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Abstract

The polycyclic aromatic hydrocarbons (PAHs) are a group of persistent pollutants that are globally distributed. The objectives of
this study are as follows: (1) to analyze the levels of the priority PAHs in the PM, 5 fraction of air: naphthalene, acenaphthene,
fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzoanthracene, chrysene, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(a)pyrene, dibenzoanthracene, benzo(g,h,i)perylene, indenepyrene, acenaphthylene, in two urban
industrial areas of the province of Gipuzkoa (Basque Country, Spain), (2) to describe seasonal variation, and (3) to identify the
source of PAHs. The ) PAH concentrations ranged from 0.85 to 9.86 ng/m>. We found statistical differences between sites of
sampling (p < 0.05), with higher values in Azpeitia. The median value of benzo(a)pyrene was 0.05 ng/m> (ranged from 0.05 to
1.12 ng/m?), lower than the threshold set by the European legislation. Statistical differences were found (p < 0.05) in relation to
seasonal variation, with the highest levels registered in winter and in autumn. PAH ratios and principal component analysis (PCA)
revealed that probably the vehicular emissions are the predominant source of PAHs.
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Introduction

The polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
environmental pollutants spread worldwide. They have been
extensively studied to understand their distribution and effects
in the environment (Okuda et al. 2002; Zhang et al. 2005;
Arruti et al. 2012).

The PAHs constitute a large group of more than 100 dif-
ferent organic compounds containing carbon and hydrogen
which is formed by two or more benzene rings and in some
cases a pentagonal ring (Schwarzenbach et al. 2003). The
abundance of these compounds in the environment, together
with their carcinogenicity, has placed them on the lists of
priority organic pollutants. They have been regarded as per-
sistent organic pollutants (POPs) and might cause negative
effects on human health and on the environment both near
and far from its source (Chahin et al. 2008).

The volatility of the PAHs is given as a function of their
molecular weight, a higher molecular weight, and lower vol-
atility (Ou et al. 2004). They have a great capacity of adsorp-
tion to atmospheric particles, which favors their transport and
their deposition at great distances from the emission source.

They are hydrophobic and lipophilic compounds (Pavlova
and Ivanova 2003). Their hydrophilicity and mobility de-
crease as the number of rings increases (Igbal et al. 2008).
Because of their hydrophobic characteristics, PAHs tend to
rapidly adsorb to particulate organic matter in sediments, rath-
er than vaporizing or dissolving in water (Bertilsson and
Widenfalk 2002). Depending on their volatility, the PAHs
may be transported far from their original source, ending up
in various environmental compartments, although their main
environmental sink is the organic fraction of soils and sedi-
ments (Agarwal et al. 2009; Harris et al. 2011; Morillo et al.
2008; Stark et al. 2003).

The origin of PAHs in the environment is very diverse.
PAHs can be of anthropogenic or natural origin (Bertilsson
and Widenfalk 2002; Morillo et al. 2008). The contribution of
natural sources, such as spontaneous forest fires, volcanic ac-
tivity, and erosion of ancient sediment (Yang and Chen 2004),
is minimal compared to the emissions caused by humans (Jiao
et al. 2009; Zakaria et al. 2002; Nizzetto et al. 2008).

Anthropogenic sources of PAHs are formed either by ther-
mal alteration of organic matter, or its incomplete combustion
(Luo et al. 2008; Ou et al. 2004). Nowadays, the main sources
of PAHs in the atmosphere are heavy vehicle traffic, domestic
heating, or industrial plants depending on the combustion of
petroleum products or coal (Ravindra et al. 2008; Morillo et al.
2008; Yan et al. 2006; Zakaria et al. 2002).

Although its environmental impact is not very remarkable,
the human being also generates some amounts of PAHs in
different social activities, including tobacco smoke and tech-
nological processes of food: smoked, grilled, and those sub-
jected to severe heat treatments. In general, the rate of
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formation of these compounds in food depends on the type
of fuel and the combustion conditions.

PAHs have also received considerable attention as impor-
tant atmospheric pollutants due to the carcinogenic and muta-
genic properties of some of these compounds. PAHs are po-
tentially toxic and mutagenic to many living organisms, such
as marine plants and animals (Boehm et al. 2007; Guo et al.
2007; Swietlik et al. 2002). Several studies have shown that
some PAHs such as BaP or CHR can act as endocrine
disruptors, supplanting the natural hormones, blocking their
action, or increasing or decreasing their levels; in general,
interfering with the proper functioning of the endocrine sys-
tem (Van Lipzig et al. 2005), they also can rise the levels of
DNA mutations and reproductive defects (Gaspari et al.
2003). Endocrine disruptors interfere through some of these
three mechanisms: supplanting the natural hormones,
blocking their action, or increasing or decreasing their levels.

As a result of their carcinogenic activity, the Internatioanl
Agency for Reaseach on Cancer (IARC) (n.d.) has therefore
included many of these PAHs in the list of priority pollutants.
In the case of BaP in the group1, carcinogenic to humans, BA
in the group 2A probably carcinogenic to humans and BkF
and IcdP in the group 2B possibly carcinogenic to humans
(IARC n.d.). BaP has generally been used as an indicator for
carcinogenic risk, and European regulations establish 1 ng/m®
as the target value as annual mean for particular matter 10 pum
(European Environmental Agency (EEA) 2012).

Particulate matter with diameter less than 2.5 um has been
proved to be more harmful than particles with a greater diam-
eter, since they can be penetrated the respiratory system and
deposit in the pulmonary alveoli and can even reach the blood-
stream. Thus, the measurement of these PAHs in particles of
2.5 mm is a great concern for the public health (Kim et al.
2013; Mohanraj et al. 2012; Jakovljevic et al. 2018).

Air quality has been previously assessed in this zone
(Lertxundi et al. 2010). They found levels of particulate matter
and trace elements in the zone similar to or higher than those
found in metropolitan areas. Between 2006 and 2011, a study
was carried out in this zone to analyze PAH associated with
2.5-um particles (Villar-Vidal et al. 2014). It is important to
have a temporary view of the variation of these pollutants over
time.

The aims of this work were as follows: (1) to study the
levels of the 16 priority PAHs in the PM, 5 fraction of air:
naphthalene (NAH), acenaphthylene (Acy), acenaphthene
(Ace), fluorene (Flu), phenanthrene (Phe), anthracene (Ant),
fluoranthene (Fla), pyrene (PYR), benzo[a]anthracene (BA),
chrysene (CHR), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP),
indeno[1,2,3-cd]pyrene (IcdP), dibenzo[a,h]anthrancene
(DBA), and benzo[g,h,i]perylene (BghiP), in two sites of the
Basque Country (Spain), (2) to describe seasonal variation,
and (3) to identify the source of PAHs.
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Methods
Study and sampling sites

Sampling was carried out between October 2011 and October
2012 in two villages of Gipuzkoa (Basque Country, Spain)
which covers an area of 86,27 km”. The sampling sites were
Urretxu (Urola high valley) and Azpeitia (Urola mid valley)
with populations of 6.789 and 14.691 inhabitants respectively.
The area is characterized by having an industrial sector fo-
cused mainly on iron and steel (European Pollutant Release
and Transfer Register). Throughout the study, sampling was
carried out over a period of 161 days in Urretxu and 163 days
in Azpeitia respectively. Samples were taken over a period of
24 h from midnight to midnight at one point in each locality
using digital device. Digital DAH 80 high-volume samplers
fitted with PM, 5 inlets were used to gather the samples. All
samplers were placed at points without direct emission source.

In Urretxu, the sampling point was located in a pedestrian
street without traffic, defined as an urban background. On the
other hand, in Azpeitia, the sampling point was located in a
street next to two schools and through which busses and cars
circulate, therefore with urban traffic. The concentration data
for the PAHs are given in nanograms per cubic meter of air
(ng/m) in ambient conditions.

Chemical analysis

Particles were collected on Whatman® QMA 150-mm,
quartz-fiber filters. The filters were kept in controlled condi-
tions in the laboratory before and after sampling, which in-
volved monitoring the ambient temperature (20+ 1 °C) and
relative humidity (50 = 5%) for a minimum of 48 h. Once the
particles in suspension are determined, the filters are kept
below 23 °C and avoiding direct light to avoid possible vola-
tilization and degradation of the PAHs. One aliquot of the
sampled filter is made and PAHs were extracted with 10 cc
of acetonitrile (ACN) in a Teflon tube. The aliquot dilution
factor is 10.89. The extraction process of the PAHs was done
in a microwave with a controlled temperature program. The
solution was filtered and the ACN was evaporated in Turbo
Vap evaporation system until reaching an approximate vol-
ume of 0.5 cc. Carry the solution to a final volume of 1 cc in
a topaz vial with ACN. Analytical determination and quantifi-
cation of PAHs is carried out by ultra-performance liquid chro-
matography (UHPLC) using a WATERS model ACQUITY
HCLASS chromatograph with ultraviolet and fluorescence de-
tection. For the separation of hydrocarbons, a gradient program
of the different eluents (water-methanol-ACN) is used. The
acenaphthylene (Acy) is quantified through a PDA (photodi-
ode array) detector; the others are quantified through a fluores-
cence detector.

The method was validated for accuracy, precision, linearity,
limit of detection (LOD), and limit of quantification (LOQ). In
the analytical process of PAHS, in addition to the samples, the
reagent used in the extraction (ACN) and a white field filter
are evaluated (both have to be below the half of the method’s
quantification limit), and the recovery of an addition on a
clean filter of a known concentration of the 16 compounds
was analyzed. This recovery is in the order of 80-120%.
The detection limits (DL) were set at 0.2 ng/m’® for Acy and
0.1n g/m3 for the remaining PAHs. The working range for Acy
is 0.2-2.2 ng/m’. For the other PAH, the interval is 0.1-2 ng/

m’.

Statistical analysis

A descriptive analysis of each PAH was performed by sam-
pling site. The median, percentile 75, percentile 90, maxi-
mum, and the contribution of each compound to the total
amount were calculated for each of the PAH. When the con-
centration was below the DL, the DL/2 value was assigned for
the descriptive analysis. In order to observe differences be-
tween sites of sampling, Man-Whitney test was applied. To
analyze the extent of seasonal variations in the PAHs concen-
trations, the year was divided into four seasons. Afterwards,
mean values were calculated and compared using Kruskal-
Wallis test. Statistical differences were determined by estab-
lishing a level of significance () p < 0.05 in all tests.

Ratios of IcdP / (IcdP + BghiP), (BA / BA + CHR) were
calculated given that some PAHs ratios can give information
about the impact of different sources and that they can allow
us to distinguish between petrogenic (liquid fuel spills) or
pyrolytic sources (combustion of fuels) (Guo et al. 2003;
Btaszczyk et al. 2017). The compounds in each ratio have
similar molar mass and therefore similar chemical proprieties.

Principal component analysis (PCA) was attempted, being
its primary function the reduction of the number of variables
while retaining the original information as much as possible.
Variables with similar characteristics are grouped into factors.
These factors can be interpreted either as an emission source
or a chemical interaction (Mohanraj et al. 2012; Slezakova
et al. 2013). The number of significant factors within the data
was established by considering only those with an Eigen value
> 1 and applying varimax rotation.

The analysis was carried out using the STATA software
package version 14.0.

Results

Table 1 shows the concentrations of each PAH by sampling
site and the total Y} PAHs over the period of study. More than
80% of the samples of Ace, FLU, Acy, DBA, and Ant were
below DL and therefore were excluded from the analysis.
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Table 1 PAH median, percentile 75, percentile 90, contribution of each compound (%), maximum, and Mann-Whitney’s p value by sampling sites

Compound Area <DL %LD Median Pys Py, “Max (%) °p value

Naphthalene Urretxu 99 61.5 0.05 0.11 0.14 0.49 7.1 0.001
Azpeitia 133 81.6 0.05 0.05 0.14 0.64 6.0

Phenanthrene Urretxu 102 63.3 0.05 0.15 0.31 0.75 7.1 0.004
Azpeitia 71 43.6 0.11 0.20 0.31 0.74 13.1

Fluoranthene Urretxu 109 67.7 0.05 0.12 0.22 0.79 7.1 0.504
Azpeitia 118 72.4 0.05 0.10 0.23 0.11 6.0

Pyrene Urretxu 124 77 0.05 0.05 0.17 0.52 7.1 0.238
Azpeitia 118 72.3 0.05 0.11 0.21 0.59 6.0

Benzoanthracene Urretxu 135 83.5 0.05 0.05 0.14 0.37 7.1 0.185
Azpeitia 127 779 0.05 0.05 0.16 0.45 6.0

Chrysene Urretxu 109 67.7 0.05 0.13 0.27 0.58 7.1 0.422
Azpeitia 102 62.6 0.05 0.14 0.24 0.53 6.0

Benzo(b)fluoranthene Urretxu 60 373 0.13 0.26 0.67 1.88 18.6 0.604
Azpeitia 61 374 0.14 0.35 0.65 233 16.7

Benzo(k)fluoranthene Urretxu 119 73.9 0.05 0.10 0.25 0.65 7.1 0.187
Azpeitia 108 66.3 0.05 0.13 0.24 0.65 6.0

Benzo(a)pyrene Urretxu 118 733 0.05 0.11 0.30 1.11 7.1 0.008
Azpeitia 97 59.5 0.05 0.21 0.40 1.12 6.0

Benzoperylene Urretxu 69 42.8 0.12 0.27 0.57 1.44 17.1 0.001
Azpeitia 50 30.7 0.19 0.45 0.91 2.04 22.6

Indenepyrene Urretxu 101 62.7 0.05 0.17 0.40 1.54 7.1 0.025
Azpeitia 84 51.5 0.05 0.28 0.54 2.00 6.0

> PAHs Urretxu 161 0.73 1.53 3.44 8.56 0.049
Azpeitia 163 0.90 224 3.96 9.15

4 P5s: percentile 75

®Pyo: percentile 90

¢ Max: maximum

9(%): contribution of each compound to Y PAHs
¢ p: p value Mann-Whitney non parametric test

The median of YPAHs concentration was 0.79 ng/m°,
ranging from 0.55 to 9.15 ng/m’. Looking at the values by
zones, they were quite similar; in Urretxu, the values fluctu-
ated between 0.55 and 8.56 ng/m® with a median of 0.73 ng/
m3, while in Azpeitia, the values went from 0.55t09.15 ng/m3
with a median value of 0.90 ng/m”.

The levels of BaP found in this study ranged from 0.05 to
1.12 ng/m’, with a median 0of 0.05 ng/m>, which is far from the
threshold value marked in the European legislation.

Analyzed by sites of sampling, we found statistical differ-
ences for the total concentrations of PAHs and for five com-
pounds: NAH, Phe, BaP, IcdP, and BghiP, significant differ-
ences were observed with higher values in Azpeitia (p < 0.05).

Seasonal trend

> PAH concentration median value during hot season was
lower than that in cold season. In spring, the median value
was 0.67 ng/m’ (ranged from 0.55 to 3.01 ng/m’) and during
summer time was 0.60 ng/m® (ranged from 0.55 to 2.48 ng/
m3), whereas in cold seasons these values increased
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dramatically to 0.95 ng/m’ in autumn (from 0.55 to 6.76 ng/
m’) and 2.31 ng/m3 in winter (from 0.55 to 9.15 ng/m3).
Statistical differences were found (p <0.05 Kruskal-Wallis
test) with the highest levels registered in cold seasons. The
same trend can be observed in Fig. 1 in both areas, with the
highest peak emission of 9.15 ng/m® in January in Azpeitia
(data not shown).

Sources of PAHs

The characteristic PAH ratio values are shown in Table 2. The
results of IcdP / (IcdP + BghiP), (BA / BA + CHR) ratios were
0.41 and 0.44 respectively. These results were maintained
consistent after analyzing them by site of sampling and by
season (Table 3).

We found that two factors explained the 87% of the total
variability. Factor 1, associated with BghiP and CHR, repre-
sents the 76% of the total variance, and it is related principally
to vehicular emissions. Factor 2, representing the 11% of the
total, is highly loaded with Phe and DBA which is an indica-
tive of coal combustion or incineration source. The PCA
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Fig. 1 Boxplot graphics representing PAH levels by season in the two
sites of sampling

analysis was also carried out, according to the study area and
the season of the year (Table 4). There were no big differences
between the zones. Component 1 was linked to gasoline and
diesel vehicle emissions in each season.

Discussion

Concentrations of PAHs associated with PM, 5 were deter-
mined at two areas in the Basque Country (Spain). The ob-
tained levels are lower than those found in other cities of
Europe: Sarajevo (Bosnia and Herzegovina) 0.7-108 ng/m3
and in Florence (Italy) 0.92—13 ng/m®; observed by De Pieri
et al. (2014) and Martellini et al. (2012) respectively, and far
lower than those found in Asian areas, in Iran by Hassanvand
et al. (2015), 325.1-361.75 ng/m’ and in China by Li et al.
(2006), 4.7-98.7 ng/m>. BaP levels varied from 0.05 to
1.12 ng/m’, which are similar to those found in two studies
carried out in the North Cantabrian area (Arruti et al. 2012;
Villar-Vidal et al. 2014), with values ranging from 0.04 to
0.13 ng/m® and from 0.05 to 0.88 ng/m’, respectively, and
much lower than those observed by De Pieri et al. (2014), in
Sarajevo 0.06-12.9 ng/m’.

Higher levels in cold seasons are a pattern extensively
found in the literature (Vera et al. 2003; Zhou et al. 2005;

Table 3  PAHs ratios by season and sample site

PAH ratio Site Season Mean (SD)

IcdP / (IcdP + BghiP) Azpeitia Spring 0.37(0.12)
Summer 0.43 (0.10)
Autumn 0.37 (0.09)
Winter 0.37 (0.05)

IcdP / (IcdP + BghiP) Urretxu Spring 0.44 (0.09)
Summer 0.46 (0.07)
Autumn 0.40 (0.1)
Winter 0.37 (0.07)

(BA /BA + CHR) Azpeitia Spring 0.47 (0.07)
Summer 0.5 (0)
Autumn 0.44 (0.07)
Winter 0.38 (0.08)

(BA/BA + CHR) Urretxu Spring 0.47 (0.07)
Summer 0.49 (0.03)
Autumn 0.40 (0.11)
Winter 0.39 (0.09)

Lee et al. 2008; Wan-Li et al. 2010; Mohanraj et al. 2012;
Arruti et al. 2012). This tendency might be explained, on the
one hand by the unfavorable atmospheric diffusion and influ-
ence of low temperatures and wind speed in the stagnation of
PAHs and, on the other hand, by vehicle emissions and do-
mestic heating (Liu et al. 2008). Another question to take into
account might be the fact that during the summer, traffic and
industrial activity decreases in the areas of study due to sum-
mer holidays.

PAH diagnosis ratios have been used to distinguish differ-
ent emission sources (Yunker et al. 2002; Ravindra et al. 2008;
De la Tore-Roche et al. 2009; Akyiiz and Cabuk 2008;
Blaszczyk et al. 2017). We analyzed three ratios: IcdP /
(IcdP + BghiP), (BA / BaP + CHR) and according to the
results obtained, we can assume that the main source of emis-
sion is the traffic (Table 2). Similar results were observed by
Park et al. (2011), Tobiszewski and Namiesnik (2012), De
Pieri et al. (2014), Villar-Vidal et al. (2014), and Hassanvand
et al. (2015). Although there are other sources that are taken
into account in other studies, such as combustion by coal,
wood, or grass (Dickhut et al. 2000; Zhang et al. 2005), in

Table 2 PAH ratios used with their typically reported values for particular processes
PAH ratio Value range Source Reference This study
Mean (SD)

IcdP / (IcdP + BghiP) <0.2 Petrogenic Yunker et al. (2002) 0.41 (0.09)
0.2-0.5 Petroleum combustion
>0.5 Grass, wood, coal combustion

(BA/BA + CHR) 0.2-0.35 Coal combustion Akyiiz and Cabuk. (2008) 0.44 (0.08)
>0.35 Vehicular emissions
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Table 4  Principal components analysis by area and season of the year

Area Season Total Variability Principal Component 1 Principal Component 2 Principal Component 3
Urretxu Spring 89% 62% 18.3% 9.2%
Benzo(k)fluoranthene Phenanthrene Naphthalene
Benzo(a)pyrene Benzo(g,h,i)perylene
Dibenzoanthracene
Indenepyrene
Pyrene
Chrysene
Summer 83% 50% 20% 13%
Benzo(k)fluoranthene Benzo(g,h,i)perylene Naphthalene
Pyrene Indenepyrene
Autumn 88.4% 77.4% 11%
Benzo(a)pyrene Naphthalene
Benzo(b)fluoranthene Phenanthrene
Benzo(k)fluoranthene
Chrysene
Winter 92.5% 76.3% 16.2%
Benzo(a)pyrene Benzoanthracene
Dibenzoanthracene Benzo(g,h,i)perylene
Benzo(k)fluoranthene
Indenepyrene
Azpeitia Spring 80% 51% 17.5% 11.5%
Chrysene Benzo(g,h,i)perylene Naphthalene
Benzoanthracene Phenanthrene
Pyrene
Benzo(k)fluoranthene
Summer 86% 86%
Benzo(g,h,i)perylene
Indenepyrene
Benzo(k)fluoranthene
Autumn 88.5% 76.1% 12.4%
Pyrene Indenepyrene
Benzo(k)fluoranthene Dibenzoanthracene
Benzo(a)pyrene
Chrysene
Winter 87.2% 71% 16.2%
Benzo(k)fluoranthene Benzo(g,h,i)perylene
Indenepyrene Benzoanthracene
Benzo(a)pyrene
Dibenzoanthracene

ours, the greatest contribution would come from traffic. Even
though the use of ratios is widespread, the diagnostic based on
ratios is not conclusive and some limitations in their use have
to be pointed out. Reactivity of PAHs in air changes season-
ally due to fluctuations of temperature. For that reason, PAH
reactivity might contribute to PAH ratio changes and not only
PAH different sources (Dvorska et al. 2011). Besides, the
PAHs have different atmospheric residence times and all these
factors lead inevitably to a variation in the PAH ratios in the
atmosphere (Katsoyiannis et al. 2011). Therefore, we must be
cautious in affirming which are the possible sources of PAHs.
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PCA is widely used to reduce the large set of variable to a
smaller number of components that can explain the variability
of the original data. In PCA analysis, the total variability is
expressed by two factors which explain the 87% of the vari-
ance. The factor 1 seemed to be associated to vehicular emis-
sions (diesel and gasoline) and the same pattern was found by
Slezakova et al. (2013) and Mohanraj et al. (2012). On the
other hand, factor 2, associated to Phe, PYR, and FLA, is
regarded to be a source of coal combustion. Similar conclu-
sions were found by Simick et al. (1999), Park et al. (2011),
and Slezakova et al. (2013). Nevertheless, some authors, Park
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et al. (2002) and Kulkarni and Venkataraman (2000), relate
these congeners with coal combustion and incineration
source. The same pattern was found after analyzing PCA by
study area season.

Conclusion

The concentration levels of > PAHs associated with PM, s
analyzed in two zones of the Basque Country (Spain) varied
from 0.55 to 9.15 ng/m’. These concentrations were lower
than those found in other areas of Europe and much more
lower than those levels in Asia. We found statistical differ-
ences by area of study. The most potent carcinogenic BaP,
with a median value of 0.05 ng/m3 , was far lower from the
threshold value proposed by the European legislation.
Seasonal variation patterns showed significant higher values
in cold season compared to other seasons. Different PAH ra-
tios and PCA analysis confirmed that the major source of
PAHs is through road traffic.

The strength of the study is the sample size and the amount
of congeners analyzed all year long, which allowed us to study
the seasonal variation. It is noticeable that there is pollution by
PAHs mainly due to vehicle emissions, so it is necessary to
take measures in order to protect the health of the coming
generations.
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