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Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol) is commonly used as an antibacterial agent 

in various industrial products and is often detected in wastewater ef�uent. Comparison was made 

for triclosan degradation by photolysis and TiO2 photocatalysis (under UV irradiation (125 W)) 

based on analysis of transformation products, together with ecotoxicity evaluation. The morphology 

of the TiO2 was characterized by X-ray diffractometry (XRD) and �eld emission gun-scanning 

electron microscopy (FEG-SEM). Triclosan quantitation was performed by high performance liquid 

chromatography (HPLC). The optimal condition was obtained using a response surface model and 

desirability pro�le. The initial concentration of triclosan used in all the experiments was 10 mg L-1 

to achieve comprehensive identi�cation of transformation products. The optimal experimental 

condition was 30 mg L-1 TiO2 at pH 10. The photocatalytic system achieved > 99% triclosan 

degradation at 30 min of reaction. The mineralization rates by photolysis and photocatalysis 

were 25 and 90%, respectively. A total of 27 transformation products were identi�ed using liquid 

chromatography quadrupole time of �ight mass spectrometry (QTOF MS), being that 25 were 

new structures, not previously reported in the literature. Ecotoxicity assays demonstrated that 

triclosan and some of the major transformation products did not cause deleterious effects towards 

Lactuca sativa and Daphnia magna after 16 h of treatment.

Keywords: triclosan, photolysis, heterogeneous photocatalysis, transformation products, 

Daphnia magna, Lactuca sativa

Introduction

Triclosan (TCS, 5-chloro-2-(2,4-dichlorophenoxy)

phenol) is an antimicrobial and fungicidal compound that 

is widely used in personal care products, textiles, soaps, 

and �rst aid products. TCS has been found in wastewaters 

and surface waters at concentrations ranging from ng L-1 to 

µg L-1, and has been identi�ed in human milk and urine.1,2 

As an emerging contaminant, the occurrence of TCS in 

ecosystems has attracted considerable attention, due to 

risks to humans and aquatic organisms such as algae, 

invertebrates, and �sh,3 even at trace concentrations.

Conventional wastewater treatment systems (such as 

biological and physical-chemical processes) are unable to 

provide ef�cient degradation and mineralization of TCS. 

Therefore, an alternative is to use advanced oxidation 

processes (AOPs), such as UV/TiO2, which involve a series 

of different mechanisms for the generation of powerful 

reactive oxygen species (ROSs). Under UV light, these 

species are able to oxidize contaminants into small organic 

molecules by means of photo-oxidation of H2O/HO− by 

holes (h+) of the semiconductor valence band (VB), as well 
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as by photo-reduction of H2O2 or O2 by electrons (e−) of the 

semiconductor conduction band (CB).4,5

There have been many studies focused on the 

photocatalytic degradation of emerging contaminants 

such as TCS. However, few of them have investigated 

the transformation products (TPs) generated during the 

processes or have attempted to elucidate their persistence 

and toxicity. In particular, dioxins and chlorophenols 

may be associated with the TCS presence in different 

water matrices. These substances are regulated in 

many countries,1,6,7 which emphasize the importance of 

identifying possible TPs with structural groups that are the 

same as, or similar to, those of such compounds.

The use of chromatographic techniques coupled 

with high resolution mass spectrometry (HRMS) tools 

can enable the elucidation of potential structures of 

TPs generated during treatment processes, based on the 

information contained in complete spectra. Exact mass 

analysis can assist in identifying TPs that do not have a 

commercial analytical standard available and that have not 

yet been mentioned in the literature. Analyses of unknown 

compounds can be performed that allow subsequent 

retrospective evaluation of the data, at any time, without 

the need of further analysis. Hence, the identi�cation 

of TPs has been made feasible by time-of-�ight mass 

spectrometry (TOF MS) and quadrupole time-of-�ight 

mass spectrometry (QTOF MS) data analysis for different 

samples and different environmental matrices.8,9

In this study, triclosan was selected as the target 

micropollutant for evaluation of degradation and 

mineralization by photolysis and by heterogeneous 

photocatalysis using UV/TiO2. The TPs generated during 

the two processes were identi�ed by liquid chromatography-

hybrid quadrupole time-of-flight mass spectrometry 

(LC-QTOF MS) and the degradation steps were proposed. 

The toxicities of triclosan and the irradiated samples were 

evaluated using Daphnia magna and Lactuca sativa seeds.

Experimental

Chemicals

All chemicals and reagents used in this work were 

analytical grade. For the experimental design and 

optimization of parameters, a triclosan (Merck, Frankfurt, 

Germany) stock solution (100 mg L-1) was prepared 

by dissolving a suitable amount in acetonitrile:water 

(70:30 v v-1) to improve the solubility of TCS in different pH 

range. However, the working solution for all experiments 

under optimal conditions (basic pH) was prepared by 

directly dissolving the TCS mass in ultrapure water 

(Milli-Q® system) since triclosan is easily soluble in 

alkaline solutions. 

TiO2 (100% anatase, particle size ≥ 250 nm, band gap 

of 3.22 eV) was obtained from Quimex (Uberaba, Brazil). 

Acetonitrile (HPLC grade from Vetec, Rio de Janeiro, 

Brazil) used in the chromatographic analysis was from 

Vetec (Goiânia, Brazil). Sodium hydroxide (Neon, Suzano, 

Brazil) and sulfuric acid (Química Moderna, Barueri, 

Brazil) were used for pH adjustments. 

Analysis and instrumentation

The morphology of TiO2 was characterized by 

X-ray diffractometry (Model Ultima IX, Rigaku, Tokyo, 

Japan). Field emission gun-scanning electron microscopy 

(FEG-SEM) analyses were performed using a Mira 3 

instrument (TESCAN, Brun, Republic of Czech). 

The TCS quantitation was performed by high 

performance liquid chromatography (HPLC), using a 

YL Clarity 9100 instrument (Anyangcheondon, Republic 

of Korea). The calibration range was from 0.1 to 

10.00 mg L-1 (the upper value is the maximum solubility 

of TCS at 25 °C). The HPLC system was equipped with 

a reversed phase Shimadzu VP-ODS (Kyoto, Japan) C18 

column (250  ×  4.6  mm, 5 µm). The mobile phase was 

acetonitrile:water (70:30 v v-1), at a �ow rate of 1 mL min-1, 

and the detector wavelength was 280 nm. These conditions 

resulted in a linear response, with R2 (correlation coef�cient) 

of 0.99, limits of detection (LOD) and quanti�cation (LOQ) 

of 0.1 and 1.0 mg L-1, respectively, and relative standard 

deviation (RSD) of 4.2%.

Dissolved organic carbon (DOC) was determined using 

a Shimadzu TOC-L CSH analyzer (Kyoto, Japan) with a 

working range from 0.1 to 50 mg L-1. The technique showed 

a linear response with R2 of 0.999, LOD of 0.1 mg L-1, LOQ 

of 0.5 mg L-1, and RSD of 2.0%.

The TPs produced during the photolysis and 

photocatalysis processes were monitored using a Shimadzu 

Nexera X2 UHPLC (Kyoto, Japan) system connected to 

an Impact II QTOF mass spectrometer (Bruker-Daltonics, 

Machassachusets, USA). The UHPLC system was equipped 

with a Phenomenex reversed phase Luna® Omega C18 

analytical column (2.1 × 50 mm, 1.6 μm) maintained 

at 35  °C. The mobile phase was a mixture of methanol 

acidi�ed with 0.1% (v v-1) formic acid (eluent A) and 

H2O acidi�ed with 0.1% (v v-1) formic acid (eluent B). 

The elution gradient started at 10% (v v-1) of eluent A, 

maintained for 2 min, followed by an increase during 8 min 

to 90% (v v-1) eluent A, maintained for 1 min, and a linear 

decrease during 4 min to 10% (v v-1) eluent A, maintained 

for 5 min. The �ow rate was 0.28 mL min-1 and the injection 
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volume was 10 μL. The QTOF MS was operated in negative 

ionization mode, under the following conditions: end plate 

offset of 500 V, capillary at 2,500 V, nebulizer at 3 bar 

(N2), drying gas at 9.0 L min-1 (N2), and gas temperature of 

200 °C. Broadband collision-induced dissociation (bbCID) 

mode was used to provide simultaneous MS and MS/MS 

spectra. All the MS information was recorded over the 

m/z range 55-1000, using a scan rate of 2 Hz. The bbCID 

mode allowed the operation with two different collision 

energies: low collision energy of 10 eV and high collision 

energy of 20 eV (to obtain the MS/MS spectra). External 

calibration of QTOF MS with a sodium formate solution 

was performed before each injection. Data treatment was 

performed with Data Analysis 4.2 software. The mass 

measurement error was < 5 ppm, and the theoretical and 

measured isotopic patterns were compared for better 

identi�cation of the TCS transformation products.

Photolytic and photocatalytic experiments

The degradation and mineralization assays employed 

an initial TCS concentration of 10.0 mg L-1, prepared in 

ultrapure water. Although this concentration was higher 

than found in the environment, its use enabled identi�cation 

of TPs without the need of extraction procedures (such 

as solid phase extraction (SPE)), as well as evaluation of 

the mineralization capacity of the system by total organic 

carbon (TOC) analysis.

The experiments were performed in a conventional glass 

reactor (250 mL), at a constant temperature of 25 °C and 

with pH adjustment. A high-pressure mercury lamp (125 W, 

UV irradiation from 180 to 400 nm) was inserted into the 

solution, using a quartz jacket, and a magnetic stirrer was 

used to disperse the catalyst (Figure S1 in the Supplementary 

Information (SI) section). For the photocatalysis experiments, 

TiO2 in suspension was added to the reactor. The photolysis 

experiments were performed without the use of TiO2. 

The TCS percentage removal was used as the response, 

calculated according to equation 1:7

 (1)

where, CTCS is the TCS concentration at a given time and 

CTCS0 is the initial TCS concentration.

The optimal condition was obtained using a response 

surface model and desirability pro�le, employing Statistica 

version 7.010 software (StatSoft® Inc., USA).

Ecotoxicity assays

For the ecotoxicity evaluation, samples were collected at 

different times (0, 5, 10, 30, 60, 120, 240, 360, 480, 960, and 

1,440 min), in clean glass �asks. The samples were �ltered 

through a 0.45 µm membrane to remove TiO2 and pH value 

was adjusted to 6-7, when necessary. Two bioassays were 

selected, employing Lactuca sativa seeds (phytotoxicity test) 

and Daphnia magna (acute ecotoxicity test). 

The phytotoxicity tests based on seed germination and 

root elongation were conducted according to standardized 

protocols,11,12 in Petri dishes lined with �lter paper, using 

15 seeds of Lactuca sativa (Boston White variety) and 

4 mL of the sample. Glyphosate solution (6% v v-1) and 

ultrapure water were used as positive and negative controls, 

respectively. The assays were performed in triplicate, with 

incubation of the seeds for 120 h at 22 ± 2 °C, in the dark. 

At the end of the test, the number of germinated seeds 

and the root elongation data were used to calculate the 

germination index (GI)13 and the relative growth index 

(RGI), respectively.11,13 Statistical evaluation of the data was 

performed with BioEstat 5.3 software.14 The data normality 

was confirmed using the Kolmogorov-Smirnov test, 

followed by application of one-way analysis of variance 

(ANOVA) and the Dunnet test (p < 0.01).

The acute toxicity assays employing D. magna were 

performed according to the methodology described in 

NBR 12713.15 Ten neonates (6-24 h) were used for each 

of three replicates. The samples were diluted in culture 

medium, as required, to give concentrations of 100, 50, 

25, 12.5, and 6.25% (v v-1). The negative control was the 

standard medium and the positive control was potassium 

chloride (Vetec, Goiânia, Brazil). All the tests were 

performed at 20 ± 2 °C. After exposure for 48 h, the number 

of immobile organisms was recorded. The results were 

expressed in terms of toxic units (TU), de�ned as 100/EC50  

(50% effective concentration). The EC50 value was 

calculated using the Probit method.

Results and Discussion

Experimental design and optimization of parameters

The TCS photocatalytic degradation was performed 

using TiO2 (P25 Degussa) as catalyst, selected based on 

previous results reported in the literature.16 A 22 factorial 

design with 2 levels and one central point was used to 

obtain the most appropriate experimental conditions, with 

evaluation of the relationship between the studied variables. 

The response of experimental design was reported as the 

percentage of TCS removal. The independent variables 

were the catalyst concentration and pH value. Table 1 shows 

the variation of the response under different experimental 

conditions, from which it can be seen that the TCS 
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degradation percentage increased with pH value increase 

and TiO2 concentration decrease.

The highest degradation rate was obtained in assay 2 

(85.2%). As shown in the Pareto chart of the effects 

(Figure  S2, SI section), the interaction between the 

variables (pH and catalyst) was statistically important 

for the treatment. The Pareto chart also shows that the 

catalyst and the pH value had an antagonist effect, 

confirming the results shown in the response surface 

(Figure 1a) and the desirability pro�le (Figure 1b). The 

obtained model was able to explain more than 85% of the 

data variance. The desirability pro�le, ranging from 0.0 

(undesirable) to 1.0 (very desirable), provided an indication 

of the best experimental conditions in the explored range, 

with a desirability value of 1.0 for pH 10 and catalyst 

concentration of 30 mg L-1. By applying regression analysis 

to the experimental data, the results could be described by 

equation 2:

TCS removal (%) = 57.4938 + 2.0333 X1 – 0.0786 X2 (2)

In order to verify the accuracy of the model developed 

(equation 2), the predicted value (75.5%) was compared 

with the experimental value (85.2%); the experimental 

value was greater than the theoretical value to show the 

optimization. Then, the predicted model agrees with the 

experimental data. Therefore, this condition was selected 

in the subsequent experiments.

According to the results, an alkaline medium was most 

favorable for the TCS degradation using UV/TiO2. The pH 

effect on the surface charge of the catalyst depends on the 

point of zero charge (pzc is the pH at which the surface is 

neutral). The pzc value of TiO2 is at around pH 6.5,17 so the 

semiconductor charge varies with pH (equations 3 and 4):18

At pH < pzc: TiOH + H+ → TiOH2
+  (3)

At pH > pzc: TiOH + OH– → TiO– + H2O (4)

Therefore, the TiO2 surface is negatively charged under 

alkaline conditions (pH > 6.5). Furthermore, TCS can be 

transformed into the triclosan anion at basic pH (pH > 7.7) 

since the pKa value of triclosan is 7.68.19 Therefore, under 

the experimental conditions (pH 10), the adsorption of TCS 

on TiO2 was less effective due to the repulsive force acting 

between TCS and the TiO2 catalyst. 

The photocatalytic reaction starts with the absorption of 

photons with energy equal to or higher than the band gap 

of the semiconductor, producing electron-hole (e−/h+) pairs 

(equation 5). The valence band is highly oxidizing, while 

the conduction band is highly reducing.16 In photocatalysis, 

pH can also affect the reaction of reactive oxygen species 

(ROS) from H2O/HO− and TiO2. ROS including HO•, H2O2, 

O2
•−, and 1O2 may be generated by the oxidation of H2O. On 

the other hand, the reduction of O2 generates O2
•−, HO•, and 

H2O2.
20 At pH < 9.9, the reduction potential of O2

•− is more 

positive than that of H2O2 (E
0 (O2

•−, 2H+/H2O2) = +1.72 > E0  

(H2O2, H
+/HO•) = +1.14). Consequently, the reduction of O2

•− 

to H2O2 (equation 6) is thermodynamically more favorable 

than the reduction of H2O2 to HO•. In solution, the oxidation 

of H2O2 with a photoinduced valence band hole (h+) produces 

O2
•− (equation 7), and since H2O2 is also a stable intermediate 

in the reduction of O2 to H2O, one-step reduction of H2O2 may 

generate the HO• radical (equation 8), or the O2
•− produced 

could also react with H2O2 (equation 9). In addition, surface 

complexes of H2O2-TiO2 are formed, extending the photo-

response of TiO2 and resulting in electron transfer from 

surface complexes to the conduction band of TiO2.
21 The 

ROS generated in the photocatalysis lead to the degradation 

and mineralization of TCS.
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where 
CB

e
�

 and 
vb

h
�

 are electron and hole trapping states 

near the conduction band bottom and valance band top of 

TiO2, respectively.

Additionally, the use of high dosages of TiO2 catalyst can 

result in the particles preventing penetration of UV radiation, 

with increased light scattering, while phenomena such as 

particle agglomeration (particle-particle interactions) can 

decrease the surface area of the catalyst.22-25

Degradation, mineralization, and kinetic studies

Degradation and mineralization assays were performed 

under the best conditions for TCS degradation predicted 

from the factorial design procedure (10 mg L-1 TCS, 

30  mg  L-1 TiO2, and pH 10). The performances of the 

adsorption, photolysis, and photocatalysis processes were 

Table 1. Factorial design matrix with two independent variables (coded 

and experimental values) and the responses for a 10 min reaction time

Assay
Coded variable Experimental variable Response / % 

(TCS removal)X1 X2 pH TiO2 / (mg L-1)

1 −1 −1 4.0 30.0 56.1

2 +1 −1 10.0 30.0 85.2

3 −1 +1 4.0 100.0 67.5

4 +1 +1 10.0 100.0 62.8

5 0 0 7.0 65.0 61.5
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monitored using the TCS concentration decrease. The 

results are shown in Figure 2a. 

The photocatalysis process resulted in almost 60% 

TCS removal after 6 min of irradiation, compared to 31% 

removal by photolysis, demonstrating the strong effect of 

TiO2 on TCS removal. The degradation observed using 

photolysis could be attributed to TCS deprotonation since 

higher photodegradation rates result from higher quantum 

yields  (Φ) obtained due to greater light absorption by 

anionic forms of the contaminant.26 Martínez-Zapata et al.27 

also reported that photolysis increased when the medium 

was more basic because the anionic form (phenolate) 

is more reactive than the neutral form (phenolic). 

Furthermore, degradation and mineralization are in�uenced 

by the TPs generated in each process (further information 

is provided in the next section).

The TCS removal ef�ciency can vary according to 

the operational conditions and parameters such as the 

initial TCS concentration, pH, ions, humic acids, and 

TiO2 dosage.28 Nonetheless, similar results have been 

reported previously with photocatalysis using TiO2 being 

signi�cantly more effective than photolysis. Son et al.16 

studied TCS degradation by photolysis and photocatalysis, 

using a mercury UV-A lamp and TiO2 (P-25, 100 mg L-1), 

and also observed a signi�cant in�uence of TiO2 on the 

removal of TCS. On the other hand, Iovino et al.28 found that 

direct photolysis of TCS (at concentrations between 15.5 

and 61.8 µM) was more effective for anionic TCS species 

than for the molecular form, with TCS removals of 99 and 

95% at pH 10 and 6, respectively, using an irradiation time 

shorter than 30 min.

In order to compare the obtained results, the reaction 

orders and the half-life times were determined. These 

parameters provide important information and can assist 

in evaluating the advantages that catalysts can bring 

to the reaction since gains in the degradation rate are 

directly re�ected in shorter half-life times. The Langmuir-

Hinshelwood kinetic model is commonly used to describe 

the kinetics of heterogeneous photocatalysis processes, 

considering the relationship between the degradation rate 

(Rd
2) and the concentration (C) of a pollutant in water, 

according to the reaction time.29,30 When the adsorption in a 

Figure 1. (a) Response surface plot (3D) and (b) pro�les for predicted values and desirability.

Figure 2. (a) TCS removal and (b) TCS mineralization by adsorption (), photolysis (), and photocatalysis (). Reaction conditions: [TCS]0 = 10.0 mg L-1, 

TiO2 = 30.0 mg L-1, and pH 10. 
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photocatalytic process is relatively weak and/or the reactant 

concentration is low, the kinetics of the degradation process 

can be simpli�ed to the pseudo-�rst order model, with an 

apparent �rst order rate constant, kapp.
31

For the heterogeneous photocatalysis process, the TCS 

degradation kinetics assays revealed a linear relationship 

between ln(C0/C) and irradiation time, showing that this 

process followed the Langmuir-Hinshelwood model. For 

photolysis, the �rst order kinetic model provided a good �t 

to the data, indicating that the photodegradation had a linear 

dependence on only the TCS concentration. The correlation 

coef�cients (R2), rate constants (kapp), and half-life times 

(t1/2) for the photocatalysis and photolysis processes are 

shown in Table 2. 

The kapp values for photocatalysis and photolysis were 

0.6208 and 0.0800 min-1, respectively. Comparison of the 

t1/2 values con�rmed that the TCS degradation was faster 

for the photocatalysis process than for photolysis. Although 

photolysis provided signi�cant TCS removal at basic pH, 

the rate constant and t1/2 values indicated that TCS was 

mainly degraded by the heterogeneous reactions.

Mineralization is de�ned as the quantitative conversion 

of organic compounds to stable inorganic substances 

such as water, carbon dioxide, and inorganic anions.2 UV 

irradiation can break bonds in organic compounds by direct 

photolysis, in which photons degrade chemicals, or by 

indirect reactions involving several oxidative and reductive 

species (h+, e−, HO•, O2
−•, HO2

•, H2O2, and 1O2) generated 

in UV/TiO2 photocatalysis.32 These species can react with 

organic contaminants.32

DOC analysis was used to determine the mineralization 

degrees achieved in the photocatalysis and photolysis 

processes. The results (Figure 2b) showed that the TCS 

degradation performance was almost the same for the 

two processes, while the rates of mineralization differed 

signi�cantly. The TiO2 presence had a positive effect on the 

mineralization rate, with over 90% mineralization achieved in 

900 min, while mineralization lower than 50% was obtained 

using photolysis alone. The photolysis reaction could be 

satisfactorily �tted using the apparent �rst order model, with 

a half-life time of 8.66 min, while the photocatalysis process 

was �tted using the apparent pseudo-�rst order model, with 

a half-life time of 1.12 min (Table 2). 

The Langmuir-Hinshelwood kinetic model was used 

to describe the mineralization in the photocatalysis 

process, but the �t was poorer than for the mineralization 

by photolysis, indicating that the behavior of TCS 

mineralization by photocatalysis did not obey this type of 

kinetic model. 

Chan and Chu33 proposed a kinetic model to describe a 

process with a high degradation rate in the �rst few minutes 

of reaction, followed by slow degradation up to the end 

of the treatment. The following mathematical model was 

used to simulate the kinetics of the reaction (equation 10):

 (10)

where, C is the TCS concentration remaining in the system 

after a reaction time t (min), C0 is the initial concentration, 

and the parameters ρ (min) and σ are characteristic 

constants related to the reaction kinetics and the degradation 

capacity, respectively. Therefore, a higher value of 1/ρ 

indicates a faster initial TCS degradation rate. When t is 

high and approaches in�nity, the reciprocal of the constant 

σ is the theoretical maximum TCS removal fraction. The 

corresponding regression resulted in a high R2 value of 0.99 

(Table 2), indicating that the TCS mineralization behavior 

was satisfactorily described by the proposed model.

However, it is important to note that high TCS 

concentrations were used for determination of the TPs, 

which would have affected the removal percentages 

and, consequently, the kinetic data.34 Studies with lower 

concentrations (close to those found in real matrices) would 

be expected to �nd kinetic parameter values different to 

those obtained here.

Transformation products

A total of 27 TPs were identi�ed in the photocatalysis 

and photolysis processes (Tables S1 and S2, in the SI 

Table 2. Kinetic data for transformation product (TP) degradation and mineralization

Process Study Reaction order R2 kapp / min-1 t1/2 / min-1

Photolysis degradation �rst order 0.98 0.0800 8.66

Photocatalysis degradation pseudo-�rst order 0.95 0.6208 1.12

Photolysis mineralization pseudo-�rst order 0.98 4.587 × 10-4 1.51 × 103

Photocatalysis mineralization
mathematical model by 

Chan and Chu33
0.99

ρ-1 = 0.37 min-1

σ = 1.14

kapp: �rst order rate constant; t1/2: .half-life time; R2: correlation coef�cient; ρ: characteristic constant related to the reaction kinetics; σ: characteristic 

constant related to degradation capacity.
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section). The elemental compositions, theoretical and 

experimental ion masses, errors (below 5 ppm in most 

cases), and double bond equivalents (DBEs) of the TPs 

were provided by the software.

In the photocatalysis process, there was identi�cation 

of the following: �ve isomers of C18H9Cl2O5 (m/z 374.9833; 

TPs 1-5), C12H7Cl2O2 (m/z 252.9829; TP 6), C24H11Cl4O5 

(m/z  518.936; TP 7), two isomers of C24H12C l5O4 

(m/z  538.9184; TPs 8-9), two isomers of C24H11Cl4O6 

(m/z 534.9315; TPs 10-11), C12H8ClO2 (m/z 219.0218; TP 12), 

C12H5Cl2O4 (m/z 282.957; TP 13), C12H6ClO4 (m/z 248.996; 

TP 14), two isomers of C7H4ClO3 (m/z  170.9854; TPs 

15-16), C12H8ClO3 (m/z  235.0167; TP 17), C14H7Cl2O6 

(m/z  340.9625; TP 18), C12H8ClO4 (m/z  251.0117; 

TP 19), C12H8ClO5 (m/z  267.0066; TP 20), C6H4ClO2 

(m/z 142.9905; TP 21), C14H8ClO6 (m/z 307.0015; TP 22), 

C12H7O4 (m/z 215.035; TP 23), C12H9O3 (m/z 201.0557; TP 

25), C18H10ClO14 (m/z 484.9765; TP 26), and C18H12ClO14 

(m/z  486.9921; TP 27). From these TPs, 25 are new 

proposed structures, while TP 6 and TP 21 have already 

been reported in previous studies.25,35

Most of the TPs were identi�ed in both the photolysis and 

photocatalytic processes. The �rst four isomers of C18H9Cl2O5 

(TPs 1-4) were identi�ed in the photolysis process, while 

the �ve isomers (TPs 1-5) were found in the photocatalysis. 

TP 25 (C24H13Cl4O4, m/z 504.9573) was only present in the 

photolysis process. It was possible to elucidate the isomers 

because the compounds presented different chromatographic 

pro�les with characteristic fragments.

The proposed TCS degradation steps (Figure 3) 

were based on the formation of a hydroxylated structure 

from TCS due to electrophilic attack of HO• or another 

ROS on dichlorobenzene or chlorophenol rings, or their 

hydroxylated derivatives, with dechlorination and hydrogen 

abstraction.

The identi�cation of isomer forms (TPs 1-5, 8-9, 10-11, 

and 15-16) was in agreement with the results reported by 

Constantin et al.,25 who identi�ed intermediates present in 

different isomeric forms.

The p-dioxin derivatives, such as TPs 13 and 14, are 

well-known structures produced by abstraction of hydrogen 

from the phenolic moiety by HO–, with subsequent 

cyclization.36 Other structures generated from TCS 

included quinone and hydroquinone compounds (TPs 18, 

20, and 22); these types of structures were reported by 

Zhang and Huang.37 Coupling reactions may also occur 

during TCS oxidation when there is a large excess of phenol 

in the reaction mixture, generating structures such as TP 7 

and TP 25. TPs such as 1-5, 8-9, 10-11, TP 7 and TP 25 

can have hydroxylation substitutions at various positions 

(e.g., meta, para and ortho) with similar fragmentation 

patterns. For these TPs, the structural information from 

the LC-QTOF MS analysis (such as retention times and 

fragmentation patterns) is ill-suited for distinguish the 

structural position of hydroxylation. Thus, in Figure 3 the 

hydroxylation possibilities for these TPs are indicated in 

a general way.

The compound 4-chlorocatechol (TP 21) was reported 

by Constantin et al.25 to be formed during prolonged UV 

irradiation, followed by conversion to carboxylic acids. 

This TP was reported by Wu et al.35 to be a product of 

TCS treatment using zero-valent iron. For this reason, 

TP 21 increased over time during photolysis (Figure 4), 

while in the photocatalysis (Figure 5), it showed an 

increase followed by a slight decrease, possibly due to 

mineralization.38

The greatest amounts of the TPs were generated in 

the �rst 30 min, after which, decreases were generally 

observed. In both processes, TP 6 was more resistant to 

oxidation, compared to the other TPs, as shown by the 

increase of its characteristic peak area in the �rst minutes of 

irradiation (Figures 4 and 5). Furthermore, it was degraded 

during a prolonged UV irradiation time (480 min), with 

decrease of the peak area towards the end of the irradiation 

period. TP 6 was also reported by Constantin et al.25 TPs 

23 and 14 (photolysis) and TPs 15 and 22 (photocatalysis) 

showed persistence at the end of the assay period.

Ecotoxicity assays

Phytotoxicity assays with Lactuca sativa were used, 

because during the �rst days of seedling development there 

are numerous physiological processes. In these process, the 

presence of a toxic substance can interfere in germination 

and normal root development.12 On the other hand, acute 

toxicity in Daphnia magna can indicate toxic effects in 

aquatic ecosystems when treated ef�uents are discharged 

into surface water bodies.39

In the evaluation of phytotoxicity using L. sativa seeds, 

the root elongation values (see the SI section) were used to 

calculate the relative growth index (RGI). The results are 

provided in Table 3. The RGI values were divided into three 

categories, according to the observed effects: (i) inhibition 

of root elongation (0 < RGI < 0.8), (ii) no signi�cant effects 

(0.8 ≤ RGI ≤ 1.2), and (iii) stimulation of root elongation 

(RGI > 1.2).11 Acute toxicity towards Daphnia magna was 

expressed as toxic units (TU) (Table 3), after calculation of 

the EC50 values (Tables S4-S6, in the SI section).

It was observed that before the treatments, the TCS 

solution was toxic towards the two organisms tested. 

This was expected for D. magna, because the initial 

TCS concentration was well above its EC50 value 
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Figure 3. Proposed transformation products (TPs) tentatively identi�ed for the degradation of triclosan using the UV/TiO2 system.

Figure 4. Pro�les of transformation products (TPs) formed during photolysis.

(0.23-0.39 mg L-1).3 For L. sativa, no EC50 data were found 

in the literature. However, studies evaluating the TCS 

effects, among other emerging contaminants, have shown 

phytotoxicity in several plants, at concentrations in the 

mg L-1 range.40 In both the photolysis and photocatalysis 

processes, toxicity was observed after 10 min of reaction, 
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although the effects were lower, compared to those observed 

initially, especially for D. magna. Before treatment, the TU 

value was 12.5, while a decrease to around 2 was observed 

after 10 min of reaction, for both processes. This could 

be attributed to the decrease of the TCS concentration 

(Figure 2), with the appearance of TPs (Figures 4 and 5). 

Higher chromatographic peak areas were associated with 

the greater presence of a particular TP. At 5 and 10 min 

of treatment, the greatest peak area was shown by TP 5, 

which is an isomer of C18H9Cl2O5, as mentioned above. 

After 120 min, acute toxicity was only observed for the 

photolysis process. Despite the higher occurrence of TP 

13 (a p-dioxin derivative) in both processes, the faster 

mineralization rate of the photocatalysis process could 

have contributed to the lower concentrations of the formed 

TPs. At 480 min, the photocatalysis process only showed 

toxicity towards L. sativa, which could have been due to 

the presence of TP 14 (a p-dioxin derivative) and TP 21 

(4-chlorocatechol) in this process. The toxicity could not 

be attributed to any single TP since each sample was a 

complex mixture of TCS and its TPs. However, some of 

the identi�ed TPs have known toxicity, such as p-dioxins,41 

quinones, and organochlorine compounds.42 After 16 h, the 

toxicity was completely removed in both procedures. The 

observed results were probably associated with the higher 

absorption of the anionic form of TCS (phenolate).

Conclusions

Both photolysis and UV/TiO2 photocatalysis were 

highly effective in degrading TCS. However, a signi�cant 

difference between the two processes was observed for 

TCS mineralization, with photocatalysis being 50% more 

ef�cient than photolysis, at 180 min of reaction, con�rming 

the importance of use of the catalyst. Twenty-seven TPs 

were identi�ed, of which twenty-�ve were new proposed 

TPs with hydroxylated structures, whose formation 

involved dechlorination and hydrogen abstraction from 

TCS. Degradation routes were proposed for the TPs found. 

Similar compounds were formed in both processes, although 

the photocatalysis resulted in fewer compounds remaining in 

the solution. Ecotoxicity assessments showed that triclosan 

and some of the major TPs formed after photolysis and 

photocatalysis had harmful effects in Lactuca sativa and 

Daphnia magna. However, after 16 h of treatment, both 

procedures resulted in the complete removal of toxicity.

Supplementary Information

Supplementary data are available free of charge at  

http://jbcs.sbq.org.br as PDF �le.
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Figure 5. Pro�les of transformation products (TPs) formed during photocatalysis.

Table 3. Phytotoxicity towards Lactuca sativa seeds and acute toxicity 

towards Daphnia magna, using triclosan solution (10.0 mg L-1) submitted 

to the photolysis and heterogeneous photocatalysis processes

time / min
Photolysis Photocatalysis

L. sativa D. magna (TU) L. sativa D. magna (TU)

0 I 12.5 I 12.5

5 I 1.4 I 0

10 NSE 1.9 I 2.1

30 NSE 0 NSE 0

60 NSE 0 NSE 0

120 I 4.3 NSE 0

240 NSE 0 NSE 0

360 NSE 0 NSE 0

480 NSE 0 I 0

16 h NSE 0 NSE 0

TU: toxic unit; I: root growth inhibition; NSE: no signi�cant effect.
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