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ABSTRACT

Understanding chemical transformations of contaminants and the resulting products is extremely important in devising
proper monitoring methods for such contaminants and in assessing potential human exposure to the transformation
products in the environment. Ultraviolet (UV) light from the sun can induce various photochemical transformations of
contaminants in the environment. Alkylnaphthalenes are light-molecular-weight polycyclic aromatic hydrocarbons
(PAHs) which are one of the most widespread organic pollutants present in ambient air as a result of a variety of in-
complete combustion sources. In this study, 1-methylnapthalene,a typical example of an alkylnaphthalene, was sub-
jected to UV irradiation to investigate its transformation in the presence and absence of air. Twenty-one products were
detected in the reaction mixtures. Some photo-oxidation products were identified, including both ring-opened and
ring-retained oxygenated compounds, such as 1-naphthaldehyde, 1-naphthoic acid, 1-naphthalenemethanol and phthalic
anhydride. Although dimeric products were observed in the presence of air, more were found in the presence of helium
or argon gas, indicating a different photo-oxidation pathway from those commonly observed in other media, such as
water. Under just 48 hours of exposure to the UV light in the presence of air, three major products were formed with a
production yield of about 10% each. Compared to 1-methylnapthalene, the UV induced transformation products ob-
served in this study are more volatile, acidic, water soluble or toxic. The formation of these products may significantly
change our understanding of the risks assessed solely from the parent compound in contaminants research and supports
the inclusion of airborne transformations of the parent compound in risk assessment.
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1. Introduction outdoor. Several studies conducted either in outdoor en-
vironments [11-13] or in seawater [14] have indicated
that 1-methylnaphthalene is readily photo-oxidized and
transformed to secondary pollutants under sunlight UV
or simulation UV light. It was also reported that at am-
bient temperature, dimethylnaphthalenes and ethylnaph-
thalenes in the gas phase can undergo radical-initiated
reactions with hydroxyl (OH) radicals [15], forming di-
methylnitronaphthalenes and/or ethylnitronaphthalenes,
which have been identified in ambient air samples col-
lected in Southern California [16]. Previously reported
atmospheric lifetimes, due to gas-phase reactions with
OH radicals, are about 2 hours for dimethylnaphthalenes
and 3 - 4 hours for methylnaphthalenes and ethylnaph-
“Corresponding author. thalenes [11]. A recent report from Chan et al. [17] de-

Methylnaphthalenes (MNs), dimethylnaphthalenes (DMNs)
and ethylnaphthalenes (ENs) are common polycyclic
aromatic hydrocarbons (PAHs) emitted into ambient air
from a variety of incomplete combustion sources, in-
cluding diesel engines [1-7], and wood burning [8,9].
These substances are predominantly present in the gas
phase [10]. Although air quality can be influenced by
these methylnaphthalenes in the gas phase, the reactions
with environmental conditions and subsequent transfor-
mation products may also be of concern. Sunlight UV,
majorly UVA (315 - 400 nm) and UVB (280 - 315 nm),
is a common environmental factor in both indoor and
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scribed the formation of secondary organic aerosols from
the gas phase photo-oxidation of 1-methylnaphthalene in
a chamber study in the presence of nitrogen oxides. Con-
sidering that sunlight-UV induced photochemical trans-
formations could be a major transformation pathway and
can take place in the gas phase after the volatilization of
compounds in the environment, therefore, understanding
the molecular level of reactions of airborne 1-me-
thynaphthalene with UV light, is important for describing
how the parent chemical transforms to the resulting
products and therefore contribute to the secondary pol-
lutants in the environment.

Although numerous studies have focused on photo-
oxidation of alkylnaphthalenes in the presence of oxygen,
the UV induced transformations of alkylnaphthalenes in
various reaction conditions, such as in the presence of
various gases, in contrast, have not yet been systemati-
cally investigated and compared. In the presence of an
inert gas such as helium or argon gas, the transformation
process is thought to be a photolysis process due to a lack
of oxygen in the system. In this study, degradation of
1-methylnaphthalene and formation of transformation
products under various reaction conditions, including in
the presence of dry or humid air, were systematically
investigated. The degradation rate of 1-methylnaphalene
was also investigated to evaluate the contributions of UV
exposure in the presence of air to the formation of oxy-
genated transformation products. The implications of the
transformation products on air quality and the environ-
ment were also discussed.

2. Materials and Methods
2.1. Chemicals and Preparation of Solutions

1-Methylnaphthalene (95%), 1-naphthaldehyde (95%),
1-naphthalenemethanol (98%), 1-naphthoic acid (96%),
1-naphthaleneacetic acid (98%), 2-naphthaleneacetic acid

UV sourc
Syringe
Cap with septum
UV detector

(99%), phthalic acid (99.5+%), phthalic anhydride
(99+%), 2,2°-dimethyl 1,1’-biphenyl (Aldrich compound
number T206571), and 2,2’-dimethyl-1,1’-binaphthalene
(Aldrich compound number T330272) were purchased
from Sigma-Aldrich Canada (Oakville, Ontario, Canada).
Hexane (99.98%), methanol (99.9%) and dichloro-
methane (99.96%) were purchased from Omnisolv
(Swedesboro, NJ, USA).Solutions of 1-methylnaphalene
and other standards were prepared by dissolving them
inhexane to make 1 mg/mL stock solutions. The working
solutions were prepared by diluting the stock solutions to
certain concentrations with hexane.

2.2. UV Photo-Oxidation of
1-Methylnaphthalene

The photo-oxidation experiments were carried out in a
cylindrical quartz chamber. The chamber was fitted with
a Teflon air-lock at both ends, one end was further
screwed with a septum thread cap (Figure 1). It was de-
termined that 1-methylnaphthalene was completely ad-
sorbed on the inner surface of the quartz reaction cham-
ber (~120 cc). In order to prevent the adsorption, the sur-
face of a new quartz chamber was deactivated prior to
the experiment with a solution of 7% aqueous ammo-
nium bifluoride for 5 minutes followed by deionized wa-
ter, then methanol, and dried with zero air. The pre-
washed and dried quartz chamber was then flushed with
dry, clean air, humid air (100% humidity), helium, or
argon gas, depending on the desired experiment, for 5
minutes prior to the introduction of the testing chemical.
The two air-lock valves were then closed to ensure the
chamber was completely filled with the desired gas. 5.0
pL of neat 1-methylnaphthalene was injected to the cen-
tre of the chamber’s inner bottom wall through the sep-
tum with a specifically designed long-needle syringe.
The chamber was placed into an apparatus for 30 minutes

lamp
holder

Extracts

uv power
—ldetector controller

GC/MS
analysis

uv

tontrolle

Figure 1. Schematic photo-oxidation system.
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to allow the 1-methylnaphthalene to be naturally evapo-
rated in the chamber. The UV lamp (UV A + B) was then
turned on, and the time was recorded. The strength of the
UV radiation was set at 26 mW-cm”. An identical
chamber loaded with same amount of 1-methylnaphtha-
lene in the same way was wrapped with aluminium foil
to block any light as the dark control. After a fixed time
of exposure, the UV lamp was turned off. Both chambers
were rinsed twice with 2.5 mL of hexane, twice with 2.5
mL of dichloromethane, and twice with 2.5 mL of
methanol, in sequence. The rinses of solvents were com-
bined and stored at 4°C for GC/MS analysis.

2.3. GC/MS Analysis

An Agilent GC/MS system (6890N GC and 5973 MSD,
Agilent Technologies (Canada) Inc., Mississauga, On-
tario) was used for both measuring the degradation of
1-methylnaphthalene and identifying reaction products.
A DB-5MS GC column (30 m x 0.25 mm i.d. X 0.25 pm
film thickness, J & W Scientific, Folsom, USA) was
used. The injection port temperature was 280°C, the oven
temperature was set 45°C for 5 minutes, increased to
210°C at 15°C /min; to 270°C at 8°C/min; to 310°C at
30°C/min, and then kept at this temperature for 25 min-
utes. The MSD was operated in full scan mode with a
scan range of 30 - 700 m/z. The peaks were also ana-
lyzed with high resolution mass spectrometer. A COC
inlet with track over mode for the temperature was used
in coupling with the Waters Autospec Premier double
focusing magnetic sector instrument. The magnet scan in
EI + mode was from 60 to 450 m/z with parameters:
5000 resolution(at 5% peak height), 0.5 s/decadescan
time, 0.2 s interscan time and 0.64 s total cycle time.

3. Results and Discussion

3.1. The Photo-Oxidation of
1-Methylnaphthalene in Air

When the chamber containing 1-methylnaphthalene was
exposed to UV light in a clean dry air environment, the
photo-reaction process was observed visually by the ap-
pearance of a light brown colour on the entire internal
wall of the quartz chamber. The same colour was also
observed on the bottom wall of the chamber, where the
starting material was initially placed, indicating that the
starting material might not be completely evaporated.
The multiple peaks in the total ion chromatogram (TIC)
of the GC/MS showed many potential photo-oxidation
transformation products in the extracted reaction mixture
(Figure 2(a) and 3(a)). Information on those peaks has
been summarized in Table 1. Among them, peak 2 was
the starting material, 1-methylnaphthalene (Figure 2(a)).

Copyright © 2012 SciRes.

The three most abundant products represented by peaks 7,
8, and 10 in Figure 1(a) were identified as 1-naphthal-
dehyde, 1-hydroxymethylnaphthalene (also named 1-na-
phthalenemethanol), and naphthoic acid, respectively, by
comparing their MS spectra and gas chromatographic
retention indices with those of authentic reference com-
pounds. The identification of peak 1 was confirmed by
comparing the retention time on the chromatogram with
the reference standard for phthalic anhydride.

The identification of peak 9 proved to be challenging.
That peak was further analyzed with high resolution
mass spectrometry and the spectrum indicated a molecu-
lar mass of 186.0681 with a formula of C;,H;,0,, its
mass spectrum was similar to either 2-naphthaleneacetic
acid or 1-naphthaleneacetic acid according to the NIST
library (Figure 2(b)). The difference of 28 mass units
between the parent peak at m/z 186 and that at m/z 158
indicated the loss of a carbonyl group (Table 1). The
difference of 17 mass units from m/z 158 to m/z 141
suggested the loss of a hydroxyl group. Additionally, it
was suggested that there had been a loss of an ethyl
group and a methyl group from a benzene ring as a result
of the difference of 26 mass units from m/z 141 to m/z
115 and the difference of 14 mass units from m/z 129 to
m/z 115, respectively. Although the mass spectrum was
identical to either of 1- or 2-naphtaleneacetic acid refer-
ence standards, neither of the two corresponding stan-
dards matched the retention time. Nor was the retention
time of 2-methyl-1-naphthoic acid or 4-methyl-1-na-
phthoic acid. The other possible structure for peak 9
could be naphthalenic acid methyl ester; this has yet to
be confirmed.

The mass spectra of peak 4 and peak 5 matched the
spectra of 3-methyl-1(3H)-isobenzofuranone and 3, X-
dimethyl-1(3H)-isobenzofuranone (X denoting the un-
known position of the second methyl group), respec-
tively in the NIST library. The two chemicals were pre-
viously reported in the photo-oxidation of 1-methylnaph-
thalene in seawater [14].

A recent study revealed that the photo-transformation
of naphthalene in atmospheric conditions under UV light
resulted in the formation of two groups of products:
ring-opened products and ring-retained products [17].
Among those ring-opened products, (E)-3-(2-acetyl-
phenyl)acrylaldehyde was identified through the trans-
formation of methylnaphthanyl peroxy radical with oxy-
gen molecules and NO or RO, radicals [17]. The mass
spectrum of peak 11 (Figure 2(c)) was found to match
that of (E)-3-(2-acetylphenyl)acrylaldehyde reported by
Chan et al. [17]. In addition, the difference of 29 mass
units from the parent peak at m/z 174 to m/z 145 indi-
cated the loss of an ethyl group (Table 1), and the loss of
30 mass units from m/z 145 to m/z 115 might suggest a
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Figure 2. (a): Total ion chromatogram of reaction extracts of 1-methylnaphthalene (retention time from 13 to 17 minutes).
UV (A + B) light strength: 26 mW-cm™, exposure time: 70 hours. Identification of peaks: 1: phthalic anhydride; 2:
1-methylnaphthalene; 3: tentatively 1,3-Indandione; 4: tentatively3-methyl-1(3H)-isobenzofuranone; 5: tentatively 3,X-di-
methyl-1(3H)-isobenzofuranone; 6: tentatively 2-acetylbenzoic acid; 7: 1-naphthaldehyde; 8: 1-1-naphthalenemethanol; 9:
unidentified unknown compound; 10: naphthoic acid; 11: tentatively(E)-3-(2-acetylphenyl)acrylaldehyde; (b): EI mass spec-

trum peak 9; (c): EI mass spectrum peak 11.

hydroxymethyl group. Moreover, this molecular weight
of 174 equals to the sum of 1-methylnaphthalene and two
oxygen atoms. Therefore, it would be reasonable to as-
sign this compound as (E)-3-(2-acetylphenyl)acrylalde-
hyde.

So far, we have discussed identification of peaks elut-
ed between 13 and 17 minutes. Additional peaks (peaks
12 to 22) were also observed in the late elution times
after 24 minutes (Figure 3(a)), indicating that these
peaks represent compounds with higher molecular
weights and which have not yet been reported in previous
studies. Information of these peaks is listed in Table 2.
Among the peaks in this period, the peak 14 provided a
molecular m/z 282.1409 with formula of C,,H;s is ex-
actly equal to the sum of two 1-methylnaphthalene

Copyright © 2012 SciRes.

molecules minus two hydrogen atoms. The difference of
141 mass units between the parent peak m/z 282 and m/z
141 indicates the likely loss of a methylnaphthalene
group. The difference of 15 mass units each from the
parent peak m/z 282 to m/z 267 and from m/z 267 to m/z
252 suggested consecutive losses of a methyl group. Ad-
ditionally, the loss pattern from m/z 141 to m/z 115, then
to m/z 77 and further to m/z 63 and m/z 51 followed that
of 1-methylnaphthalene, which indicated that it was a
dimeric product according to the NIST library. This re-
sult indicated that the photo-oxidation mechanism of
I-methylnaphthalene in the dry air environment under
UV light might be different from those aforementioned.
Relative mass abundances for the rest of the peaks from
peak 15 to 22 are outlined in Table 2. All peaks in this

JEP
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Table 1. Products and proposed structures.

Peak #RT (min)

Name

M.W. (m/z (+)) formula MS spectrum m/z (abundance, %)° Boiling point (°C) Vapor pressure

1

10

13.234

13.292

13.512

13.710

14.061

14.713

15.050

15.621

15.892

16.382

Phthalic anhydride
(isobenzofuran-1,3-dione)*

1-methylnaphthalene®

1,3-indandione
(1H-indene-1,3(2H)-dione)"

3-methyl
isobenzofuran-1(3H)-one®

Dimethyl-1(3H)-
isobenzofuranone
(1,3-isobenzofurandione,
4-methyl-)°

2-acetylbenzoic acid®

1-naphthadehyde®

a

1-hydroxymethylnaphthalene’

x-naphthaleneacetic acid”

Naphthoic acid®

148.016
CsH,04

142.0783
CiiHyp

146.0368
C9H602

148.0524
CgHgOz
CI()HIZO

162.0317
C9H603

164.0473
CgHgOg

156.0575
Cl 1Hgo

158.0732
Cy1H100

186.0681
Ci2H,00,

172.0524
C11H;50,

148 (21)
104 (100)
76 (79)
50 (35)

142 (100)
115 (32)
89 (4)
63 (5)

146 (100)
118 (16)
104 (51)
90 (33)
76 (49)
63 (9)
50 (20)

148 (21)
133 (69)
105 (100)
77 (34)
51 (14)

162 (100)
147 (37)
134 (44)
118 (81)
90 (100)
63 (45)

51 (10)

164 (1)
149 (100)
121 (8)
105 (16)
93 (9)
77 (11)
65 (11)
50 (8)

156 (100)
128 (91)
101 (9)
77 (13)
63 (11)
51 (10)

158 (52)
141 (15)
129 (100)
115 (12)

186 (50)
158 (19)
141 (100)
129 (23)
115 (30)

172 (100)
155 (56)
127 (66)
115 (14)
101 (6)
77 (10)
63 (10)
51 (5)

295

240-243 4.91

n/a n/a

n/a n/a

372 0 mmHg at 25°C

160 - 161 >1 (vs air)

303.6°C at 0.000404 mmHg
760 mmHg at 25°C

n/a n/a

300 n/a

Copyright © 2012 SciRes.
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Continued

174 (13)

145 (100)

115 (46)

91 (17) n/a n/a
77 (5)

63 (7)

51 (6)

“Identified by the corresponding reference standard; "Proposed according to NIST library analysis; “Proposed according to the Mass spectrum; “No suggestions;
“Relative abundance.
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Figure 3. Total ion chromatogram of reaction extracts of 1-methylnaphthalene and possible structures of peaks in the reten-
tion time range of 24 to 27 minutes. UV (A + B) light strength: 26 mW.cm™, exposure time: 72 hours. (a) Air environment; (b)
Inert gas environment; (c) EI mass spectrum of peak 14.

retention time range have not been identified due to the assumed to be all from further photo-oxidation of dimers
complexity of peaks. However, as their molecular under UV irradiation in the presence of air. Nevertheless,
weights are all over 282 and the loss of 141 mass units the compounds represented by peaks 12 to 22 have
was indicated in all of their mass spectra, they could be demonstrated the complexity of the photo-oxidation of

Copyright © 2012 SciRes. JEP
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Table 2. Possible dimeric products and proposed structures.

M.W. (m/z (+)) MS spectrum m/z Boiling point Vapor
formula (abundance, %)° 0 pressure

304 (38)
245 (3)
147 (100)
128 (11) n/a n/a
115 (25)
105 (9)
91 (17)

Peak# RT (min) Name

dicyclopenta[ghi,pqr] 304.0524

12 24.122 perylene-1,6-dione* C,,Hz0,

304 (4)
148 (100)

129 (8)

115(25) n/a n/a
105 (36)

91 (10)

76 (6)

304.0524

13 24583  N/AY
C22H802

282 (22)
141 (100) 361
115 (20)

1,1’-(1,2-ethandiyl) 282.1409

14 24.781 bis—naphthaleneb CyHig

282 (93)

267 (100)

252 (28)
153 (8) n/a n/a
141(16)

126 (11)

115 (14)

4,4’-dimethyl-1, 282.1409

15 25.198 1°-binaphthylene” CoHis

314 (11)
282 (18)
267 (15)
215 (10) n/a n/a
141 (100)
115 (44)
91 (9)

1,1’-binaphthalene]-4, 314.115

16 25235 4 giyldimethanol” CaHigO;

298 (13)
157 (12)
142 (100) n/a na
129 (18)
115 (25)

(4’-methyl-
17 25.506  [1,1’-binaphthalen]
-4-yl)methanol®

298.1358
CpHi50

280 (5)
157 (38)
142 (100) n/a n/a
129 (49)
115(18)

(E)-1,2-di 280.1252

18 23791 (naphthalen-1-yl)ethane” CypHie

298 (78)
281 (100)
252 (23)
4,4’-dimethyl- 298.1358 239 (21)
[2,2’-binaphthalen]-x-ol° CyH ;50 155 (32)
127 (21)
115 (17)
76 (10)

296 (8)
280 (100)

265 (22)

4’-methyl-[1,1’-binaphthalene] 296.1201 252 (13)
-4-carbaldehyde® Cx»H,0 152 (30)
138 (16)

126 (13)

115 (5)

19 25.894 n/a n/a

20 26.179 n/a n/a

Copyright © 2012 SciRes. JEP
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Continued

4,4’-bis(hydroxymethyl)-

21 26.384 [2,2’-binaphthalene]-x,x’-diol®

4’-(hydroxymethyl)-
[1,1’-binaphthalene]
-4-carbaldehyde®

22 26.457

346 (42)
296 (8)
162 (86)
141 (100)
127 (17)
115 (35)
91 (18)
77 (8)

312 (27)
267 (6)

155 (31)
141 (100)
127 (21)
115 (19)

346.1205

CyoH 1504 n/a n/a

312.115

Cyol 10, n/a n/a

“Identified by the corresponding reference standard; "Proposed according to NIST library analysis; “Proposed according to the Mass spectrum; “No suggestions,

“Relative abundance.

1-methylnaphthalene in the dry air environment.

In order to further understand if the OH group from
water in the reaction environment would promote the
generation of oxygenated products, moisturised air was
used in the UV irradiation. Similar products were ob-
served except that the yield of 1-naphthoic acid,
1-naphthalenemethanol and phthalic acid increased. The
increase of phthalic acid is not surprising because the
water in the reaction environment could act as an OH
donor to promote the oxidation of the naphthalene skele-
ton, which is in agreement with results from a previous
study on UV photo-oxidation of the same material dis-
solved in seawater [14]. However, more photo-oxidation
products were observed in this study compared to the
photo-oxidation of 1-methylnaphthalene in seawater.
This suggests a different and more complex photo-oxida-
tion transformation pathway of 1-MN in the moisturised
air environment.

As shown from the results above, in UV promoted
photo-oxidation processes, oxygen may play an impor-
tant role as either a precursor of the hydroxy or superoxo
radicals. However, it is not clear how a dimer was
formed in the presence of dry air in the photo-oxidation
process of airborne 1-methylnaphthalene. Therefore, an
experiment using an inert gas environment was con-
ducted to investigate the transformation of 1-methylna-
phthalene under UV radiation using helium or argon gas
in the reaction chamber. Under this reaction environment,
it was found that only three peaks, peak 1, 2 and 7 were
observed in the first product zone of the extracted mix-
ture. In the second product zone, a new peak with a re-
tention time of 24.8 min appeared (peak 14, Figure 3(b)).
While peak 15 increased, peak 16 decreased, all other
peaks were absent in the inert reaction environments
(Figure 3(b)). The mass spectrum of the new peak, peak
14 (Figure 3(c)), suggested that it might be another
dimeric product based on the NIST library analysis (Ta-
ble 2). However, the actual structure of peak 14 in Fig-

Copyright © 2012 SciRes.

ure 3(b) was not confirmed due to the lack of standards.
The yield increase of peak 15 in the inert reaction envi-
ronment further demonstrated the formation of dimer
products observed in the presence of air. Three commer-
cially available dimers of 1-methylnaphthalene, namely
2,2’-dimethyl-1,1’-binaphthalene, 9,10-dimethyltriptycene
(Sigma Aldrich rare chemical library, number T330272)
and an Aldrich compound (rare chemical library) number
T206571 were purchased to identify these two unknown
dimers produced in the experiments. However, none of
them matched the retention times of the dimers formed in
the experiments. Nevertheless, the parent m/z 282 and
fragment m/z 141 of their mass spectra might be enough
to verify that they are dimers, which is important in that
it indicates a significantly different transformation path-
way that was not observed previously.

It was anticipated that the oxygenated compounds
would not be generated from the photo-oxidation under
the inert gas environments. However, two of the side
chain oxygenated compounds, phthalic anhydride and
1-naphthaldehyde represented by peak 1 and 7, respec-
tively, were still observed in both the helium and argon
gas environments, though at significantly reduced levels
compared to the dry air environment. The small quantity
of oxygenated products observed in this case could be
attributed to the small amount of water present in the
helium or argon gas as an impurity, and its involvement
in oxygenation reactions. This might also explain the
observation of peak 16, a possible oxygenated dimer
product, in the absence of air. However, the disappear-
ance of the alcohol and acid products, on the other hand,
could demonstrate that the lack of oxygen in the air in the
system significantly reduced the formation of further
oxygenated compounds.

3.2. Transformation Pathways

Aphoto-oxidation mechanism for 1-methylnaphthalene in
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atmospheric conditions was previously proposed for the
formation of ring-opened transformation products in-
cluding (E)-3-(2-acetylphenyl)acrylaldehyde and the
major dicarbonyl products through an initial reaction
with an OH radical followed by the reaction with oxygen
and NO or RO, radicals [17]. The ring-retained products
resulted from side chain oxidations. Another photo-trans-
formation pathway of 1-methylnaphthalene in water was
proposed as the formation of the reaction products
through reaction of 1-methylnaphthalene with excited
oxygen followed by a ring opening process under UV
irradiation and then by reaction with another oxygen
molecule to form ring-opened products or ring-cutting
productssuch as 3-methyl-1(3H)-isobenzofuranone [14].
Both mechanisms can be applied to interpret the forma-
tion of ring-opened or ring-cutting products observed in
this study. In summary, 1-methynapthalene first went
through an initial reaction with OH radical under UV
radiation to form either 1-methylnaphthyl radical or hy-
droxyl 1-methylnaphthyl radical. The 1-methylnaphthyl
radical would thereby pick up a molecule of oxygen to
form the corresponding methylnaphthalene peroxy radi-
cal. Subsequent transformations may occur via reactions
with NO, NO,, HO, radicals or another methylnaphtha-
lene peroxy radical to give the side chain oxygenated
compounds, 1-naphthaldehyde, 1-naphthoic acid and

C - C binding
—

CH, cH,
(a) Fh:.’ —’
1

——
C=C binding

g C - C binding
(b) L O@ _ M.W. 282

1-naphthylmethanol. The hydroxyl 1-methylnaphthyl ra-
dical may also pick up a molecular oxygen and lose a
carbon atom from the benzene ring to form ring-retained
or ring-opened oxygenated compounds such as phthalic
anhydride,3-methyl-1(3H)-isobenzofuranone, and 3,X-
dimethyl-1(3H)-isobenzofuranone.

However, the formation of dimeric products likely in-
dicates a different photo-oxidation mechanism. To the
best of our knowledge, no mechanism has yet been pro-
posed for the formation of dimers and oxygenated dimer
products. According to the findings in this study, it is
reasonable to believe that radical reactions would be the
initial pathway for UV photo-oxidation of 1-methyl-
naphthalene in the presence of air. Either excited oxygen
or hydroxyl radical mediated the formation of two types
of methylnaphthalene-based radicals. We therefore pro-
pose a plausible pathway for the formation of dimers
under photo oxidation of 1-methynaphthalene (Figure
4(a)). The 1-methylnaphthyl radical would add or rear-
range with another 1-methylnaphthyl radical to form ei-
ther a single or double carbon-carbon bond dimers (M.W.
282 or M.W. 280). Alternatively, even in the presence of
air, the lack of enough oxygen in the small reaction
chamber or a slow oxygenation reaction rate in the dry
air, might allow enough time for the rearrangements of
the incipient radicals to form dimers. However, in the

> M.W. 346
°, > M.W. 298
M.W. 282 “OH —> o
NS M.W. 296
— M.W. 314
—> M.W. 312
> M.W. 304

M.W. 280

Figure 4. Possible transformation pathways of 1-MN under UV light.
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presence of oxygen, the dimers (M.W. 282) could further
pick up a molecular oxygen or another hydroxyl radical
to form oxygenated dimeric products with a molecular
weight of 296, 298, 304, 312, 314 and 346 (Figure 4(a)).
The possible oxygenated dimeric products found in the
current study support this pathway and also demonstrate
that the dimers can be further oxygenated even in the
presence of a small amount of oxygen. In contrast, under
the inert gas reaction environment, dimers were the pri-
mary reaction products. Therefore, the transformation
should mainly follow a photolysis pathway in the ab-
sence of oxygen. Alternatively, the photolysis of 1-me-
thylnapthaleneat the methyl side chain under the UV
radiation could form a 1-methylnaphthyl radical (Figure
4(b)). The subsequent addition or rearrangement of the
1-methylnaphthyl radical with each other would result in
the formation of the single carbon-carbon bond dimers
(M.W. 282).

3.3. Implications for the Contaminants Research

When the primary contaminants transform in the envi-
ronment through the reactions with environmental factors,
they may form similarly or even more mobile, persistent,
or toxic transformation products than the parent com-
pound [18]. The interactions with each other among the
primary contaminants would further result in additive or
potentially even synergistic mixture effects in formation
of highly variable and unknown transformation products
which are concerned in human exposure. Moreover, the
majority of transformation products have most likely not
even been identified yet while some of the resulting
transformation products are known to be more abundant
in the environment than their parent compounds [19,20].
In order to accurately evaluate the exposure risk of parent
compounds in the environment, therefore, it is necessary
to comprehensively understand the transformation prod-
ucts, which is helpful to the contaminants research.

From the discussion above, we can see that 1-methyl-
naphthalene can be transformed by UV light to more than
21 products. Among those transformation products,
phthalic anhydride is a volatile chemical that can have an
irritative effect on mucous membranes and the skin
[21-23], and repeated exposure may cause allergic skin
rash, rhinitis, bronchitis and asthma [24]. It is also a ma-
jor compound of concern in air quality. 1-naphthalde-
hyde is more volatile than 1-methylnaphthalene. In addi-
tion, l-naphthaldehyde is more toxic than the parent
compound and commonly found in diesel engine exhaust
[25]; therefore the formation of this compound would
increase the complexity of its sources. 1-Hydroxymethyl-
naphthalene, 2-acetylbenzoic acid and naphthoic acid are
more water soluble compounds compared to the parent

Copyright © 2012 SciRes.

compound, 1-methylnaphthalene. Two-ring naphthoic
acids were previously reported commonly from biodeg-
radation of three-ring (e.g., phenanthrene and anthracene)
and four-ring (pyrene and chrysene) PAHs in soils,
sediments or goethite [26-28]. However, this study first
demonstrated that this low-molecular-weight organic
acid can be transformed from 1-methylnaphthalene under
UV light in the presence of air environment, implying
that the photo-oxidation in the environment could result
in similar transformation products to those from the bio-
degradation process.

In addition to the one-ring and two-ring transformation
products, this is the first study to show 1-methylnaph-
thalene dimerizing under environmental conditions. Com-
pared to earlier studies on the transformation of
1-methylnaphthalene in either water or air in which no
dimerization was detected, this study found two dimers
and eight possible oxygenated dimeric products. It is
clear that methyl naphthalene can be transformed into a
larger number of products. This work shows that it is
important to continue to investigate such transformations
in order to better understand any risk arising from the
presence of these compounds in the environment.

The presence of more than 21 transformation products
observed in this study indicates that the formation of
transformation products in the environment can add fur-
ther complexity to risk assessment. Those transformation
products may contribute to the risk posed by the parent
compound. The three major compounds, 1-naphthalde-
hyde, 1-hydroxymethylnaphthalene, and naphthoic acid,
with a yield of as high as around 10% each in the trans-
formation of 1-methylnaphthalene, are either more vola-
tile or water soluble than the parent compound. It has
been reported that these alkyl side chain hydroxylation
products were more toxic than the parent methylnaph-
thalenes [23]. Dimers and oxygenated dimeric products
could be more persistent and toxic due to more rings.
Importantly, those transformation products can also add
exposure complexity of 1-methylnaphthalene as a mix-
ture in the environment.The degradation rate of a chemi-
cal is a very important parameter to evaluate its behavior
in the environment. We observed that over all, about
40% of 1-methylnaphthalene was degraded within 48
hours (Figure 5). It can be seen, in Figure 5, that the
degradation curve reached a flat at about 30 hours of UV
exposure. The flat range of the curve could be attributed
to the blockage of UV-light by the transformation prod-
ucts deposited on the glass wall. With the degradation
pattern within the first 30 hours of UV exposure, the half
degradation time or half-life could be estimated to be
about 38 hours. Although this estimated half degradation
time of 1-methylnapthalene is longer than the lifetime of
those dimethylnapthalenes reported previously [11], the
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Figure 5. The relationship of the remaining 1-methylnaphthalene in degradation with the exposure time of UV light.

result of this study indicates that this light-molecu-
lar-weight PAH is able to be transformed in the air envi-
ronment.

The results of the current study are only subject to UV
light induced degradation products. The photo-oxidative
processes observed in this study lead to the formation of
oxygenated products that are more polar and conse-
quently, more water soluble than the parent compounds.
However, the formation of dimers and oxidized dimeric
products under the same environmental conditions indi-
cates that it can yield more complex transformation pro-
ducts in the environment. The presence of dimers and
oxidized dimers suggests that a mixture of contaminants
could lead to a complex mixture of transformation prod-
ucts. Regardless of the type of transformation pathway,
the results from the present study demonstrate an impor-
tant fact that 1-methylnapthalene can be transformed to
as many as 21 products in the presence of air. Although
some of those compounds have not yet been identified in
the present study, their mass spectra indicate that most of
them are oxygenated compounds from 1-methylnaph-
thalene. More importantly, the formation of dimers and
the possibility of further oxygenated compounds forming
from the dimers were first demonstrated in this study. It
reveals the complexity of photo-oxidation in the presence
of air, which indicates the potential sources of secondary

Copyright © 2012 SciRes.

pollutants in the environment. Further study is secured to
confirm the identity of some of the dimers and their
oxygenated compounds. These compounds need to be
characterized in order to better understand any potential
risks. The results of this study indicate the importance of
understanding transformation of environmental pollut-
ants in contaminants research. Methylnaphthalene is one
of many PAH compounds that can be found in both out-
door and indoor environments, therefore, the fate and
transformation products of such environmental contami-
nants should be examined.

4. Conclusion

This study has revealed that 1-methylnaphthalene in the
air environment was photo-transformed via reactions
with oxygen and/or water primarily to ring-opened pro-
ducts, such as (E)-3-(2-acetylphenyl)acrylaldehyde, and
side chain oxidized compounds, such as 1-naphthalde-
hyde, 1-naphthoic acid and 1-naphthylmethanol. Signifi-
cant dimerization occurred when the reaction was carried
out in the inert atmosphere. Dimers and their oxygenated
products in the presence of oxygen were first observed in
this study. A radical reaction mechanism was proposed
for the formation of dimers and oxygenated dimers. The
21 transformation products resulted from only one com-
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pound, 1-methylnaphthalene, under UV radiation indi-
cates the importance of further study on the environ-
mental fate of airborne contaminants and the impacts of
transformation products to the environment.
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