace) and 
seven TPs (color traces) formed 
in the UV–Vis photocatalysis 
experiments. The chromato-
graphic peak of each TP was 
selected at the degradation time 
of its maximum intensity. All 
the peak intensities are min–
max scaled
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GCN-impregnated MIL-88 catalyst (Hemkumar et al. 2023), 
a diphenyl catalyst of reduced graphitic carbon nitride (Jin 
et al. 2020), and a g-C3N4 nanotube catalyst (Jiménez-Sal-
cedo et al. 2021). The formation mechanism involves double 
loss of HCl followed by carbazole formation.

The formation mechanism of TP8 involves the loss of 
chlorine from DCF with carbazole formation. The attack of 
a hydroxyl radical leads to the replacement of the other chlo-
rine atom and at last the loss of the carboxylic group and the 
oxidation to form an aldehyde (Wang et al. 2023). TP9 forms 

with the same mechanism as TP8, but with a further loss of 
the hydroxyl group on the aromatic ring (Wu et al. 2018).

The proposed structure of TP10 has been found in 
many studies concerning the removal and degradation of 
DCF in aqueous solutions using different catalysts such 
as hydroxyapatite-TiO2 (Murgolo et al. 2018), TiO2-based 
zeolite (Salaeh et al. 2016), immobilized TiO2 (Di Credico 
et al. 2015), palladium quantum dots (Liu et al. 2022), 
Ag3PO4/GCN-impregnated MIL-88 (Hemkumar et  al. 
2023), defect-modified reduced graphitic carbon nitride 

Table 2.   Elemental composition, accurate m/z, isotopic tolerance, 
retention time, mass error, average error for the tandem mass spec-
trometry (MS/MS) data calculated through the number of the product 

ions identified in ESI+ or ESI- and reported in parenthesis, proposed 
chemical structure of the TP formed and type of irradiation experi-
ment

DCF [M+H]+

[M-H]- C14H11Cl2NO2
296.0248+

294.0098-
2.75+

0.70- 6.32 3.1+

1.3-
25.0

(3+; 5-) Y Y Y

TP1 [M+H]+
C13H9NO2 212.0689 0.6 2.217 7.9 44.0

(4) Y Y Y

TP2 [M+H]+

[M-H]- C8H8O4
169.0480+

167.0310-
1.9+

0.9- 0.742 9.2+

23.5-
56.8

(4+; 4-) Y N N

TP3 [M-H]- C6H6O5 157.0106 2.1 0.861 22.8 50.0
(5) Y N N

TP4 [M+H]+
C7H9NO3 156.0618 1.5 1.150 24.1 32.9

(5) Y N N

TP5 [M-H]- C13H10ClN 214.0431 0.6 6.304 0.8 27.1
(2) Y N N

TP6 [M-H]- C13H10ClNO2 246.0377 3.0 6.377 20.2 34.3
(6) N Y Y

TP7 [M+H]+
C14H11NO2 226.0828 0.7 3.550 15.2 30.3

(5) N Y N

TP8 [M-H]- C13H9NO2 210.0571 3.1 5.070 5.2 37.0
(4) N Y N

TP9 [M-H]- C13H9NO 194.0624 2.4 6.301 6.7 31.3
(4) N Y N

TP10 [M-H]- C14H10ClNO2 258.0348 0.2 6.297 7.8 25.3
(3) N Y N

TP11 [M-H]- C13H11NO 196.0762 2.3 6.655 2.9 44.1
(4) N Y N

TP12 [M+H]+

[M-H]- C8H10O6
203.0526+

201.0365-
223+

1.1- 0.853 12.1+

19.4-
36.3

(4+; 4-) N N Y



	 Environmental Science and Pollution Research

(Jin et al. 2020), g-C3N4 nanotubes (Jiménez-Salcedo et al. 
2021), manganese oxide (Wu et al. 2018), Fe nanoclusters 
anchored to g-C3N4 rods (Li et al. 2022), and ZnO (Meroni 
et al. 2021). The proposed mechanism for the formation of 
TP10 consists of possible photocyclization, with loss of 
HCl and the formation of a carbazole, that turns out to be 
an intermediate for the formation of additional degrada-
tion products derived from the loss of the carboxyl group 
(Alharbi et al. 2017; Jiménez-Salcedo et al. 2021; Wang 
et al. 2023; Wu et al. 2018) to give TP5, or a further loss 
of HCl to form TP7.

As concerns TP11, the formation process is probably due 
to an initial double loss of chlorine followed by the forma-
tion of an intermediate that undergoes decarboxylation and 
hydroxyl radical attack leading to the formation of the final 
product. The structure may undergo other degradation pro-
cesses, such as C-N bond breaking and further radical attack 
to form low molecular weight structures (Boukhatem et al. 
2017; Nguyen et al. 2020).

The proposed chemical structure for TP12 is based on 
an initial attack of DCF by the OH· radical. Subsequently, 
the loss of chlorine and scission of the C-N bond leads to 
the formation of the proposed fragment. The same TP was 
already reported for the degradation of DCF in an aque-
ous solution by a Cold Atmospheric Plasma AOP method 
(Kumar et al. 2023).

Based on the proposed structures and mechanisms 
hypothesized and verified also through literature search, the 
possible pathway of DCF degradation is depicted in Fig. 4.

The COD data confirmed those obtained with UHPLC-
MS/MS analysis. The best degradation extent was obtained 
by PC-UV–Vis with 90.4%, then 85.3% for PC Vis, and at 
last only 23.6% for P UV–Vis, confirming an incomplete 
degradation of TPs formed.

In silico assessment of TP toxicity

Predicted values of toxicity using the Toxicity Estimation 
Software Tool (TEST 2024) and VEGA software (VEGA 
QSAR 2024) are reported in Table 3.

Afterwards, an exploratory analysis of the data was per-
formed using principal component analysis (PCA), whose 
scores and loadings plots for the first two principal compo-
nents (PCs) are reported in Fig. 5a and b, respectively. The 
projection of the predicted values in the orthogonal space 
leads to 63.4% of the total data variance explained in the 
first two PCs and 21.5% in the next two PCs. PC1 highlights 
differences between the samples TP3 and TP12 (positive 
scores), which are characterized by low toxicity values, from 
the samples TP1, TP5, TP6, and DCF (negative scores), 
which are characterized by developmental toxicity and 
bioaccumulation as the most characteristic variables. PC2 

Fig. 4   Overall photodegradation pathway of DCF. The TPs formed in the 3 different experiments are reported: P UV–Vis (green), PC UV–Vis 
(red), and PC Vis (blue)
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mainly highlights the differences in terms of persistence in 
sediments and soil (negative loadings) versus T. pyriformis 
(positive loadings). Indeed, TP1 which has negative scores 
in PC2 has the highest sedimentary and soil persistence pre-
dicted value, whereas TP2 (positive score values in PC2) 
shows the lowest persistence in sediments.

According to the Globally Harmonized System (GHS) 
of classification and labelling of chemicals (United Nations 
2021), DCF, TP1, TP5, TP6, TP7, TP8, TP9, and TP10 are 
predicted as moderately toxic for aquatic environments and 
classified into the Category Acute 1 (96 h LC50 ≤ 1 mg 
L−1), whereas TP11 is classified into the Category Acute 
2 (96 h LC50 > 1 mg L−1 but ≤ 10 mg L−1), and TP2 and 
TP4 classified as Category Acute 3 (96 h LC50 > 10 mg 
L−1 but ≤ 100 mg L−1). TP3 and TP12 are excluded from 
the moderately toxic for aquatic environments classification 
due to values exceeding the threshold. Considering the tox-
icity in rats by oral ingestion, DCF, and TP2 are labelled as 
Category 3 (LD50 > 50 mg kg−1 but ≤ 300 mg kg−1), while 
TP1, TP4, TP5, TP6, TP8, TP9, and TP11 are classified 
as Category 4 (LD50 > 300 mg kg−1 but ≤ 2000 mg kg−1), 
being TP3, TP7, TP10, and TP12 classified as Category 5 
(LD50 < 2000 mg kg−1 but ≤ 5000 mg kg−1). In addition, 
most TPs were predicted as interfering potential for the nor-
mal development of humans or animals, with the exceptions 
of TP3, TP4, and TP12. According to REACH regulation EC 
No 1907/2006, all of them have a low potential for bioac-
cumulation (logBFC < 3.3).

Conclusions

The PC UV–Vis experiments produced the largest number 
of TPs (7 in total). About 70% of these products are carba-
zoles that are formed by photocyclization with loss of the Cl 

atoms and subsequent oxidation. The presence of UV–Vis 
radiation and CZTS nanoparticles seems to proceed with 
the degradation reaction even toward these products whose 
toxicity for aquatic environments is similar to that of DCF, 
while the toxicity by oral ingestion is lower. However, about 
80% of the carbazoles found are formed over time and then 
degrade and disappear after 120 min of irradiation. On the 
contrary, in the PC Vis and P UV–Vis experiments, a low 
percentage of carbazoles (30% and 20%, respectively) were 
formed, while molecules derived from the cleavage of the 
C-N bond are generated which, after the attack of hydroxyl 
radicals, form phenylacetic acid derivatives. These mol-
ecules are less toxic than DCF and derived carbazoles but 
are not completely removed from the solution after 120 min 
in most cases.

Based on the results obtained, the most effective removal 
of DCF occurs in the photocatalysis experiments with 
UV–Vis light, where a mineralization of 90.4% is reached. 
The use of CZTS nanoparticles, therefore, may be a valuable 
catalyst for the removal of DCF and its TPs in water. The 
elucidation of some of the TPs obtained during the irradia-
tion experiments was successfully carried out by following 
a high-resolution MS/MS data analysis approach.

Therefore, the efficacy of CZTS for the removal of DCF 
compared to some commonly used WWTP removal treat-
ments appears to be promising. It has been observed how 
the catalytic activity of CZTS influences the degradation of 
DCF, and this may vary depending on the microscopic treat-
ments after its synthesis or simply on the synthesis method. 
Consequently, further research and development of methods 
that improve the synthesis of CZTS particles by maximiz-
ing their catalytic activity is needed. The applicability of 
CZTS in the environment lies in its non-toxicity, its low 
cost compared to AOP methods, and the abundance of its 
elements. The behavior of nanoparticles in the presence of 

Fig. 5   Principal component analysis (PCA) results of the toxicological and environmental fate endpoints for DCF ant its TPs: a score plot and b 
loading plot of the first two PCs. The variable labels in the loading plot are given in the Table 3
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other micropollutants and in aqueous matrices from filtered 
surface water, where other chemical species, such as inor-
ganic ions and organic molecules, may interact with the cata-
lyst, will need to be further investigated. Finally, considering 
that the concentration of DCF used in the samples analyzed 
is several orders of magnitude higher than that found in the 
environment, the process will have to be optimized for appli-
cations in real conditions in future studies.
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