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Abstract The photoconversion of 2-chloronaphthalene
(CN-2) in water in a simulated sunlight system was inves-
tigated. The photoconversion efficiency, photoproducts and
mechanisms were inspected, and the effects of inorganic
ions (NO;~, NO,") and fulvic acid (FA) were discussed.
The results showed that CN-2 could be transformed in
water under the irradiation. NO;~ and NO,™ promoted the
photoconversion of CN-2 owing to -OH generated by the
photolysis of NO;~ and NO,™; FA at a lower concentra-
tion promoted the photoconversion, but it had an inhibi-
tion effect at a higher concentration. It was demonstrated
that the acidic conditions promoted the photoconversion
of CN-2 by the active groups such as superoxide radical
anion, hydrogen peroxide and hydroxyl radical produced in
the system. Eight photoproducts of CN-2 were character-
ized by the GC-MS method and the possible photoconver-
sion mechanisms were proposed accordingly.

Keywords 2-Chloronaphthalene - Photoconversion -
Water - Hydroxyl radical

Polychlorinated naphthalenes (PCNs), which have similar
structure and toxicity to those of polychlorinated dibenzo-
p-dioxins (PCDDs) and polychlorinated dibenzofurans
(PCDFs), are ubiquitous persistent organic pollutants
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(POPs) in the environment. Owing to their toxic equivalents
(TEQs) comparable to or even higher than those of PCDDs
and PCDFs (Li et al. 2016), PCNs have been nominated by
the European Union (EU) in 2011 to be listed in the Stock-
holm Convention on Persistent Organic Pollutants (POPs)
for the global control (Huang et al. 2015). Although the
production and use of PCNs have been banned since 1970s,
the historical residue is still the main source of PCNs in
many countries because of their high physicochemical sta-
bility (Xu et al. 2015a, b; Barc and Gregoraszczuk 2014).
Additionally, other important sources of PCNs are impuri-
ties in commercial polychlorinated biphenyl mixtures and
other chemicals, and unintentional formation and emis-
sion as byproducts from industrial thermal and incomplete
combustion processes such as waste incineration and metal
refining (Jiang et al. 2015; Die et al. 2016; Liu et al. 2015).
PCNs have been detected in various environmental media
worldwide, even including remote polar areas because of
their long range atmospheric transport potential (Li et al.
2016; Moukas et al. 2016). PCNs pose a great threat to
human health and ecosystems due to the stronger toxic-
ity and the higher bioaccumulation and biomagnification
(Fromme et al. 2015; Zhang et al. 2014).

Although PCNs are easily adsorbed onto the sediments
because of the hydrophobicity and are thus found in many
lake surface deposits (Cetin 2016), they are also detected in
many natural waters (Ali et al. 2016), therefore, the trans-
formation of PCNs in waters should be taken seriously.
Because PCNs can absorb the sunlight with wavelengths
of more than 300 nm, the photoconversion is an important
way for the transformation of PCNs in water (Ruzo et al.
1975). However, the existing studies on the photoconver-
sion of PCNs are all performed in organic solutions. Jarn-
berhg et al. (1999) deduced that the photolysis mechanisms
of PCNs in methyl alcohol involved dechlorination and
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dimerization. Keum and Li (2004) found that 8-chloro-
naphthalene was completely degraded into several low-
chlorinated PCNs in hexane solution after irradiation for
9 h. Up to the present, the research on the photoconversion
of PCNs in water has not been reported yet.

As one of the components of PCNs, 2-Chloronaphtha-
lene (CN-2) is mainly used as a chemical-resistant gauge
fluid, a heat-exchange fluid, engine crank-case additives to
dissolve sludge and gum, and an ingredient in motor tune-
up compounds (Sinha and Bose 2006). Improper disposal
of wastes containing CN-2 can lead to the contamination of
ground and surface waters (Xu et al. 2015a, b). CN-2 was
selected as a typical component of PCNs because of the
better solubility in water and the simplicity of the structure,
and its photoconversion in water was studied in this paper.
The results should contribute to an in-depth understanding
of the environmental behaviors of PCNG.

Materials and Methods

The photochemistry experiments were carried out in a self-
made photoconversion device. An aqueous solution (0.1
mg L~!) of CN-2 was prepared and distributed into a series
of glass tubes and then irradiated by an 80 W high-pressure
mercury lamp. The tubes were set around the lamp to get
the same quantity of photos. The wavelength of the light
through the glass is more than 280 nm, therefore, the irradi-
ation the samples obtained can be almost considered as the
sunlight. The reaction temperature was kept at 25+ 1°C.
Two parallel samples were punctually taken for analysis
during the irradiation at regular intervals. The mean values
of the duplicate samples are reported.

The aqueous solution (5 mL) after the irradiation was
transferred into an extraction flask containing 2 mL hex-
ane. The mixture was shaken for 5 min, and then stand
for 30 min. The concentration of CN-2 in the upper
hexane phase was analyzed on a Shimadzu GC-2010
Plus (Shimadzu Corp., Japan) with an electron cap-
ture detector, equipped with a Rtx-5 capillary column
(30 mx0.25 mmx0.25 pm). The initial column tempera-
ture was set at 180°C for 1 min and then increased to 200°C
at a rate of 5°C min~'. The carrier gas was high-purity
nitrogen (99.999%) with a flow rate of 1.0 mL min~'. The
samples were analyzed by injecting 1 pLof each sample
with the split ratio of 10:1. External standard and calibra-
tion curve method were used for the quantification. The
detection limit of the analytical method was 0.0021 mg L1,
and the percent recoveries were in the range of 83%-95%.

A chemical probe method was used to determine the
concentration of -OH produced in the photoconversion
process. The mixed solution containing 0.64 mmol L
benzoic acid (BA) and 5.76 mmol L™! sodium benzoate
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(BA-Na) was added into the initial reaction solution to
capture -OH in the system. The concentration of -OH in the
sample was indirectly determined by analyzing the con-
centration of p-hydroxybenzoic acid (p-HBA) in it (Chu
and Anastasio 2003; Lindsey and Tarr 2000). The concen-
tration of p-HBA was analyzed on a LC-20A (Shimadzu
Corp, Japan) equipped with a UV detector and a C18 chro-
matographic column(150 mm X 3.9 mm, 5 pm).The mobile
phase was methanol and water (30:70, v/v) with a flow rate
of 1.0 mL-min~'. The samples were analyzed by injecting
20 pL of each sample and the detection wavelength was
256 nm.

The photoproducts were analyzed on an Agilent 6890 N
GC with a 5975 mass selective detector (Agilent Tech-
nologies Inc., US), equipped with a HP-1701 capillary
column (60 mx0.25 mmx0.25 pm); the carrier gas was
high-purity helium; the initial column temperature was set
at 50°C for 3 min, and then increased to 260°C at a rate
of 10°C min~! and held for 10 min. An electron bombing
ion source was used and the electron energy was 70 eV, the
emission current was 0.35 mA, the electron multiplier volt-
age was 1000 V, the resolution rate was 2 M, and the mass
spectra were collected in the scan range m/z 20-850.

In the experiment, all reagents were used without any
purification and all solutions were prepared with deionized
water.

Results and Discussions

The comparison of the light and dark reactions of CN-2 in
water is presented in Fig. 1, and it shows that the concen-
tration of CN-2 remained unchanged under the dark condi-
tion. Therefore, the decrease in the concentration of CN-2
was completely attributed to the direct photolysis. The
photoconversion efficiency of CN-2 reached 45.4% after
12 h of irradiation. This is because the spectral range of the
irradiation filtered through the glass tubes is A>280 nm,
which overlapped largely with the UV absorption spec-
trum of CN-2; therefore, CN-2 was directly photolyzed
under the experimental conditions. The photoconversion of
CN-2 in water fits the first-order kinetic model, and it can
be described by the kinetic equation: In(c/c,) = —0.0557
x —0.0719; the apparent rate constant was 0.0557 h™!, the
half-life was 12.44 h, and the correlation coefficient (R?)
was 0.9741.

The natural water contains numerous photo-active
materials, such as NO;~, NO,™ and humic acid. NO;~ and
NO,™ can produce active groups such as -OH and are con-
sidered as the main sources of -OH in natural water (Jacobi
et al. 2006). -OH can easily react with organic pollutants
to promote the degradation. Humic acid, as an important
natural photosensitizer, can absorb visible light to generate
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Fig. 1 Comparison of the light and dark reactions of CN-2 in water

the triplet excited state and a variety of reactive oxygen rad-
icals, and thus induce indirect photochemical degradation
of organic pollutants. Hence, the effects of NO;~, NO,™, as
well as fulvic acid (FA), an important component of humic
acid, were investigated here.

NO;™ can absorb sunlight with wavelengths of more
than 290 nm, and its characteristic absorption peak occurs
at 305 nm. In general, the content of NO;™ in natural water
is between 5 and 50 mg L™! (0.081-0.81 mmol L") (Russi
et al. 1982). The effects of different concentrations of
NO;™ on the photoconversion of CN-2 in water are sum-
marized in Fig. 2. It clearly shows that NO;™ can signifi-
cantly promote the photoconversion of CN-2, and with the
increasing of the concentration of NO;™, the promotion was
strengthened. It is proposed that NO;~ could produce -OH
in the aqueous solution after irradiated as Eq. (1) (Jacobi
et al. 2006).

NO; + H,0 + hv - NO, - +HO™ + -OH 1)

To attest the production of -OH and its effect on the con-
version of CN-2, the concentration of -OH in the reaction
solution was determined by means of the chemical probe
method; and the promoting effect of -OH on the conversion
of CN-2 was proved by using isopropanol to quench -OH
in the solution (Kormali et al. 2007). The results (Fig. 3)
show that no -OH was detected in the solution without
NO; presence during the irradiation process, and the photo-
conversion of CN-2 was induced by direct photolysis under
this condition. With the presence of NO; (0.2 mmol LY,
the content of -OH gradually increased with the increasing
of the irradiation time, indicating that NO;~ produced -OH
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Fig. 2 Effects of different concentrations of NO;™ on the photocon-
version of CN-2

via irradiation, while the photoconversion rate of CN-2 also
increased significantly. When 0.2 mmol L™! isopropanol
was added into the solution containing 0.2 mmol L! NO57,
‘OH was completely quenched, the photoconversion effi-
ciency of CN-2 decreased seriously and it was almost the
same with that of the direct photolysis. This further proved
that -OH produced by NO;~ promoted the photoconversion
of CN-2.

NO,™ can absorb the sunlight with wavelengths of more
than 290 nm; the characteristic absorption peak occurs at
355 nm. Similar to NO;~, NO,™ also had a promoting effect
on the photoconversion of CN-2 (Fig. 4), which should be
attributed to the -OH generated by NO,™ as Egs. (2 and 3)
(Boxe et al. 2005).

NO; + hv —» NO- +0-~ )

0-~ +H* - -OH 3)

Because the presence of NO,™ interfered with the deter-
mination of p-hydroxybenzoic acid, -OH was failed to be
accurately quantified in the solution. However, the photo-
conversion of CN-2 decreased after isopropanol was added,
which also demonstrated the generation of -OH by NO,™ as
well as the promotion effect of -OH on the photoconversion
of CN-2 (Fig. 5).

FA is widely present in natural water, and its content
is generally about 10 mg L™ (Lou et al. 2017). It can be
seen from Fig. 6 that the photoconversion of CN-2 was
promoted both by 5 and 8 mg L™' FA, while inhibited by
10 mg L' FA. The effects of FA on the phototransfor-
mation of organic pollutants are usually divided into two
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Fig. 3 Effects of isopropanol on the -OH concentration (a) and the photoconversion of CN-2 (b) with the presence of NO;™
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Fig. 4 Effects of different concentrations of NO,™ on the photocon-
version of CN-2

aspects. One is as a photosensitizer to promote the pho-
tolysis of the organic pollutants; the other is as an inhibi-
tor to inhibit the photolysis owing to its light shielding
effect (Zhan et al. 2006). In this experiment, the shield-
ing effect of 5 mg L™' FA was negligible and it only
showed a promotion effect. As for 8 and 10 mg L™! FA,
the shielding effect couldn’t be neglected. If the promo-
tion effect of FA (such as 8 mg L™') was stronger than
the shielding effect, it showed a positive effect. On the
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Fig. 5 Effects of isopropanol on the photoconversion of CN-2 with
the presence of NO;™~

contrary, 10 mg L™! FA showed its negative effect for its
stronger shielding effect.

The pH value is an important factor influencing the
photoconversion. The initial pH of 0.1 mg L ~! CN-2 is
about 5.9. By adjusting the initial pH of the solution with
1.0 mol L™!' H,SO, or NaOH aqueous solution, the effects
of 5 pH levels were tested. Figure 7 clearly shows that the
pH value greatly influenced the photoconversion of CN-2
in water. With the decreasing of the pH value from 5.9 to
2.0, the photoconversion of CN-2 increased significantly
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Fig. 7 Effects of pH values on the photoconversion of CN-2

and the photoconversion efficiency of CN-2 reached 90% at
pH 2.0. Nevertheless, alkaline conditions (pH 8.1 and 10.1)
showed little effect on the photoconversion.

The results mean that the photoconversion of CN-2
under acidic and alkaline conditions proceeded by two
different kinds of reaction mechanisms. It is reported that
under irradiation, the aqueous solution is able to generate
hydrated electrons which rapidly react with oxygen and
generate superoxide radical anion (O,-7). Under acidic

conditions, O, can react with H* to form hydrogen per-
oxide, the photolysis of which can produce strong oxidative
intermediates such as -OH as Egs. (4, 5, 6) (Deng and Wu
2003).

e;q +0, - 0, )
0,-~ +2H* - H,0, + O, )
H,0, + hv — 2HO- 6)

To prove the roles of the active groups under the acidic
conditions, benzoquinone, catalase and isopropanol were
respectively selected as the scavengers of superoxide radi-
cal anion, hydrogen peroxide and hydroxyl radical. After
scavengers added, the photoconversion efficiency of CN-2,
which was 61.5% in water without the presence of the
scavengers, was seriously inhibited under the condition of
pH 4 (Fig. 8). Hence, such a conclusion can be drawn that
superoxide radical, hydrogen peroxide and hydroxyl radical
were produced in the photoconversion and showed positive
effects on the photoconversion process.

Eight photoproducts were identified after CN-2 degraded
in water by the GC-MS method. They are naphthalene (1),
1-chloronaphthalene (2), 1-naphthol (3), styrene (4), ben-
zyl alcohol (5), benzaldehyde (6), 1-chlorobenzene (7)
and 2-chlorophenol (8). The chromatogram of the photo-
products is given in Fig. 9. On the basis of characterizing
the photoproducts, as well as analyzing the structure and
properties of CN-2, the pathway of the photoconversion of
CN-2 in water was proposed as Fig. 10. The photoconver-
sion of CN-2 in water underwent the following steps.
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Fig. 8 Photoconversion of CN-2 after three kinds of scavengers
added (pH 4.0, t=12h)
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Fig. 9 The GC-MS chromatogram of the photoproducts of CN-2
after illuminated 12 h. The peaks in the chromatogram from left to
right correspond to 1-chlorobenzene(4.020 min), styrene(4.572 min),
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Fig. 10 Proposed mechanism for the photoconversion of CN-2 in water (The products in the square brackets are transition state intermediates

deduced)

1. CN-2 generated naphthalene (1) and -Cl through reduc-
tive dechlorination, and -Cl shifted to the number 1
position of Naphthalene to form 1-chloronaphthalene
(2). The chlorine group of 1-chloronaphthalene (2) was
substituted by hydroxyl to produce 1-naphthol (3).

2. 1-naphthol (3) transformed to styrene (4) through a
series of reactions such as oxidation reaction, ring-
opening reaction and decarboxylic reaction.

3. Styrene (4) changed to benzyl alcohol (5), and then
to benzaldehyde (6) by oxidation. Benzaldehyde (6)
changed into 1-chlorobenzene (7) and 2-chlorophenol
(8) by further oxidation and the substitution of -Cl and
-OH.
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