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ABSTRACT

The photodegradation of polycyclic aromatic hydrocarbons (PAHs) may be an important
degradation pathway of PAHs in regions with a high solar radiation. The present investigation
was aimed at studying the photodegradation of PAHs after their deposition on surface soils with
different textures. Photodegradation by-products were also identified and semi-quantified, as well
as correlated with the decrease of parent compounds. The experiment was performed by
deploying soil samples spiked with a mixture of the 16 US EPA priority PAHs in a methacrylate
box, exposed to solar radiation for 7 days. As hypothesized, the individual PAHs were volatilized,
sorbed and/or photodegraded, depending on their physicochemical properties, as well as the soil
characteristics. Low and medium molecular weight PAHs were more sorbed and photodegraded
in fine-textured Regosol soil, while a higher volatilization was observed in the coarse-textured
Arenosol soil. In contrast, high molecular weight PAHs were more photodegraded in Arenosol
soil. Specially low half-lives were noted for anthracene and benzo(a)pyrene, agreeing with
previous findings at laboratory scale. However, photodegradation rates were up to 20-times higher
under solar radiation than those observed in soils subject to radiation in a climate chamber. Nine
by-products were identified, including oxy-, nitro- and hydroxy-PAHs, whose toxic and

mutagenic potential might be higher than the 16 priority PAHs.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) form a group of over 200 different organic
compounds with two or more fused aromatic rings (Domingo and Nadal, 2015). Since
some PAHs have been classified as carcinogenic and teratogenic, this family of pollutants
has reached a considerable international concern (Chen et al., 2016). PAHs may enter the
environment from both natural (e.g. plant synthesis, organic matter diagenesis, and forest
fires) and anthropogenic (e.g., industrial activities, residential heating, power generation,
incineration, and traffic) sources (Nadal et al., 2009). Once released to the atmosphere,
gas phase PAHs are able to travel long distances before their deposition. Because of their
low solubility and hydrophobic nature, high molecular weight (HMW) PAHs tend to be
sorbed to particulates, being also widely transported through atmospheric routes.
Consequently, they may mean a hazard, not only to human populations living in urban
areas, but also to natural ecosystems (Augusto et al., 2015; Hu et al., 2014; Hung et al.,
2005; Nadal et al., 2011; Ohkouchi et al., 1999).

As organic molecules, PAHs may undergo various natural processes such as
biodegradation, chemical transformation, and photolysis reactions (Jia et al., 2015). It has
been suggested that the photolysis of PAHs on soil surfaces plays an important role in the
environmental fate of these chemicals (EL-Saeid et al., 2015). Upon light irradiation,
PAHs can absorb light energy to reach photo-excited states. Therefore, they react with
molecular oxygen and coexisting chemicals to produce reactive oxygen species (ROS)
and other reactive intermediates, such as oxygenated PAHs and free radicals (Fu et al.,
2012).

In recent years, the photodegradation of organic compounds in various
environmental matrices has been largely studied, mostly for remediation purposes. One
of the applications is the use of light lamps to remove antibiotics in water (Batchu et al.,
2014; Ge et al., 2010; Pereira et al., 2007). Regarding PAHs, most photodegradation
investigations have been performed at laboratory scale by means of artificial light (Gupta
and Gupta, 2015; Marques et al., 2016a,b; Zhang et al., 2006, 2008, 2010). Natural
sunlight, whose intensity is notably higher than that emitted by laboratory lamps, has been
used to study the photodegradation in air of different organic compounds such as
organophosphate pesticides (Borrés et al., 2015), aromatic compounds (Pereira et al.,

2015), organochlorines (Vera et al., 2015), and herbicides (Muioz et al., 2014). However,
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there is a gap in the knowledge of the natural photodegradation of PAHs in soils and other
environmental matrices.

It has been hypothesized that PAH photodegradation would be higher and faster
under solar radiation than under lab-controlled light lamps. Consequently, PAH by-
products, which may be even more toxic than their parent compounds, can be more easily
generated (Ras et al., 2009). The evaluation of PAHs degradation products is highly
valuable to assess human health risks derived from exposure to such compounds, which
are not considered so far by environmental regulations.

This study was aimed at assessing the photodegradation of the 16 US EPA priority
PAHs under solar radiation in two types of soils frequently found in the Mediterranean
region, as it naturally occurs. In addition, PAHs photodegradation by-products were
identified and semi-quantified. The current results were finally compared to those

obtained in a previous study performed at laboratory scale (Marques et al., 2016a,b).

2. Materials and methods

2.1. Experiment design: photodegradation of PAHs

Details of soil characteristics, as well as contamination procedure, were recently
reported (Marques et al., 2016b). Briefly, two different soils were collected from the A
horizon of remotes areas of Catalonia (NE of Spain): a) an acidic and coarse-textured
Arenosol soil, with granitic origin, and b) a fine-textured Regosol soil, formed by
sedimentary materials. Ten grams of air-dried soil were weighed and deployed in
uncovered glass Petri dishes of 7 cm of diameter. A solution containing the 16 US EPA
priority PAHs at 2000 pg mL™! in dichloromethane:benzene (naphthalene 99.3% purity,
acenaphthylene 99.2% purity, acenaphthene 99.3% purity, fluorene 98.2% purity,
phenanthrene 97.6% purity, anthracene 99.0% purity, fluoranthene 99.5% purity, pyrene
98.9% purity, benzo(a)anthracene 98.5% purity, chrysene 97.4% purity,
benzo(b)fluoranthene 97.3% purity, benzo(k)fluoranthene 99.5% purity, benzo(a)pyrene
95.0% purity, dibenzo(a,h)anthracene 99.0% purity, benzo(ghi)perylene 99.4% purity,
and indeno (/23-c,d)pyrene 99.7% purity) was purchased at Supelco® (Bellefonte, PA,
USA). Each soil sample was 10-times spiked with 25 pL of such solution diluted down
to 100 pg mL™! in hexane/dichloromethane (1:1) (Scharlau Chemie S. A., Barcelona,
Spain), driving to a £16 PAHs concentration of 40 pg g of soil.
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The present study was carried out in a UV-light permeable methacrylate box placed
on the roof of the School of Chemical Engineering, Universitat Rovira i Virgili, Tarragona
(Catalonia, Spain). Although the methacrylate box protected the samples from the wind,
it allowed the penetration of the whole light spectrum coming from solar radiation. The
box owned eight holes of 2 cm of diameter, which facilitated the exchange of air and
softened any temperature increase. The temperature inside the box was registered by
using the temperature data logger EBI 300 (Ebro®, Ingolstadt, Germany) with 30 minutes
of time-span. Once the samples were contaminated with PAHs, they were deployed inside
the methacrylate box and exposed to sunlight. In addition to irradiated samples, dark
controls were covered with aluminum foil. The experiment was conducted during late
boreal winter, from 8 to 15 March 2016. Triplicates of irradiated samples and dark
controls of each soil were removed from the methacrylate box after the following
exposure times: 0.5, 1, 2, 3, 6, 24, 48, 72, 96 and 168 hours. Simultaneously,
environmental parameters such as precipitation, humidity and global solar irradiance
were continuously monitored in a meteorological station located nearby (Constanti,

Tarragona, Spain).

2.2. PAH extraction and analysis

The methodology for the extraction and analysis of PAHs in soils was previously
reported (Marques et al., 2016a). Briefly, 30 mL of hexane/dichloromethane (1:1)
(Scharlau Chemie S. A., Barcelona, Spain) were added to soil samples. Then, each sample
was 3-times subjected to an ultrasonic bath programmed for 10 min. After each step, the
solvent was filtered. Subsequently, the extract was slowly concentrated with a rotatory
evaporator down to 2 mL, and finally with a gentle stream of purified N2 (99.9999%). In
addition to irradiated and dark control samples, 10 g of soil free of PAHs were also
extracted and used as blank soil samples. Analytes were quantified by using a gas
chromatograph (Hewlett-Packard G1099A/MSD5973) coupled to a mass spectrometer
(MSD5973). Separations were achieved on a DB-5 5% phenyl methyl siloxane column
(60 m x 0.25 mm x 0.25 pm). A volume of 1 pL of sample was injected at 310 °C in
pulsed splitless mode, while the transfer line temperature was 280 °C. The initial column
temperature was 90 °C, being increased at a rate of 15 °C min™! up to 200 °C, and then at
6 °C min™! until 325 °C, being this temperature held for 20 min. Ultra-pure helium
(99.9999%) was the carrier gas at a flow rate of 1.4 mL min'. PAHs were quantified by

5
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means of a five-point calibration curve (20, 30, 50, 70, 80 pg mL™). In order to allow the
identification of PAHs degradation products as a second step of the experiment, the mass

spectrometer was set at full scan mode instead of selected ion monitoring (SIM).

2.3. Quality control

To assess any potential loss, a mixture of 6 labeled PAHs (ds-1,4-dichlorobenzene
(99.8% purity), ds-naphthalene (96.3% purity), dio-acenaphthene (99.8% purity), dio-
phenanthrene (99.3% purity), diz-chrysene (98.8% purity), and di>-perylene (99.5%
purity)), provided by Supelco® (Bellefonte, PA, USA), was spiked to soil samples before
extraction. In turn, two individual deuterated PAHs, also from Supelco® (dio-fluorene
(98.3% purity) and di2-benzo(a)pyrene (98.5% purity)), were added to samples before
GC-MS analyses.

2.4. Identification of PAHs degradation products

Potential PAH by-products, generated as a consequence of soil exposure to solar
radiation, were identified by using the MS library search NIST 11 (Scientific Instrument
Services, Inc., Ringoes, NJ, USA). Afterwards, identified compounds were semi-
quantified by considering peak areas. In addition, the correlations between their formation
and the degradation of their parent compounds were graphically assessed. Therefore,

possible degradation pathways occurring under sunlight exposure were also investigated.
2.5. Calculations
The equations to calculate photodegradation rates and half-lives of 16 PAHs were

previously reported (Marques et al.,, 2016a). In summary, these equations were the

following:

_Cn-G

L x 100 (Equation 1)

(o]

where L is the photodegradation rate (in percentage) at time t, Cy is the concentration of
the individual PAH in non-irradiated soil sample at time t, C; is the concentration of the

same PAH in irradiated sample at time t, and C, is the initial PAH concentration.

In<e=k -t (Equation 2)
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T1 /= K (Equation 3)

where 712 is the half-life of the individual PAH (in days), k is the apparent constant
reaction rate of the pseudo first order (1/day), t is the exposure time (in days), C, is the
initial PAH concentration in soil (ug mL™"), and C; is the initial soil concentration of the

individual PAH (ug mL™).
3. Results and discussion
3.1. PAH photodegradation rates and half-lives

The average air temperature inside the box throughout the whole experiment was
14.4 °C, with values ranging from 1.5 to 40.6 °C. The mean global solar irradiance was
337.6 W m?, showing maximum irradiance peaks of 772 W m™. As expected, there was
some correlation between temperature and solar irradiance. Temperature versus
irradiance and environmental humidity versus precipitation are shown in Supplementary
Data (Fig. S1 and Fig. S2, respectively). The concentration of acenaphthylene,
anthracene, pyrene, benzo(a)pyrene and benzo(ghi)perylene, as representatives of
different molecular weight PAHs, in Arenosol and fine-textured Regosol soils exposed to
sunlight for 7 days, are depicted in Fig. 1. Details on the concentration changes of the
remaining PAHs are provided as Supplementary Information (Fig. S3). Photodegradation
rates and half-lives of the 16 PAHs are summarized in Table 1. The photodegradation rate
was estimated by considering only the impact of the sunlight exposure, as a difference
between irradiated and dark controls. In contrast, the half-life indicates the degradation
speed of a chemical exposed to solar radiation. It is due to sunlight exposure, but also due
to other co-occurring processes, such as volatilization, sorption or abiotic degradation.

The experiment was performed with dried soils. Consequently, the availability of
water was scarce. However, since the experiment was conducted in the field, it cannot be
disregarded that the increase of environmental humidity might have induced other
degradation processes, under the sunlight or in the darkness. Three main processes are
related to the fate of PAHs on surface soils: volatilization, sorption, and photodegradation
(Marques et al., 2016a,b). Their importance depends not only on the physicochemical
properties of each hydrocarbon, but also on the soil texture. Volatilization was the most

important process for low molecular weight (LMW) PAHs, whose initial levels were low,



226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259

being the decrease of concentrations in dark controls more pronounced throughout the
experiment. On the other hand, photodegradation was more remarkable for medium
molecular weight (MMW) and HMW PAHs. Initial concentrations of the latter PAHs
were higher, being the differences between irradiated and dark control samples more
dependent on soil properties. LMW and MMW PAHs tended to undergo a higher
photodegradation in fine-textured Regosol soil than in Arenosol soil. In contrast, HMW
compounds (4-, 5-, and 6- ringed PAHs) were more easily photodegraded in Arenosol
soil, with rates of up to 61 %. In general terms, most compounds presented lower half-
lives in Arenosol soil, regardless their photodegradation rates.

Naphthalene and ds-naphthalene were highly volatilized after soil was spiked with
PAHs, being found very low concentrations, and without trends. Therefore, the results of
naphthalene were not included and further investigated. The recoveries of the remaining
PAHs ranged 54-106 % and 76 — 117 % in Arenosol and fine-textured Regosol soil,
respectively.

The concentrations of acenaphthylene and acenaphthene dramatically decreased after
soil contamination, as a consequence of the important role of volatilization for the loss of
those PAHs. However, differences between irradiated and dark control samples indicated
the impact of sunlight exposure, suggesting that photodegradation also occurred. In
Arenosol soil, acenaphthylene and acenaphthene under solar radiation could not be
detected shortly (24 and 72 h) after the experiment was started, leading to
photodegradation rates of 50 % and 64 %, respectively (half-lives: 7.2 and 21.6 h,
respectively). In turn, the decrease of these PAHs in fine-textured Regosol soil was softer,
being quantified after 96 h of solar exposure. Since Regosol soils own a fine texture, they
have an enhanced capacity to adsorb chemicals. The important differences of PAH loss
between irradiated and dark control samples, led to high photodegradation rates (64.5 %
and 54.6 % for acenaphthylene and acenaphthene, respectively), in comparison to
Arenosol soil. It must be noted that the photodegradation of these 2 hydrocarbons was
calculated taking into account the last detectable concentration, while for the rest of PAHs
the final concentration considered was that at the end of the experiment (7" day). This
could mean an overestimation of their photodegradation rates in front of those regarding
other PAHs.

Fluorene, phenanthrene, anthracene and fluoranthene, all of them with 3 benzene
rings, showed a similar behavior. However, there were some differences according to the

soil texture. Their photodegradation rates were estimated in 61 %, 38 %, 54 % and 54 %,

8
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respectively, in fine-textured soil samples. Moreover, they became the most highly
photodegraded PAHs in this soil. In contrast, they were less photodegraded in Arenosol
soil, with rates of 37 %, 29 %, 23 %, and 29 %, respectively. Although it is a heavier
compound, benzo(ghi)perylene presented a similar behavior to those of MMW PAHs,
being its photodegradation and half-life estimated in 21.5 % and 3.1 days, respectively.
Lower half-lives were observed in Arenosol soil than in fine-textured Regosol soil, whose
concentration trends were more pronounced. This difference would be due to the soil
properties. Because of the coarse texture of the soil, the volatilization of 2- and 3- ringed
PAHs is enhanced in Arenosol soil. In contrast, sorption plays a more relevant role in
Regosol soil, which is characterized by a finer texture, and a higher organic matter
content, making easier the penetration of sunlight exposure until deep layers. Finally,
pyrene, benzo(a)anthracene, chrysene, dibenzo(a,/)anthracene and indeno(/23-
cd)perylene were highly photodegraded in Arenosol soil, with rates of 56 %, 50 %, 49 %,
39 % and 44 %, respectively. As isomer compounds, benzo(b)fluoranthene and
benzo(k)fluoranthene presented similar half-lives in both soils (17.2 and 15.9 days,
respectively), being also the most resistant PAHs to be photodegraded in Arenosol soil.

The remaining PAHs showed a similar degree of photodegradation in fine-textured
Regosol soil, with a slight decrease of the photodegradation rate when the molecular
weight increased. Pyrene and benzo(a)anthracene underwent photodegradations of 36 %
and 34 %, respectively, being the half-lives estimated in 6.7 and 6.6 days, respectively.
In addition to these 4-ringed PAHs, benzo(b)fluoranthene and benzo(k)fluoranthene
presented photodegradation rates of 22 % and 26 %, respectively (half-lives: 8.4 and 9.2
days, respectively). Finally, the photodegradation of dibenzo(a,/)anthracene,
indeno(/23-cd)perylene and benzo(ghi)perylene ranged between 22 % and 27 %. In fine-
textured Regosol soil, phenanthrene and chrysene were the most resistant to
photodegradation, with half-lives of 13.0 and 11.2 days, respectively. Unlike Arenosol
soil, fine-textured Regosol soil might have sorbed HMW PAHs more easily. Because of
the small particle size of these soils, light cannot penetrate, reducing the photodegradation
of LMW and MMW PAHs.

Anthracene showed short half-lives in both soils (1.9 and 2.6 days in Arenosol and
fine-textured Regosol soils, respectively). In Arenosol soil, the concentration of this
compound dramatically decreased over the time, not only in soils subjected to solar
radiation, but also those in the darkness. In addition to volatilization, other degradation

processes could be occurring in dark controls. On the other hand, in fine-textured Regosol

9
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soil, anthracene did not probably experience changes in the darkness, leading therefore,
to a high photodegradation. In turn, benzo(a)pyrene underwent a very important
photodegradation in both soils, being that in Arenosol soil (61%) two-times higher than
that in fine-textured Regosol soil (30 %). Moreover, minor differences were noted in the
estimated half-lives (2.9 and 2.3 days, respectively). The levels of benzo(a)pyrene
remarkably decreased with time in all soils, both under solar radiation and in the darkness,
which was probably due to unknown degradation processes occurring without light
condition. Consequently, anthracene and benzo(a)pyrene were the most sensitive PAHs

to solar radiation in both tested soils.

3.1.1. Comparing results: lab scale vs. field study

The photodegradation of PAHs has been widely studied at laboratory scale by means
of natural or UV light lamps (Gupta and Gupta, 2015; Marques et al., 2016a,b; Marqués
et al., 2016b; Zhang et al., 2006, 2008, 2010). Recently, we performed a similar
experiment with soils subjected to artificial light in a climate chamber (Marques et al.,
2016a), considering various climate scenarios in terms of temperature (20°C and 24°C)
and light intensity (9.6 and 24 W/m?). The results of the current study indicate that PAH
photodegradation is higher and quicker in the field than in lab-controlled tests, showing
all the chemicals a shorter half-life (Fig. 2). In the laboratory, LMW PAHs were only
volatilized. By contrast, in natural conditions, not only volatilization, but also
photodegradation could be detected as relevant degradation pathways. Half-lives of
MMW and HMW PAHs ranged between 3 and 80 days in soils exposed to artificial light
exposure. In turn, in the field experiment, they were remarkably lower, with half-life
values from 7 hours to 18 days.

Despite the photodegradation speed was more important in the field, concentration
trends of the individual PAHs were similar in both scenarios. Especially low half-lives of
anthracene and benzo(a)pyrene were found, resulting from their sensitivity to light
exposure and also other co-occurring degradation processes. Moreover,
benzo(a)anthracene, chrysene, benzo(b)fluoranthene and dibenzo(a,/)anthracene were
among the most resistant to photodegradation in both tested soils.

With respect to differences between soils, the higher content of iron, manganese and
aluminum oxides in fine-textured Regosol soil, was pointed out as a key factor when both

temperature and radiation are low, as these photocatalysts enhance photodegradation

10



328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361

reactions (Marques et al.,, 2016b). In contrast, they had a very minor role when
temperature and light intensity were increased (Marques et al., 2016a). As expected, a
similar pattern was found in the field experiment. Thus, the content of oxides in Regosol
soil did not lead to an enhancement of PAH photodegradation. As above-mentioned, the
coarse-texture of Arenosol soil facilitates a higher light penetration, leading to a higher

photodegradation.

3.2. Identification of PAH photodegradation by-products

The occurrence of PAH photodegradation by-products in irradiated samples was also
investigated. However, potential by-products resulting from other degradation processes,
such as biodegradation, generated either under radiation or in the darkness, were not here
considered. Up to 9 PAH degradation products were detected in the samples exposed to
sunlight for 7 days. The concentration trends, between the degradation of parent
compounds and the generation of by-products, are depicted in Figs. 3 and 4, respectively.
A number of aldehydes, oxy- PAHs, hydroxy-PAHs and nitro-PAHs were formed. Five
of them were already identified in our previous study performed at lab scale (Marques et
al., 2016a). Nevertheless, they were more quickly generated under solar radiation.
Moreover, photodegradation reactions stepped forward by causing the formation of new
nitro- and hydroxy-PAHs.

Benzo(a)anthracene-7,12-dione, 1-acenaphthenol and 2-naphthalenecarboxaldehyde
were formed after 30 min of exposure to solar radiation in Arenosol and fine-textured
Regosol soil. It would be linked to the degradation of benzo(a)anthracene, acenaphthene
and naphthalene, respectively (Cajthaml et al., 2006; Marqueés et al., 2016a; Woo et al.,
2009). There was a clear relationship between the formation of benzo(a)anthracene-7,12-
dione and the degradation of its precursor, benzo(a)anthracene, in both soils (Figs. 5a and
6a). In contrast, any relationship could not be found between the formation of 2-
naphthalenecarboxaldehyde and the degradation of naphthalene in Arenosol soil (Fig.
5b). It could be due to the high volatilization of the parent compound and/or the low
stability of this by-product. Although in fine-textured Regosol soil, 2-
naphthalenecarboxaldehyde was detected, a relative quantification could not be done.

A clear inverse correlation in the concentrations of 1-acenaphthenol and
acenaphthene was noted in fine-textured Regosol soil (Fig. 6b). Acenaphthene decreased,

while 1-acenaphthenol increased throughout the whole experiment. In Arenosol soil, 1-

11
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acenaphthenol was firstly formed, and then its concentration started to decrease, probably
due to soil dynamics (Fig. 5¢). In this case, soil textures might be playing a key role. The
coarse texture may enhance the light penetration, facilitating a quicker formation of 1-
acenaphthenol in Arenosol soil. However, the texture and the low organic matter content
of this soil do not allow the sorption of this by-product, favoring its volatilization and
degradation.

Similarly, 1(2H)-acenaphthylenone, generated as a consequence of acenaphthylene
oxidation (Woo et al., 2009), was more quickly formed under natural radiation. Again,
generation processes depended on soil texture. 1(2H)-acenaphthylenone was found after
half an hour of solar radiation in Arenosol soil, while it required 1 h of exposure in fine-
textured Regosol soil. Correlations between the degradation of the acenaphthylene and
the formation of the 1(2H)-acenaphthylenone were very clear (Fig. 5d and Fig. 6c¢).
Naphthalic anhidridre was formed after half an hour and two hours of solar radiation
exposure, in Arenosol and fine-textured Regosol soil, respectively. Potential precursors
may be acenaphthylene and benzo(a)anthracene-7,12-dione (Cajthaml et al., 2006;
Marqueés et al., 2016a). Naphthalic anhidridre occurrence showed an increasing trend in
Arenosol soil (Fig. 5e) and fine-textured Regosol soil (Fig. 5d). However, because
naphthalene was not properly determined, no correlation with its parent compound could
be detected. 9,10-phenanthrenedione, a PAH o-quinone photoproduct derived from
phenanthrene (Kanaly and Hamamura, 2013), was fairly detected only in fine-textured
Regosol soil for a short period of time (from 1 h to 3 h of solar light exposure).

At the end of the experiment, benzo(a)pyrene-7,8-dihydro was detected in Arenosol
soil, being likely generated after the attachment of 2 hydroxyl radicals to benzo(a)pyrene.
As the experiment lasted only 7 days, no more information could be retrieved regarding
the fate of benzo(a)pyrene-7,8-dihydro in soils.

With respect to nitro-PAHs, 1-nitropyrene and 6-nitrobenzo(a)pyrene were detected
in both soils. 1-nitropyrene was generated after only 2 h, while 6-nitrobenzo(a)pyrene
was also formed, but at a slower rate (after 48 h of soil exposure). The formation of
nitrated and oxygenated derivatives may occur through photo-reactions of PAHs with
oxidative species such as ozone, hydroxyl and nitrate radicals, under UV radiation
(Walgraeve et al., 2010; Zhang et al., 2011). In addition, the presence of NOx radicals in
soils can accelerate the formation of nitro-PAHs (Pham et al., 2015), by reacting with
pyrene and benzo(a)pyrene. Sugiyama et al. (2001) demonstrated that nitrite (NO> 7) and

nitrate (NOj3 °) ions are sources of nitrated pyrenes in the presence of metallic oxides,
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which act as photocatalysts. Both tested soils contained nitrates, aluminum, iron and
manganese oxides (Marqués et al., 2016b), which could have a key role on the formation
of nitro-PAHs. Nitro-PAHs generally exhibit higher mutagenicity and carcinogenicity
than their parent PAHs (Kameda, 2011), showing toxic effects for human health
(Nascimento et al., 2015). Some nitro-PAHs act directly as mutagens and carcinogens
on living organisms. In mammals, these chemicals may have a strong genotoxic
potential, being similar to or even higher than that of benzo(a)pyrene (Busby et al.,
1988; Onduka et al., 2015; Wislocki et al., 1986). 1-nitropyrene has been pointed out as
a mutagenic substance in many bacterial and mammalian assay systems, as well as
tumorigenic in experimentation animals (Hirose et al., 1984; McGregor et al., 1994;
Rosenkranz and and Mermelstein, 1983; Rosenkranz and Mermelstein, 1985; Watt et al.,
2007). In general terms, HMW nitro-PAHs tend to be resistant to photodegradation, partly
due to their strong adsorption to soil organic matter, low solubility, large molecular size
and polar character of the nitro group (Kielhorn et al., 2003). In addition, 6-
nitrobenzo(a)pyrene has been found as a potential NO donor due to its low stability,
inducing DNA strand breaks upon photoirradiation (Fukuhara et al., 2001).

Oxy-PAHs show a relatively high persistence, being usually formed in the practice of
remediation of PAH contaminated soils. Because of their polarity, oxy-PAHs are more
mobile in the environment than PAHs, showing a high tendency to spread from
contaminated sites via surface water and groundwater (Lundstedt et al., 2007).
Furthermore, they are also very bioavailable compounds (Arp et al., 2014).
Benzo(a)anthracene-7,12-dione induces similar or more elevated genotoxic responses
than their respective parent PAHs (Dasgupta et al., 2014; Gurbani et al., 2013). Its DNA
damage is in fact comparable to that produced by a well-known environmental mutagen,

benzo(a)pyrene, in fish embryos (Dasgupta et al., 2014).

4. Conclusions

Photodegradation is an important degradation pathway of PAHs in soil. Although this
subject has been largely studied in the past, most studies were performed at laboratory
scale. To the best of our knowledge, this is the first investigation aimed at assessing the
differences of PAH photodegradation in soils subjected to soil radiation and in lab-
controlled soil samples, exposed to light lamps. Our findings are very valuable to
determine the real impact of photodegradation in natural conditions, where other
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degradation processes may be also occurring. The intensity of the solar radiation was
quantified to be 20-fold higher than that in the experiments conducted at laboratory scale.
This notable difference led to a higher photodegradation of PAHs in the field, being their
half-lives considerably shorter. LMW PAHs tended to leave quickly the soil through
volatilization. Photodegradation was more remarkable for LMW and MMW PAHs in
fine-textured Regosol soil, whereas this pathway played only a role for HMW PAHs in
Arenosol soil samples. Low half-lives were estimated for anthracene and benzo(a)pyrene,
while chrysene, benzo(b)fluoranthene and benzo(k)fluoranthene were the most resistant
PAHs to be photodegraded. Although similar trends were previously reported at a
laboratory scale (Marques et al., 2016a), half-lives of PAHs in soils under solar radiation
were notably lower than values estimated in soils exposed to artificial light in a climate
chamber. It is a clear indication of the importance of photodegradation as a degradation
pathway of PAHs on surface soils in highly irradiated regions.

A number of photodegradation by-products were also generated after 7 days of soil
radiation, including a variety of aldehydes, oxy-, hydroxy- and nitro-PAHs. Although
some of them (e.g., 2-naphthalenecarboxaldehyde, naphthalic anhydride, 1-
acenaphthenol, 1(2H)-acenaphthylenone, and benzo(a)anthracene-7,12-dione) were
already identified at laboratory scale, their photodegradation was in the field. Moreover,
other nitro-PAHs (I-nitropyrene and 6-nitrobenzo(a)pyrene), hydroxy-PAHs
(benzo(a)pyrene-7,8-dihydro) and oxy-PAHs (9,10-phenanthrenedione) were also
detected throughout the experiment. Some of these photodegradation by-products, such
as l-nitropyrene and 6-nitrobenzo(a)pyrene, exhibits a high mutagenic potential (Gurbani
etal., 2013).

Because of the lack of regulations and standardized methods for their analysis, oxy-
and nitro-PAHs are seldom included in monitoring and risk assessment programs
(Lundstedt et al., 2014). However, recent investigations on some of these by-products
have provided valuable information on their environmental occurrence and human
toxicity (Jorundsdottir et al., 2014; Pinto et al., 2014; Qiao et al., 2014). Therefore,
environmental and health risks associated to exposure to these by-products is evident.
Since there is a gap on the environmental regulation of PAHs, it has been recently
suggested that that the original list of 16 US EPA priority PAHs should be enlarged by
including, at least, 10 oxy-PAHs, 10 nitro-PAHs and 6 amino-PAHs (Andersson and
Achten, 2015). Some of these PAH derivatives have been here identified as

photodegradation by-products. Anyhow, further investigations on their fate and behavior
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should be conducted, paying especial attention to chemicals whose parent compounds are

not only toxic, but also very photosensitive, like benzo(a)pyrene.
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Fig. 1. Concentration trends of acenaphthylene, anthracene, pyrene, benzo(a)pyrene and
benzo(ghi)perylene in Arenosol soil (left) and fine-textured Regosol soil (right). Bars indicate
standard deviations between triplicates of samples.
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Fine-textured Regosol soil
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Fig. 6. Selected native PAHs degradation vs corresponding PAH by-products formation.
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Table 1

Photodegradation rates and half-lives of PAHs under study in Arenosol and fine-textured Regosol

soil
Arenosol soil Fine-textured Regosol soil
Photodegradation rate  Half-live = Photodegradation rate =~ Half-live
(%0) (days) (%) (days)
Acenaphthylene 50.0° 0.3? 64.5¢ 0.5¢
Acenaphthene 63.6° 0.9° 54.6° 0.9¢
Fluorene 36.6 2.9 61.0 7.4
Phenanthrene 28.6 8.7 38.0 13.0
Anthracene 23.0 1.9 53.6 2.6
Fluoranthene 28.5 4.5 53.7 9.9
Pyrene 56.0 5.4 35.6 6.7
Benzo(a)anthracene 50.3 7.8 33.7 6.6
Chrysene 48.9 8.7 13.5 11.2
Benzo(b)fluoranthene 25.5 17.2 224 8.4
Benzo(k)fluoranthene 14.8 15.9 26.4 9.2
Benzo(a)pyrene 61.0 2.9 30.4 23
Benzo(ghi)perylene 21.5 3.1 23.0 6.2
Dibenzo(a,/)anthracene 38.6 8.3 21.7 5.6
Indeno(123-cd)perylene 44.0 54 26.8 43

abe Complete disappearance after ¥24 hours, 72 h or °96 h of solar radiation exposure
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