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g r a p h i c a l a b s t r a c t
� Toxicity changes of Naph and alkyl-
Naph by photodegradation were
studied.

� The observed photodegradation was
well-explained by pseudo-first-order
kinetics.

� The observed toxicity of Naph and
alkyl-Naph was decreased by
photodegradation.

� The toxic contribution by photo-
degradation products was significant.

� The identified photodegradation
products were mainly oxygenated
forms.
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a b s t r a c t

Crude oil released into the environment contains many polycyclic aromatic hydrocarbons (PAHs).
Alkylated PAHs are more abundant than unsubstituted PAHs and their toxicity is also of serious concern.
Among the various physical, chemical, and biological weathering processes of crude oils, photo-
degradation is one of the most important for determining the environmental fate of oil residues. In this
study, the photodegradation rate constants of naphthalene and alkylated naphthalenes were determined
under simulated laboratory conditions at different temperature. Changes in the luminescence inhibition
of Aliivibrio fischeri, as an indicator of the baseline toxicity, were observed in photodegradation mixtures.
The major transformation products were also identified by gas chromatographyemass spectrometry. The
photodegradation of naphthalene and the eight alkylated naphthalenes was described well by pseudo-
first-order kinetics regardless of experimental temperature. The measured toxicity of the reaction
mixtures obtained by photodegradative weathering slightly increased initially and then decreased with
further weathering. In all cases, the observed toxicity was greater than accounted for by the parent
compounds, indicating that the photodegradation products also contributed significantly to the overall
toxicity of the mixtures. The identified photodegradation products were mostly oxygenated compounds
such as alcohols, aldehydes, ketones, and quinones, which warrant further investigation.

© 2019 Elsevier Ltd. All rights reserved.
Kwon).
1. Introduction

Marine oil spills, one of the most serious types of environmental
disasters, have negative and long-term effects on marine environ-
ments. From 1907 to 2014, more than 7million tons of crude oil was
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Fig. 1. Schematic diagram of the experimental apparatus used for the photo-
degradation tests.
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released into the environment from more than 140 large spills (Li
et al., 2016). The adverse ecological effects of these oil spill acci-
dents have been studied for decades (Peterson et al., 2013; Bejarano
and Michel, 2010; Diercks et al., 2010; Jiang et al., 2012).

Crude oils are made up of hundreds of major constituents and
thousands of minor ones. Each crude oil has certain unique prop-
erties (Fingas, 2013). These properties influence how the spilled oil
behaves and determine the fate and effects of the spilled oil in the
environment (Fingas, 2013). Among the components of crude oil,
polycyclic aromatic hydrocarbons (PAHs) are considered very
important after oil spill accidents because they are toxic, muta-
genic, carcinogenic, and relatively persistent in the environment
(Jiang et al., 2012; Kang et al., 2014; Bellas et al., 2013). The levels of
PAHs in oil-contaminated areas are commonly used to assess the
degree of contamination and environmental recovery after oil spill
accidents (Incardona et al., 2011; Di Toro et al., 2007; Loibner et al.,
2004; Botello et al., 2015). Despite the presence of various forms of
PAHs in crude oil, many studies have focused on 16 PAHs desig-
nated as priority pollutants by the U.S. Environmental Protection
Agency (U.S. EPA) (Loibner et al., 2004; Botello et al., 2015; ATSDR,
1995; Redman et al., 2012; Jiang et al., 2010). However, chemical
analyses of crude oils and petroleum products have revealed that
the amount of alkylated PAHs is greater than that of unsubstituted
PAHs (Pampanin and Sydnes, 2013; Yim et al., 2011; Neff et al.,
2011). In particular, the alkylated homologues of naphthalene,
phenanthrene, dibenzothiophene, fluorene, and chrysene were
found to be present in crude oil at higher concentrations than the
parent PAHs (Yang et al., 2015a). Furthermore, recent monitoring
studies at various oil-contaminated sites have shown that the
concentrations of alkylated PAHs are higher than those of the
parent PAHs (Hawthorne et al., 2006; Liu et al., 2012; Tronczy�nski
et al., 2004; Lee et al., 2013a). Our earlier study on the toxicity of
Iranian heavy crude oil using the luminescence inhibition of Alii-
vibrio fischeri as an indicator for baseline toxicity revealed that the
contribution of alkylated PAHs to the overall toxicity is approxi-
mately 10 times greater than that of the 16 PAHs identified by the
U.S. EPA and that alkylated naphthalenes are the most important
PAHs (Kang et al., 2014). For these reasons, alkylated PAHs are
receiving increasing attention and their physico-chemical proper-
ties and toxicities have been evaluated (Andersson and Achten,
2015; Kang et al., 2016; Mu et al., 2014; Turcotte et al., 2011;
Rhodes et al., 2005; Hong et al., 2012).

After an oil spill, the physical and chemical properties of crude
oil undergo immediate changes that in combination are termed
“weathering” (Fingas, 2013), including spreading, evaporation,
dispersion, emulsification, dissolution, photooxidation, sedimen-
tation, and biodegradation. These simultaneously occurring pro-
cesses are complex (Mishra and Kumar, 2015) andmay significantly
change the physico-chemical properties and the composition of
spilled oils. In particular, from a long-term perspective, photo-
degradation is a very important process leading to the chemical
transformation of spilled oils (Genuino et al., 2012; King et al., 2014;
Saeed et al., 2011; Wang et al., 2014; Ward et al., 2018; Yang et al.,
2015b). As photodegradation progresses, the influence of spilled oil
on the surrounding environment also changes owing to degrada-
tion of oil components such as PAHs (Cai et al., 2017; Fu et al., 2017).
Although there are many studies on the photodegradation of PAHs
in aquatic and soil environments, information is lacking on the
photodegradation of alkylated PAHs and the toxicity of their pho-
todegradation products.

In this study, the aqueous photodegradation of naphthalene and
alkylated naphthalenes (1-methylnaphthalene, 2-methylnaphtha-
lene, 1,2-dimethylnaphthalene, 1-ethylnaphthalene, 2-ethyl-
naphthalene, 1,4,5-trimethylnaphthalene, 2,3,5-trimethylnaphtha-
lene, and 2,4,5-trimethylnaphthalene) which play an important
role in the toxicity of crude oil was studied. The specific objectives
were: 1) to determine the rates of photodegradation under simu-
lated solar irradiation at 20, 25, 30, and 40 �C; 2) to evaluate the
changes in the toxicity of the reaction mixtures with photo-
degradation using the luminescence inhibition of A. fischeri as a
baseline toxicity marker; and 3) to identify the photodegradation
products under simulated solar irradiation using gas
chromatographyemass spectrometry (GC-MS).

2. Experimental

2.1. Materials

GC-grade 1,2-dimethylnaphthalene (96%), 1,4,5-
trimethylnaphthalene (95%), 2,3,5-trimethylnaphthalene (95%),
and 2,4,5-trimethylnaphthalene (98%) were purchased from Tokyo
Chemical Industry Co. (Tokyo, Japan). Naphthalene (99%), 1-
methylnaphthalene (95%), 2-methylnaphthalene (97%), 1-
ethylnaphthalene (97%), and 2-ethylnaphthalene (99%) were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). Acetonitrile and
acetone (HPLC ultra gradient solvent) were purchased fromAvantor
Performance Materials Inc. (Center Valley, PA, USA). Dichloro-
methane (DCM) was purchased from Daejung Chemical & Metals
Co. (Siheung, Republic of Korea).

2.2. Photodegradation experiments

An incubator with a 250W metal halide lamp (MSD 250/2 30H;
Philips Lighting, Brussels, Belgium) was used for all photo-
degradation experiments. The emission spectrum of the metal
halide lamp provides a good simulation of terrestrial solar radiation
in the UV region above 300 nm (Shankar et al., 2015) and earlier
studies used it as a light source for simulating sunlight (Marzooghi
et al., 2018; Chen et al., 2007; Nudelman and Cabrera, 2002; Zhang
et al., 2008). An incubator was used to maintain a constant tem-
perature of 20, 25, 30, and 40 �C by cooling air. The water tem-
perature was directly measured to ensure the photodegradation
reactions occurs at desired temperature. The distance between the
lamp and the aqueous samples that were stored in borosilicate vials
(40mL solution of naphthalene or alkylated naphthalenes) was
18 cm (Fig.1). The UV irradiation of themetal halide lamp under the
experimental conditions was measured at the beginning of the
experiment using a portable UVX radiometer equipped with UVX-
36 sensor covering 300e400 nm and calibrated at 365 nm
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(UltraViolet Products Ltd., San Gabriel, CA, USA) and the measured
UV irradiation intensity was 62.1Wm�2, which corresponds to the
photon flux of 190 mmolm�2 s�1 at 365 nm. The initial concentra-
tions were 12mg L�1 for naphthalene, 1-methylnaphthalene, and
2-methylnaphthalene; 8mg L�1 for 1-methylnaphthalene, 2-
methylnaphthalene, and 1,2-dimethylnaphthalene; and
0.8mg L�1 for 1,4,5-trimethylnaphthalene, 2,3,5-trimethylnaphth-
alene, and 2,4,5-trimethylnaphthalene. The solutions were pre-
pared by dissolving crystals directly in deionized water below their
water solubilities (Table S1, Supplementary Data). The photo-
degradation experiments were conducted for 6 h. All samples were
run in triplicate with one negative control. The control was covered
with aluminum foil to avoid irradiation. Sample aliquots (1mL)
were taken at predetermined time points (0, 1, 2, 4, and 6 h) and
immediately mixed with acetonitrile (1mL) to stop any further
transformations. The solution was then subjected to ultra-high-
performance liquid chromatography (UPLC) analysis. The total
organic carbon (TOC) contents of the photodegraded samples were
TUparent chemical ¼
Remaining concentration of parent chemical in photodegradation sample

�
mg L�1�

EC50; parent chemical
�
mg L�1� (3)
analyzed using a TOC analyzer (TOC-V CPH, Shimadzu, Kyoto,
Japan). The reaction mixtures obtained after photodegradation of
naphthalene and the alkylated naphthalenes for 6 h at 40 �C were
subjected to liquideliquid extraction for identification of the pho-
todegradation products. A sample of 1000mL prepared by pooling
the initial or photodegraded samples was extracted three times
using 50mL of DCMeacetone (6:4, v/v). The DCMeacetone extract
was then evaporated using a rotary evaporator and finally
concentrated to 2mL for analysis of the photodegradation products
using GC-MS.
2.2.1. Photodegradation kinetics
The photodegradation of PAHs such as naphthalene inwater can

be described by pseudo-first-order kinetics (Chen et al., 1996; Jing
et al., 2014; Kwon et al., 2009; Shemer and Linden, 2007; Wu and
Shao, 2017), as represented by Eq. (1):

ln
Ct
C0

¼ �kt (1)

where C0 and Ct represent the concentrations at time zero and t,
respectively, and k is the pseudo-first-order photodegradation rate
constant, determined by linear regression of ln (Ct/C0) vs. t.
2.3. Luminescence inhibition of A. fischeri

Changes in the acute toxicity of naphthalene and the eight
alkylated naphthalenes during the photodegradation experiments
at 40 �C were assessed by the luminescence inhibition by A. fischeri
(strain NRRL B-11177) using a Microtox® M500 analyzer (Modern
Water Inc., New Castle, DE, USA). Freeze-dried A. fischeri and diluent
were purchased from Modern Water Inc. The photodegradation
samples taken from the reaction mixtures of naphthalene and the
eight alkylated naphthalenes at 0, 2, 4, and 6 hwere directly applied
to the bioassay. Luminescence inhibition after 15min of exposure
was determined according to themanufacturer's protocol. Negative
controls prepared from deionized water and diluent did not show
any statistically significant inhibition (p¼ 0.05). The effective dose
for 50% inhibition (ED50) values were derived using the Microtox
Omni 4.2 software (Modern Water Inc.). To assess the toxicity
changes during photodegradation of the alkylated naphthalenes,
the test results were expressed in toxic units (TU).

For evaluating the overall effects of toxicants using the
concentration-addition model, it is useful to express the toxicity of
a chemical component using the concept of TU (Kang et al., 2014;
Schmidt et al., 2013). The overall TU was calculated using the
measured median effective dilution (ED50) values (%) by:

Overall TU ¼ 100
ED50ð%Þ

¼ TUparent chemical þ TUphotodegradation products (2)

The overall toxicity can also be calculated as the sum of the
contributions of the individual parent chemicals and the photo-
degradation products. The TU of individual alkylated naphthalenes
was calculated using the chemical analysis results for each photo-
degradation sample (Eq. (3)).
2.4. Instrumental analyses

The concentrations of naphthalene and the alkylated naphtha-
lenes in aqueous samples were quantified using a Waters Acquity
UPLC system equipped with a fluorescence detector. The mobile
phase in isocratic mode was 70% acetonitrile and 30% water (v/v).
The mixtures were separated on a Waters BEH C18 column
(2.1� 50mm, 1.7 mm particle size) at a flow rate of 0.3mLmin�1

and 35 �C. Naphthalene and the alkylated naphthalenes were
detected using the fluorescence detector with excitation (lex) and
emission wavelengths (lem) of 260 and 352 nm, respectively. The
external standards were used for quantification. Calibration curves
for naphthalene and eight alkylated naphthalenes were prepared
using five standard solutions covering the concentration range of
0e6 h solutions. The correlation coefficients (r2) were all greater
than 0.99. Quality control standards were injected in every four
injections and the measured concentration did not deviate more
than 10%. The range of concentration was measured for all analytes
was greater than the concentration of the lowest standard and
higher than instrumental detection limits.

The DCMeacetone extracts of the photodegradation samples
were analyzed using an Agilent 7890A gas chromatograph coupled
with a 5975C series mass spectrometer (GC-MS). A HP-5MS 5%
phenyl methyl siloxane capillary column
(30m� 0.25mmID� 0.25 mm film thickness) was used with heli-
um as the carrier gas at a flow rate of 0.9mLmin�1. The sample
injection volume was 2 mL, and the temperatures of the inlet and
the detector were 250 �C and 280 �C, respectively. The oven tem-
peraturewas held at 40 �C for 1min, ramped from 70 �C to 280 �C at
10 �C min�1, and then held at 280 �C for 6min. The scan range was
from 35 to 550m/z. The NIST05 MS library was used for tentative
identification of the photodegradation products. All library-
matched species exhibited a degree of match greater than 75%.
3. Results and discussion

3.1. Photodegradation kinetics

Fig. 2 shows the concentration and TOC changes of naphthalene



Fig. 2. Concentration and TOC changes of (a) naphthalene, (b) 1-methylnaphthalene, (c) 2-methylnaphthalene, (d) 1,2-dimethylnaphthalene, (e) 1-ethylnaphthalene, and (f) 2-
ethylnaphthalene during photodegradation tests at 40 �C. Dashed lines describe the best fits using equation (1).
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and various alkylated naphthalenes during the photodegradation
tests at 40 �C. As shown, the concentrations of naphthalene and the
alkylated naphthalenes decreased exponentially during the pho-
todegradation tests, while the TOC concentration did not decrease
much, indicating that naphthalene and the alkylated naphthalenes
were not completely mineralized during the photodegradation
tests. 1,4,5-Trimethylnaphthalene, 2,3,5-trimethylnaphthalene, and
2,4,5-trimethylnaphthalene were excluded from the TOC mea-
surements because the initial concentrations of trimethylnaph-
thalenes were too low, owing to their limited water solubility, to be
measured using a TOC analyzer.

The photodegradation of naphthalene and alkylated naphtha-
lenes at all experimental temperature (20, 25, 30, and 40 �C) was
fitted well by the pseudo-first-order kinetics (Fig. S1) and the ob-
tained pseudo-first-order rate constants for the photodegradation
(k) are listed in Table 1. The rate of photodegradation was acceler-
ated as the temperature increased. For example, the measured
photodegradation rate constant of naphthalene increased from
Table 1
Molecular weights, octanol-water partition coefficients (Kow), calculated highest occupie
gaps, photodegradation rate constants (k) at different temperatures from 20 to 40 �C, ha
equation for naphthalene and the eight alkylated naphthalenes. Values of k and Ea repre

Chemical Molecular weight log Kow
a HOMOeLUMO gap (eV)

Naphthalene 128 3.35 9.13

1-Methylnaphthalene 142 3.72 9.01
2-Methylnaphthalene 142 3.72 8.98

1,2-Dimethylnaphthalene 156 4.26 8.81
1-Ethylnaphthalene 156 4.21 9.02
2-Ethylnaphthalene 156 4.21 8.96

1,4,5-Trimethylnaphthalene 170 4.81 8.56
2,3,5-Trimethylnaphthalene 170 4.81 8.90
2,4,5-Trimethylnaphthalene 170 4.81 8.41

a Predicted data using KOWWIN v1.68 in EPI Suite v4.1 (U.S. Environmental Protectio
b Predicted data using ChemOffice Professional 15.
0.20 to 0.49 h�1 as the temperature rose from 20 to 40 �C.
The photodegradation rate constant of the alkylated naphtha-

lenes at 40 �C was the highest for 1,4,5-trimethylnaphthalene, fol-
lowed by 2,4,5-trimethylnaphthalene, naphthalene, 1,2-
dimethylnaphthalene, 1-ethylnaphthalene, 2,3,5-trimethylnaphtha
lene, 1-methylnaphthalene, 2-methylnaphthalene, and 2-
ethylnaphthalene.

The energy gaps between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) for naphthalene and the alkylated naphthalenes were
calculated using ChemOffice Professional 15 (PerkinElmer Inc., San
Jose, CA, USA) using the Molecular Orbital Package (MOPAC) pro-
gram (MOPAC, 2012) and compared with the photodegradation
rates. In several quantitative structureeactivity relationship (QSAR)
studies for predicting the photolysis of PAHs, the HOMO energy
ðEhomoÞ, the LUMO energy ðElumoÞ, and the HOMOeLUMO energy
gap ðElumo � EhomoÞ have proven to be significant quantum chem-
ical descriptors (Chen et al., 1996, 2001; Lu et al., 2005; Luo et al.,
d molecular orbital (HOMO)elowest unoccupied molecular orbital (LUMO) energy
lf-lives (t1/2) obtained at 40 �C and calculated activation energy (Ea) using Arrhenius
sent mean ± standard deviation of triplicates.

b k (h�1) t1/2 (h) Ea (kJ mol�1)

20 �C 25 �C 30 �C 40 �C

0.20± 0.01 0.27± 0.01 0.34± 0.01 0.49± 0.04 1.4 33± 5

0.087± 0.006 0.11± 0.01 0.13± 0.01 0.19± 0.04 3.6 29± 11
0.12± 0.01 0.14± 0.00 0.14± 0.00 0.17± 0.01 4.0 14± 1

0.18± 0.01 0.23± 0.01 0.28± 0.01 0.32± 0.03 2.2 21± 6
0.15± 0.01 0.21± 0.04 0.21± 0.01 0.30± 0.02 2.3 25± 6
0.072± 0.010 0.10± 0.01 0.12± 0.01 0.15± 0.01 4.7 25± 3

0.52± 0.01 0.53± 0.04 0.58± 0.05 0.69± 0.04 1.0 11± 3
0.15± 0.01 0.17± 0.01 0.18± 0.02 0.22± 0.04 3.1 16± 5
0.29± 0.04 0.35± 0.02 0.43± 0.07 0.56± 0.08 1.2 25± 2

n Agency, 2012).
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2015). However, as shown in Table 1, there are no apparent re-
lationships between the HOMOeLUMO energy gaps and the
measured rate constants in this study, likely because the
HOMOeLUMO energy gaps of the selected compounds have a very
narrow range of 8.41e9.13 eV, making it difficult to observe clear
correlations with the photodegradation rate constants.
3.2. Determination of activation energies

As shown in Fig. 3, the observed photodegradation rates within
the temperature range of 25e40 �C were explained by the Arrhe-
nius equation:

lnðkÞ ¼ �Ea
R

1
T
þ lnðAÞ (4)

where Ea is the activation energy (kJ mol�1), R is the gas constant (J
mol�1K�1), T is temperature (K), and A is the pre-exponential factor
depending on compound. The activation energy (Ea) of this pho-
todegradation process can also be determined by plotting the
photodegradation rate constant versus temperature. The calculated
activation energies of naphthalene and alkylated naphthalenes are
listed in Table 1, ranging between 11 and 33 kJmol�1. Naphthalene
has the highest activation energy of 33 kJmol�1. Higher activation
Fig. 3. Arrhenius plots for (a) naphthalene, (b) 1-methylnaphthalene, (c) 2-methylnaphtha
1,4,5-trimethylnaphthalene, (h) 2,3,5-trimethylnaphthalene and (i) 2,4,5-trimethylnaphthal
energy represents higher sensitivity of the photodegradation rate
to the environmental temperature (Jing et al., 2014). Using the
measured activation energies (Table 1), for examples, photo-
degradation rate constants increase from 20 to 40 �C by 138, 75 and
33% for naphthalene, 1,2-dimethylnaphthalene and 1,4,5-
trimethylnaphthalene, respectively.
3.3. Toxicity changes during photodegradation of naphthalene and
alkylated naphthalenes

To evaluate the changes in toxicity caused by photodegradation,
the naphthalene and alkylated naphthalene reactionmixtures were
sampled after photodegradation for 0, 2, 4, and 6 h at 40 �C and
used immediately for luminescence inhibition tests. The initial
concentrations of 1,4,5-, 2,3,5-, and 2,4,5-trimethylnaphthalenes in
the photodegradation experiments were lower than their water
solubilities to ensure complete dissolution of crystals. It was diffi-
cult to observe luminescence inhibition that was significantly
different from the negative control. This result is consistent with
the short-term toxicity cutoff of trimethylnaphthalenes at
approximately log Kow of 5 with limited water solubility (Kang
et al., 2016; Lee et al., 2013b). Table 2 shows the measured me-
dian effective concentration (EC50) and ED50 values, as well as the
calculated TU. The EC50 values obtained for naphthalene, 1-
lene, (d) 1,2-dimethylnaphthalene, (e) 1-ethylnaphthalene, (f) 2-ethylnaphthalene, (g)
ene (T from 293 to 313 K).



Table 2
Octanol-water partition coefficients (Kow), EC50 and ED50 values determined from the luminescence inhibition of A. fischeri, and calculated toxic units (TU) for naphthalene and
the alkylated naphthalenes. Values in parentheses represent 95% confidence intervals.

Chemical log Kow
a EC50 (mg L�1) ED50 (%) TU

This study Literature b 0 h 2 h 4 h 6 h 0 h 2 h 4 h 6 h

Naphthalene 3.35 0.52 (0.41, 0.66) 0.53 4.3 (3.4, 5.5) 3.6 (3.0, 4.3) 5.0 (4.1, 6.2) 6.1 (5.5, 8.2) 23 28 20 16

1-Methylnaphthalene 3.72 0.37 (0.34, 0.40) 0.50 3.1 (2.8, 3.3) 2.9 (2.7, 3.2) 3.8 (3.5, 4.2) 4.6 (4.1, 5.2) 33 34 26 22
2-Methylnaphthalene 3.72 0.32 (0.30, 0.35) 0.37 2.7 (2.5, 2.9) 3.4 (2.9, 4.0) 6.3 (5.7, 6.9) 9.8 (8.7, 11.1) 37 29 16 10

1,2-Dimethylnaphthalene 4.26 0.79 (0.67, 0.92) e 9.8 (8.4, 11.5) 11.0 (10.3, 11.8) 16.1 (12.5, 20.8) 23.1 (13.6, 39.2) 10 9.1 6.2 4.3
1-Ethylnaphthalene 4.21 0.14 (0.14, 0.14) 0.18 1.8 (1.7, 1.8) 3.0 (2.8, 3.3) 4.6 (4.2, 5.1) 8.2 (7.3, 9.2) 57 33 22 12
2-Ethylnaphthalene 4.21 0.11 (0.10, 0.11) 0.09 2.0 (1.8, 2.2) 1.9 (1.7, 2.0) 2.9 (2.7, 3.1) 6.0 (5.5, 6.6) 51 54 35 17

a Predicted data using KOWWIN v1.68 in EPI Suite v4.1.
b Lee et al. (2013b).
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methylnaphthalene, 2-methylnaphthalene, 1-ethylnaphthalene,
and 2-ethylnaphthalene are 0.52, 0.37, 0.32, 0.14, and 0.16mg L�1,
respectively, which are in good agreement with previously re-
ported values (Lee et al., 2013b). For example, the previously re-
ported values for 2-methylnaphthalene and 2-ethylnaphthalene
are 0.37 and 0.09mg L�1, respectively (Lee et al., 2013b). These
values are within a factor of 2 of the values determined in this
study. The ED50 values of the photodegradation samples showed
slight decreases for naphthalene, 1-methylnaphthalene, and 2-
ethylnaphthalene after photodegradation for 2 h although they
were not statistically significant (p¼ 0.05). With the exception of
these initial decreases in ED50, the observed ED50 values showed an
increasing tendency with photodegradation time. For example, the
ED50 values of naphthalene measured at 0 and 6 h increased from
4.3% to 6.1%.

Fig. 4 shows the TU changes of the reaction mixtures from
photodegradation of naphthalene and the alkylated naphthalenes,
with the contribution of the parent compounds estimated from
their remaining concentrations. The overall toxicity of naphthalene
and the alkylated naphthalenes tends to decrease during
Fig. 4. Calculated TU changes for (a) naphthalene, (b) 1-methylnaphthalene, (c) 2-me
ethylnaphthalene during photodegradation experiments.
photodegradation. In the case of naphthalene and 2-
ethylnaphthalene, the calculated initial TU values of 23 and 51,
respectively, decreased to 13 and 17, respectively, after photo-
degradation for 6 h. In all the photodegradation samples, there
were notable disparities between the observed TU value and that
estimated from the measured concentration of the parent com-
pound, indicating that the transformation products contribute a
significant portion of the toxicity. This contribution of the photo-
degradation products to the toxicity was largest for naphthalene
and smallest for 1-ethylnaphthalene. The contribution of the
transformation products of naphthalene and alkylated naphtha-
lenes to the overall toxicity generally increased as photo-
degradation proceeded, except in the case of 2-methylnaphthalene
and 2-ethylnaphthalene. For example, the contributions of the
phototransformation products of naphthalene to the overall
toxicity were 27%, 39%, and 47% after 2, 4, and 6 h, respectively.
These observations agree with earlier studies on the photo-
degradation products of PAHs that aqueous photodegradation
produced oxygenated PAHs (Fasnacht and Blough, 2002, 2003) and
toxicity of oxygenated PAHs could be comparable with that of PAHs
thylnaphthalene, (d) 1,2-dimethylnaphthalene, (e) 1-ethylnaphthalene, and (f) 2-



H.-J. Kang et al. / Chemosphere 222 (2019) 656e664662
(Lundstedt et al., 2007, 2014). Although luminescence inhibition of
A. fischeri has been widely used as a baseline toxicity marker in
many studies (Escher et al., 2017; Kang et al., 2014, 2016) for its
simplicity, single toxicity tests are not sufficient to evaluate toxic
potential of naphthalene and alkylated naphthalenes and their
phototransformation products. Battery of multiple toxicity assays
should be applied to evaluate their toxic potencies quantitatively.

Representative byproducts from the photooxidation of parent
PAHs are oxygenated polycyclic aromatic hydrocarbons (oxy-PAHs).
Thus, the major phototransformation products in this study were
also likely oxygenated naphthalene and alkylated naphthalenes,
which contribute to the observed overall toxicity. Owing to higher
water solubility than that of their parents, oxy-PAHs are more
environmentally mobile, but they are still persistent and toxic
(Lundstedt et al., 2007; Layshock et al., 2010; Shen et al., 2011;
Knecht et al., 2013; Salvo et al., 2016). Thus, oxy-PAHs are important
co-contaminants that should be taken into account during the risk
assessment of sites contaminated with high levels of PAHs
(Lundstedt et al., 2007).
Table 3
Information about the photodegradation products produced during photodegradation of

No. Retention time (min) Diagnostic mass fragments Name

(a)
1 7.941 128, 102 Naphthalene (parent compo
2 8.598 105, 77.1, 134 Phthalaldehyde
3 9.113 132.1, 104.1, 78.1 1-Indanone
4 9.520 104, 76, 148 2-Benzofuran-1,3-dione
5 10.069 105.1, 134, 77.1 2-Benzofuran-1(3H)-one
6 10.904 158, 104, 130 1,4-Naphthoquinone
7 11.213 146, 118, 89.1 2H-Chromen-2-one
8 12.009 44.1, 115.1, 144.1 1-Naphthol
(b)
1 9.812 142.2, 115.1 1-Methylnaphthalene (pare
2 10.023 105, 134, 77.1 2-Benzofuran-1(3H)-one
3 10.304 105.1, 133, 148.1 1-(3,4-Dimethylphenyl)etha
4 10.904 119, 148.1, 91.1 7-Methyl-1-benzofuran-3(2
5 11.213 146, 118, 89.1 2H-Chromen-2-one
6 11.517 119.1, 148, 91.1 6-Methyl-2-benzofuran-1(3
7 11.980 156.1, 128.1 1-Naphthaldehyde
8 12.632 129.1, 158.1 1-Naphthylmethanol
(c)
1 9.560 141.2, 115.1 2-Methylnaphthalene (pare
2 10.035 105, 134, 77.1 2-Benzofuran-1(3H)-one
3 11.030 158.1, 115, 129.1 7-Methyl-1-naphthol
4 11.482 119.1, 148, 91.1 4-Methyl-2-benzofuran-1(3
5 11.648 119.1, 148, 91.1 4-Methylphthalaldehyde
6 11.917 131.1, 160 3-Methyl-2H-chromen-2-on
7 12.015 156.1, 127.1 2-Naphthaldehyde
8 12.455 160, 132, 104.1 7-Methyl-2H-chromen-2-on
9 12.507 158.1, 129.1, 115.1 2-Methyl-1-naphthol
10 12.690 29.1, 158.1, 141.1 2-Naphthylmethanol
11 13.033 188, 131, 105 2-Hydroxy-3-methyl-1,4-na
(d)
1 11.586 141.1, 156.1, 115.1 1,2-Dimethylnaphthalene (p
2 10.251 105, 132.9, 147.9 1-(3,4-Dimethylphenyl)etha
3 12.416 133, 162, 105 6,7-Dimethyl-2-benzofuran
4 13.039 133, 162, 105 4,5-Dimethyl-2-benzofuran
5 13.113 170, 141, 115 8-Methyl-1-naphthaldehyd
(e)
1 10.809 115, 141, 156 1-Ethylnaphthalene (parent
2 10.019 105, 77, 134 2-Benzofuran-1(3H)-one
3 11.221 118, 146, 89 2H-Chromen-2-one
4 11.763 119, 147, 162 2-Ethyl-1,4-benzodioxine
5 12.643 127, 155, 170 1-(2-Naphthyl)ethanone
6 12.871 129, 144, 157, 172 1-(2-Naphthyl)ethanol
7 14.075 171, 115, 186 1-(2-Hydroxy-1-naphthyl)e
(f)
1 10.882 141.2, 156.2, 115.1 2-Ethylnaphthalene (parent
2 12.879 129.1, 172.1, 157.1 1-(2-Naphthyl)ethanol
3 12.941 155.1, 127.1, 170.1 1-(2-Naphthyl)ethanone
4 13.113 157.1, 172.1, 129.1 3-Ethyl-1-naphthol
3.4. Identification of photodegradation products

To identify the photodegradation products of naphthalene and
the alkylated naphthalenes, the obtained solvent extracts were
analyzed by GC-MS. The mass spectral characteristics and molec-
ular information identified by GC-MS of the parent compounds and
their photodegradation products are summarized in Table 3 and
Figs. S2eS8 (Supplementary Material). In the control samples
covered with aluminum foil, the initial concentration of the parent
compound did not change and no transformation products of
naphthalene and the alkylated naphthalene were identified. As
listed, the phototransformation products were mainly identified as
alcohols, aldehydes, ketones, and quinones. It warrants further
studies to identify more polar transformation products such as
carboxylic acids because liquid-liquid extraction without derivati-
zation reaction in this study is not suitable for extracting those
compounds from aqueous solution.

Previous studies on the photodegradation process of PAHs have
shown that photodegradation reactions are usually initiated by
naphthalene and the alkylated naphthalenes, as identified by GC-MS.

Empirical formula Molecular weight Matching quality (%)

und) C10H8 128 95
C8H6O2 134 87
C9H8O 132 97
C8H4O3 148 86
C8H6O2 134 91
C10H6O 158 90
C9H6O2 146 91
C10H8O 144 95

nt compound) C11H10 142 90
C8H6O2 134 91

none C10H12O 148 87
H)-one C9H8O2 148 80

C9H6O2 146 91
H)-one C9H8O2 148 86

C11H8O 156 98
C11H10O 158 94

nt compound) C11H10 142 94
C8H6O2 134 91
C11H10O 158 78

H)-one C9H8O2 148 86
C9H8O2 148 95

e C10H8O2 160 94
C11H8O 156 97

e C10H8O2 160 94
C11H10O 158 89
C11H10O 158 94

phthoquinone C11H8O3 188 94

arent compound) C12H12 156 94
none C10H12O 148 87
-1(3H)-one C10H10O 162 76
-1(3H)-one C10H10O 162 91
e C12H10O 170 80

compound) C12H12 156 60
C8H6O2 134 97
C9H6O2 146 93
C10H10O2 162 86
C12H10O 170 95
C12H12O 172 95

thanone C12H10O2 186 94

compound) C12H12 156 83
C12H12O 172 97
C12H10O 170 95
C12H12O 172 90
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hydroxylation of PAHs, followed by a series of oxidation processes,
to finally yield photodegradation products in the form of smaller
molecules (Woo et al., 2009; Theurich et al., 1997). For naphthalene,
the identified photodegradation products were consistent with
those identified in a previous study (Woo et al., 2009), including
1,4-naphthoquinone, 2H-chromen-2-one, and 1-naphthol. For all
the alkylated naphthalenes, except 1,2-dimethylnaphthalene, hy-
droxylated degradation products were identified. As an example, 1-
naphthol, 1-naphthylmethanol, and 1-(2-naphthyl)ethanol were
identified as photodegradation products of naphthalene, 1-
methylnaphthalene, and 1-ethylnaphthalene, respectively.
Various other oxygenated degradation products were also identi-
fied. These oxygenated products are suspected to contribute to the
overall toxicity of the degradation mixtures in Section 3.2, but
further studies are required to quantitatively evaluate their toxicity.

4. Conclusions

The present study focused on the photodegradation of naph-
thalene and selected alkylated naphthalenes and the changes in
toxicity as phototransformation proceeds in aquatic environments.
The observed decreases in the concentration of naphthalene and
the eight alkylated naphthalenes were well explained by pseudo-
first-order kinetics regardless of temperature with coefficients of
determination (R2) between 0.96 and 0.99. The photodegradation
rates decreased in the order of 1,4,5-trimethylnaphthalene, 2,4,5-
trimethylnaphthalene, naphthalene, 1,2-dimethylnaphthalene, 1-
ethylnaphthalene, 2,3,5-trimethylnaphthalene, 1-
methylnaphthalene, 2-methylnaphthalene, and 2-
ethylnaphthalene. In general, the observed toxicity of the photo-
transformation mixtures from naphthalene and the alkylated
naphthalenes decreased with the degree of photodegradation. The
slight increases in toxicity observed after 2 h for naphthalene, 1-
methylnaphthalene, and 1-ethylnaphthalene are likely due to the
formation of more polar oxygenated transformation products with
comparable toxic potencies. Thus, the photodegradation products
from naphthalene and the alkylated naphthalenes, which are
mainly oxygenated PAHs, are suspected to be important contribu-
tors to the overall toxicity of the reaction mixtures. Although
several oxygenated PAHs were tentatively identified using GC-MS,
further investigations on the quantitative analysis of trans-
formation products of alkylated naphthalenes and their photo-
degradation pathways and toxicities are necessary.
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