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A B S T R A C T   

Photodegradation is an essential process for the in-stream elimination of triclosan (TCS). There are still some 
knowledge gaps concerning reaction kinetics, pathways, and transformation products, which are important for 
understanding the environmental fate of TCS. For example, the effects of ionic strength and day-night alternation 
on TCS photodegradation have been barely considered in previous studies. To fill these gaps, this study assesses 
the effect of sulfate ions (SO4

2− ) on the photodegradation of TCS under day-night shifts. Compound-specific 
carbon and chlorine isotope analysis were applied to characterize different bond-cleavage pathways. More-
over, variations in TCS reaction products distribution were analyzed by using Fourier transform ion cyclotron 
resonance mass spectrometry. A numerical model was developed to describe the concentration and stable carbon 
isotopic evolution of TCS under different conditions. Based on the observed experimental data, we show that 
SO4

2− can affect the kinetics and product distribution during the photodegradation of TCS. In particular, sulfate 
ions (100 mM) inhibited the yield of the toxic product, 2,8-dichlorodibenzo-p-dioxin (2,8-DCDD). Furthermore, 
day-night alternations lead to different predominant bond-cleavage pathways depending on sulfate concentra-
tion. By so doing, we propose a realistic framework for the direct photodegradation of TCS in sunlit natural 
surface waters.   

1. Introduction 

Triclosan (TCS) is a high-production volume chemical compound, 
which is used as antimicrobial agent in numerous consumer products. 
Due to extensive use and ineffective removal by wastewater treatment 
processes, TCS is widespread in different aquatic systems including 
river, lake, groundwater, and sea (Liu et al., 2022; Singer et al., 2003; 
Zhao et al., 2010, 2013). Wastewater discharge is a major source ac-
counting for TCS ubiquity in the water environment (García et al., 
2014). Furthermore, TCS has been prioritized among the persistent, 
mobile and toxic (PMT) substances, due to its high risk to the drinking 
water resources (Schulze et al., 2018). According to the European Union 

- Water Framework Directive, environmental standards for TCS are 0.1 
and 0.28 μg L− 1 (annual mean and 95th percentile, respectively; 
Northern Ireland, 2015). Moreover, toxic phototransformation products 
of TCS such as chlorinated phenols and polychlorinated 
dibenzo-p-dioxins (PCDD) are formed during natural photolytic atten-
uation (Buth et al., 2009; Lores et al., 2005; Sola-Gutierrez et al., 2020; 
Wu et al., 2019), and also during remediation processes such as elec-
trochemical oxidation and photocatalysis (Schröder et al., 2020; 
Schroder et al., 2021; Sola-Gutierrez et al., 2018; Xu et al., 2020). In 
order to better characterize TCS phototransformation processes associ-
ated with toxic by-products, the photolytic transformation of TCS in 
water has been investigated in the laboratory by applying different light 
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sources and varying experimental conditions (Bianco et al., 2015; 
Gautam et al., 2014; Lam et al., 2020; Sanchez-Prado et al., 2006; Sol-
a-Gutierrez et al., 2020). Information obtained from these studies is 
essential to advance mechanistic understanding of light-induced trans-
formation pathways of TCS. In particular, the main TCS photo-
degradation pathways are reaction with hydroxyl radicals (•OH), direct 
photolysis, and reaction with organic matter triplet excited states 
(3DOM*). The first two processes would prevail in waters with low 
dissolved organic carbon, the last one in high-DOC waters. Furthermore, 
differently from •OH, direct photolysis and DOM* reaction would pro-
duce PCDD (Bianco et al., 2015). 

Increasing research interests have recently arisen about the in-stream 
attenuation of organic micropollutants (Glaser et al., 2020; Muller et al., 
2020; Schmitt et al., 2021). Among different natural elimination pro-
cesses that take place in water, light-induced degradation is important 
for many trace organic pollutants (Vione and Scozzaro, 2019). In the 
case of TCS, the photo-induced cleavage of different bonds might lead to 
preferential production of different toxic intermediates; therefore, pre-
vious studies have focused on product identification and characteriza-
tion (Apell et al., 2020; Wu et al., 2019). Moreover, compounds specific 
isotope analysis (CSIA) has been increasingly applied as an emerging 
tool to characterize light-induced transformation pathways of different 
organic pollutants including chlorobenzenes (Passeport et al., 2018), 
brominated phenols (Zakon et al., 2013), and polychlorinated bi-
phenyls. In a recent study, carbon CSIA was applied to elucidate the 
main bond-cleavage pathways for TCS under different pH conditions, 
and in presence of dissolved organic matter (Liu et al., 2020a). Different 
extents of carbon isotope fractionation have been reported, which sug-
gests important variations in predominant bond-cleavage pathways. 

The in-stream natural attenuation of organic pollutants from 
wastewater is a reactive transport process (Liu et al., 2020b), which is 
affected by both photolytic and biogeochemical reactions. Alternation of 
day-night conditions may be very important, but it was rarely consid-
ered in previous studies, and its impact on TCS photolytic trans-
formations is still unclear. Furthermore, sulfate ions (SO4

2− ) 
concentrations in freshwaters have increased globally over the last de-
cades, as a consequence of the rising trend of atmospheric sulfur (S) 
depositions into fresh waters across large parts of North America, 
Europe, and Asia (Zak et al., 2021). For instance, in the period from 
1950s to 2010s, sulfate concentration in Lake Taihu in China continu-
ously increased until it reached levels of about 100 mg L− 1, due to 
increasing SO2 emissions caused by coal consumption in this region (Tao 
et al., 2013). The SO4

2− concentrations typically range between 0 and 
630 mg L− 1 in rivers, from 0 to 250 mg L− 1 in lakes, and from 0 to 230 
mg L− 1 in groundwater. Moreover, sulfate is typically present at 2.7 g 
L− 1 concentration in seawater (Zak et al., 2021). Sulfate ions can affect 
terrestrial and freshwater ecosystems, but their impact on the environ-
ment is still poorly characterized. For example, some previous studies 
have shown that sulfate ions can affect the multiphase and heteroge-
neous processes of organic pollutants in cloud water, and in aerosol 
deliquescent particles (Loisel et al., 2021; Mekic and Gligorovski, 2021; 
Mekic et al., 2020; Wang et al., 2021a). Here, for the first time to our 
knowledge, we evaluated the effect of sulfate ions on TCS photochemical 
degradation, relevant to freshwater and seawater. In fact, the main goal 
of our study is to evaluate the impacts of day-night alternation and 
sulfate ions on TCS photodegradation kinetics and pathways. Specif-
ically, we conducted laboratory experiments by altering the light irra-
diance to simulate natural sunlight shifts. The FT-ICRMS and carbon 
CSIA techniques were applied as useful tools, to probe comprehensive 
composition of organic photoproducts, as well as bond-cleavage reac-
tion pathways. We aim to better understand the impact of day-night 
shifts and sulfate ions on (i) the kinetics of TCS photochemical degra-
dation, (ii) the prevailing bond-cleavage pathways, and (iii) the trans-
formation products distribution. 

2. Experimental section 

2.1. Chemicals and solvents 

Triclosan (TCS, > 99.8%) and hexamethylbenzene (HMB, > 99.8%) 
standards were purchased from Sigma-Aldrich (Germany). Sodium sul-
fate was purchased from Aladdin (China). Methanol (>99.8%, Merck, 
Germany), isooctane (>99.8% Aladdin, China) and ethyl acetate 
(>99.8%, Aladdin, China) were all of HPLC grade. Ultrapure water 
(18.2 MΩ cm, Sartorius, Germany) was used to prepare aqueous solu-
tions. Standard stock solution (10 g L− 1) of TCS was prepared in meth-
anol, and stored at 4 ◦C in the dark. This procedure is enabled by the fact 
that previous studies have shown that the direct photolysis of TCS does 
not involve •OH radicals (Kliegman et al., 2013), which would be 
scavenged by methanol. The stock solution was diluted 1000 times with 
water for the irradiation experiments. 

2.2. Experimental setup 

The experimental setup used to simulate solar transformation of TCS 
mainly includes a light source and a glass reactor. Specifically, the 
experimental light source uses a high-pressure xenon lamp (500 W) 
equipped with a filter (300–700 nm), to generate UV-VIS radiation that 
is very close to natural sunlight (Liu et al., 2020a). The photoreactor is a 
double-layered borosilicate glass chamber. The outer chamber of the 
glass reactor was filled and circulated with water at a constant tem-
perature (292.15 K), and a magnetic stirrer with rotor was used to ho-
mogenize the solution. 

A 10 mg L− 1 aqueous solution of TCS was irradiated for 10.5 h, to 
simulate the daytime period of the winter solstice in Guangzhou in 2020. 
To simulate the night period, the reactor was wrapped in aluminum foil 
and placed in the dark at 19 ◦C for 13.5 h. The irradiation was applied 
again on the second day for 10.5 h, and then the reactor was kept in the 
dark for 13.5 h. The total experimental time was 48 h. The pH of the 
irradiated solutions was fixed at 8, with sodium dihydrogen phosphate 
as the buffer. In these conditions, the protonated and deprotonated 
forms of TCS have comparable concentration, but the direct photolysis 
process largely involves deprotonated TCS (see Fig. S1 in the Supple-
mentary Material, hereinafter SM). Aqueous samples were taken at 
different time intervals, and were immediately stored at 4 ◦C for sub-
sequent sample treatment and analysis. In order to evaluate the effect of 
sulfate ions on the photodegradation of TCS, the sulfate concentrations 
in this study varied between 1.2 mM and 100 mM. 

2.3. Analytical approach 

2.3.1. Sample preparation and extraction 
The detailed sample extraction procedures have been described in 

our previous study (Liu et al., 2020a). Briefly, water samples were first 
added with concentrated sulfuric acid to obtain protonated TCS. Sam-
ples were then extracted three times using 3 mL of ethyl acetate. The 
collected ethyl acetate fractions were evaporated and dissolved with 
isooctane. Prior to instrumental analysis, hexamethylbenzene (HMB) 
was added as an internal standard. 

2.3.2. TCS concentration determination 
The quantitative analysis of TCS in solution was carried out with gas 

chromatography mass spectrometry (GC-MS, QP2020NX; Shimadzu, 
Kyoto, Japan), which was operated in selected ion monitoring (SIM) 
mode. Gas chromatographic separation was conducted using a DB-5MS 
capillary column (30 m × 0.25 mm × 0.25 mm; Agilent, Santa Clara, 
USA). A volume of 1 mL treated sample (isooctane) was injected in 
splitless mode. Helium was used as the carrier gas, with a constant flow 
rate of 1.2 mL min− 1. 
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2.3.3. Product analysis by FT-ICRMS 
Transformation products during photodegradation of TCS have been 

assessed by Fourier transform ion cyclotron resonance mass spectrom-
etry (FT-ICRMS), which is the state-of-the-art instrument that has suf-
ficient mass resolution to separate and precisely assign elemental 
compositions for organic compounds. Therefore, it provides qualitative 
information about molecular composition of samples. A key advantage 
of FT-ICR MS is that it does not need preliminary separation by liquid 
chromatography in order to simplify the system, thereby ensuring 
comprehensive identification of ionizable intermediates (in the case of 
LC-MS, many of them might be lost because they are not properly eluted 
by LC). 

Aqueous samples were collected at scheduled time intervals during 
photolytic transformation of TCS, and immediately analyzed by using a 
solariX XR FT-ICR MS (Bruker Daltonik GmbH, Bremen, Germany), with 
a refrigerated, 9.4 T actively shielded superconducting magnet (Bruker 
Biospin, Wissembourg, France), and a Paracell analyzer cell. The sam-
ples were ionized by an electrospray ionization (ESI) ion source (Bruker 
Daltonik GmbH, Bremen, Germany). 

The most probable formulas for the detected ions were estimated by 
software, using a mass tolerance of ±1 ppm. The maximum number of 
atoms was set as follows: 30 12C, 60 1H, 20 16O, 3 14N, 1 32S, 1 13C, 1 18O, 
and 1 34S. The aromaticity equivalent (Xc) equation (Eq-1) (Yassine 
et al., 2014) was applied to improve the identification and character-
ization of aromatic and polyaromatic compounds that contain C, H, O, 
and N atoms. 

Xc =
2C + N − H − 2mO − 2nS

DBE − mO − nS
+ 1 (Eq-1)  

where m and n represent the fractions of, respectively, oxygen and sulfur 
atoms that are involved in the π-bonds of a molecular structure. The 
values of m and n were set to 0.5, because the negative mode of ESI is 
most sensitive to compounds that contain carboxylic functional groups. 
Threshold values of Xc between 2.5 and 2.7 (2.5 ≤ Xc < 2.7), and equal 
to or higher than 2.7 (Xc ≥ 2.7) were chosen as minimum criteria for the 
respective presence of aromatics or multicore aromatic (polyaromatic) 
compounds (e.g., TCS dimers) in the identified ions (Yassine et al., 
2014). 

2.3.4. Compound specific isotope analysis 
Stable carbon isotope analysis was performed using a gas chro-

matograph, connected to an isotope ratio mass spectrometer via GC- 
IsoLink (GC-IRMS, Thermo Fisher Scientific, USA), and equipped with 
a DB-5MS capillary column (30 m × 0.25 mm × 0.25 mm; Agilent, Santa 
Clara, USA). The samples were pre-concentrated, and then injected in 
splitless mode. The inlet temperature was 300 ◦C. The oven temperature 
of the GC was programmed as mentioned above for concentration 
determination. The chlorine isotope ratios of TCS were determined using 
a GC-qMS method, which has been described and validated in our pre-
vious study (Liu et al., 2021). The description of this approach and key 
instrumental parameters is available in SM. 

2.4. Modeling approach 

2.4.1. Reaction kinetic modeling 
A numerical model was developed to simulate TCS concentration 

variation. The transformation process was mathematically described 
with first-order kinetics, by considering continuous day-night shifts: 

d[TCS]
dt

= −
∑n

i=1
rdayi −

∑m

j=1
rnightj (Eq-2)  

rdayi = kdayi ⋅[TCS] (Eq-3)  

rnightj = knightj ⋅[TCS] (Eq-4)  

where r [h− 1] is the reaction rate of TCS during the specific day “i” or 
night “j”, and k [h− 1] is the corresponding first-order rate constant 
during the specific day or night. 

2.4.2. Stable carbon isotope fractionation modeling 
Modeling of carbon isotopic evolution of TCS was conducted by 

using a first-principle based numerical approach, as described and 
applied in previous studies (Buchner et al., 2017; Eckert et al., 2012; Jin 
et al., 2013; Jin and Rolle, 2016). The carbon isotope fractionation 
factor, α, is defined as the ratio between the first-order rate coefficients 
of heavy (H) and light (L) TCS isotopologues: 

αdayi =

Hkdayi
Lkdayi

(Eq-5)  

αnightj =

Hknightj
Lknightj

(Eq-6)  

kdayi=
Lkdayi ⋅

L[TCS]
[TCS]

+ Hkdayi ⋅
H [TCS]
[TCS]

(Eq-7)  

knightj =
Lknightj ⋅

L[TCS]
[TCS]

+ Hknightj ⋅
H [TCS]
[TCS]

(Eq-8)  

where k represents first-order rate coefficients of light or heavy TCS 
isotopologues during the ith day or the jth night. The TCS concentration 
is the sum of the light and heavy TCS isotopologues. 

RTCS =
H [TCS]
L[TCS]

(Eq-9)  

δTCS =
RTCS − RSTD

RSTD
(Eq-10)  

where RTCS (unitless) stands for TCS isotope ratios at different reaction 
time; RSTD is the isotope ratio of the isotopic standard material; δ rep-
resents TCS stable isotope (carbon or chlorine) values in delta notation. 

The reaction rate constant “k” and fractionation factor “α” were 
obtained by searching the best-fit of the experimental data based on a 
trust-region-reflective method for the minimization of the non-linear 
least squares. 

3. Results and discussion 

3.1. Reaction kinetics 

Transformation of TCS under light irradiation was observed in 
aqueous solution in the absence and in the presence of sulfate ions, 
during the period of two days and two nights. The photolysis rate con-
stant of TCS in sulfate-free solution was 8.4 × 10− 6 s− 1 during the first 
day of light irradiation (Fig. 1a, Fig. S3). During the second day, a first 
order rate constant of 1.0 × 10− 5 s− 1 was observed. 

Additional experiments were carried out in the presence of 1.2 and 
100 mM of SO4

2− . The two selected sulfate concentrations represent, 
respectively, the monitored average sulfate level in the Pearl River 
(Southern China) (data not shown), and the level of sulfate that provides 
ionic strength high enough to affect the phototransformation of some 
organic compounds (Buchner et al., 2017; Eckert et al., 2012). Indeed, it 
has been shown that ionic strength may affect the photochemical 
degradation of organic compounds in fresh waters and marine waters 
(Parker et al., 2013). In this study, during the first day of light irradiation 
of TCS in the aqueous phase, a slight increase of the first order rate 
constants was observed in the presence of 1.2 mM SO4

2− (k1st = 9.9 ×
10− 6 s− 1), and in the presence of 100 mM SO4

2− (k1st = 1.1 × 10− 5 s− 1) 
(see Table 1). 

In contrast, during the second day, the first order rate constant of TCS 
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decreased slightly to 9.2 × 10− 6 s− 1 (1.2 mM SO4
2− ), and to 2.9 × 10− 6 

s− 1 (100 mM SO4
2− ) (Fig. 1c, Fig. S3). Similarly, a decrease of the rate 

constant of vanillin was observed at higher ionic strength, when 
adjusted by sulfate ions (Loisel et al., 2021). It has been shown that ionic 
strength affects a reaction, because each ion is surrounded by an 
extended solvation shell that can influence the ionic activities and the 
reaction rates (Herrmann, 2003; Liu et al., 2003). When neutral re-
actants participate in the reaction as it is the case in this study, the 
ionic-strength dependence of the reaction rate is determined by the 
change in the activity coefficients of the neutral reactants (Herrmann, 
2003). Under dark conditions during Day 1 and Day 2, negligible TCS 
degradation was observed. In contrast, at a sulfate concentration of 100 
mM (Fig. 1c), the TCS concentration increased slightly on Night 1, 
indicating a recovery phenomenon. Similarly, a rapid photohydration of 

a potent endocrine-disrupting compound such as trenbolone acetate 
(TBA) was followed by a significant regrowth during the night, under 
conditions representative of surface waters (pH 7, 25 ◦C) (Qu et al., 
2013). In the following sections, the impact of sulfate ions on TCS 
degradation mechanisms under day-night shifts are evaluated and 
discussed. 

3.2. Bond-cleavage pathway and stable isotope effects 

As shown in Fig. 1 (a2-c2), significant carbon isotope fractionation 
occurred during TCS photo transformation, due to preferential cleavage 
of 12C-containing reactive bonds. This means that residual TCS was 
enriched in 13C. Generally, carbon isotope fractionation of TCS on Day 1 
was more significant compared with Day 2. During Day 1, the observed 

Fig. 1. Photodegradation patterns of TCS obtained 
during day-night shifts. Panels a1-d1 represent TCS 
concentration variations (a1) in sulfate-free solution, 
(b1) in the presence of 1.2 mM SO4

2− , (c1) in the 
presence of 100 mM SO4

2− , (d1) is the control exper-
iment, i.e., TCS dissolved in water and always kept in 
the dark at constant temperature (292.15 K). Panels 
a2-d2 show the carbon isotope fractionation of re-
sidual TCS in the corresponding experimental condi-
tions. The symbols represent the observed 
experimental data, and the solid lines are the simu-
lated results by the model. The shaded zones repre-
sent simulated night time.   
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δ13C values varied from − 28.04‰ to − 26.86‰ (no sulfate), − 28.05‰ to 
− 26.69‰ (1.2 mM sulfate), and − 28.08‰ to − 27.10‰ (100 mM sul-
fate). Moreover, sulfate addition resulted in slightly lower carbon 
isotope enrichment factor on Day 1, compared with the sulfate-free 
experiments. In order to further characterize possible bond-cleavage 
processes of TCS at “Day 1” and “Day 2” with different concentrations 
of sulfate ions, we evaluated individual values of apparent kinetic 
isotope effect (AKIE) (see Table 1; the calculation schemes are available 
in SM). For the sulfate-free experiment, the AKIE value for “Day 1” was 
about 1.048, which is quite close to the theoretical carbon kinetic 
isotope effect for C–Cl bond cleavage (i.e. 1.057), derived from Streit-
wieser Semiclassical theory (Elsner, 2005). Therefore, dechlorination 
via C–Cl bond cleavage could be the main TCS transformation pathway 
on Day 1, to produce monochlorinated and/or dichlorinated products in 
agreement with the FT-ICRMS analysis (see Fig. 3a1). However, the 
AKIE values decreased to 1.03 on Day 2, which is more consistent with 
C–H bond cleavage (theoretical value of 1.021) as the main reaction 
mechanism. A previous study suggested that C–H bond cleavage could 
be the possible isotope-sensitive step for TCS polymerization (Liu et al., 
2020a), forming polycyclic aromatic compounds. Indeed, the CHOCl 
compounds formed during “Day 2” are depicted in region II, and they 
correspond to aromatic compounds exhibiting a certain degree of 
unsaturation (see Fig. 3a2 and related discussion, in section “Products 
Identification by FT-ICRMS”). 

The photolytic degradation of TCS upon addition of sulfate ions 
exhibited similar AKIE values in Day 1 at both concentrations (1.032 at 
1.2 mM sulfate, and 1.030 at 100 mM). This finding would be consistent 
with C–H and, possibly, also C–Cl bond cleavage as primary isotope- 
sensitive steps. However, in the presence of 100 mM SO4

2− , the AKIE 
values varied from 1.030 at Day 1–1.046 at Day 2. The latter value could 
be attributed to ether (i.e. C–O) bond cleavage, which would preferen-
tially produce chlorophenols and chlorobenzenes from TCS (see section 
“Products Identification by FT-ICRMS”). However, in the presence of 
1.2 mM SO4

2− , the AKIE value obtained on Day 2 decreased to 1.013, 
which is similar to the value of the sulfate-free experiment, and suggests 
an important role of C–H bond cleavage. 

A possibility to highlight different reaction pathways is given by the 
carbon-chlorine dual isotope plots (Fig. 2). The traces relative to “Day 1” 
and “Day 2” overlap at least partially (i.e., they have the same slope) if 
the same overall pathway is operational in both days, while they are 
distinct (different slopes) if the pathways are different. An examination 
of Fig. 2 suggests that different pathways between Day 1 and Day 2 were 
likely to be operational in the cases of no sulfate (Figs. 2a) and 100 mM 
SO4

2− (Fig. 2c), while the same pathway likely occurred for 1.2 mM SO4
2−

(Fig. 2b). 
Concerning photolytic dechlorination of TCS, sulfate addition could 

stimulate carbon-chlorine bond cleavage, as indicated by the smaller 

dual-isotope slope values compared with the sulfate-free experiment. 
The strongest TCS dechlorination was observed on “Day 2” of the 
experiment at 100 mM sulfate, while the sulfate-free experiment resul-
ted in much lower TCS dechlorination on “Day 2”. These data suggest 
that variation in bond-cleavage reaction pathways is an interplay be-
tween day-night alternation and the levels of sulfate ions. Given that 
different bond-cleavage pathways could lead to different transformation 
products in aqueous solution, the effect of sulfate on TCS photo-
degradation products during “Day 1” and “Day 2” is discussed in the 
following section. 

3.3. Products Identification by FT-ICRMS 

The analysis of the product compounds formed by photodegradation 
of TCS was performed in the absence of sulfate ions, and in the presence 

Table 1 
The determined carbon isotope fractionation factors (εC) and apparent kinetic 
isotope effects (AKIEC) (the calculation schemes are available in SM), based on 
the experimental data.  

Experiment SO4
2−

(mM) 
Time k ×

10− 6 

(s− 1) 

Half-life 
(days) 

εC (‰) AKIEC 

1 0 day 
1 

8.4 0.9 − 3.80 ±
0.01 

1.048 ±
0.0001   

day 
2 

10.2 0.8 − 2.40 ±
0.04 

1.030 ±
0.0005 

2 1.2 day 
1 

9.9 0.8 − 2.60 ±
0.02 

1.032 ±
0.0002   

day 
2 

9.2 0.9 − 1.10 ±
0.06 

1.013 ±
0.0007 

3 100 day 
1 

11.2 0.7 − 2.40 ±
0.03 

1.030 ±
0.0004   

day 
2 

2.9 2.8 − 3.70 ±
0.10 

1.046 ±
0.0012  

Fig. 2. Carbon-chlorine dual isotope plots obtained during TCS photo-
transformation, (a) in sulfate-free solutions, (b) in the presence of 1.2 mM 
sulfate ions, and (c) in the presence of 100 mM sulfate ions. Λ is the line slope. 
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of 1.2 and 100 mM of sulfate ions. Fig. 3 shows typical van Krevelen 
plots in form of H/C versus O/C atom number ratios, which provide an 
average overview of the product characteristics. 

Two regions have been labeled as I and II, referring to, respectively, 
H/C ≥ 1.5 and O/C ≤ 0.5 (I), as well as H/C ≤ 1 and O/C ≤ 0.5 (II). 
Cyclic, saturated, and unsaturated aliphatic compounds are located in 
region I, while the compounds in region II would be aromatic hydro-
carbons with low oxygen content (Wang et al., 2021b). 

In sulfate-free TCS aqueous solution during Day 1 (Fig. 3a1), CHO 
compounds are mainly located in region I, whereas CHOCl compounds 
occur in both region I and region II. During “Day 2” (Fig. 3a2), the CHO 
and CHOCl compounds are separated more clearly in regions I and II, 
respectively. There is no significant change in the number of product 
compounds, between Day 1 and Day 2. In the presence of 1.2 mM of 
sulfate ions, the number of detected product compounds increases 
significantly during both days, compared to the case of sulfate-free 
aqueous solution (Fig. 3b1, b2). This is particularly true in the case of 
CHOCl compounds, the number of which is similar in Day 1 and Day 2, 
and always higher compared to no-sulfate conditions. In contrast, the 
number of CHO compounds does not change much in Day 1 with 1.2 mM 
SO4

2− , compared to no sulfate, but a considerable increase is observed in 
Day 2 (Fig. 3b2). 

The results observed with 100 mM sulfate are very different from 

those with 1.2 mM sulfate. In Day 1, one observes a huge number of CHO 
compounds (Fig. 3c1), which decrease considerably in Day 2 (Fig. 3c2). 
The CHOCl compounds are not very different from the case of no sulfate 
in Day 1, and they are slightly fewer in Day 2. 

Intriguingly, elevated sulfate concentration substantially decreases 
the number of detected product compounds upon prolonged photooxi-
dation. This finding suggests that high loads of sulfate ions may help 
eliminate many products, formed by photodegradation of TCS. For 
example, the concentration of the toxic product 2,8-dichlorodibenzo-p- 
dioxin (2,8-DCDD) decreases substantially, in the presence of 100 mM 
sulfate ions (see Fig. S5). 

The Xc parameters (see Eq-1) (Kourtchev et al., 2016; Wang et al., 
2017; Yassine et al., 2014) were evaluated under different experimental 
conditions, in order to characterize the molecular structures of the 
detected products, and provide potential insights into the reaction 
pathways. Fig. 4 shows the difference in the number of observed CHO 
compounds, between “Day 1” and “Day 2”. In the absence of sulfate ions, 
there was only slight difference between the CHO product compounds 
detected in “Day 1” and “Day 2”. The addition of sulfate ions drastically 
changed the characteristics of the observed CHO compounds. 

In the presence of 1.2 mM SO4
2− , the number of produced CHO 

compounds increased significantly during “Day 2”, compared to “Day 1” 
(Fig. 4b1 and b2). The number of aliphatics, aromatics and, most 

Fig. 3. Van Krevelen plot of the CHO and CHOCl product compounds, formed upon photodegradation of TCS during “Day 1” and “Day 2”, (a) in sulfate-free so-
lutions, (b) in the presence of 1.2 mM SO4

2− , and (c) in the presence of 100 mM SO4
2− . The solid rectangle labeled as “I” contains compounds with H/C ≥ 1.5 and O/C 

≤ 0.5, whereas the dash-dotted rectangle identifies region “II”, which includes compounds with H/C ≤ 1 and O/C ≤ 0.5. 
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notably, condensed aromatic compounds (compounds with more than 
one ring structure, and an oxygenated functional group such as 
carbonyl) increased, indicating that 1.2 mM SO4

2− can facilitate oligo-
merization processes (Loisel et al., 2021; Mekic et al., 2020; Wang et al., 
2021b). When comparing “Day 2” (Fig. 4b2) with “Day 1” (Fig. 4b1), 
one sees an increase of the compounds with low DBE values (DBE ≤5) 
and Xc = 0, i.e., saturated long-chain aliphatic compounds. 

In the presence of higher sulfate concentration (100 mM), the 
number of detected CHO compounds significantly decreased during 
“Day 2”, compared to “Day 1”. In particular, aliphatic compounds with 
Xc＜2.5 were absent in “Day 2” (Fig. 4c(1–2)). Moreover, during “Day 
1”, three compounds with DBE>20 and Xc > 2.7 appeared (unsaturated 
polyaromatic compounds) (Tong et al., 2016), but they were absent in 
“Day2”. The plots depicting the carbon number vs. Xc, for the CHOCl 
products obtained upon photodegradation of TCS in the absence and in 
the presence of sulfate ions, are shown in SM (Fig. S4). These observa-
tions indicate that the concentration of sulfate ions can alter both the 
kinetics of TCS photodegradation, and the distribution of products. 
Interestingly, sulfate has been reported to also affect the kinetics of 
methoxyphenols transformation, and the subsequent product 

distribution (Loisel et al., 2021; Wang et al., 2021b). Here we show that 
a combination of irradiation and SO4

2− could affect both the kinetics, and 
the products distribution of TCS phototransformation. In particular, 
high sulfate levels could inhibit formation of the toxic product 2,8-DCDD 
(see Fig. 5), the formation of which became insignificant with 100 mM 
SO4

2− . 
The formation of 2,8-DCDD requires C–H and C–Cl bond breaking 

(see Scheme S1). In contrast, ether (C–O) bond cleavage would produce 
monoaromatic compounds, and would not yield 2,8-DCDD. As shown in 
Section 3.2, elevated sulfate concentration can enhance C–O cleavage at 
the expense of the other processes, thereby inhibiting the formation of 
2,8-DCDD. The effects of sulfate on C–O cleavage can be easily 
accounted for, if this process is heterolytic (see Scheme S1). In this case, 
the ionic strength associated to 100 mM SO4

2− would facilitate charge 
separation. The alternative pathway (homolytic C–O cleavage) would 
produce a phenoxy radical, which has tendency to dimerize and produce 
multicore aromatics, which is not supported by FT-ICRMS findings. 

Finally, the chlorophenolic compounds detected by FT-ICRMS un-
dergo fast photodegradation at pH 8, involving loss of chlorine (Vione 
et al., 2007), which could account for the small number of 

Fig. 4. Carbon number vs. Xc plot for the CHO products, obtained upon photodegradation of TCS in sulfate-free solution (panel a), in the presence of 1.2 mM sulfate 
(panel b), and in the presence of 100 mM sulfate (panel c). The two columns (a1-c1; a2-c2) represent the CHO products formed during “Day 1” and “Day 2”, 
respectively. The color coding indicates variation of DBE values for individual CHO products. 
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transformation intermediates, and the important degree of dechlorina-
tion found with 100 mM SO4

2− (Fig. 3c2, 4c). As an alternative, some of 
the many CHO compounds initially formed at elevated SO4

2− concen-
tration (Fig. 3c1) might act as photosensitizers (e.g., quinones) (Maurino 
et al., 2011), and induce different TCS phototransformation pathways 
than those leading to 2,8-DCDD. 

4. Conclusion 

Increasing use of TCS as antimicrobial agent in various customer 
products resulted in its ubiquitous presence in natural waters. Photolytic 
transformation is one of the most important processes for the in-stream 
natural attenuation of TCS. However, phototransformation products 
such as 2,8-DCDD are of environmental concern, since they are even 
more persistent and toxic than TCS. Here we show that irradiation and 
SO4

2− could affect the kinetics and the products distribution of TCS 
phototransformation. 

Based on the data obtained from carbon and chlorine CSIA, as well as 
products FT-ICRMS analysis, we found that 100 mM SO4

2− favored ether 
(C–O) bond cleavage of TCS, therefore breaking TCS down into mono-
aromatic compounds. Such a process would inhibit the formation of 2,8- 
DCDD that, on the contrary, requires C–H and C–Cl bond breaking (see 
Scheme S1). If the C–O breaking process is heterolytic, it can be 
enhanced by the ionic strength associated to 100 mM SO4

2− , which fa-
cilitates charge separations. To wrap up, we proposed a realistic 
framework for light-induced natural attenuation of TCS in surface wa-
ters, and therefore improving mechanistic understanding on the corre-
sponding bond-cleavage reaction pathways. Future studies are 
importance to characterize possible impacts induced by different ions in 
water on TCS phototransformation. 
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