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Abstract: Polycyclic aromatic hydrocarbons (PAHs) can undergo photochemical reactions in chlorine-
containing environments, generating chlorinated polycyclic aromatic hydrocarbons (ClPAHs). This
phenomenon has been confirmed in aqueous and soil environments, while was previously overlooked
in saline ice. Thus, this study aimed to investigate the photochemical chlorination behavior of
anthracene (ANT) in saline ice. Under photoexcitation, the ground state ANT generates the singlet
state ANT (1ANT*), which is transformed into the triplet state ANT (3ANT*) via intersystem crossing.
Simultaneously, the oxygen receives electrons and further reacts to form the hydroxyl radical (·OH).
The ·OH reacts with chloride ions (Cl−) to produce chlorine radicals (·Cl). The ·Cl then reacts with
3ANT* to form monochloroanthracene (9-ClANT, 2-ClANT). The resulting monochloroanthracene
further reacts with ·Cl to form dichloroanthracene (9,10-Cl2ANT). Lower temperature, higher salinity,
and dissolved organic matter are facilitated to generate ClPAHs, which may show negative impacts
on the ecological environment.

Keywords: anthracene; saline ice; photochemical chlorination; triplet state; chloroanthracene

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of hazardous and noxious sub-
stances [1–3]. Due to the structural stability and resistance to degradation, PAHs are widely
found in the environment [4]. In aquatic environments, the majority of PAHs originate
from human activity emissions [2,5–8]. PAHs can reach remote polar and alpine regions via
runoff and atmospheric transport. Subsequently, these compounds may become entrapped
in ice due to prevailing temperature and other climatic conditions [9,10]. Casal et al. and
Iriarte et al. detected PAHs in samples from Antarctica and investigated the influence of ice
melt on PAHs fluxes [9,11]. PAHs can undergo photochemical reactions in natural environ-
ments, for example, in top water anthracene (ANT) photolysis to form anthraquinone and
anthracenone [12]. In seawater, ANT can react to form chloroanthracenes (ClANTs) [13,14].
Chlorinated polycyclic aromatic hydrocarbons (ClPAHs) are a class of compounds with one
or more chlorines attached to the aromatic rings of the corresponding parent PAHs. Due
to the higher structural stability, biotoxicity, and elevated activity at the aryl hydrocarbon
receptor (AhR), ClPAHs represent a significant risk to biological safety, surpassing that of
their parent PAH compounds [15–17]. In the environment, most ClPAHs originate from
human activities such as tap water disinfection, sewage treatment, and waste incinera-
tion [16,18–20]. However, ClPAHs have also been detected in less traveled areas [21,22].
Jin et al. were able to detect trace amounts of ClPAHs in the atmosphere, soil, and organisms
in regions such as the Tibetan Plateau [21]. This could be attributed to the photochemical
chlorination of PAHs in the natural environment [13,14].

Seawater, being the largest chlorine-containing environment on Earth, plays a signifi-
cant role in the production of ClPAHs under natural conditions [13]. Extensive research
has been conducted on the photochemical transformation of PAHs in seawater environ-
ments [14,23]. Sankoda et al. investigated the photochemical chlorination of PAHs in
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seawater by employing glass beads to simulate beach-like conditions [13,14]. Hu et al.
investigated the photochemical transformation of benzo[a]pyrene (BaP) in brine using a
xenon (Xe) lamp to simulate sunlight. They found that the photochemical transformation
of BaP in brine was mainly induced by its self-sensitization [24]. Chloride ion (Cl−) plays
an important role in the photochemical chlorination of PAHs [25]. The cold polar climate
causes the seawater to freeze into ice. During this process, pollutants in the seawater can be-
come trapped within the ice [11,26,27]. Ice has unique physical and chemical properties and
is an important medium for photochemical reactions, which can affect the photochemical
reactions of pollutants in ice [28]. Keren et al. demonstrated that the phototransformation
of phenanthrene and ANT is faster in ice compared to water. This may be attributed to the
enhanced luminous flux from reflected light on the ice surface [29]. Due to the presence
of different solutes, saline ice and water ice exhibit variations in microstructure and me-
chanical properties among other aspects. These discrepancies lead to the markedly distinct
photochemical behaviors of pollutants embedded in saline ice as opposed to those in water
ice [30–32]. Previous studies have demonstrated that the presence of salt leads to the
formation of more numerous micron-scale channels of liquid brine on the ice surface. The
channels on saline ice surfaces can facilitate phototransformation reactions of contaminants
compared to those on water ice surfaces [32].

Previous studies have primarily investigated the photochemical chlorination of PAHs
to ClPAHs in aqueous solutions and soils [14,24,33]. In contrast, studies on the photo-
chemical reaction of PAHs in ice have focused on the influence of various environmental
factors on phototransformation [27,29,34–36]. Currently, there have been no reports on
the photochlorination reaction of PAHs in saline ice. ANT is an essential chemical raw
material that is widely used in the production of pesticides, gasoline depressants, and so on.
Consequently, the content of ANT in the natural environment is usually higher compared
to other PAHs [37]. In the natural environment, ANT can undergo phototransformation by
absorbing solar radiation [14,23,38,39]. In this study, ANT was used as a model compound
to research the photochemical chlorination of PAHs in saline ice under simulated solar light
irradiation. Simultaneously, the influence of environmental factors such as pH, reaction
temperature, Cl−, and dissolved organic matter (DOM) on the phototransformation of
ANT and the formation of ClANTs on saline ice were also investigated.

2. Material and Methods
2.1. Materials and Reagents

Detailed information on the materials utilized in this study can be found in Text S2 of
Supplementary Materials.

2.2. Preparation of ANT Reaction Ice

First, the ANT stock solution (200 mg/L) was prepared using chromatography grade
methanol and stored in a brown bottle in the refrigerator, protected from light to maintain
its stability. Sodium chloride (NaCl) solution was prepared from ultrapure water and stored
at room temperature. ANT saline solution (0.5 mg/L) was prepared by diluting the ANT
stock solution with a 0.5 mol/L NaCl solution. Note that the methanol in the ANT stock
solution should have volatilized before the dilution process. Then, the ANT saline solution
(20 mL) was transferred to a glass Petri dish. The Petri dish was wrapped in aluminum foil
and refrigerated for approximately 15 h to acquire ANT saline ice for subsequent reactions.

2.3. Trapping Experiments

In the phototransformation experiment, coumarin (COU, 0.1 mmol/L) was added
as an ·OH scavenger to investigate the contribution of ·OH to the phototransformation
of ANT and the formation of its chlorinated products [40]. Additionally, the involvement
of singlet oxygen (1O2) in the phototransformation of ANT in saline ice was assessed by
adding furfuryl alcohol (FFA, 1 mmol/L) as a scavenger [41]. The scavengers used in the re-
maining trapping experiments were 2,2,6,6-tetramethylpiperidine-1-oxy radical (TEMPOL,
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0.1 mmol/L) for superoxide radical (O·−
2 ), 2,4,6-trimethylphenol (TMP, 0.5 mmol/L) for the

triplet state ANT (3ANT*) [42], 3,5-dimethyl-1 H-pyrazole (DMPZ, 0.2 mmol/L) for chlo-
rine radicals (·Cl), sodium thiocyanate (NaSCN, 1 mmol/L) for ·Cl, and 1,4-diazabicyclo
[2.2.2]octane (DABCO, 0.2 mmol/L) for ANT cationic radicals (ANT·+) [33].

2.4. Irradiation Experiments

The photochemical experiments were conducted in a self-made temperature-adjustable
reaction chamber using a 300 W Xe light source (CEL-HXF300, Education Au-Light Technol-
ogy Co., Ltd., Beijing, China) to simulate sunlight. The schematic diagram of the self-made
reactor is shown in Figure S1. The ice samples were positioned in the reaction chamber
at −15 ◦C (258.3 K). The distance between the ice samples and the Xe light source was
15 cm. The light intensity on the surface of the ice samples was 160 mW/cm2, except for
the experiments investigating different light intensities. Samples were collected after 0, 5,
10, 20, 40, and 60 min of light exposure. The collected samples were wrapped in tinfoil and
thawed at room temperature. A total of 1.5 mL of the thawed sample was then pipetted
directly into the high-performance liquid chromatography (HPLC) for analysis.

2.5. Sample Preparation

The illuminated sample underwent additional processing, which involved liquid-
liquid extraction and rotary evaporation. The detailed steps are as follows. First, melt the
light-exposed ice sample into a liquid at room temperature. Second, extract the 40 mL
reaction solution with 5 mL of a hexane and dichloromethane mixture (v/v = 1:1). Repeat
the extraction process three times. Third, the three extracts were combined and then
evaporated to dryness using a rotary evaporator (R-1001VN, Greatwall Scientific industrial
and Trade Co., Ltd., Zhengzhou, China). Finally, methanol was added to the rotary flask
until the volume reached 1 mL for HPLC analysis. When used for gas chromatography-
mass spectrometry (GC-MS) analysis, dichloromethane was added to the flask, with the
volume adjusted to 1 mL.

2.6. Methods of Analysis

Detailed descriptions of the analytical methods used in this study are available in Text
S3 in the Supplementary Materials.

3. Results and Discussion
3.1. Phototransformation of ANT and Formation of Its Chlorinated Products in Saline Ice

As shown in Figure S2, the UV–Vis absorption spectrum of ANT had a maximum
absorption peak at 251 nm as well as vibrational absorption in the range of 350–400 nm.
Spectral data from Xe lamp manufacturers (Beijing, China)indicate that the emission spec-
trum is ≥300 nm. Therefore, ANT can directly absorb photons and transform into excited
states for photochemical reactions under Xe lamp irradiation.

The phototransformation of ANT in ice with varying salt concentrations is shown
in Figure 1a. The phototransformation rates of ANT accelerated with the increase in the
salt concentration when [NaCl] ≥ 0.2 mol/L (Table S1). After 1 h irradiation, ANT was
phototransformed by 62.15%, 49.02%, 63.40%, 64.88%, 68.25%, and 76.37% when the Cl−

concentration was 0, 0.1, 0.2, 0.3, 0.4, and 0.5 mol/L, respectively. Research demonstrates
that salt concentrations affect the porosity and void microstructures of ice, which would
cause changes in the reaction rate of ANT in ice containing different salt concentrations [32].
The surface of saline ice possessed broader channels compared to pure water ice, as
depicted in Figure S3a,b. This observation is consistent with previous studies. These
results suggest that the addition of NaCl resulted in the formation of micrometer-scale
channels on the ice surface and the coexistence of contaminants with saline solution in the
channels [32]. As the NaCl concentration increases, the saline channels on the ice surface
widen, and ANT absorbs photons more readily [32]. This explains the accelerated rate of the
phototransformation of ANT with increasing salt concentration when [NaCl] ≥ 0.2 mol/L.
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When [NaCl] = 0.1 mol/L, the phototransformation of ANT was inhibited. This may be
due to the limited promotion of ANT phototransformation by the narrow micrometer-
scale channels formed on the ice surface, and the quenching effect of NaCl on the excited
ANT [37,43]. In addition, a Raman spectrometer was used to detect ice samples with and
without NaCl; the spectra are depicted in Figure S4. Compared with water ice, the O-H
stretching vibration peak of ice samples containing 0.5 mol/L NaCl exhibited broadening
at 2700–3700 nm. There is a strong interdependence between the O-H stretching vibration
and hydrogen bond strength [44]. The addition of NaCl weakens the strength of hydrogen
bonds and promotes the phototransformation of ANT.

Water 2024, 16, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 1. Phototransformation kinetics of (a) ANT and its chlorinated products (b) 2-ClANT, (c) 9-
ClANT, and (d) 9,10-Cl2ANT at varying concentrations of NaCl. Reaction conditions: [ANT]initial = 
0.5 mg/L, temperature: −15 °C, pH = 6. 

3.2. Reactive Oxygen Species 
To explore the type of reactive oxygen species (ROS) involved in the reaction, HPLC, 

FL, and EPR were used for detection. The detection results are shown in Figures 2, S7, and 
S8. In the ·OH, -

2O , and 1O2 trapping experiments, COU, TEMPOL, and FFA were added 
to the reaction samples, respectively. Compared to the control group, the addition of trap-
ping agents resulted in a noticeable reduction in the phototransformation of ANT. Mean-
while, the EPR results indicated that the signals of ·OH and 1O2 increased with the increase 
in light duration (Figure S8). 1,3-Diphenylisobenzofuran (DPBF), a fluorescent substance, 
can react with O·− 

2  to generate non-fluorescent products [47]. When adding DPBF to the 
ice samples for FL detection, the fluorescence intensity of DPBF decreased with increasing 
exposure time. These phenomena indicate that ·OH, O·− 

2 , and 1O2 participate in the photo-
transformation reactions of ANT. Interestingly, the addition of FFA did not significantly 
affect the production of 9-ClANT and 9,10-Cl2ANT, suggesting that 1O2 is essentially un-
involved in the ANT chlorination reaction. In contrast, the production of ClANTs was sig-
nificantly reduced after the addition of TEMPOL or COU to the ice samples, suggesting 
that -

2O  and ·OH play a crucial role in the chlorination reaction of ANT. Upon deoxygen-
ation, the phototransformation of ANT decreased, the generation of 2-ClANT significantly 
decreased, and the production of 9-ClANT and 9,10-Cl2ANT was not detected. This indi-
cated that O2 is involved in the phototransformation of ANT and plays a major role in the 
photochlorination of ANT to ClANTs. The small amount of 2-ClANT detected may be due 
to the residual traces of O2 during the deoxygenation process. 

To investigate the involvement of other non-reactive oxygen radicals in the reaction, 
TMP was added to detect 3ANT*, DABCO to detect ANT+, and DMPZ and NaSCN to 

0 10 20 30 40 50 60
0.0

0.2

0.4

0.6

0.8

1.0

0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

C
t/C

0

Time (min)

 0.5 mol/L NaCl
 0.4 mol/L NaCl
 0.3 mol/L NaCl
 0.2 mol/L NaCl
 0.1 mol/L NaCl
 0 mol/L NaCl

(a)

C
on

ce
nt

ra
tio

n 
(μ

g/
L)

Time (min)

 0.5 mol/L NaCl
 0.4 mol/L NaCl
 0.3 mol/L NaCl
 0.2 mol/L NaCl
 0.1 mol/L NaCl
 0 mol/L NaCl

(b)

C
on

ce
nt

ra
tio

n 
(μ

g/
L)

Time (min)

 0.5 mol/L NaCl
 0.4 mol/L NaCl
 0.3 mol/L NaCl
 0.2 mol/L NaCl
 0.1 mol/L NaCl
 0 mol/L NaCl

(c)

C
on

ce
nt

ra
tio

n 
(μ

g/
L)

Time (min)

 0.5 mol/L NaCl
 0.4 mol/L NaCl
 0.3 mol/L NaCl
 0.2 mol/L NaCl
 0.1 mol/L NaCl
 0 mol/L NaCl

(d)

Figure 1. Phototransformation kinetics of (a) ANT and its chlorinated products (b) 2-ClANT,
(c) 9-ClANT, and (d) 9,10-Cl2ANT at varying concentrations of NaCl. Reaction conditions:
[ANT]initial = 0.5 mg/L, temperature: −15 ◦C, pH = 6.

Figure 1b–d shows the formation of ANT photochlorination reaction products in-
cluding 2-ClANT, 9-ClANT, and 9,10-Cl2ANT. It was observed that the production of
2-ClANT reached a maximum after 5 min of light, while the production of 9-ClANT was
only a third of that of 2-ClANT and no 9,10-Cl2ANT was detected. According to previous
research [13,14], the chlorination of PAHs is related to their physical and chemical prop-
erties. Notably, the point with the highest frontier electron density (FED) in PAH, which
is the sum of the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), is likely to be attacked by ·Cl. The FED of ANT at positions 9
and 10 (0.352) is greater than that at position 2 (0.166), and the FED at these three positions
is significantly higher than the other positions [13,14]. Thus, chlorination preferentially
occurs at positions 9 and 10 of ANT, followed by position 2 [45]. The propensity for
the further reaction of ClANT correlates with its absolute hardness; the lower absolute
hardness of 9-ClANT promotes further chlorination [14]. Thus, 9-ClANT can be further
chlorinated to form 9,10-Cl2ANT, which will result in a smaller amount of 9-ClANT de-
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tected under short-term illumination. Figure S5 illustrates the total amount of chlorinated
products generated by the photochemical chlorination of ANT at various NaCl concen-
trations. When 0.1 ≤ [NaCl] ≤ 0.3 mol/L, with the increase in NaCl concentration, Cl−

promoted the energy transfer between 1ANT* and O2 to produce 1O2. The 1O2 facilitated
the photooxidation of ANT, which in turn inhibited the photochlorination of ANT [46].
When [NaCl] ≥ 0.3 mol/L, the energy transfer between 1ANT* and O2 was limited with
increasing NaCl concentration. This led to a reduction in the steady-state concentration of
1O2, which in turn inhibited the photooxidation of ANT and thereby promoted the pho-
tochlorination of ANT [43]. No ClANTs were detected when [NaCl] = 0 mol/L, indicating
that the chloride ions involved in the chlorination reaction of ANT originated from free
Cl− in the saline ice.

ANT is a photosensitive PAH that can directly absorb light and undergo photochemical
reactions. Therefore, exploring the impact of light intensity on ANT phototransformation
is essential. In this study, the light intensity was varied by adjusting the distance between
the light source and the sample. The photolysis kinetics of ANT and the generation of
ClANTs were investigated at light intensities of 160, 130, and 100 mW/cm2, respectively.
The findings, presented in Figure S6, revealed that the photodegradation of ANT was
accelerated and the generation of ClANTs increased as the light intensity enhanced. The
results of the experiments with extended light exposure are shown in Table S2. With
longer light exposure, the photodegradation rate of ANT increased, while the production of
ClANTs initially increased and then decreased. This suggests that ClANTs are also capable
of undergoing photolytic reactions.

3.2. Reactive Oxygen Species

To explore the type of reactive oxygen species (ROS) involved in the reaction, HPLC,
FL, and EPR were used for detection. The detection results are shown in Figure 2, Figures
S7 and S8. In the ·OH, O·−

2 , and 1O2 trapping experiments, COU, TEMPOL, and FFA were
added to the reaction samples, respectively. Compared to the control group, the addition
of trapping agents resulted in a noticeable reduction in the phototransformation of ANT.
Meanwhile, the EPR results indicated that the signals of ·OH and 1O2 increased with the
increase in light duration (Figure S8). 1,3-Diphenylisobenzofuran (DPBF), a fluorescent
substance, can react with O·−

2 to generate non-fluorescent products [47]. When adding
DPBF to the ice samples for FL detection, the fluorescence intensity of DPBF decreased with
increasing exposure time. These phenomena indicate that ·OH, O·−

2 , and 1O2 participate
in the phototransformation reactions of ANT. Interestingly, the addition of FFA did not
significantly affect the production of 9-ClANT and 9,10-Cl2ANT, suggesting that 1O2 is
essentially uninvolved in the ANT chlorination reaction. In contrast, the production of
ClANTs was significantly reduced after the addition of TEMPOL or COU to the ice samples,
suggesting that O·−

2 and ·OH play a crucial role in the chlorination reaction of ANT. Upon
deoxygenation, the phototransformation of ANT decreased, the generation of 2-ClANT
significantly decreased, and the production of 9-ClANT and 9,10-Cl2ANT was not detected.
This indicated that O2 is involved in the phototransformation of ANT and plays a major
role in the photochlorination of ANT to ClANTs. The small amount of 2-ClANT detected
may be due to the residual traces of O2 during the deoxygenation process.
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Figure 2. Effect of the addition of a trapping agent on (a) the phototransformation kinetics of ANT and
the formation of its chlorinated products, specifically (b) 2-ClANT, (c) 9-ClANT, and (d) 9,10-Cl2ANT.
Reaction conditions: [ANT]initial = 0.5 mg/L, [NaCl] = 0.5 mol/L, temperature: −15 ◦C.

To investigate the involvement of other non-reactive oxygen radicals in the reaction,
TMP was added to detect 3ANT*, DABCO to detect ANT·+, and DMPZ and NaSCN to
detect ·Cl. The experimental results are shown in Figure 2. The addition of TMP, DMPZ,
and NaSCN inhibited the photochemical transformation of ANT (Figure 2a), suggesting
the involvement of 3ANT* and ·Cl in the phototransformation process of ANT. After 1 h of
light exposure, only small amounts of 2-ClANT and 9-ClANT were detected in the TMP-
added samples, while no 9,10-Cl2ANT was detected. The addition of DMPZ reduced the
production of ClANTs by approximately 50% compared to the control group. After adding
NaSCN, only a small amount of 2-ClANT was detected; 9-ClANT and 9,10-Cl2ANT were
not detected (Figure 2b–d). This indicates that both 3ANT* and ·Cl are involved in ANT
photochlorination to produce ClANTs. The addition of DABCO to the samples inhibited
the phototransformation of ANT (Figure 2) but had minimal effect on the generation of
ClANTs. This suggests that ANT·+ participates in the photooxidation of ANT, but does not
significantly affect the photochlorination of ANT.

3.3. Laser Flash Photolysis Experiment

To further determine the 3ANT* during the photochemical reaction, the ultra-pure
water ice of ANT, the NaCl-containing ice (0.5 mol/L), and the FA-containing saline ice
(10 mg/L) were investigated by laser flash photolysis. The results demonstrated that the
absorption peak of 3ANT* was at 408 nm under the irradiation of a 355 nm laser [48]. These
results are depicted in Figure 3.
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Figure 3. Laser flash photolysis of ANT in FA saline ice (■), water ice (▼), saline ice (•), normal
temperature saline solution (25 ◦C, ▲), and unoxygenated saline ice (through N2, ◆). Reaction
conditions: [ANT] = 5 × 10−5 mol/L, [NaCl] = 0.5 mol/L.

The samples of ANT in water ice, saline ice, saline solution, and FA-containing saline
ice all exhibited obvious absorption peaks at 408 nm, whereas no absorption peak at 408 nm
was observed in the deoxygenation experiment. The absorption intensity of each sample,
ranked from large to small, is as follows: ∆A (FA) > ∆A (Water Ice) > ∆A (Saline Ice) > ∆A
(25 ◦C) > ∆A (N2). The addition of FA led to an increase in the steady-state concentration
and a shortening of the lifetime of 3ANT* (Figure S9), which may have caused an increase
in the production of ClANTs. After deoxygenation, 3ANT* was not detected. This suggests
that 3ANT* originates from the intersystem crossing between 1ANT* and O2. Without O2,
3ANT* is not generated. The slightly lower peak at 408 nm for the saline solution sample at
25 ◦C compared to the saline ice sample at −15 ◦C indicates that the increase in temperature
inhibits the production of 3ANT*. Meanwhile, as shown in Figure S9, the lifetime of 3ANT*
in 25 ◦C saline water was shorter than that in saline ice, which will lead to a decrease in
the production of ClANTs with increasing temperature. The addition of NaCl decreased
the intensity of the peak at 408 nm compared to water ice. This could be attributed to the
reaction between ·Cl and 3ANT*, resulting in a decrease in the amount of 3ANT* in the
saline ice.

To define the role of ·Cl in the photochemical chlorination of ANT, LFP was used for its
detection. SCN− is known to react with the ·Cl to form (SCN)·−2 , which exhibits a distinct
absorption peak within the 450–500 nm range [49]. This spectral signature does not overlap
the absorption peak of 3ANT*, which is located at 408 nm, thereby avoiding interference
with the absorption at 450–500 nm. Consequently, SCN− was chosen as the indicator and
incorporated into the ANT saline ice. After exposure to a 355 nm laser, the LFP image is
shown in Figure S10. The characteristic absorption peaks of (SCN)·−2 appeared in the range
of 450–500 nm, and the absorption peak of 3ANT* at 408 nm. These findings corroborate
the participation of ·Cl in the photochlorination of ANT.

3.4. The Reaction Pathways of ANT

Based on the findings from the free radical trapping experiment and LFP, the reaction
pathway for the photochemical chlorination of ANT to generate ClANTs in saline ice was
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inferred, as shown in Scheme 1. First, ANT captures photons and undergoes excitation,
generating 1ANT* and releasing electrons (e−). Second, 1ANT* could undergo intersystem
crossing with the triplet oxygen (3O2) to produce 3ANT* and 1O2. 1ANT* could release
e−, and the released e− reacts with O2 to produce O·−

2 . The O·−
2 then reacts with H2O to

form ·OH, which in turn reacts with Cl− to generate ·Cl. Finally, ·Cl reacts with 3ANT*
to produce ClANT (2-ClANT, 9-ClANT), which can continue to react with ·Cl to generate
Cl2ANT (9,10-Cl2ANT).
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3.5. The Influence of Temperature

Previous studies have demonstrated that temperature has a significant effect on the
morphology and structure of ice [30,31]. The phototransformation kinetics of ANT in both
aqueous solution and water ice have been investigated. Kahan et al. reported a faster photo-
transformation rate of ANT on ice surfaces compared to water [34]. In contrast, Hullar et al.
showed that the phototransformation rates of ANT were identical in both mediums [50].
The impact of temperature on the phototransformation of ANT in saline ice certainly merits
investigation. In this experiment, the influence of temperature on the phototransformation
of ANT and the formation of its chlorinated products was deeply explored by manipulating
the temperature of the photoreaction chamber. As shown in Figure 4a, ANT was photo-
transformed by 76.37%, 86.88%, 91.44%, 96.85%, and 97.52% at temperatures of −15, −10,
−5, 10, and 25 ◦C following 1 h of illumination, respectively. The phototransformation of
ANT increased with the increase in temperature. The outcomes of this experiment diverge
from the results of previous studies by Kahan [34] and Hullar et al. [50]. The plausible
explanation for this discrepancy could be attributed to the presence of salt ions (Na+, Cl−)
in this experiment. It appears that these salt ions enhance the phototransformation of
ANT in both ice and water mediums. Intriguingly, the phototransformation of ANT in ice
containing 0.5 mol/L NaCl was 1.25 times higher than that in pure water ice, while the
phototransformation of ANT in the 0.5 mol/L NaCl aqueous solution was twice as high as
that in pure water [37,43]. These findings suggest that the presence of Cl− promotes the
phototransformation of ANT in water more significantly than in ice.
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However, the generation of ClANTs decreased with the temperature increases, and
even no ClANTs could be detected at 25 ◦C. This phenomenon may be related to the excited
state of ANT. Previous studies have indicated that the generation and decay of the 3ANT*
are partially influenced by temperature. For example, the binding ability between the
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triplet state PAH and chlorine increases with decreasing temperature [51]. Therefore, in
this study, LFP was used to detect the transient absorption spectra and transient lifetime of
3ANT* at −15 and 25 ◦C, and the detection results are presented in Figures 3 and S9 (see
Section 3.3). The lifetime of 3ANT* was measured to be 163.1 ns in saline solution at 25 ◦C,
which is approximately 40% shorter than that in saline ice. The lifetime of 3ANT* decreases
with increasing temperature, which is consistent with the results of Greiner et al. [51,52].
Consequently, as the temperature increases, the amounts of chlorinated products through
the photochemical chlorination of ANT in saline ice decrease, and may not even be detected.

3.6. The Influence of pH

pH is another major factor affecting the phototransformation of PAHs in natural
conditions. The pH of the ice varies from region to region as a result of human activities
and natural processes [53,54]. The phototransformation rate of ANT and the production
of chlorinated products in saline ice at different pH were investigated in this experiment.
As depicted in Figure 4e, the phototransformation of ANT was increased under acidic
condition and inhibited under alkaline condition compared with neutral conditions. At
pH = 4, the phototransformation of ANT reached 85.69% after 1 h of light exposure. At
pH = 10, the phototransformation of ANT was 60.79% after 1 h of illumination, which
was 15.58% lower than that observed under neutral conditions. Under acidic condition,
increased H+ led to the increased phototransformation of ANT, which is analogous to the
findings of Shaban et al. [55] However, under alkaline condition, the presence of OH− in the
environment becomes dominant and inhibits the formation of ·OH [56], thus slowing down
the phototransformation of ANT. As depicted in Figure 4f–h, the production of ClANTs was
inhibited under acidic condition compared to the neutral condition, while the formation
of ClANTs was almost undetectable under the alkaline condition. The highest generation
of 2-ClANT was observed when the pH = 6 for the reaction sample, followed by pH = 8,
pH = 4, and finally pH = 10. The generation of 9-ClANT under different pH conditions was
in descending order of pH = 6, pH = 8, pH = 4, and pH = 10. The trend of 9,10-Cl2ANT
was similar to that of 9-ClANT. ANT is photoexcited to produce ROS (O·−

2 and ·OH) with
O2, and then the ROS reacts with Cl− to form ·Cl. However, the reaction between ·OH and
Cl− is inhibited under alkaline conditions [56], which negatively affects the production of
ClANTs. Under acidic conditions, ANT is more susceptible to undergoing photooxidation
reactions than photochlorination [18,55,57].

3.7. The Influence of Fulvic Acid

Dissolved organic matter (DOM) is one of the prevalent pollutants in water. When
water freezes, the DOM in the aqueous solution also enters the ice and affects the photo-
transformation of PAHs in the ice. Based on studies by various environmentalists [27,38,42],
the conclusions regarding the influence of DOM on the phototransformation of PAHs are as
follows. (1) DOM in water is generally colored and can shield light, thus reducing the num-
ber of photons received by PAHs and impeding their phototransformation. (2) DOM can
be transformed from the ground state to the excited state after absorbing photons, leading
to the generation of ROS, and the existence of ROS can promote the phototransformation
of PAHs. The intensities of the two effects above-mentioned vary with the concentration of
DOM, and together influence the phototransformation of PAHs.

In this experiment, FA was used as a representative DOM to explore its influence on the
phototransformation of ANT and its chlorinated product generation. The experimental re-
sults are shown in Figure 5. To examine the effect of FA on the phototransformation of ANT
and the formation of its chlorinated products, 0.5, 1, 10, and 20 mg/L FA were added to the
saline ice containing ANT, respectively. As illustrated in Figure 5a, varying concentrations
of FA exhibited different effects on the phototransformation of ANT. When [FA] = 0.5 mg/L,
the phototransformation of ANT was increased, while when [FA] = 1 mg/L, there was es-
sentially no effect on the ANT phototransformation. When [FA] ≥ 10 mg/L, the addition
of FA inhibited the phototransformation of ANT.
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Figure 5. Effect of FA on (a) the phototransformation kinetics of ANT, and the formation of its
chlorinated products including (b) 2-ClANT, (c) 9-ClANT, and (d) 9,10-Cl2ANT. Reaction conditions:
[ANT]initial = 0.5 mg/L, [NaCl] = 0.5 mol/L, temperature: −15 ◦C.

At a FA concentration of 0.5 mg/L, the addition of FA resulted in an increase in
micrometer-scale channels on the ice surface (see Figure S3). Meanwhile, ROS generated by
FA photolysis promoted the photodegradation of ANT. In contrast, at higher concentrations,
the optical shielding effect of FA dominated, thus inhibiting the photodegradation of ANT.
At 1 mg/L, the positive and negative effects of FA on ANT phototransformation were
equivalent. This further confirms that the effect of FA on the photochemical conversion of
ANT is related to the concentration of FA.

The addition of FA promoted the formation of ClANTs (Figure 5b–d). LFP was utilized
to detect ANT saline ice added to 10 mg/L FA to explore the impact of FA on the steady-
state concentration and lifetime of 3ANT*. The experimental results are presented in
Figures 3 and S9. The addition of FA promoted the formation of 3ANT*, and the lifetime
of 3ANT* in FA saline ice (133.2 ns) was shortened by half compared with that in saline
ice (260.4 ns) [58]. The triplet state of DOM promotes the reaction of free chlorine to form
·Cl, according to Kong et al. [59]. Therefore, it is reasonable to speculate that FA can absorb
photons to be excited and generate ROS. The ROS can react with Cl− to generate ·Cl [60,61],
thus promoting the formation of ClANTs. The promotion of ClANT production varies
with different concentrations of FA. When [FA] ≤ 10 mg/L, the production of ClANTs
increased with the increase in FA concentration. However, when the concentration of
FA was added up to 20 mg/L, the production of ClANTs decreased sharply compared
with that of 10 mg/L FA. This phenomenon indicates that the effects of FA on the ANT
photochemical reaction are complex. When the concentration of FA is large enough, the
inhibitory effects such as the light shielding effect and competition effect are dominant.

3.8. ANT Phototransformation Products

A total of six transformation intermediates were identified by GC-MS, as detailed
in the Supplementary Materials (Figures S11 and S12). Full scan mode and selected ion
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monitoring (SIM) mode were used to analyze the samples after 0, 10, and 20 min of
light irradiation. In full scan GC-MS spectrometry, the peak of ANT was detected at a
retention time of 10.11 min, identified by the mass-to-charge ratios (m/z) of 178. Following
10 min of exposure, two new peaks appeared at retention times of 11.25 and 11.38 min,
which were identified based on a comparison of their respective m/z of 194, 165, and
195 for 9-anthracenone and 152, 180, and 208 for 9,10-anthraquinone, respectively. It
was discovered that ANT and its active species undergo an additive reaction with ROS
to generate anthracenone. Subsequently, anthracenone further reacts with ROS to form
anthraquinone. In SIM mode, the peak at a retention time of 10.65 min was identified
to be 9-ClANT based on the m/z of 176, 212, and 214, the peak at a retention time of
13.67 min was identified to be 2-ClANT based on the m/z of 176, 212, and 214, and the
peak at 15.61 min was identified to be 9,10-Cl2ANT based on the m/z of 176, 246, and
248. After 20 min of illumination, a new peak appeared at 7.75 min and was identified as
3-methoxy-3-phenylpropyl chloride (m/z 121, 185), which could potentially be the product
of the further phototransformation of ClANTs.

4. Conclusions

This study investigated the photochemical transformation of ANT in saline ice. A
pathway for the generation of ClANTs via the combination of 3ANT* and ·Cl in saline
ice has been established. The total generation of ClANTs showed a decreasing and then
increasing trend with increasing NaCl concentration. This trend correlates with the ice
crystal structure and the production of ·Cl, 3ANT*. Furthermore, as the temperature rises,
ClANT production declines due to the shortened lifetime of 3ANT*. The promotional effect
of FA on raising the steady-state concentration of 3ANT* and accelerating its transforma-
tion outweighs the inhibitory impact of optical shielding, thus promoting the production
of ClANTs.

The photochemical behaviors of PAHs are universal in the natural environment. In
saline ice where Cl− is present, PAHs have been confirmed to transform to ClPAHs under
the irradiation of sunlight. Given that ClPAHs are more toxic than their precursors, the
formation mechanism of ClPAHs in saline ice and the factors influencing their formation
deserve more in-depth research. Conditions in natural saline ice are complex and variable.
This study confirms that regions with lower temperature, higher salinity, and an augmented
quantity of DOM are more likely to generate ClPAHs, potentially heightening the negative
impacts on the region’s ecological environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w16091237/s1, Text S1. QA/QC for ClANTs. Text S2. Materials
and reagents. Text S3. Methods of analysis. Table S1. The photodegradation rate constant (k) of
ANT in saline ice at different NaCl concentrations. Table S2. Photodegradation rate of ANT and
production of ClANTs under different exposure times. Figure S1. Schematic diagram of a homemade
temperature-adjustable reaction chamber. Figure S2. UV-Vis absorption spectra of ANT and FA.
Figure S3. Raman micrographs of ANT in (a) water ice, (b) saline ice, and (c) FA saline ice. Figure S4.
Raman spectra of ANT in water ice (blue line), saline ice (red line), and FA saline ice (blank line).
Figure S5. The formation of total ClANTs at varying concentrations of NaCl after illumination.
Figure S6. Phototransformation kinetics of (a) ANT and its chlorinated products (b) 2-ClANT, (c) 9-
ClANT, and (d) 9, 10-Cl2ANT at varying light intensities. Figure S7. Fluorescence spectra of reactive
ice samples with the addition of DPBF as a function of time of exposure to Xe lamps. Figure S8.
EPR spectra of the adducts formed between the spin-trapping agents (a) TEMP and (b) DMPO in
irradiated saline ice samples. Figure S9. Transient lifetimes of 3ANT* in (a) saline ice, (b) normal
temperature saline solution, (c) water ice, and (d) FA saline ice. Figure S10. Laser flash photolysis
images of ANT saline ice with added NaSCN. The excitation spectrum is 355 nm. Figure S11. The total
ion flow diagram of GC-MS after 30 min of illumination. Figure S12. MS spectra of the degradation
intermediates of ANT by GC-MS analysis.
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