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RESUMEN (en español) 
 

En el Principado de Asturias, las emisiones a la atmósfera de material particulado se han ido 

reduciendo progresivamente en los últimos años. No obstante, en dos estaciones de la red 

automática de vigilancia de la contaminación atmosférica, ubicadas en Avilés y Gijón, se 

superó el valor límite diario de 50 μg PM10/m3 en más de 35 ocasiones en el año 2013. Así, 

en 2014, el Principado de Asturias aprobó planes de mejora de la calidad del aire para la 

zona central (Avilés) y la Aglomeración de Gijón, que han sido revisados a principios de 

2017.  

 

Esta tesis se centra en el estudio de los niveles, la composición química y la contribución de 

las fuentes de emisión de las partículas en suspensión en la zona este de Gijón, entre 2013 y 

2014. La investigación forma parte de un proyecto financiado por el Gobierno del Principado 

de Asturias, gracias al cual se muestreó diariamente la fracción PM10 y los humos negros en 

una estación suburbana orientada al tráfico. 

 

Se determinaron niveles entre 4.7 y 69.5 μg PM10/m3, estando el valor medio de las 375 

muestras recogidas en 19.1±10.1 μg PM10/m3. Se analizaron metales, especies químicas 

solubles y el carbono orgánico y elemental, siendo la suma de esas fracciones carbonosas el 

principal constituyente (29% de PM10). El estudio de relaciones lineales y ratios entre el 

carbono elemental y Cu, Sb, Sn, Ba y Bi, elementos típicamente aceptados como trazadores 

de tráfico, apuntaron hacia emisiones que no procedían de los gases de escape. El desgaste 

de los frenos se mostró como el origen más probable para Cu, Sb y Sn. Por su parte, 

sulfatos, nitratos y amonio representaron el 16.5% de PM10 y sus niveles mostraron cierta 

estacionalidad. 

 

La toxicidad de PM10 se evaluó considerando la concentración de determinados elementos 

químicos, el tamaño de las partículas y la estimación de la fracción de las mismas que sería 

inhalada y depositada en el sistema respiratorio humano (40.2%). Además, se evaluaron los 

riesgos carcinogénicos y no carcinogénicos por exposición a As, Cd, Co, Cr (VI), Cu, Fe, Mn, 

Ni, Pb, Se, V y Zn, vía ingestión, contacto dérmico e inhalación. Aunque los potenciales 

riesgos para los niños superaron a los de los adultos, todos estaban dentro del rango 

aceptable, a excepción de los no carcinogénicos de As y Pb para los niños vía ingestión. Los 



                                                                

 
 

 

riesgos totales acumulados debido a la exposición a estos elementos en PM10 fueron 

menores a los hallados en una estación suburbana industrial ubicada en la región, a unos 25 

km. 

 

Para distinguir los aportes antropogénicos a PM10 frente a los del suelo, se utilizaron 

factores de enriquecimiento. Cabe destacar que las ratios geoquímicas se calcularon no sólo 

usando la composición media de la corteza terrestre superior, como es habitual, sino también 

con la composición química del suelo de los alrededores de la estación de muestreo. 

Independientemente del elemento de referencia (Al, Ti, La o Ce) o la base de datos de 

composición geoquímica, el principal origen de Bi, Cd, Cu, Sb, Se, Sn y Zn se asoció a 

fuentes distintas del suelo. La aplicación del Análisis de Componentes Principales con 

Regresión Lineal Múltiple apuntó a seis fuentes: tráfico rodado (24.7%), polvo mineral y 

sulfatos (12.8%), aerosol marino (15.2%), acería (2.6%), combustión (11.1%) y aerosol 

secundario (33.6%). Estos resultados fueron interpretados en combinación con datos 

meteorológicos, mapas de concentración de aerosoles y retrotrayectorias de las masas de 

aire que alcanzaron la localización objeto de estudio. Las variaciones temporales observadas 

en la composición química de PM10 se relacionaron con fuentes de emisión locales y el 

transporte a larga distancia desde Europa y el norte de África. 

 

Finalmente, la caracterización de la microestructura de los filtros de microfibra de cuarzo 

utilizados en el muestreo de PM10 permitió evaluar la importancia de los distintos 

mecanismos de captura de partículas en zonas internas y externas de los filtros, vía 

impactación, intercepción y difusión. 

 
 

RESUMEN (en Inglés) 
 

In the Principality of Asturias, particulate emissions to the atmosphere have been reduced 

progressively in recent years. Nevertheless, in two stations of the air quality monitoring 

network, located in Avilés and Gijón, the daily limit value of 50 μg PM10/m3 was exceeded in 

more than 35 times throughout the year 2013. Thus, in 2014, the Principality of Asturias 

approved plans to improve air quality in the central zone of the region (Avilés) and the 

agglomeration of Gijón, which have been revised at the beginning of 2017. 

 

This Doctoral Thesis is mainly focussed on the study of levels, chemical composition and the 

contribution from emission sources of suspended particles in the east zone of Gijón, during 

the period 2013 – 2014. The research is part of a project funded by the Government of the 

Principality of Asturias, under which PM10 fraction and black smoke were daily sampled in a 

traffic-oriented suburban station.  

 

PM10 levels were recorded between 4.7 and 69.5 μg PM10/m3, although the mean value of 

the 375 samples collected was 19.1±10.1 μg PM10/m3. Metals, soluble chemical species and 

organic and elemental carbon were analysed, the sum of these carbonaceous fractions being 

the main component (29% of PM10). The study of linear relationships and ratios between 

elemental carbon and the elements Cu, Sb, Sn, Ba y Bi, typically accepted as traffic tracers, 



                                                                

 
 

 

pointed to non-exhaust emissions. Brake wear was presented as the most likely origin for Cu, 

Sb, and Sn. Furthermore, sulphates, nitrates and ammonium represented 16.5% of PM10 

and presented seasonal variations. 

 

PM10 toxicity was assessed considering the concentrations of certain chemical elements, the 

particle size and the estimated fraction of particles that would be inhaled and deposited in the 

human respiratory tract (40.2%). Additionally, the cancer and non-cancer risks for human 

exposure to As, Cd, Co, Cr (VI), Cu, Fe, Mn, Ni, Pb, Se, V and Zn were evaluated via 

ingestion, dermal contact and inhalation. Although greater potential risks were estimated for 

children than adults, the values were in the acceptable range, except for cancer risks from As 

and Pb for children via ingestion. The accumulative risks due to the exposure to these 

elements through PM10 were lower than those found in other suburban industrial station in 

the region, about 25 km inland. 

 

Enrichment factors were used to distinguish anthropogenic apportionments to PM10 from 

those from soil. It is worth mention that the geochemical ratios were calculated using not only 

the Earth’s average upper-crust composition, as usual, but also with the soil composition from 

the surroundings of the sampling station. Regardless of the reference element (Al, Ti, La or 

Ce) or the database of geochemistry composition, Bi, Cd, Cu, Sb, Se, Sn and Zn were mainly 

associated with non-soil apportionments. The implementation of Principal Component 

Analysis with Multi-Linear Regression pointed to six sources: road traffic (24.7%), mineral 

dust and sulphates (12.8%), marine aerosol (15.2%), steelworks (2.6%), combustion (11.1%) 

and secondary aerosol (33.6%). These results were interpreted in combination with 

meteorological data, aerosol maps and the study of five-day back trajectories of air masses 

that reached the location object of study. Temporal variations in the chemical composition of 

PM10 were related to local sources and long-range transport stemming from Europe and 

North Africa. 

 

Finally, the characterisation of the microstructure of the quartz fibrous filters used as a 

substrate for capturing PM10 samples allowed the evaluation of the importance of the capture 

mechanisms of particles in inner and outer zones of the filters, via impaction, interception and 

diffusion. 
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Abstract PM10 and black smoke were monitored at a subur-
ban sampling station located in the northern Spanish city of
Gijón. Thirty-two metals and total carbon (TC) (i.e., organic
carbon (OC) and elemental carbon (EC)) were analyzed over a
year. The study of air-mass origin based on 5-day back trajec-
tories was carried out to assess its influence on the recovery
data. Different strategies were implemented to infer the influ-
ence of traffic in the area. On average, TC accounted for 29 %
of the PM10 fraction, with OC forming 77 % of this TC. The
influence of traffic was clearly reduced during intense Atlantic
advection episodes, when OC and EC decreased up to 0.39
and 0.22 μg C/m3, respectively. In contrast, the highest values
were reported during regional episodes, exceeding 10 μg
C/m3 of OC and 2 μg C/m3 of EC. The correlation between
EC and OC was found to notably improve when considering
the days with high traffic flow (from R2 =0.46 to R2=0.74).
This pattern was also reproduced by black smoke and EC
(from R2 = 0.49 to R2 =0.59). Cu and Sn were found to be
reliable traffic tracers given their high dependence on EC
(R2=0.82 and R2 =0.79, respectively). Nevertheless, Sn, Ba,

and Sb showed a better correlation with Cu than EC, suggest-
ing a common origin. In the case of Sn, R2 improved from
0.79 to 0.91. The Cu/Sb ratio had a mean value of 6.6 which
agrees with diagnostic criterions for brake wear particles. The
relationships and ratios between EC, Cu, Sb, Sn, Ba, and Bi
pointed out to non-exhaust emissions, playing a significant
role in the chemical composition of PM10. Brake wear was
presented as the most likely origin for Cu, Sb, and Sn.

Keywords Air-mass origin . Brake wear . EUSAAR2 .

Non-exhaust emissions . Particulate matter . Road traffic .

Tracemetals

Introduction

Different sources contribute to airborne particulate matter
(PM). Certain chemical species have been scientifically pro-
posed as tracers for road traffic, the presence of which in PM
may differ depending on the type of vehicle engine and road
surface abrasion (Sternbeck et al. 2002; Amato et al. 2009).

PM emissions involve carbon in different chemical and
physical forms. Carbonaceous particles may account for the
largest fraction of these emissions. Total carbon (TC) com-
prises of organic carbon (OC) and elemental carbon (EC).
The latter is also called black carbon (BC), depending on the
method employed in its determination. Typically, BC is deter-
mined by optical methods and EC using thermal analysis
(Gelencsér 2004). OC comprises a major percentage of
PM10. In contrast, the contribution of EC is somewhat lower
(Negral et al. 2008). EC is a suitable indicator to assess the
impact of traffic on PM (Minguillón et al. 2014). The origin of
EC is exclusively primary, whereas OC may also have sec-
ondary origins (Salvador et al. 2007; Sánchez de la Campa
et al. 2009; Minguillón et al. 2014). Furthermore, according to
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ISO 1993, black smoke (BS) is strongly light-absorbing par-
ticulate material mainly constituted by “soot,” i.e., particulates
that contain carbon in its elemental form. Both BS and EC
reflect the primary contribution of incomplete combustion
emissions to PM (Gelencsér 2004). EC has been specifically
defined as a marker for diesel exhaust (Sharma et al. 2014);
therefore, abatement strategies may be focused on controlling
diesel traffic emissions (Harrison and Yin 2008). Some studies
showed EC as an appropriate indicator for traffic measures on
air quality suggesting traffic volume, composition, and con-
gestion as factors to control its emissions (Keuken et al. 2012).

Non-exhaust emissions (i.e., PM from brake wear, tire
wear, road abrasion, and road dust resuspension) are raised
in relevance due to the forthcoming reduction of exhaust pol-
lutants (Thorpe and Harrison 2008; Fuzzi et al. 2015). Some
metals have been related to non-exhaust emissions originating
from road traffic using different approaches. Traffic tracers
can be identified by comparing the levels of chemical ele-
ments at traffic sites and/or using source apportionment anal-
ysis. Querol et al. (2007) identified Cu–Sb as tracers of brake
abrasion as their levels were relatively high in urban areas of
Spain. Minguillón et al. (2014) studied trace and major
elements in PM10 in different areas in Barcelona, finding
higher concentrations of Ba, Cr, Cu, Fe, Mo, Zn, Mn, Pb,
Sn, and Zr at traffic sites rather than in rural and urban
background locations. Hueglin et al. (2005) found increasing
values of several metals from urban kerbside to urban back-
grounds, near-city and rural sites, inferring traffic as the main
source of them.

Another approach involves finding relationships between
elements in order to prove a common origin in road traffic.
Pérez et al. (2010) correlated mean daily BC levels with TC,
Ni, Cu, Fe, Sn, and Sb to demonstrate their related source.
Vehicle emissions depend on the location. As an example,
brakes contain high metal concentrations that considerably
vary between brands and countries (Sternbeck et al. 2002).
According to the literature, the major source of Cu is brake
wear. Hence, different ratios and correlations with this metal
have been carried out in a number of studies to prove a com-
mon origin: Fe/Cu, Ba/Cu, Sb/Cu, Sn/Cu, and Zn/Cu
(Sternbeck et al. 2002; Querol et al. 2007; Amato et al.
2009; Pérez et al. 2010; Alves et al. 2015). These ratios vary
depending on the sampling site. Grigoratos and Martini
(2015) posed concerns regarding the potential adverse health
effects of brake wear particles since they lie into diameters
smaller than 100 nm.

TC has been associated with vehicle exhaust emissions and
metals with re-suspension of road dust originating from me-
chanical wear and degradation of tires, brakes, and pavement
abrasion. The metals emitted by vehicles have generally been
determined by direct measurements and dynamometer driving
cycles simulating different backgrounds (Keuken et al. 2012).
As conventional dynamometric tests do not reflect real

emissions of traffic, studies have been carried out in road
tunnels for a more realistic approach. Although, this strategy
implies the loss of other emission sources (Pio et al. 2011;
Alves et al. 2015).

In this study, the PM10 fraction and its chemical composi-
tion were monitored at a suburban area located in the northern
Spanish city of Gijón. BS was also measured at this location
throughout the same period. The aim was to find relationships
between frequently described traffic tracers in a complex sce-
nario with multiple sources. Special attention was paid to TC
and several of the previously mentioned metals. Moreover,
traffic was taken into account in order to determine whether
its influence was reflected in the correlations between tracers
and hence discriminate the origin of the collected particulate
matter. In addition, air-mass origins were studied to associate
them with the related pollutant load. The variety of strategies
implemented to revise the experimental data and infer the
impact of traffic in the sampling station may contribute to
increase the state-of-the-art in non-exhaust emissions.

Materials and methods

Study area

The study area was located at the University Campus in Gijón
(Spain), specifically at a suburban sampling station affected
by irregular road-traffic intensity. Gijón is a coastal city in the
shoreline of the Cantabrian Sea. It has an Atlantic climate
characterized by moderate mean temperatures, abundant rain-
fall from winter to early spring, and seasonal winds. The
Spanish National Meteorological Agency (AEMET) has re-
corded main meteorological parameters in the sampling area
from October 2013. Before that month, another meteorologi-
cal station located within a distance of 1.7 km from the air
monitoring site supplied these parameters. According to the
data provided by these stations, the temperature fluctuated
between −2.2 and 30.0 °C, with a minimum mean value of
10.2 °C and a maximum mean value of 19.0 °C, during the
sampling period. The accumulated rainfall reached 977 mm.
Winds were detected up to 13 m/s. The hours of sunshine in
2013 and 2014 were 1756 and 1833, respectively.

The municipal area of Gijón had a population density of
1518 inhabitants/km2 in 2014 (IDEPA 2014), although the
urban zone (about 7.6 % of the total municipal area) represents
90% of the population. The daily limit value of PM10 (50 μg/
m3) has been exceeded at one of the local monitoring stations
over the last few years. The sampling station received the
influence of traffic from the university campus during the
academic year and from the nearby N-632 trunk road.
Several points of convergence for the region’s population are
connected to the city by this road. The Gijón Science and
Technology Park, three educational centers, and the local
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hospital are the main nerve centers of the area. Other main
anthropogenic pollution sources include harbor activities (19
million tons of goods handled at Port Authority quays and
berths (Port of Gijón 2014)), a cement plant (clinker kiln pro-
duction capacity of 1500 t/day)1, a coal power station
(installed power of 903 MW)1, and a steel production factory
(blast furnaces with production capacity of 4.5 million tons a
year)1.

Procedure

Gravimetric determination of PM10

PM10 samples were collected daily from 11 July 2013 to 31
July 2014 using a high-volume sampler MCV CAV-A/MSb
(30 m3/h) for subsequent gravimetric determination. A micro-
balance with a resolution of 0.01 mg was used for this pur-
pose. The sampler was placed at a height of 3 m, which is
normal practice in the Spanish Air Quality Monitoring
Network, and it was in accordance with the requirements set
by the European Commission (2008). The 150-mm-diameter
filters were made of glass microfiber (MCV GF1-150) and
quartz microfiber (Pallflex-Tissue Quartz 2500QAT-UP).
The latter had superior chemical purity and low content in
trace organics obtained by a heat treatment during their
manufacturing process. Thus, they produce less interference
on chemical determinations (EN 12341:1998). Fifty-two sam-
ples were collected over this matrix.

Analysis of chemical species

PM10 samples collected on quartz microfiber filters were
digested by HF, HNO3, and HClO4 for metal extraction, as
in a previous study (Negral et al. 2008). Afterward, thirty-two
chemical species were determined by inductively coupled
plasma mass spectrometry (ICP-MS). The same procedure
was followed with blank filters and reference material from
the National Institute of Standards and Technology (NIST),
i.e., Standard Reference Material® 1648a (Urban Particulate
Matter). Errors were mostly kept below 10 %.

Measurement of organic and elemental carbon

Thermal-optical reflectance/transmittance methods (TOR/
TOT) are used for total carbon quantification. These methods
are based on the volat i l izat ion and oxidation of
carbon-containing particles at different temperatures and oxi-
dation conditions. Adsorption of volatile organic species or
volatilization losses may lead to overestimation or underesti-
mation of TC (Gelencsér 2004). Moreover, some thermal

evolution protocols exist (e.g., IMPROVE, NIOSH,
EUSAAR2), which adds difficulty when comparing TC re-
sults with others from literature (Vodička et al. 2015).

In the present study, the EUSAAR2 thermal evolution pro-
tocol was employed to determine OC and EC (limit of quan-
tification of 0.1 μg C/m3). The following methodology was
performed: a defined area of the sampling filter was cut and
placed in the instrument’s oven, previously purged with
helium. Initially, the temperature of the oven increased up to
a first maximum (650 °C). The OC was volatilized or charred
in/on the filter and pyrolytic carbon (PC) was formed. Then,
the oven cools and a second temperature ramp started (up to
850 °C). CO2 was formed by the oxidation of EC and PC. All
gases released during the process were brought into a manga-
nese dioxide furnace where organic vapors were oxidized to
CO2. CO2 was mixed with H2 and carried with He through a
heated Ni catalyst. The Ni catalyst reduced the CO2 to meth-
ane. Then, the latter was measured using a flame ionization
detector (FID). Internal and external carbon standards were
used for calibration. The burning process of organic carbon
to elemental was corrected automatically by optical transmit-
tance (TOT). Therefore, underestimation of OC and the cor-
responding overestimation of EC were avoided. The temper-
ature set points and residence times of the EUSAAR2 protocol
were provided by Cavalli et al. (2010). These researchers de-
scribed this protocol regarding potential European standard
procedures to measure the carbonaceous aerosol fraction.

Determination of black smoke

BSwas also sampled daily throughout the same period using a
low-volume captor CPV-8D/A (2 m3/day) and Whatman No.
1 filters (47-mm diameter). BS was determined using an EEL
Model 43D Digital Smokestain Reflectometer. The percent-
age of reflectance produced by the sampling stain was deter-
mined by the detector and then related to BS concentration or
the absorption coefficient (α) by the procedures of the
Organization for Economic Cooperation and Development
(OECD) method (OECD 1964) or the ISO 1993 standard
(ISO 1993), respectively.

Air-mass origins

The HYSPLITModel developed at the NOAA Air Resources
Laboratory (Draxler and Hess 1997) was run to calculate
120-h isentropic back trajectories at three different heights
(750, 1500, and 2500 m above sea level) in order to catalog
air-mass origins at the sampling station (43° 31′ 23″ N, 5° 37′
16″W) according to eight different sectors (Fig. 1): Northern
Atlantic (AN), North-western Atlantic (ANW), Western
Atlantic (AW), South-western Atlantic (ASW), Northern
African (NAF), Mediterranean (ME), European (EU), and
Regional (RE).

1 Information available at The European Pollutant Release and Transfer
Register (E-PRTR)
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Results and discussion

PM10 levels

Throughout the entire sampling period, PM10 levels were in
the range of 4.7–69.5 μg PM10/m3. The mean value was 19.1
±10.1 μg PM10/m3 (n=375 samples), which agreed with the
urban annual mean levels (9–23μg PM10/m3 in 2009) record-
ed in locations of northern Spain (Aldabe et al. 2011).
Comparing these results with others across Europe, PM10
levels at the university campus in Gijón were in the same
range as those from Central Europe, where they generally
varied from 19 to 24 μg PM10/m3 (Pey et al. 2009; Putaud
et al. 2010; EEA 2014; Fuzzi et al. 2015).

Figure 2 shows a box plot of the PM10 levels. The distri-
bution of the monthly PM10 levels was not symmetrical, be-
ing the median below the average in most cases. The daily
limit value was exceeded on eight occasions. On those days,
the precipitation rate was negligible (below 1.0 mm). July and
December 2013 and March 2014 presented the greatest dis-
persion of the recorded data (Fig. 2). In July 2013, air masses
from AW, RE, and EU were predominant (Fig. 3), with high
differences in the mean PM10 levels (AW 13.8
± 1.8 μg PM10/m3; RE 34.1 ± 11.7 μg PM10/m3, and EU
32.0±4.2 μg PM10/m3, respectively), which explained the
dispersion of the overall data during this month. Similarly,
December 2013 and March 2014 were characterized by great
variation between the mean PM10 levels recorded under the
predominant air-mass origins: ANW and RE (Fig. 3). In
December 2013, their averages were 19.0 ±10.5 and 37.9
±6.6 μg PM10/m3, respectively. In March 2014, the mean
PM10 was 14.7 ± 6.2 μg PM10/m3 under ANW and 27.4
±7.5 μg PM10/m3 under RE episodes. Additionally, although
EU air masses represented 13 % of the days of March 2014

(Fig. 3), the average PM10 levels with these origins (55.9
± 10.9 μg PM10/m3) were well above the latter mentioned
(i.e., ANW and RE). Seven exceedances of the daily limit
occurred during these 3 months (Fig. 2). It should be noted
that most of these levels occurred on weekdays, which points
to traffic origin. Furthermore, the highest levels were under
NAF (59.9 μg PM10/m3 on 12 December 2013) and EU
(69.5 μg PM10/m3 on 13 March 2014 and 57.1 μg PM10/
m3 on 14 March 2014) episodes. Therefore, although high
PM10 levels were usually recorded under RE episodes, the
maximum values were related to long transport processes in
the absence of rainfall. Likewise, high PM10 levels were ob-
served in winter at urban and traffic locations in northern
Spain (Pamplona), which Aldabe et al. (2011) associated to
low precipitation and dilution, as well as air-mass transport
from Europe.

Some authors have found considerable variances in PM10
levels depending on the season (Umlauf et al. 2010; Schilirò
et al. 2015). Sánchez de la Campa et al. (2009) explained the
higher PM10 levels recorded in summer rather than in winter
by the high photochemical activity during that period.
However, the data of the present study showed no major dif-
ferences. In the cold period (October–March), PM10 ranged
between 4.7 and 69.5 μg PM10/m3, with an average of 19.3
± 11.2 μg PM10/m3, whereas the warm period (April–
September) varied between 5.6 and 57.0 μg PM10/m3 and
the average was 18.8±9.1 μg PM10/m3. This was not surpris-
ing due to the region’s Atlantic climate and low number of
hours of sunshine (1756 h in 2013 and 1833 h in 2014).

Carbonaceous particles

Table 1 shows the seasonal variations of EC and OC and the
EC/TC ratio which was similar in warm and cold periods.

Fig. 1 Classification of air-mass
origins: Northern Atlantic (AN);
European (EU); Mediterranean
(ME); Northern African (NAF);
South-western Atlantic (ASW);
Western Atlantic (AW); North-
western Atlantic (ANW); and
Regional (RE)
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Greater OC levels are generally recorded in winter than in
summer in most European locations, which is related to resi-
dential heating (i.e., biomass and fossil fuel combustion) and
stagnant meteorological conditions (Fuzzi et al. 2015). Indeed,
the maximum EC concentration (4.96 μg C/m3) was observed
during the cold period. The variability in EC, OC, and precip-
itation during the sampling period is shown in Fig. 4. On
average, TC accounted for 29±13 % of the PM10 fraction
with OC forming 77± 7 % of this TC. OC was hence an
important contributor to PM mass, as expected from literature
(Putaud et al. 2010; Bisht et al. 2015; Chow et al. 2015; Fermo
et al. 2015). The increase in the contribution of TC to PM10
(from 24.8 to 33.2 %) from warm to cold period enhanced its

importance as a component of PM10. Negral et al. (2008)
found organic matter and elemental carbon representing
18 % of PM10 in southeastern Spain (Cartagena). These re-
searchers discussed the relationship between the carbonaceous
fraction and traffic from a highway and coach and train sta-
tions close to the sampling station.

During the warm period, RE and ANWepisodes were pre-
dominant (Fig. 3), constituting the most frequent air-mass or-
igin in this period (32.4 and 24.0 %, respectively). In the cold
period, however, ANW and AW were the most frequent epi-
sodes (29.7 and 26.4 %, respectively), highlighting the impor-
tance of Atlantic advections. The influence of traffic at the
station clearly diminished during these episodes, when OC

Fig. 2 Box plot of PM10 levels
showing outliers from 10th to
90th percentiles

Fig. 3 Contribution of air-mass
origins over the sampling period
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decreased up to 0.39 μg C/m3 and EC up to 0.22 μg C/m3.
These values, which occurred on 25December 2013, might be
explained by low traffic flow in the area. Vehicular displace-
ments from the city and its environs to the working and edu-
cational centers close to the sampling station were reduced as
that day was a national public holiday. According to a nearby
traffic measuring point located on the N-632 trunk road, the
average daily traffic (ADT) from Monday to Friday was 10,
329 vehicles/day in 2013. OnWednesday, 25 December 2013,
the ADTwas reduced to 4416 vehicles/day.

In contrast, the highest TC values were generally reported
during RE episodes, exceeding 10 μg C/m3 for OC and 2 μg
C/m3 for EC. On these days, PM10 levels were also consid-
erably above the average (19.1 μg PM10/m3), up to
42.6 μg PM10/m3. Higher EC, OC, and PM10 values were
expected during RE episodes due to poor air circulation
(Negral et al. 2012). Moreover, no precipitation was recorded
on these days.

The OC/EC ratio varies daily from 1.30–9.22 (Table 1),
with an average of 3.79±1.58. This mean value was similar
to the results reported by other authors in urban locations or
sites influenced by road traffic in Spain (OC/EC= 2.3),
Helsinki (OC/EC = 3.23), Coimbra (OC/EC = 2.75), and
Delhi (OC/EC=4.38) (Harrison et al. 1997; Viidanoja et al.
2002; Sánchez de la Campa et al. 2009; Sharma et al. 2014).
Road traffic was the most relevant source for the chemical
composition of the airborne PM in all those sites. Besides,
the lowest OC/EC ratios were registered during the cold

period, which is frequent in urban areas during days with
low photochemical activity when the contributions of second-
ary OC are less important to the OC aerosol (Pio et al. 2011).

EC and OC concentrations presented a moderate correla-
tion, i.e., R2 =0.46 (Fig. 5), which improved slightly when it
did not pass through the origin (R2 =0.53). The relevance of
traffic at the sampling station was demonstrated when days
with high traffic flow (i.e., working days) were independently
studied. Working days (n=34) were taken into account to
discriminate these periods as traffic was markedly lower on
weekends and public holidays than on weekdays. In 2013, the
ADT was 10,329 vehicles/day from Monday to Friday, 7148
vehicles/day on Saturdays, and 6871 vehicles/day on
Sundays. Similar data was registered in 2014 (ADT of 10,
425 vehicles/day from Monday to Friday, 7214 vehicles/day
on Saturdays, and 6947 vehicles/day on Sundays). An im-
provement in the results of this study was shown by the linear
relationship between EC and OC (R2=0.74) (Fig. 5), indicat-
ing that road traffic was a major common source. Keuken et al.
(2012) also found a different composition in PM10 on
Sundays due to reduced traffic flow. Sharma et al. (2014)
reported the influence of vehicular emissions on PM10 with
a linear trend between OC and EC (R2 =0.53).

The influence of traffic on pollution levels was also
reproduced via the correlation between BS and EC, although
to a lesser extent than the correlation between EC and OC, i.e.,
from R2 =0.49 (all days) to R2=0.59 (working days). BS con-
centration was calculated on the basis of measured values of

Table 1 Mean, minimum, and
maximum values of OC, EC, OC/
EC, EC/TC in PM10 during
warm and cold periods (n= 52)
between July 2013 and July 2014

Entire sampling
period (n= 52)

Warm period:
April–September (n = 26)

Cold period: October–March
(n= 26)

Mean Min. Max. Mean Min. Max. Mean Min. Max.

OC (μg C/m3) 5.12 ± 3.62 0.39 19.23 4.06 ± 1.65 1.27 8.44 6.18± 4.66 0.39 19.23

EC (μg C/m3) 1.45 ± 0.99 0.22 4.96 1.05 ± 0.51 0.36 2.61 1.85± 1.19 0.22 4.96

OC/EC 3.79± 1.58 1.30 9.22 4.21 ± 1.52 1.90 9.22 3.38± 1.55 1.30 7.32

EC/TC 0.23± 0.07 0.10 0.43 0.21 ± 0.05 0.10 0.35 0.25± 0.08 0.12 0.43

Fig. 4 Variation in TC and
precipitation between July 2013
and July 2014
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reflectance in agreement with the OECD standard method.
The OECD (1964) relates BS with the reflectance of a stain
in a filter. Heal and Quincey (2012) reported that the ISO
(1993) standard provides an expression to calculate α from
reflectance values, which is compatible with the early OECD
standard method after applying a scaling factor. The α-EC
correlation thus provided similar results to the BS-EC corre-
lation, as expected (R2=0.40), although the effect of exclud-
ing the days with low traffic flow was more notable
(R2=0.57).

Elemental carbon and metals

As stated in the “Introduction” section, the correlation be-
tween some metals and EC may indicate that road traffic is a
common source. Relevant results were found in Cu (Fig. 6), in
which a linear regression showed its high dependence on EC
(R2=0.82). Sn similarly reproduced this pattern with a good
fit (R2 =0.79) (Fig. 6). All data were considered in these rela-
tionships, without distinguishing working days. Along these
same lines, Pérez et al. (2010) pointed to traffic-related
sources for these elements by correlating them with BC
(R2=0.58 for Cu and R2=0.66 for Sn).

Some traffic tracers presented a better correlation with Cu
than with EC, suggesting a common origin with the former.
This was the case of Sn, whose correlation improved from

R2=0.79 with EC (Fig. 6) up to R2=0.91 with Cu (Fig. 7),
as well as Ba (EC–Ba: R2 =0.53; Cu–Ba: R2=0.69) and Sb
(EC–Sb: R2 =0.60; Cu–Sb: R2 =0.73) (Fig. 7).

Thorpe and Harrison (2008) reviewed studies of non-
exhaust PM from traffic, revealing Cu, Sb, Ba, and Sn as
compounds of brakes. Indeed, Cu and Sb were presented as
reliable tracers of brake wear. The Cu/Sb ratio had a mean
value of 6.6 (Table 2). Typical reported values of the Cu/Sb
ratio range between 4.9 and 8 (Alves et al. 2015). Amato et al.
(2009) studied PM10 in road dust deposited at an urban back-
ground. These authors showed a high correlation between Cu
and Sb and proposed a diagnostic criterion for brake wear
particles: Cu/Sb = 7.0 ± 1.9. Sternbeck et al. (2002) deter-
mined a Cu/Sb ratio of 4.6±2.3 in tunnels. Nevertheless, the
conclusion in both studies was that brake linings were a com-
mon source of Cu and Sb. The Cu/Sb ratio of the present study
agrees with the criteria established by previous authors.
Therefore, brake wear seems to have been a relevant origin
for Cu and Sb in the present study. According to Grigoratos
and Martini (2015), brake linings contain 1–5 % Sb in the
form of stibnite (Sb2S3), which is employed as a lubricant in
order to reduce vibrations and improve friction stability. Other
possible origins of Sb are crust and metallurgical processes,
although the diagnostic Cu/Sb ratios for these origins (125 and
10, respectively) are markedly different from the Cu/Sb ratio
of brake wear (Thorpe and Harrison 2008).

Fig. 6 Correlations of Cu and Sn
with EC

Fig. 5 Comparison of the
correlation between EC and OC
considering all sampling days
(n = 52) and only working days
(n = 34)
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Cu, Sb, and Bi were also related to brake abrasion
(Minguillón et al. 2012). In fact, a relationship between Cu
and Bi was found (Table 2). The high ratio between the two
was due to the low values of Bi. Ba also correlated with the
aforementioned elements (Table 2) and has been associated to
brake wear (Garg et al. 2000). Moreover, the Ba/Cu ratio
(0.85) is close to the mean value determined in tunnels, e.g.,
Ba/Cu = 0.75 (Sternbeck et al. 2002; Alves et al. 2015).
However, the presence of Bi and Ba in PM has also been
associated with metallurgical activities and mineral matter
from soil, respectively (Querol et al. 2007; Rogula-
Kozłowska et al. 2015). Therefore, other relevant origins of
Bi and Ba cannot be discarded with the current information.

The aforementioned correlations between these chemical
species (i.e., Cu, Sn, Sb, Ba, and Bi) stood at a similar degree
independently of the traffic flow (e.g., Cu–Sn in working
days: R2 = 0.90 (n = 35) versus in non-working days:
R2 =0.93 (n=17)). Thus, a main common origin was gath-
ered. However, the maximum and minimum concentrations
of Cu, Sn, Sb, Ba, and Bi were determined in working and
non-working days, respectively. Indeed, their average concen-
trations were slightly higher during working days, especially
in the case of copper (i.e., 7.6 ±4.9 μg Cu/m3 in working days

versus 5.6±3.7 μg Cu/m3 in non-working days), pointing to
traffic as their relevant source.

Additional data are given in Online Resource 1.

Conclusions

PM10 levels and the chemical composition of this frac-
tion were determined at a suburban sampling station in
the north of Spain. No major seasonal variation was
found in PM10 at the site between cold (October–
March) and warm (April–September) periods. Different
strategies were implemented to study the influence of
traffic in a complex scenario where other anthropogenic
sources (i.e., industrial activities) played an important
role in air pollution.

The OC/EC ratio was similar to those reported in the
literature at urban locations or sites influenced by road
traffic. Noteworthy results were found in the correlation
between OC and EC (R2 = 0.46), which reflected a con-
siderable improvement when considering exclusively
days with high traffic flow (R2 = 0.74). BS similarly
reproduced this pattern, confirming the relevance of car-
bonaceous particles in PM10. The study of the linear
relationships between several metals typically accepted
as traffic tracers also led to conclusions in this respect.
Cu and Sn were mainly emitted by traffic given their
high dependence on EC (R2 = 0.82 and R2 = 0.79, respec-
tively). Moreover, Sn, Sb, Ba, and Bi presented a stron-
ger correlation with Cu than with EC, pointing to a
common origin for these metals. The Cu/Sb ratio was
in full agreement with results from other studies, and
brake wear may constitute their main source. Bi and
Ba also seemed to have the same origin and were relat-
ed to EC and Cu, though to a lesser extent.

As inferred from the relationships and ratios between traffic
tracers, non-exhaust emissions could have played a relevant
role in PM10. Brake wear was presented as the most likely
origin for Cu, Sb, and Sn.

Table 2 Relevant ratios and linear correlation coefficients (R2) between
metals as traffic tracers in PM10 (n = 52)

Metals R2 Ratio

Mean Min. Max.

Cu–Sb 0.73 6.55 ± 2.00 1.26 13.12

Cu–Sn 0.91 5.38 ± 1.02 3.60 8.39

Cu–Ba 0.69 1.40 ± 0.47 0.27 2.29

Cu–Bi 0.69 61.93± 21.45 13.86 106.17

Ba–Cu 0.69 0.85 ± 0.51 0.44 3.68

Ba–Sb 0.61 5.41 ± 3.88 2.07 22.97

Ba–Bi 0.69 48.50± 23.35 17.68 156.86

Ba–Sn 0.66 4.58 ± 3.03 2.07 22.00

Fig. 7 Correlations of Sn, Ba,
and Sb with Cu
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Abstract: This paper presents a study of the quartz fibrous filters used as a substrate for capturing the
particulate matter (PM) present in the air. Although these substrates are widely used in environmental
applications, their microstructure has been barely studied. The behavior of these devices during the
filtration process was investigated in terms of their microstructure and the quartz fibers. Surface
and cross sections were monitored. Scanning electronic microscopy with energy dispersive X-ray
spectroscopy (SEM-EDX), imaging and stereology techniques were used as tools for this purpose.
The results show that most of the quartz filter fibers have sizes that allow them to be classified as
nanofibers. It was also observed that, while the mechanisms of the mechanical capture of particles
via impaction, interception and diffusion operate simultaneously in the outer zones of the filter cross
section, the mechanism of capture by impaction is virtually non-existent in the innermost zones.
Particles between 0.1 and 0.5 µm are known to be the most difficult to have captured by means of
fibrous substrates. The fibers in inner zones were highly efficient in capturing this type of particle.

Keywords: imaging; scanning electron microscopy; microstructure characterization; Si-based
materials; filtration behavior; air monitoring applications

1. Introduction

Fibrous filters are simple and economical devices capable of effectively capturing the
submicrometric particles that are dragged by gas streams. The fibers used in filters of this kind
can be made from a wide range of materials such as cellulose, glass, plastic, ceramics, and metals.
This diversity allows their use in fields as varied as the manufacture of disposable respirators,
the manufacture of industrial air cleaning equipment, the construction of air purification systems,
the manufacture of air filtration systems for the automotive industry, and so on [1]. Glass and quartz
fiber filters have been widely used as substrates for capturing particles in high volume samplers due,
on the one hand, to their high efficiencies in capturing particles and, on the other, to the low resistances
they display [2–7]. Numerous research papers have been published analyzing these filters. Some
studies focused on the design of mathematical models intended to explain the mechanisms that operate
during the capturing of particles. Happel [8], Kuwabara [9] and Spielman et al. [10] assumed in their
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calculations that the filters were constituted by a single size fiber. However, Brown et al. [11] considered
a binary mix of fiber sizes, while Frising et al. [12] presented mathematical developments based on
the size distribution of filter fibers. Several researchers have likewise analyzed the performance of
these substrates during the capturing of particles. Sheng-Hsiu et al. [13] investigated the penetration
of certain particle sizes through fibrous filters, while Podgórski et al. [14] demonstrated the behavior
of filters made up of nanofibers. Furthermore, Marrero et al. [15] evaluated the homogeneity of the
distribution of particles deposited on these filters, while Tuinman and Steenweg [16] analyzed the
capacity of particles to penetrate these substrates depending on their morphology. However, although
the behavior of filters during the filtration process depends on characteristics such as the size of their
fibers, the size of the voids between the fibers, the number of contact points between fibers, etc., only
a few studies have investigated the microstructure of fibrous filters. Improved knowledge of the
filtration process thus requires microstructural analysis of the filters used for collecting samples.

Stereology pursues the quantitative estimation of structural parameters based on two-dimensional
planar cross sections of a material. The application of the principles of stereology enables the
correlation of geometric aspects, such as points, lines, areas, and volumes, with the microstructural
characteristics of filters, such as fibers, voids between fibers, and deposited particles [17]. Optical
and electron microscopes are normally the tools of analysis used for quantification. Stereology is a
method that uses a systematic random sampling method to provide systematic, unbiased information.
A three-dimensional interpretation of the microscope images taken at random, obtained in planar
cross sections of the substrates, provides a better understanding of the structure of fibrous filters [18].
Consequently, by using the principles of stereology, the main objective of this investigation has been the
microstructural characterization of quartz fibrous filters and the analysis of their functionality during
the capturing of airborne PM. The study was conducted not only on the surface but also throughout its
cross section. Imaging and scanning electron microscope with energy dispersive X-Ray spectroscopy
techniques were used as tools for this purpose. The results show that, while the mechanisms of the
mechanical capture of particles via impaction, interception and diffusion operate simultaneously in
the outer zones of the filter cross section, and the mechanism of capture by impaction is virtually
non-existent in the innermost zones.

2. Materials and Methods

2.1. Filter Structure

The efficiency of the filters employed in this study is based on the use of quartz fibers with different
diameters that intertwine at random forming a structure of heterogeneous porosity (Tissue Quartz
2500QAT-UP, Pallflex, Port Washington, NY, USA). From the structural point of view, they can be
considered three-dimensional filtration substrates. Figure 1 shows the micrographs corresponding to
the longitudinal (Figure 1a) and transverse (Figure 1b) cross sections of a clean quartz filter. The surface
area of the substrate is approximately 1.76 ˆ 10´2 m2, its thickness is around 600 µm, and the mass/area
ratio is 6.29 kg/m2.
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Figure 1. SEM images of a “clean” filter, in which it can be seen that it is made up of quartz fibers of
different diameters. (a) Micrograph of the filter surface, in which the existence of points of contact
between the quartz fibers can be appreciated; (b) micrograph of the transversal cross section of the filter
in which voids can be observed surrounded by groups of quartz fibers, as well as several circumferences
of variable radii between the fibers.

2.2. Sample Collection

Sample collection was performed in Gijón, a city in northern Spain. A CAV-A/MSb sequential
high volume sampler with mass flow control (MCV SA, Barcelona, Spain), capable of working with
airflows of ~500 L/min and equipped with a selective inlet head for capturing particles with a 50%
efficiency-cut-off at 10 µm aerodynamic diameter (PM10) was employed for this purpose. The sampling
time was 24 h, after which time the quartz fibrous filter was removed for subsequent characterization
by scanning electron microscopy.

2.3. SEM Analysis and Imaging

Samples extracted from a “clean” filter and from a filter after collecting particles belonging to the
PM10 fraction were analyzed. The study of both quartz filters was conducted using a scanning electron
microscope (SEM). Samples of ~1 cm2 were extracted. Substrates were directly “flat-mounted” on
aluminum SEM stubs, using a two-sided adhesive film to adhere the filter to the stub, and were covered
by a thin gold coating. Microscopic observation was carried out by means of a JEOL JSM 6100 SEM
(JEOL Ltd., Tokyo, Japan), equipped with secondary electrons (SE) and backscattered electrons (BE)
detectors able to provide detailed information on the morphologic characteristics and texture of the
surface of the samples, as well as on the composition of particles observed in the image [19]. Chemical
examinations were carried out with an energy EDX-system OXFORD INCA Energy 200 (OXFORD
INSTRUMENTS Analytical Ltd., High Wycombe, UK). The microscope operated at an accelerating
voltage of 20 kV, employing a beam spot size of 15. Given the heterogeneous nature of the filter,
the images were obtained using a high contrast-to-brightness ratio to optimize the visualization of
the particle edges [20]. The images were subsequently processed using the Kappa ImageBase image
analysis software. This application, developed by Kappa optronics GmbH (Gleichen, Germany),
is capable of processing images and creating image overlays, thus enabling the quantitative description
of the major characteristics of the filters and the particles deposited on them, i.e., volume fractions,
sizes, morphologies, etc.

When the deposition of particles takes place on filters with homogenous structures and negligible
thicknesses, e.g., polycarbonate filters, microscopic observations are limited to the surface of the
substrates. Homogeneous deposition of the particles on the surface is assumed. A fraction of the
surface area of the filter is microscopically analyzed in the direction perpendicular to the flow lines
and the results are extrapolated to the entire filter [21,22]. However, when working with filters whose
structure is both heterogeneous and three-dimensional, i.e., fibrous filters, it will also be necessary to
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analyze the behavior of the substrate in the direction of the flow lines. In the present research study, the
capturing of particles was evaluated both on the surface of the filter and through its transversal cross
section. To this end, the transversal cross section of the filter was divided into four zones of analysis,
henceforth referred to as deposition zones (DZs). These zones are located at different depths: 0, 100,
300 and 600 µm. The estimation of the amount of particles deposited in these DZs, i.e., the volume
of particles per unit volume, or volume fraction of particles, VVp, allowed the determination of the
degree of homogeneity in deposition through the cross section of the quartz fibrous filters. The volume
of quartz fibers contained in the filter, VV f , was also estimated. Determinations were carried out via
the application of Quantitative Stereological Principles [23,24]. A manual point counting technique
was used to obtain the volume fraction [25–27]. To perform this test, a grid composed of points was
superposed over the microstructure. The grid consists of horizontal and vertical lines. The number of
points that are inside the characteristic and those on characteristic boundaries (weighted as one-half a
“hit”) is counted. This is repeated for N fields. The point fraction is then calculated and constitutes
an estimate of the volume fraction. The sizes of the particles deposited at different depths and the
sizes of the quartz fibrous filters were also estimated. The determinations were carried out manually,
from the measurement of the Feret diameters (dF) of the particles and fibers [28]. The maximum
distances between two parallel lines at a tangent to the contour of the characteristics were likewise
measured. Although this is a directional estimate, it is sufficient, as the measured characteristics have
random orientations.

The sizes of the existing voids between quartz fibers were likewise determined. To perform this
test, superimposed circumferences were drawn between the quartz fibers observed in the SEM images
(Figure 1b). The measurement of the radii of the circumferences, r, allowed us to estimate the size of
the existing voids between the filter fibers [29,30].

The number of necessary observation sectors for the estimations was determined considering
the number of characteristics observed in each area of visualization. More areas were analyzed in
those cases in which a small number of characteristics were observed. At least 200 characteristics were
analyzed in order to obtain a reasonable degree of accuracy [31,32].

2.4. Particle Deposition Mechanics

During the filtration process, the air will form flow lines dividing up the total airflow. Depending
on its size, a particle dragged by the air towards the surface of the filter will follow the trajectory of
the flow lines or not. When, due to its inertia, the particle is not able to adjust rapidly enough to the
changes in airflow occurring on the surface of a fiber, it will impact against it and be retained [9,33].
This mechanism of particle uptake is called capture by inertial impaction. It is expressed by means of
the Stokes number, Stk, which relates the stopping distance of the particle, S, to the diameter of the
fiber, d f , both expressed in the unit of meter [34]:

Stk “
S
d f

(1)

The Stokes number accordingly increases linearly with decreasing fiber diameter.
The stopping distance of a particle, S, may be calculated using the expression:

S “
ρpd2

pVCc

18µ
(2)

where ρp is the particle density, dp the particle diameter, V the filtering rate, and µ the gas viscosity.
Cc is the Cunningham correction factor, whose calculation is given by the following equation [35]:

Cc “ 1 `
λ

dp

„

2.34 ` 1.05exp
ˆ

´0.39dp

λ

˙

(3)
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where dp is the particle diameter and λ is the mean free path of air molecules. Under standard
conditions, λ is approximately 0.066 µm [34].

From the above Equations (2) and (3), the calculation of the Stokes number is:

Stk “
ρpd2

pVCc

18µd f
(4)

When the particle approaches the fiber, Wang et al. [36] have shown that, if Stk >> 1, the particle
will continue its path without deviating, finally colliding with the fiber. However, when Stk << 1,
the particle will follow the flow lines, even when these are deflected around the fiber and therefore
will not impact against it.

When a particle follows the path of the flow lines, the distance from its center of mass to the
surface of the fiber may be equal to or less than its radius as it approaches a fiber. Under these
circumstances, the particle will be captured by the fiber via a mechanism called interception [37].
This mechanism is defined by the ratio between the respective diameters of the particle and fiber,
dp and d f :

R “
dp

d f
(5)

Using this relationship, Lee et al. [33] developed an approach for calculating the single fiber
efficiency of the interception mechanism:

η “
1 ´ VV f

K
¨

R2

1 ` R
(6)

where VV f is the volume fraction of the filter fibers and K is the Kuwabara hydrodynamic flow factor:

K “ ´
lnVV f

2
´

3
4

` VV f ´
V2

V f

4
(7)

The smallest and lightest particles are mainly captured by the filter by means of diffusion.
This mechanism has its origins in random motion, known as Brownian motion, to which smaller-sized
particles are subject. This movement around the flow lines increases the likelihood of the particles
coming into contact with the surface of the fibers. When the flow follows a pathway perpendicular to
the alignment of the fibers, the efficiency of the filter in capturing particles by means of this mechanism,
η, is given by the following equation [33]:

η “ 2.6 ˆ

ˆ1 ´ VV f

K

˙1{3

ˆ Pe´2{3 (8)

where VV f is the volume fraction of the fibers and K is the Kuwabara hydrodynamic flow factor
(Equation (7)). Pe is the Peclet number, the parameter which governs convective Brownian diffusion
and which relates the flow rate, V, and the coefficient of diffusion, D:

Pe “
d f ˆ V

D
(9)

with the diameter of the fiber, d f . The Brownian diffusion coefficient of the particle, D, can be evaluated
by means of the Stokes-Einstein expression. The calculation of D for a given temperature, T, is given
by the equation:

D “ k ˆ T ˆ B (10)



Materials 2016, 9, 109 6 of 14

where k is the Boltzmann constant and B is a factor evaluating particle mobility. Assuming a spherical
particle morphology:

B “
Cc

3πµdp
(11)

where Cc is the Cunningham slip correction factor (Equation (3)), µ is the viscosity of the gas and dp is
the particle diameter.

3. Results and Discussion

Filters for capturing particulate matter behave differently depending on their chemical and
morphologic characteristics [38]. Quartz fibrous filters are essentially collections of individual quartz
fibers intertwined with one another giving rise to more or less integrated structures. In a system of
this type, any external stimulus is transmitted either through the contact zones between the quartz
fibers or between these and the medium filling the pores located between the fibers, i.e., air [39].
Therefore, understanding the behavior of filters during the filtration process requires a prior study of
this substrate on which the particles are collected. The analysis of the results relative to the process of
deposition of aerosol particles on the quartz fibers of the filter was carried out following the classic
theory of single fiber filtration [34]. Within this context, only the mechanisms of mechanical filtration
are considered, i.e., diffusion, interception and impaction. This section contains the interpretation of the
results of the determinations and a discussion of the possible practical implications of the observations.
The discussion focuses on two aspects:

‚ Characterization of the microstructure of quartz fibrous filters;
‚ Analysis of the behavior of quartz fibrous filters during the filtration process.

3.1. Characterization of the Microstructure of Quartz Fibrous Filters

In Figure 1, SEM images of the filters are shown. As may be observed, the filters under study are
isotropic materials in which all of the quartz fibers are oriented randomly, without any preferential
direction. The randomness of the orientation of the fibers means that the fiber density is independent
of spatial coordinates. The behavior of a system of this type will depend, on the one hand, on the
characteristics of the fibers and, on the other, on the relative amounts of fibers and voids between
fibers. Both parameters determine the points of contact between fibers, as well as the free segments of
fibers between two contact points [40].

Table 1 shows the mean values of the volume fraction of quartz fibers, VV f , and the maximum,
minimum and mean diameters of the quartz fibers, d f Max, d f Min and d f , respectively. Figure 2 shows
the size distribution of the quartz fibers found in the filters. In general, nanoparticles are considered as
those with a diameter of less than 0.01 µm (10 nm) [34]. However, fibers with diameters of less than
1 µm are considered nanofibers [14,41,42]. Accordingly, 90.714% of the quartz fibers in the filters under
study may be classified as nanofibers (Figure 2), the fraction of fibers with diameters greater than 1 µm
being limited in number.

Table 1. Quantitative determinations of the volume fractions of the quartz fibers, VV f , at the 95%
confidence level, and of the voids between quartz fibers, VVv. Measurements of certain structural
parameters of the filter: maximum diameter, d f Max, minimum diameter, d f Min, and mean diameter, d f ,
of the quartz fibers and maximum, rvMax, minimum radius, rv Min, and mean radius, rv, of the voids
between quartz fibers.

Fibers Voids

VV f (%) CL-95% (%)
d f (µm)

VVv (%)
rv (µm)

d f Max d f Min d f rvMax rvMin rv

44.814 5.544 2.137 0.058 0.406 55.186 4.636 0.913 2.679
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Figure 2. Size distribution of the quartz fibers found in the filters. According to these estimations,
90.714% of quartz fibers can be considered nanofibers.

Given that transport processes take place through the interfaces of the substrate fibers [39], it is of
interest to determine their specific surface areas:

S
V

“

πd f l f ` π
d2

f

2

π
d2

f

4
l f

“ 2

˜

2
d f

`
1
l f

¸

(12)

where S is the fiber surface area, V is the fiber volume, and d f and l f are the diameter and length of the
fiber, respectively.

In the filters under study, quartz fiber diameters range between maximum values of 2.137 µm
and minimum values of 0.058 µm, with a mean diameter of 0.406 µm (Table 1). According to
Equation (12), the specific areas of the fibers decrease with increasing diameters. During the capturing
of particles, there will be differences between the behavior of quartz microfibers and quartz nanofibers
(Figures 1 and 2). The latter, with a higher specific area, will show a significant increase in the likelihood
of deposition of certain airborne particles on their surface [43,44].

Figure 1a shows a SEM image of the surface area of the filter in which the existence of points of
contact between the quartz fibers can be appreciated. The characterization of the internal structure of
the quartz filter requires determining the number of contact points that a fiber may establish with its
neighbors, nl . The calculation of this parameter is given by the following equation [45]:

nl “
8 I VV f

πd f
(13)

where I is a parameter dependent on the fiber orientation, d f is the fiber diameter, and VV f is the
volume fraction of fibers. According to Equation (13), for any given orientation, the number of contact
points between filter fibers is independent of the length of the fiber, only depending on the diameter,
d f , and the volume fraction of fibers of the substrate, i.e., VV f = 44.814% (Table 1). Nanometric quartz
fibers will contain more contact points than micrometric quartz fibers.

The quartz fibrous substrate is composed not only of fibers, but also of voids (Figure 1). Although
the weight fraction of the air occupying these voids is small, their low density (~1 kg/m3) entails high
volume fractions, VVv = 55.186% (Table 1). The inherent limitations of filter processing techniques
mean that the voids between the fibers are not uniform, not even those between fibers with the
same orientation. The microscopic observations performed in this study have confirmed that the
concentrations of quartz fibers and of voids between quartz fibers vary from one zone to another in the
material. Furthermore, the voids in the filter are neither evenly distributed nor continuous, their areas
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varying from one zone to another of the substrate (Figure 1b). The application of image analysis
techniques has allowed the determination of the dimensions of the voids in the filter, their ratios being
found to range between rvMax = 4.636 µm and rvMin = 0.913 µm, the average value being rv “ 2.679 µm
(Table 1).

3.2. Evaluation of Filtration Performance

In the SEM image in Figure 3a, a Fe oxide microparticle (ρp ~ 5.242 ˆ 103 kg/m3) of 2.5 µm in
diameter can be observed, which is deposited on a 1.6 µm diameter quartz microfiber. During the
filtration process, the microparticle was dragged by the air to the filter surface. The slip correction
factor according to Equation (3) will be Cc = 1.062. Considering an air viscosity µ = 1.983 ˆ 10´5 Pa
s and a flow rate during filtration of 8.333 ˆ 10´3 m3/s, the filtration rate may have reached values
close to 0.473 m/s. From Equation (4), the Stokes number will take a value of Stk = 28.817 (Stk >> 1).
The Fe oxide microparticle therefore followed the path of the flow lines up to the vicinity of the
quartz microfiber. However, it appears that inertia prevented it from adapting quickly enough to
the variations in flow operating near the quartz fiber. It will have thus collided with the quartz fiber
and been retained after impact (Figure 3a). Moreover, as the volume fraction of quartz nanofibers is
the most abundant, VV f = 90.714% (Figure 2), the collision may well have taken place against one
of these fibers, e.g., d f ~ 0.1 µm. In this case, the particle would also have been trapped by means
of this mechanism, as the Stokes number (Equation (4)) becomes Stk = 461.071 and thus Stk >> 1.
However, if a Fe oxide particle of nanometric size (e.g., dp ~ 0.01 µm) were to collide in its path with
the 1.6 µm diameter quartz microfiber, the Stokes number (Equation (4)) would be Stk = 9.975 ˆ 10´3

(Stk << 1), whereas if the quartz fiber were a 0.1 µm nanofiber, Stk = 0.160 (St << 1). In both cases,
therefore, the particle would follow the path of the flow lines without actually colliding against the
quartz fibers. In short, quartz microfibers could be as effective as quartz nanofibers in capturing a
Fe oxide microparticle via impaction. However, a nanoparticle of similar characteristics would not
collide with the filter and would follow the flow lines, even when these are deflected around the given
quartz fibers.Materials 2016, 9, 109  8 of 13 
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Figure 3. Quartz fibrous filter microstructure: (a) Backscattered electron image micrograph of filter
surface. Quartz fibers of different diameters and captured particles of different sizes are observed.
Those rich in Fe are brighter; (b) Filter cross section taken at a depth of 300 µm. Several particles can be
observed deposited on a quartz fiber.

The effectiveness of the filter in capturing particles by means of the interception mechanism
rapidly diminishes with decreasing particle size or increasing fiber diameter, as can be deduced
from Equation (6). The most effective fibers in capturing particles by means of this mechanism
correspond to the most abundant fraction in the filters, i.e., quartz nanofibers (Figure 2). Lee et al. [46]
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determined that particles greater than ~0.5 µm in diameter are captured by fibrous filters by means
of the mechanisms of interception and impaction, particle capture efficiencies via these mechanisms
increasing with increasing particle size. Accordingly, both the above mechanisms may be excluded
as likely mechanisms from capturing the particles indicated in Figure 3b. These are 0.1-µm diameter
particles that have been retained by a 2-µm diameter quartz microfiber. The depth at which the
particles are found (300 µm) suggests that they both passed through the filter surface without being
captured by the quartz fibers in this zone, penetrating inside the cross section of the filter.

The coefficient of Brownian diffusion of the particle, D, is related to its diameter, dp, and to
other parameters that are dependent on said diameter (10 and 11). In a first approximation, D can
be assumed to be inversely proportional to the square of diameter of the particle, dp

2 [11]. Thus,
the smallest particles will present high diffusion coefficients, D, and small Peclet numbers, Pe (9).
In brief, the filter will be efficient in capturing these particles by means of convective Brownian
diffusion. Lee and Liu [33] have shown that particles of ~0.1 µm or smaller are captured by filters
by means of the mechanism of diffusion, particle capture efficiencies by means of this mechanism
increasing with decreasing particle size. This will hence be the most likely capture mechanism for the
particles indicated in Figure 3b. It seems that these particles have advanced following the flow lines,
although their small sizes indicate the possibility that the pathways of both describe Brownian motion
around the flow lines. These random movements facilitated impact and, ultimately, the capture of both
particles by the 2-µm diameter quartz fiber situated in the interior zone of the filter (DZ300).

McMurry [47] reported that there are intermediate size particles which are the most difficult to
capture by means of fibrous filters. These are known as the most penetrating particles sizes (MPPS),
which vary between 0.1 and 0.5 µm in diameter, depending on the characteristics of the filter and
the flow passing through it. When the filter fibers work at relatively low filtration rates, they present
minimal efficiency for capturing particles of around 0.3 µm in diameter [46]. Podgórski et al. [14]
reported that a significant increase in filtration efficiency is achieved by nanometric fibers during the
capturing of MPPS.

Figure 4 shows the particles captured in different zones of the cross section of the fibrous filter.
The analyzed zones located at different deposition depths (DZs) are indicated in the micrograph
located in center of the figure: 0, 100, 300 and 600 µm. It can be seen that only a few particles were
captured in quartz fibers located in the more internal deposition zones of the filter, i.e., DZ300 and
DZ600 (Figure 4c,d), whereas the amount of particles captured by quartz fibers in the peripheral zone
(DZ0) and close to this zone (DZ100) is quite significant (Figure 4a,b).
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Figure 4. Backscattered electron image micrographs of the quartz fibrous filter cross section with
highlighted zones discussed in more detail in the text. The boxes indicate the selected deposition
zones (DZs) and their corresponding microstructure. (a) Deposition in DZ0, (b) Deposition in DZ100,
(c) Deposition in DZ300, (d) Deposition in DZ600.
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Quantitative stereology and imaging techniques allowed us to quantify these observations.
Figure 5, Figure 6 and Table 2 show the results thus obtained. The estimation of the volume fractions
of the particles deposited in the different DZs is given in Figure 5. Figure 6 shows the results of the
size distribution of the particles in the DZs, while the values of maximum particle diameter, dpMax,
minimum particle diameter, dpMin, and mean particle diameter, dp, in each zone are given in Table 2.

Table 2. Values of the maximum, dpMax, minimum, dpMin, and mean particle diameters, dp, found in
the different deposition zones in the quartz filter cross section.

DZ0 DZ100 DZ300 DZ600

dp (µm) dp (µm) dp (µm) dp (µm)

dpMax dpMin dp dpMax dpMin dp dpMax dpMin dp dpMax dpMin dp

10.272 0.199 1.682 7.760 0.075 1.280 2.000 0.050 0.311 1.849 0.058 0.533

In line with the above observations, Figure 5 shows that the zone with the largest volume fraction
of particles captured by the fibrous filters is DZ0, namely, 34.216%. The volume of particles retained per
volume unit of filter progressively decreases further inside the substrate. The quartz fibers in DZ300 and
DZ600 captured hardly any particles, presenting volume fractions of 0.822% and 0.165%, respectively.Materials 2016, 9, 109  10 of 13 
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Figure 5. Quantitative determinations of the volume fraction, Vv, for PM10 particles conducted in
selected zones of the cross section of the quartz filter. Error bars represent the 95% confidence limit of
the determinations.

As regards to the size distribution of particles (Figure 6), the results show that, whereas the quartz
fibers in DZ0 and DZ100 captured particles of a wide range of sizes, the quartz fibers in the innermost
zones of the filter cross section, i.e. DZ300 and DZ600, retained particles with sizes ranging between 0.05
and 2 µm and from 0.06 to 1.85 µm, respectively (Table 2). Particles larger than 2 µm in diameter were
not found in these interior zones, the particles of less than 1 µm in diameter being the most abundant
in both DZs. Furthermore, the most abundant particle fraction in both zones is that corresponding to
diameters of between 0.1 and 0.5 µm, i.e., MPPS (Figure 6).
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Figure 6. Particle size distribution for PM10 particles in selected zones of the cross section of the quartz
filter: (a) on the free filter surface, DZ0; (b) at a depth of 100 µm, DZ100; (c) at a depth of 300 µm, DZ300;
and (d) at a depth of 600 µm, DZ600.

The results appear to indicate that the mechanisms of mechanical capture of particulate matter
via impaction, interception and diffusion operate simultaneously in the outer zones of the cross section
of the quartz filter, i.e., DZ0 and DZ100, where high volume fractions and a wide range of captured
particle sizes are observed.

However, the predominance of small particle sizes found in the innermost zones of the quartz
filter cross section, i.e., DZ300 and DZ600, seem to indicate that the mechanism of capture by impaction
is virtually non-existent in these zones. Moreover, the quartz fibers in these interior zones are more
efficient in capturing MPPS.

4. Conclusions

In this research study, fibrous filters have been characterized microstructurally and their behavior
as a substrate for capturing the particulate matter present in ambient air (PM10) has been analyzed.
The use of scanning electron microscopy and quantitative stereology and imaging techniques has
allowed the characterization of the filters. The volume fraction of quartz fibers, their sizes and the voids
between them have been determined. These results provide a better understanding of the behavior of
filters during the process of filtering the airborne particles. The results show that:

1. 90.714% of the quartz fibers can be considered nanofibers, their diameters ranging between
2.137 and 0.058 µm.

2. The concentrations of quartz fibers and voids between fibers vary from one zone to another
in the substrate. The voids in the filter are neither evenly distributed nor continuous. Furthermore,
their sizes vary from one zone to another, from rvMax = 4.636 µm to rvMin = 0.913 µm.

3. Particle uptake through the cross section of quartz fibrous filter is not homogeneous, higher
volume fractions of particles being found in the outermost areas of the cross section.
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4. While the outer zones captured particles of a wide range of sizes, the innermost zones mainly
captured particles below 1 µm in diameter. The quartz fibers in the inner zones were highly efficient in
capturing particles considered difficult to capture, whose diameter ranged between 0.1 and 0.5 µm.

5. The results as a whole appear to indicate that the mechanisms of mechanical capture of
particulate matter via impaction, interception and diffusion operate simultaneously in the outer zones
of the cross section of the quartz filter. However, the mechanism of capture by impaction is virtually
non-existent in the innermost zones of the filter cross section.
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� Over 40% of the PM10 particles would be deposited in the human respiratory tract.
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a b s t r a c t

PM10 was sampled at a suburban location affected by traffic and industry in the north of Spain. The
samples were analysed to determine the chemical components of PM10 (organic and elemental carbon,
soluble chemical species and metals). The aim of this study was to assess the toxicity of PM10 in terms of
the bulk analysis and the physico-chemical properties of the particles. Total carbon, sulphates, ammo-
nium, chlorides and nitrates were found to be the major constituents of PM10. The contribution of the
last of these was found to increase significantly with PM10 concentration (Pearson coefficient correlation
of 0.7, p-value < 0.001). Individual airborne particles were characterised morphologically and chemically
via a combination of Scanning Electron Microscopy and Energy-Dispersive X-ray spectroscopy (SEM-
EDX). The subsequent image analysis revealed C-rich particles with shapes that pointed to combustion
processes. Moreover, carbonaceous particles seemed to act as vehicles for sulphur compounds and
metals (S, Na, Fe, Ca, Mg, K, Al, Mn, Zn and Cu). Coarse particles were found to be mainly constituted by
crustal material and marine and carbonaceous particles. Although most of the studied individual par-
ticles in PM10 samples (86.0%) had a diameter within the 0.1e2.5 mm range, 1.8% of them had sizes lower
than 0.1 mm 40.2% of the total studied particles were estimated to be inhaled and deposited in the human
respiratory tract; 12.3% of these particles would reach the deepest zones, thereby posing a major risk to
human health.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Particulate matter (PM) is considered one of the most
problematic pollutants in terms of harm to human health (EEA,
2014; WHO, 2013). Epidemiological studies have related PM with
respiratory and cardiovascular diseases, among other conditions
(G€otschi et al., 2008; Javed et al., 2015; Li et al., 2015, 2016). These
studies involve the exposure to mixtures of pollutants and aim to
identify their individual effects (Guarnieri and Balmes, 2014),
which are linked to their physico-chemical characteristics (Kelly
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and Fussell, 2012; Lee et al., 2015; Sarigiannis et al., 2015).
The potential risk of inhaled particles depends on the amount,

the deposition site in the respiratory tract and the residence time
before being removed (Sturm, 2010). The degree of penetration and
deposition of PM in the human respiratory tract is related to its size,
whereas the clearance process is determined by its solubility and
chemical composition (Aleksandropoulou and Lazaridis, 2013; Nag
et al., 2005).

PM is classified according to its aerodynamic diameter as coarse
(CP) and fine (FP) particles, i.e., 2.5e10 mm and <2.5 mm, respec-
tively. The largest fine-size fraction is the accumulation mode (AM)
with particle diameters between 0.1 and 2.5 mm while the finest
fine-size fraction is the ultrafine (UFP) with particle diameters
below 0.1 mm (Gier�e and Querol, 2010). CP deposit mainly in the
head and large conducting airways and FP in small airways and
alveoli (Guarnieri and Balmes, 2014). Airborne particles are made
up of minerals, secondary inorganic compounds, organic matter
(OM), elemental carbon (EC), marine aerosol and trace components
(Grigoratos et al., 2014; Negral et al., 2008). Some constituents of
PM are more harmful than others to human health.

Several mathematical models have been developed to estimate
human exposure to air pollution. These can predict particle depo-
sition in the respiratory tract considering various linked factors,
such as breathing pattern, physical exertion level, respiratory
physiology parameters and PM characteristics (Aleksandropoulou
and Lazaridis, 2013; Hussein et al., 2015; ICRP, 1994). The inputs
of these models may differ depending on the aim of the study and
the available data. S�anchez-Sober�on et al. (2015) applied a model
called Multiple Path Particle Dosimetry (MPPD) to estimate the
respiratory deposition of three PM fractions (PM10, PM2.5 and
PM1) according to diverse patterns of exposure. Li et al. (2016) used
MPPD to study the particle number concentration and mass con-
centration depositions in human airways. Nag et al. (2005) deter-
mined aerosol mass and number size distributions and
subsequently estimated pulmonary deposition using the Human
Respiratory Tract (HRT) model (ICRP, 1994).

The application of a dosimetry model to PM analysed via
Scanning Electron Microscopy (SEM) constitutes a different
approach. This technique is commonly used to describe morpho-
logical features and particle size (Nag et al., 2005; Wang et al.,
2008). The mineralogical and chemical composition of a certain
particulate can be determined by SEM combined with other tech-
niques, e.g., Energy-Dispersive X-ray spectroscopy (EDX) and X-ray
diffraction (Saikia et al., 2006; Umbría et al., 2004). Using methods
like the aforementioned, interesting features of airborne particles
may be studied (i.e., physical, structural and chemical characteris-
tics), providing useful information to infer their origin and forma-
tion processes (Rodríguez et al., 2009; Umbría et al., 2004) and
assess the potential health effects of PM (Gier�e and Querol, 2010).

The aim of the present study was to evaluate the inherent
toxicity of airborne particulate matter, specifically of PM10
collected at a suburban station in northern Spain. The sampling
area was mainly affected by high levels of road traffic and nearby
industrial activities. The assessment was performed in terms of the
physico-chemical properties of the particles. PM10 samples were
chemically characterised and individual particles were studied via a
combination of SEM-EDX and image analysis techniques. The
foreseeable fraction of PM10 being deposited in the human respi-
ratory tract was estimated by means of a mathematical model. The
combination of the results from the chemical characterisation, the
SEM-EDX and image analysis and the particle deposition study
constitutes a first step in the risk evaluation of exposure to PM and
may contribute useful evidence to the discussion in epidemiolog-
ical studies.
2. Materials and methods

2.1. Sampling and chemical characterisation

During the period from July 2013 to July 2014, fifty-two daily
PM10 samples were collected in a suburban area on the northern
coast of Spain (Supplementary Material). Road traffic of a nearby
trunk road and several surrounding industrial activities over a
distance of less than 10 km (i.e., a cement plant, a coalfield, a coal-
fired power station, steel plant and port activities) influenced the
air quality at the location under study (Megido et al., 2016) (Fig. S1).

A high-volume sampler MCV CAV-A/MSb equipped with a PM10
cut-off inlet was used for the sampling. The working flow rate was
30 m3/h. The samples were collected over quartz microfibre filters
Pallflex Tissue Quartz 2500QAT-UP and gravimetrically determined
using a microbalance Mettler Toledo XA105. In the chemical char-
acterisation, thirty-two chemical species were analysed by means
of acid digestion and inductively coupled plasma mass spectrom-
etry (ICP-MS), using an Thermo Scientific Element II and an Agilent
HP 7500c equipment. Total carbon (i.e., organic and elemental
carbon) was measured by a thermo-optical method employing the
EUSAAR2 protocol (Megido et al., 2016). The OM was calculated
from the organic carbon concentration using a multiplicative factor
of 1.2 (Turpin et al., 2000). Soluble species (i.e., SO4

2�, NO3
�, Cl� and

NH4
þ) were determined by water leaching and ion chromatography

analysis using a Metrohm 861 Advanced Compact IC. More details
are given in the Supplementary Material.

2.2. SEM-EDX and image analysis

Ten PM10 samples (approximately 20%) were observed by
means of SEM for the physical characterisation. The selected sam-
ples were collected under different origin of air masses. The
equipment employed was a SEM JEOL JSM 6100. Additionally,
chemical analyses were conducted over a number of particles on an
EDX-system Oxford INCA Energy 200. The microscope accelerating
voltage and beam spot size used were 20 kV and 15, respectively.
The SEM images were processed by Kappa ImageBase software. See
more details in the Supplementary Material. Based on the electron
micrographs, 565 individual particles in PM10 were characterised
by size through their Feret diameter (df). The procedure carried out
in the SEM-EDX analysis was fully described in Su�arez-Pe~na et al.
(2016).

2.3. Estimation of inhaled and deposited particles in the respiratory
tract

The International Commission on Radiological Protection
developed the HRT model (ICRP, 1994), a simple and reliable semi-
empirical model to estimate inhalation dosimetry
(Aleksandropoulou and Lazaridis, 2013). In the present study, the
estimation of inhaled and deposited particles in the human respi-
ratory tract was addressed by means of the simplified equations
presented by Hinds (1999), which fitted the HRT model for ideal
spherical geometry particles of standard density.

The inhalable fraction (fi) was estimated in percentage terms
using the following expression:

f i ¼
 
1� 0:5$

 
1� 1

1þ 0:00076$d2:8p

!!
$100 (1)

where dp is the particle diameter in mm.
Inhaled particles may be deposited in three regions in the hu-

man respiratory tract: extrathoracic (ET) (i.e., nasal and oral
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passages, pharynx and larynx), tracheo-bronchial (TB) and alveolar
(AL). The total deposition was calculated as the sum of all the in-
dividual deposited fractions in each region (i.e., fd,ET, fd,TB and fd,AL,
respectively) in percentage terms by means of the following
expressions:

fd ¼ fd;ET þ fd;TB þ fd;AL (2)

fd;ET ¼ f i

 
1

1þ exp
�
6:84þ 1:183$lndp

�
þ 1
1þ exp

�
0:924� 1:885$lndp

�
!

(3)

fd;TB ¼
�
0:352
dP

�
$
h
exp

�
� 0:234$

�
lndp þ 3:40

�2�
þ 63:9$exp

�
� 0:819$

�
lndp � 1:61

�2�i (4)

fd;AL ¼
�
1:55
dP

�
,
h
exp

�
� 0:416$

�
lndp þ 2:84

�2�
þ 19:11$exp

�
� 0:482$

�
lndp � 1:362

�2�i (5)
3. Results and discussion

As stated in the Introduction section, the amount of inhaled
particles is one of the risk factors associated with airborne PM and
is related to its concentration in the atmosphere. The mean PM10
level throughout the sampling period was 22.8 mg PM10/m3, above
mean values from other suburban sites and/or rural towns of Spain
(G�omez-Carracedo et al., 2015) and within the range of annual
mean PM10 levels from cities with similar inhabitants from
northern Spain (Aldabe et al., 2011). None of the samples exceeded
the daily limit value of 50 mg PM10/m3 (European Commission,
2008). In fact, PM10 concentrations varied between 7.8 and
43.1 mg PM10/m3. One of the samples was collected during an Af-
rican dust outbreak (25.0 mg PM10/m3 on 10/01/2014). Stafoggia
et al. (2016) found an association between PM10 from the desert
and mortality, based on data from thirteen southern European
cities.

Although the PM10 levels complied with current European
legislation (European Commission, 2004, 2008), the composition
and size of these particles may play an important role in terms of
harm to human health. Particles are capable of adsorbing toxic
substances on their surface, e.g., organic and metallic compounds,
vapours and gases (Paoletti et al., 2003). In Subsection 3.1, PM10
toxicity is assessed based on the results from the chemical and
morphological characterisations. In Subsection 3.2, the results of
the size-characterisation of individual airborne particles and the
estimation of the fraction of these particles that would be inhaled
and deposited in the human respiratory tract are discussed.
3.1. Chemical and morphological characterisations

SEM-EDX analysis revealed particles with different morphol-
ogies, found both isolated and in aggregate form. Crystalline matter
was very present in the PM10 samples. In general, particles of this
type presented well-defined shapes and smooth surfaces without
any major irregularities. The main chemical constituents found in
the PM10 samples were OM þ EC and some of the soluble species
determined by ion chromatography, i.e., sulphates, ammonium,
chlorides and nitrates (Fig. S2). The major elemental components
were Na, Fe, Ca, Mg, K and Al, with mean concentrations ranging
between 0.1 and 1.0 mg/m3 andmaximums of up to 3.7 mg/m3 for Na
(Megido et al., 2016). The size and morphology of some particles
composed of these elements are shown in Fig. 1.

3.1.1. Carbonaceous and metal-rich particles
Throughout the sampling period, the mass of OM þ EC

comprised 8.8e67.2% of the total PM10 (33.5% on average) (Fig. S2).
Traffic is one of the main sources of carbonaceous particles (Paoletti
et al., 2003) and may have played an important role in the PM10
collected in the studied area (Megido et al., 2016). Studies have
linked traffic PM emissions (i.e., OC, EC, re-suspended road dust and
metals) with short- and long-term health impacts, such as cardio-
vascular, respiratory and neurological problems (Keuken et al.,
2012).

The composition and size distribution of PM depends on the
source (Guarnieri and Balmes, 2014). Kennedy (2007) reported that
changes in industrial processes may reduce particle mass concen-
tration, although this reduction would mean a higher number
concentration of fine particles, which are more harmful. The results
obtained from the SEM-EDX study and the subsequent image
analysis showed C-rich particles whose sizes and morphologies
pointed not only to a biological origin (Fig. 1a), e.g., pollen and/or
spores, but also to an anthropogenic origin (Fig. 1b). The particles
shown in Fig. 1a and b had C and O as major components. These
types of particles were found in both the CP and FP modes, in line
with Aleksandropoulou and Lazaridis (2013). A combustion process
may have been responsible for the spherical shape of the aggregate
shown in Fig. 1b (Gier�e and Querol, 2010; Rodríguez et al., 2009).
This aggregate, 20 mm in size, was formed through aggregation
processes of carbonaceous particles with diameters below 2 mm.
These individual carbonaceous particles, i.e., in a non-aggregate
form, were predominately observed in the AM.

According to Gier�e and Querol (2010), biologically-borne parti-
cles may contain other elements (e.g., K and P) in minor concen-
trations. In fact, the EDX analysis revealed Mg and S as constituents
of the biogenic particle shown in Fig. 1a. S was also present in the
particle shown in Fig. 1b in a small proportion. The presence of S in
carbonaceous particles is not unusual, as these particles often serve
as vehicles for sulphur compounds (Paoletti et al., 2003). Wang
et al. (2008) also found S and Cl on the surface of agglomerates
collected in a Chinese city. Furthermore, S, Na, Fe, Ca, Mg, K, Al, Mn,
Zn and Cu were found in the EDX spectra of carbonaceous particles
in the present study. Some of these metals (e.g., Cu) have been
related to traffic apportionments through correlations with EC and
taking into account the traffic flow in the surroundings of the
sampling area (Megido et al., 2016). Metals and semi-metals have
been related with complex mechanisms of toxicity and carcinoge-
nicity (Tchounwou et al., 2012). In fact, some of them (i.e., Hg, Pb,
Cd, Ni and As) are regulated by current European legislation via
annual limit or target values (European Commission, 2004, 2008).
In the present study, Hg was not measured and the concentrations
of Pb, Cd, Ni and As in PM10 were 0.6e25 ng Pb/m3, <0.01e1.8 ng
Cd/m3, <0.01e24 ng Ni/m3 and 0.1e2.0 ng As/m3. Those values
were below the aforementioned legal thresholds. The Ni concen-
trations were higher than those from As and Cd, which is common
in urban locations (Gonz�alez et al., 2012). The annual mean limit
value for Ni (20 ng Ni/m3) was exceeded in one day (24 ng Ni/m3).

Metals are associated with both coarse and fine fractions,
although they generally occur attached to the latter (Gonz�alez et al.,
2012) as different chemical compounds and in different states of
oxidation (Tchounwou et al., 2012). In the present study, however,
crustal particles (i.e., Ca-rich and Mg-rich) were predominately
found in the coarse mode. This observation was also reported by



Fig. 1. SEM images of airborne particles collected on quartz microfibre filters (white scale bars ¼ 1 mm): (a) biogenic particle; (b) combustion-derived organic aggregate; (c)
aluminosilicate aggregate of anthropogenic origin; (d) Fe-rich particle brighter than the others; (e) calcium nitrates probably formed on the filter fibres; (f) calcium sulphate crystals
with a laminar morphology; (g) clusters of calcium sulphate crystals with a “desert rose” morphology; (h) sulphates of Ca/K; and (i) isolated particles of NaCl salt.
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Aleksandropoulou and Lazaridis (2013).
Based on the information provided by the SEM-EDX analysis, the

origin of the PM (i.e., natural or anthropogenic) can be inferred
(Umbría et al., 2004; Wang et al., 2008). Naturally occurring par-
ticles are initially solid and tend to have irregular shapes and var-
iable morphologies depending on their chemical composition and
lifespan in the atmosphere (Satsangi and Yadav, 2014). Fig.1c shows
a particle of aluminosilicate with an irregular shape whose
morphology suggests a natural origin. This particle acted as a
support for the formation of the aforementioned aggregate of 6 mm
in size, which may be of anthropogenic origin. During industrial
processes, solid and liquid particles are produced with different
morphologies. Umbría et al. (2004) associated spherical shapes and
smooth surfaces with anthropogenic processes, specifically with
the combustion of mineral coal. A coal-fired power station was
located within a distance of just over ten kilometres from the
sampling area. This station may thus be the source of the spherules
shown in Fig. 1c. According to Saikia et al. (2006), this type of
agglomeration of particles is indicative of having developed during
reactions at elevated temperatures. Fe-rich particles with irregular
and spherical shapes were also observed in the SEM-EDX study. As
an example, Fig. 1d shows a bright particle mainly composed of Fe
and O. Based on its morphology and composition, this particle
(Fig. 1d) may have originated in a steelmaking process (Umbría
et al., 2004). Given the limited number of particles analysed by
EDX, a quantitative estimation of the fraction of PM that pointed
out to an anthropogenic origin cannot be provided. Further
research is needed to assess the relevance of anthropogenic sources
on PM in the sampling area.
3.1.2. Soluble chemical species
As previously stated, some of the soluble chemical species

determined via ion chromatography, together with OM þ EC, had a
notable contribution to overall PM10 concentrations. This was the
case of sulphates, ammonium, chlorides and nitrates, whose mass
represented between 1.2 and 22.1%, 0.1e22.7%, 0.2e27.5% and
0.4e18.3% in PM10, respectively (Fig. S2). The difference between
the gravimetric PM10 mass and the sum of the fractions deter-
mined in PM10 corresponded to the undetermined fraction (Sup-
plementary Material). Putaud et al. (2010) reported that the
contribution of these soluble chemical species to PM differs across
Europe, based on data from studies at sixty rural, urban and kerb-
side locations.

Although, sulphates and nitrates usually predominate in the
ultrafine fraction of PM (Kelly and Fussell, 2012), SEM-EDX and
image analysis techniques showed a certain number of these par-
ticles in the CP mode. Sulphates and nitrates are thought to be
responsible for several health problems. Apart from their small size,
organic compounds and transition metals can be transported on
their surface. Both sulphates and nitrates are secondary particles
that originate in the atmosphere via oxidative reactions of sulphur
and nitrogen gases (Kelly and Fussell, 2012) from traffic and in-
dustrial activity emissions as well as long-range transport pro-
cesses. Throughout the sampling period, the mean concentration of
sulphates was 1.6 mg SO4

2�/m3, with values between 0.1 and 7.1 mg
SO4

2�/m3. Nitrates were found at a lower mean concentration than
sulphates (1.1 mg NO3

�/m3), although they reached highermaximum
values (7.9 mg NO3

�/m3). More information is given in the Supple-
mentary Material. PM10 and NO3

� presented a Pearson coefficient
correlation of 0.7 (p-value < 0.001). In other words, the



Fig. 2. Size distribution histogram of individual particles studied in PM10 samples (bars). The black section of the bars represents the estimated fraction of these particles that
would be inhaled and deposited in the human respiratory tract.
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contribution of nitrates to PM10 significantly increased with
increasing PM10. This type of relationship has also been found
across other European sites, especially at urban backgrounds
(Putaud et al., 2010).

SEM-EDX analysis revealed S- and N-rich particles in PM10 with
variable morphologies. Ammonium was mainly found as ammo-
nium sulphate and ammonium nitrate. Calcium nitrate particles
were found in elongated rounded shapes (Fig.1e). Calcium sulphate
particles were mostly found with a laminar morphology (Fig. 1f),
though also with more complex shapes as shown in Fig. 1g, similar
to “desert roses”. Furthermore, more complex particles were
observed, such as those in Fig. 1h, mainly composed of S, O, Ca and
K. The particles displaying crystalline morphology were generally
sulphates and chlorides. Most of the particles of NaCl presented
cubic morphologies and variable sizes between 1 and 7 mm (Fig. 1i),
suggesting a marine origin (Umbría et al., 2004). Irregular particles
of ammonium chloride were likewise observed, which may have
been formed by the reaction between hydrochloric acid and
ammonia in the atmosphere (Gong et al., 2013).
3.2. Deposition fraction of PM

Particle capture on the filter fibres responds to different
Fig. 3. Size distribution histogram of individual particles studied in PM10 samples that wou
extrathoracic (ET), tracheo-bronchial (TB) and alveolar (AL) (white, grey and black sections
mechanisms (Su�arez-Pe~na et al., 2016). Some of these mechanisms
also govern PM deposition in the respiratory tract, i.e., impaction,
sedimentation, diffusion, electrostatic and interception (Hinds,
1999; Sarigiannis et al., 2015). The morphological characteristics
of the particles (i.e., size, shape and density) and the HRT region
influence the effectiveness of capture. Considering all these factors,
experiments and theoretical computations predict U-shape curves
to express the deposition of particles based on their diameters
(Sturm, 2010). According to the expressions given in Section 2.3, all
nanoparticles (100%) are expected to enter the respiratory tract
through the nose or mouth. However, as fi decreases with
increasing particle diameter, the inhaled fraction of CP is expected
to decrease up to 83.8% (particle diameter: 10 mm). The deposition
of FP is more significant in the AL region, whereas the largest
particles are more likely to be deposited in the most external zone
of the respiratory tract, i.e., the ET region.

The relative contribution of FP and CP to the total dose depends
on their relative concentrations in PM10. In the present study, the
Feret diameter of a range of particles in PM10 was determined.
Fig. 2 shows the size distribution histogram of the studied particles,
with AM particles being the most abundant (86.0%)
(Supplementary Material). PM2.5 is considered to be the cause of
significant negative impacts on human health (European
ld be inhaled and deposited (bars) in the three regions of the human respiratory tract:
of the bars, respectively).
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Commission, 2008). Human subjects exposed to this aerosol at the
receptor site would inhale a fraction of the PM. Some of the inhaled
particles would be deposited in their respiratory tract (40.2% of the
total studied individual particles in PM10 samples), as estimated by
Equation (2) (Fig. 2).

The studied PM10 would preferentially be deposited in different
areas of the respiratory tract depending on their size. Fig. 3 repre-
sents the total foreseeable fraction of the studied particles that
would be deposited in the ET, TB and AL regions.

27.9% of the studied PM10 would be retained in the ET region,
subsequently pass into the gastrointestinal tract and eventually be
absorbed (Salma et al., 2002). According to the HRT model, CP
would tend to be deposited in this region. In the present study, the
CP fraction is mainly composed of crustal material, along with
marine and carbonaceous particles.

Although the ET regionwould have been themain affected zone,
particles would also reach the TB (2.6%) and AL (9.7%), with the
consequent risk to health (Fig. 3). 1.8% of the studied individual
particles in PM10 samples had sizes lower than 0.1 mm (i.e., UFP).
Over half of these UFP would be deposited in the respiratory tract
(Fig. 2), mainly reaching the deepest regions, i.e., the AL region
(Fig. 3). From the alveoli, these UFP could cross cell walls and even
enter the bloodstream, subsequently being distributed throughout
the whole body (Hinds, 1999).

4. Conclusions

In this study, samples of airborne particle matter (i.e., PM10)
were collected at a suburban location in northern Spain. The
toxicity of PM10 was assessed in terms of its physico-chemical
properties, leading to the following conclusions:

� None of the studied PM10 samples exceeded the daily limit
value of 50 mg PM10/m3.

� The daily ambient air concentrations of Pb, Cd, Ni and As were
below the current European legal thresholds. Ni exceeded the
annual limit in one day.

� Total carbon and soluble chemical species were the major con-
tributors of PM10.

� The contribution of nitrates increased significantly with PM10
concentration (Pearson coefficient correlation of 0.7, p-
value < 0.001).

� C-rich particles were found in both CP and FP modes. Some of
them had shapes that pointed to combustion processes.

� Carbonaceous particles seemed to serve as vehicles for sulphur
compounds and metals (S, Na, Fe, Ca, Mg, K, Al, Mn, Zn and Cu).

� Most of the studied particles in PM10 samples (86.0%) had a
diameter in the 0.1e2.5 mm range. Moreover, 1.8% of the studied
PM had sizes lower than 0.1 mm.

� 40.2% of the studied particles as a whole would be inhaled and
deposited in the respiratory tract of a human subject exposed to
this aerosol.

� Although the extrathoracic region would be the most affected,
particles would also reach the TB (2.6%) and AL (9.7%) regions,
posing a major risk to human health.

� Crustal material and marine and carbonaceous particles were
predominant in the coarse fraction of the studied PM, being
mainly deposited in the ET region of the HRT.

In short, the gravimetric and chemical analysis of PM10 pro-
vided results that fulfilled the European regulatory limits. However,
the morphometric analysis revealed that the predominant particle
size belonged to PM2.5, which is considered responsible of signif-
icant negative impacts on human health by the European
Commission.
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Abstract Thirty-two chemical species were determined in
PM10 sampled at a suburban site on the north coast of Spain.
Enrichment factors were applied to infer their soil/non-soil
origin. The geochemical ratios were calculated using two da-
tabases: soil composition from locations in the surroundings
of the sampling station and the Earth’s average upper-crust
composition. In the present study, dissimilarities were found
between the enrichment factors obtained using these two da-
tabases. Al, Ti, La and Cewere taken as the reference elements
to normalise the data, reaching analogous conclusions. Bi, Cd,
Cu, Sb, Se, Sn and Zn were associated with predominantly
non-soil apportionments. As the relevance of soil/non-soil
sources for the other analysed elements was found to be var-
iable, they were probably of mixed origin. Furthermore, pairs
of elements showed strong relationships, thus pointing to a
common origin. Na–Mg and Co–Ni, with Pearson correlation
coefficients above 0.9, were respectively related to marine and
industrial apportionments. Enrichment factors have proved to

be a useful tool to distinguish the soil/non-soil origin of chem-
ical species present in airborne particulate matter. However,
the choice of the reference database for soil composition con-
siderably determined the accuracy of the conclusions.

Keywords Air quality . Crustal origin . Enrichment factor .

Geochemistry . Particulate matter . Soil dust . UCC

Introduction

Soil is a major contributor of particulate matter (PM) to the
atmosphere (Aleksandropoulou et al. 2015; Paraskevopoulou
et al. 2015; Perrino et al. 2015). Mineral dust (13 % inmass) is
one of the major natural sources of PM on the global scale. On
a local scale, however, this value depends on the region under
study, as it is highly affected by broad spatial variability
(Viana et al. 2014). The contribution of PM may be due to
natural processes such as erosion and windblown transport,
but also to human activity, e.g., traffic causes the re-
suspension of soil dust. Non-crustal sources make a signifi-
cant contribution to certain elements in PM (Salma and
Maenhaut 2006; Adgate et al. 2007; Jiang et al. 2015). The
difficulty lies in identifying the natural sources of PM and
differentiating them from anthropogenic apportionments.

Non-dimensional crustal enrichment factors (EF) are com-
monly used to assess the anthropogenic influence on PM
(Zhang et al. 2014; Silva et al. 2015). An EF is a ratio of
two chemical species present in the atmosphere (E/R, where
E is the element of interest and R is the reference element)
divided by the corresponding ratio in crustal material. R is
used to normalise the data and hence it should be mainly
influenced by crustal sources. Although Al, Si and Fe have
normally been used as R in the literature given their high
concentrations in soil, other less abundant chemical species
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have also been used, such as Mn, Sr, Zr and Ti (Reimann and
de Caritat 2000; Cesari et al. 2012 and references therein;
Rashki et al. 2013; Bouhila et al. 2015). Zoller et al. (1974)
used EFs to analyse the chemical composition of airborne PM
collected at the South Pole. They chose Al as R and were able
to infer the weathering or oceanic nature of a wide range of
elements (Sc, Th, Sm, V, Mn, Eu, Fe, La, Ce, Co, Cr, Na, K,
Mg and Ca), given that the EFs were close to 1. Zn, Cu, Sb,
Se, Pb and Br, however, were thought to be derived from other
sources.

Not all authors have considered the same value as a refer-
ence threshold for reading the EFs. In fact, Cesari et al. (2012)
proposed a two-threshold scheme in order to unify the variety
of criteria used in the literature. These authors differentiated
between elements likely to be of predominantly crustal, mixed
or anthropogenic origin. However, other researchers have pre-
ferred to use a simpler criterion, employing one cut-off value.
Rogula-Kozlowska et al. (2015) used Ca as R and considered
that the closer EFs are to 1, the weaker the anthropogenic
contribution. They found mineral matter to be a source of K,
Ni, Sr and Ba. In contrast, Alghamdi et al. (2015) considered
five to be an acceptable value below which they confirmed the
crustal origin of Na, Mg, Si, K, Ca, Ti, Cr, Mn, Fe, Rb and Sr.
Some of these soil-related elements may also have significant
apportionments from other sources depending on location. In
fact, Na is considered a tracer for sea spray, which may be one
of the major natural sources affecting air quality (Perrino et al.
2014; Viana et al. 2014; Budhavant et al. 2015).

The Earth’s crust has been studied over the years differen-
tiating between three layers, namely the upper, middle and
lower crust. The first is the most accessible and its composi-
tion has been estimated employing either weighted averages
of surface samples or inferring it through concentrations of
insoluble to moderately soluble trace elements obtained in
studies of shales and loess (Rudnick and Gao 2003). Due to
the heterogeneity of soil, its influence on PM is likely to vary
depending on the geochemical characteristics of the sampling
site. Consequently, another point of disagreement among EF
studies found in the literature comprises the data on the soil
ratio (i.e., (E/R)SOIL). Although the best approach would be to
determine EFs by means of the composition of local soil, the
Earth’s average upper-crust composition (UCC) has been used
when no other database was available (Rushdi et al. 2013;
Wang et al. 2014; Budhavant et al. 2015).

The primary aim of this study was to distinguish soil and
anthropogenic apportionments to PM10 by means of enrich-
ment factors. Fifty-two daily samples were collected at a sub-
urban station on the north coast of Spain and subsequently
chemically analysed to determine 32 species. Furthermore, a
comprehensive study was performed to reduce the uncer-
tainties due to the variability of two factors that greatly affect
EFs (Reimann and de Caritat 2005): the reference element and
the geochemical composition of soil. A range of chemical

species mainly present in soil were considered as R, including
both abundant and trace elements. Two databases were used to
calculate the geochemical ratios: the soil composition from
seven locations in the surroundings of the sampling station
and the Earth’s average UCC. The results obtained using the
two databases and other EF studies from the literature were
compared.

Materials and methods

Sampling area

Samples of airborne particulate matter, i.e., PM10, were ob-
tained at a suburban station on the university campus of Gijón,
in northern Spain (43° 31′ 23″ N 5° 37′ 16″ W). This city is
located in the shoreline of the Cantabrian Sea, over Mesozoic
materials. The soil surrounding the sampling area was
characterised by a variety of rocks (Fig. 1), comprising lime-
stone, clay, sandstone, dolomite, loam and siliceous conglom-
erate (IGME 1974).

The origin of air masses reaching the sampling site was
determined as in Megido et al. (2016a). For this purpose,
five-day back trajectories were calculated with the
HYSPLIT model developed at the NOAA (Stein et al. 2015)
and catalogued in eight sectors: northern Atlantic, north-
western Atlantic, western Atlantic, south-western Atlantic,
northern African, Mediterranean, European and regional.
Meteorological data were provided by the Spanish
Meteorology Agency (AEMET) at the sampling site since
October 2013 and by another meteorological station located
at a distance of 1.7 km. Wind speeds up to 13 m/s were de-
tected from July 2013 to July 2014. In general, the weather in
Gijón is influenced by its low altitude, seasonal winds and
land-sea breezes. It is characterised by an annual accumulated
rainfall around 1000 mm and annual temperatures with mini-
mum and maximum mean values of about 10 and 18 °C,
respectively (Government of the Principality of Asturias
2009).

The sampling location was near several industrial facilities
(<10 km), including harbour activities handling around 19
million of tons of goods (Port of Gijón 2014), a steelmaking
industry (Almeida et al. 2015), a 903 MW thermal power
plant, a coalfield and a cement plant that operates a dry-
process furnace with a production capacity of 2750 t/day
(PRTR-Spain1). According to the respective Integrated
Environmental Authorizations,1 the thermal power plant near
the sampling station used coal, siderurgical gases from the
nearby steelmaking industry and fuel-oil and gas-oil as sup-
port fuels for ignition; the cement plant consumed mainly

1 Information available at The Spanish Register of Emissions and
Pollutant Sources (PRTR-Spain)
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petroleum coke, but also wood, fuel-oil and occasionally coal,
while the steelmaking industry primarily used natural gas, rich
gas (gas from batteries), steel mill gas, lean gas (blast furnace
gas), mixed gas (mixture of the above), coke and anthracite
(these last two in the sinter facility) and, to a lesser extent, fuel-
oil and propane.

The sampling was affected by irregular traffic from a
nearby trunk road and a motorway. A hospital (covering
a population of over 255,000 inhabitants), three educa-
tional centres (over 6000 people including teaching and
research staff, students, administrative and service staff)
and Gijón Science and Technology Park (130 companies
with over 3600 workers) were located in the vicinity and
attracted many local residents. Figure 1 shows the loca-
tion of the sampling site and the main industrial
activities.

PM10 sampling and chemical analysis

A sequential high-volume sampler MCV CAV-A/MSb (MCV
SA, Barcelona, Spain) was used to collect one 24-h PM10

sample per week from July 2013 to July 2014. The matrix
employed comprised quartz microfiber filters (Pallflex-
Tissue Quartz 2500QAT-UP). A total of 52 PM10 samples
were processed to extract metals using the methodology de-
scribed in Negral et al. (2008). Thirty-two chemical species

were analysed by inductively coupled plasma mass spectrom-
etry (ICP-MS): Al, As, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Fe,
K, La, Li, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sb, Se, Sn, Sr, Ta, Ti,
Tl, V, Zn and Zr. The same procedure was applied to treat and
analyse a control sample using Standard Reference Material®
1648a (Urban Particulate Matter) from the National Institute
of Standards & Technology (NIST). Further details
concerning the chemical analysis methodology have been re-
ported in a previous paper (Megido et al. 2016b).

Enrichment factor analysis

EFs were calculated for each chemical species analysed in
every PM10 sample, applying the following expression:

EFX ;Y ¼ X =Rð ÞPM10
X =Rð Þ Y

where X refers to the chemical species considered in each case,
R is the reference element and Y represents the geochemical
composition database used in the calculation, i.e., BSOIL^ or
BUCC^. For instance, EFTi,SOIL indicates that the EFs for Ti
were obtained using local soil composition to estimate the
geochemical ratio. The Earth’s average UCC was taken from
Rudnick and Gao (2003), who reviewed relevant research
studies in this respect, providing an updated estimation. The
Geological and Mining Institute of Spain (IGME) studied the
chemical composition of residual soils at two depths (0–25 cm

Fig. 1 Geological map of the surroundings of the sampling station (S),
with the situation of the seven soil locations (a–g) whose composition
was used to calculate the geochemical ratios, and the main industrial

activities: cement plant (a), coalfield (b), coal-fired power station (c), steel
plant (d) and port facilities (e). Geological map from the IGME
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and 25–50 cm) during their 2012 geochemical survey.2 Seven
samples of soil were available within a 5-km radius around the
sampling station (Fig. 1). Those denominated A–Bwere taken
at points where the bedrock was quite similar (clay, limestone
and dolomites); the same applies for samples E–G (clay, lime-
stone, sandstone and loam). C was taken in an undifferentiated
area and D was the only sample that comprised siliceous con-
glomerates (IGME3). Table 1 presents the concentration of 31
of the abovementioned elements that were available in the
IGME dataset; Al, Ca, Fe, K, Mg, Na and Ti being the most
abundant. Additionally, EFX,Y were calculated using an aver-
age local soil composition (Table 1). In this case, Y refers to
Baverage soil^. To get a more statistically significant value, the
average geochemical composition was estimated from 113
local soil samples analysed by IGME within a 25-km radius
around the sampling station (Online Resource 1, Table S1).
According to the IGMEwebsite,2 the soil samples were sieved
(2 mm) and several elements were extracted using aqua regia
and chemically analysed by ICP-MS, ICP-AES (inductively
coupled plasma atomic emission spectroscopy) and INAA
(instrumental neutron activation analysis).

The element chosen as R was Al due to its abundance in
soil. Nevertheless, other elements frequently associated with
crustal origins, i.e., Ti, La and Ce (Cao et al. 2009;Mariet et al.
2011; Avino et al. 2014; Grigoratos et al. 2014), were also
used for this purpose. Despite being frequently employed as
R, Si was not considered in the present study given its pres-
ence in the matrix used to collect the PM10 samples.

In the current study, three main sources of PM10 were dis-
tinguished, namely soil, non-soil and mixed origin. Table 2
shows the two cut-off values considered in each case (Cesari
et al. 2012). An element was defined as being of predominant-
ly soil/non-soil origin when at least 95 % of the total PM10

samples satisfied the established criteria; otherwise, the ele-
ment was considered of mixed origin. It should be noted that
when the conclusions drawn from EFs calculated using local
soil and UCC were different, the former calculation was con-
sidered more reliable.

Results and discussion

This section has been divided in two subsections. In the first,
Al is used as R for the calculation of EFs in order to distin-
guish the origin of each element determined in PM10. In the
second subsection, other chemical species were used as R.

It is worth noting that the elemental composition of the 52
PM10 samples was highly variable, with the relative standard

deviation (RSD) ranging from 52 % for Bi to 226 % for Ni.
Moreover, as the geochemical composition of the seven soil
locations in the area surrounding the sampling station was also
variable, the average geochemical composition of these loca-
tions was not used. Figure 2 shows a contour graph in which
Fe/Al and Ca/Al ratios can be seen for each location (Fig. 2a,
b, respectively). Although these elements are abundant in the
local soil, there are substantial differences between relatively
close sites, especially in the case of Ca, which presented the
highest RSD (210 %). As previously mentioned in the
BEnrichment factor analysis^ section, the average chemical
composition of the local soil was calculated using 113 sam-
ples, a more statistically significant average being obtained for
some elements. Nevertheless, other species reached RSD up
to 257 % (Online Resource 1, Table S2). The results of
EFX,AVERAGE SOIL are described in the BOther elements as
the reference element^ section.

Aluminium as the reference element

The content of aluminium at the seven soil locations ranged
between 3.3 and 7.4 % in terms of mass (Table 1). This scat-
tering was expected to have some influence on EFX,SOIL. The
variability was found to be higher or lower depending on the
element. In the case of R = Al, Ba was the element whose
EFBa,SOIL showed the lowest variability between the seven
locations (14.8 %) and Mn, the highest (105.9 %).

The EFs obtained for all the elements using Al as R are
available in the Online Resource 1.

Non-soil origin elements

Throughout the entire sampling period, a few elements pre-
sented an enrichment in PM10 with respect to soil, regardless
of the soil location. These elements were Bi, Cd, Cu, Na, Sb,
Se, Sn and Zn. Table 3 shows their minimum and maximum
EFX,SOIL. Considering all soil locations, Table 4 shows the
percentage of samples that exceeded the upper threshold
(EFX,SOIL > 10). As more than 95 % of the samples were
above this cut-off value, these elements were defined as being
of non-soil origin.

The minimum and maximum EFX,UCC for the aforemen-
tioned elements are also shown in Table 3. These EFX,UCC
were greater than those from EFX,SOIL. The exception was
Na. (Na/Al)SOIL was an order of magnitude greater than (Na/
Al)UCC. Thus, EFNa,SOIL and EFNa,UCC differed 78–91 % de-
pending on the soil location. Results from the current study
were in agreement with those reported by Cesari et al. (2012),
who collected soil samples in the Salentum Peninsula (Italy)
that were then re-suspended in the laboratory to obtain PM10.
These researchers calculated EFs using UCC, local soil com-
position and the re-suspended PM10. They obtained higher
EFs for Na and lower EFs for Cu, Zn and Sb using local soil

2 Information available at the Geological and Mining Institute of Spain
(http://info.igme.es/Geoquimica/)
3 Information available at the Geological and Mining Institute of Spain
(http://info.igme.es/cartografiadigital/geologica/Magna50.aspx)
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composition than using UCC. EFNa,UCC showed values above
the upper threshold (EFX,UCC > 20) in 81 % of the samples
(Table 4), pointing to a source other than soil to explain the Na
levels determined in PM10. Owing to the proximity of the
sampling station to the Cantabrian Sea, sea spray was likely
to be one of the main sources of Na.

The geochemical analysis of the seven soil locations did
not include arsenic. As this element presented EFAs,UCC > 20
in more than 95 % of the PM10 samples, non-soil contribu-
tions seemed to have been predominant. EFAs,UCC fell within
the 20–850 range.

The high EFs of Zn, Sn, Sb, Bi and Cu may be due to the
influence of traffic in the sampling area. These chemical spe-
cies have been related to non-exhaust emissions due to the
degradation of tyres, brakes and pavement abrasion
(Minguillón et al. 2012; Rogula-Kozlowska et al. 2015). In
fact, Sn, Sb and Bi correlatedwith Cuwith Pearson correlation
coefficients (r) above 0.80. In a previous study (Megido et al.
2016a), these four elements were related to a certain extent to
brake wear.

Adamo et al. (2008) calculated EFs using R = Al and the
average concentration in surface soils of an urban area in
Naples (Italy). The highest EFs found by these authors were
for Cd (256), Pb (120), Ni (80) and Zn (50), which were
associated with traffic and other anthropogenic sources such
as fossil fuel combustion. In the present study, the strongest
relationship for Zn was found for Pb (r = 0.80) and Cd
(r = 0.73). Moreover, the highest correlation for Cd was with
Pb (r = 0.62). Zn correlated slightly with other metals, namely

Bi (r = 0.60), Fe (r = 0.64) and Mn (r = 0.55). Mn, Fe, Zn and
Pb are tracers of iron and steel production (Dai et al. 2015),
associated with basic oxygen steelmaking and sinter plants
(Almeida et al. 2015). Other elements frequently emitted by
the latter source are Cu, Cd, Se, As, Cr and Ni (Querol et al.
2007; Almeida et al. 2015; Dai et al. 2015). Arsenic presented
0.50 < r < 0.65 with Cu, Sn, Sb, Ba, Pb and Bi. However, the
strongest relationship was found with K (r = 0.79), Co
(r = 0.78) and Ni (r = 0.70). According to the literature, Se
could be emitted from coal and heavy oil combustion appli-
ances (Hueglin et al. 2005; Gianini et al. 2012). However, Se
did not show any important correlation with Vor Ni, tracers of
the latter source (Flores-Rangel et al. 2015), or any other
analysed element. Lage et al. (2016) studied the surface soils
in the surroundings of Gijón (including the nearby area of the
sampling site of the present study). These authors concluded
that the surface soils presented high levels of contamination
for Zn, Sb, As and Br, and pointed to atmospheric deposition.

Mixed-origin elements

Mn, Fe In the case of Mn, the EFMn,SOIL were dissimilar for
the seven soil locations, with those calculated for location E
reaching the highest values, up to 468. This was because lo-
cation E had lower concentrations ofMn (by one or two orders
of magnitude) than the other locations (Table 1). Therefore,
this location presented the lowest (Mn/Al)SOIL factor.
However, no location should be excluded, as they were all
near the sampling station. The conclusions drawnwill bemore
reliable if they can be inferred from all the locations.

Locations A, B and C presented the lowest EFMn,SOIL (0.3–
45) throughout the whole sampling period. This was due to
the greater abundance of Mn at these points (Table 1), with an
average EFMn,SOIL of 6.0, 9.6 and 3.1, respectively.
Notwithstanding the differences, some PM10 samples (e.g.,
those collected on 21 October 2013 and 12 February 2014)
presented a clear enrichment in Mn (Fig. 3), pointing to non-
soil emission sources. However, inconsistent conclusions
were reached for other PM10 samples, e.g., sample collected

Table 2 Classification of predominant sources of an element X on the
basis of enrichment factors (EF) calculated using local soil composition
(EFX,SOIL) and the Earth’s average upper-crust composition (EFX,UCC)

Predominant origin Criteria

Soil EFX,SOIL < 5 EFX,UCC < 10

Mixed 5 < EFX,SOIL < 10 10 < EFX,UCC < 20

Non-soil EFX,SOIL > 10 EFX,UCC > 20

Fig. 2 Contour graphs of a (Fe/
Al)SOIL and b (Ca/Al)SOIL using
the geochemical composition of
seven soil locations (a–g) in the
surroundings of the sampling
station
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on 1 July 2013 (Fig. 3). If only locations A, B and C were
considered in this sample, soil could be revealed as the pre-
dominant source of emission, given EFMn,SOIL < 5 for these
locations. Conversely, the opposite assumption could be made
for locations D–G, given that EFMn,SOIL exceeded the thresh-
old of 10. This highlighted the ease with which conclusions
could be totally different, even using local soil composition.

Location C (in the southern sector) gave the highest num-
ber of PM10 samples with EFMn,SOIL < 5 (88 %). EFMn,UCC

presented comparable results to those obtained for location G
(in the eastern sector). Therefore, while 81 % of EFMn,SOIL

obtained for location G were above 10, only 40 % of
EFMn,UCC exceeded the threshold of 20. No PM10 sample
had an EFMn,SOIL that reflected a strong soil origin, although
some of them (e.g., samples collected on 18 and 26 January
2013 and 4 February 2014 (Fig. 3)) presented values below
5 at almost every location. Bearing in mind all the gathered
information, Mn was likely to be of mixed origin. The contri-
bution of non-soil sources to the Mn determined in airborne
PM varied in relevance depending on the sampling day.
Although a possible anthropogenic source of Mn to PM10 is
traffic (Poulakis et al. 2015), Mn did not show a strong

correlation with Cu (r = 0.36) or Sb (r = 0.35), both of which
are tracers of traffic, as stated in the BNon-soil origin elements^
section. Moreover, Mn has also been related to industrial
sources (Almeida et al. 2015; Flores-Rangel et al. 2015).

EFFe,SOIL (Fig. 4) was above 10 in more than 23 % of the
PM10 samples taking into account all soil locations, while
EFFe,UCC > 20 in 31 % of samples. The differences between
the EFs calculated using local soil composition and UCC for
Fe (Fig. 4) differed from those reported by Cesari et al. (2012),
who found comparable values between both databases for Fe,
K and Mn. As the ratio (Fe/Al)SOIL varied differently depend-
ing on the seven locations (Fig. 2a), differences in EFFe,SOIL
were not as large as those found for other elements (e.g., Mn).
Fe in PM10 may be of mixed origin, although there were days
on which it was of predominantly non-soil origin. For the
latter, the EFFe,SOIL ranged between 10 and 65. Possible an-
thropogenic sources of Fe are traffic and iron-related industrial
activities. Gianini et al. (2012) related Fe to non-exhaust road
traffic emissions (brake wear) and re-suspension of road dust.
The average concentration of Fe determined over the sam-
pling period (467 ± 344 ng Fe/m3) was similar to the levels
reported by these authors in an urban background site in
Zurich (Switzerland) and exceeded those found in European
cities such as London (UK), Zabre (Poland), Debrecen
(Hungary) and Augsburg (Germany) (Rogula-Kozłowska
et al. 2015 and references therein). In the present study, how-
ever, the ironmaking industry near the sampling station was
also likely to have played an important role. Almeida et al.
(2015) conducted a study of the PM10 emitted by this steel-
making factory. These researchers associated 21 % of the Fe
and Mn they found with the factory’s blast furnaces. In the
present study, Mn and Fe were highly related (r = 0.75). Thus,
metallurgical activities close to the sampling station, in the
western sector (Fig. 1) may have a relevant contribution to
PM10. In fact, three PM10 samples coincided with EFFe,SOIL
and EFMn,SOIL above 10 for the seven locations. The study of
5-day air-mass back trajectories revealed that those days were
under western Atlantic and regional episodes. As stated in the

Table 3 Minimum and maximum EFX,SOIL for soil locations (A–G) and EFX,UCC (n = 52), using Al as the reference element

Element Min–Max EFX,SOIL Min–Max EFX,UCC

A B C D E F G

Bi 28–737 33–880 26–685 21–548 29–771 39–1037 18–477 190–5077

Cd 1–2810 1–2351 2–3660 1–1255 1–2058 1–2768 2–4250 24–48,212

Cu 13–837 10–655 11–751 13–852 37–2431 9–575 19–1283 31–2043

Na 44–6888 38–6038 20–3133 31–4834 34–5286 27–4265 28–4465 4–689

Sb 30–1705 51–2935 27–1523 14–794 18–1028 20–1152 24–1396 395–22,564

Sn 52–2819 37–2022 26–1399 23–1259 32–1770 19–1058 22–1218 108–5923

Se 12–1506 8–997 5–585 5–621 6–757 4–509 6–781 358–44,302

Zn 15–677 30–1337 22–999 19–862 41–1852 24–1057 30–1335 110–4952

Table 4 Percentage of PM10 samples (n = 52) with EFX,SOIL > 10,
considering seven soil locations, and EFX,UCC > 20, using Al as the
reference element

Element % of EFX,SOIL > 10 % of EFX,UCC > 20

Bi 100 100

Cd 96 100

Cu 98 100

Sb 100 100

Se 96 100

Sn 100 100

Na 100 81

Zn 100 100
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BIntroduction^ section, Fe was widely used as R in EF studies.
Nevertheless, in light in all the above, in this sampling area
using R = Fe could lead to inaccurate conclusions.

K, Rb, Tl In this study, location E (in the eastern sector) gave
similar results for EFK,SOIL and EFK,UCC. Moreover, 42–77 %
of PM10 samples provided EFK,SOIL < 5 depending on the soil
location, thus revealing the soil origin of K (83 % considering
EFK,UCC < 10). Possible sources of K were soil dust re-
suspension and combustion of fuel, biomass and wood
(Hueglin et al. 2005; Cao et al., 2009; Rogula-Kozłowska
et al. 2015.). In this sampling location, Megido et al.

(2016b) found C-rich particles in PM10 that carried K and
whose shapes pointed to combustion processes. The arithmet-
ic mean K concentration during the cold period (October–
March) was 195 ± 110 ng K/m3 (n = 26 samples), decreasing
in the warm period (April–September) to 132 ± 67 ng K/m3

(n = 26 samples). Given that the data of both periods were not
normally distributed, the Mann-WhitneyU test was applied to
compare these values; a statistically significant difference
(P = 0.032) being found. The coldest month of the sampling
period was December 2013 with arithmetic mean tempera-
tures of 9.0 ± 2.0 °C. The highest arithmetic mean K concen-
trations were determined (328 ± 186 ng K/m3) during this

Fig. 3 EFMn,SOIL for locations a–g and EFMn,UCC of samples collected on 1/07/2013, 21/10/2013, 18/01/2014, 26/01/2014, 04/02/2014 and 12/02/2014,
using Al as the reference element

Fig. 4 EFFe,SOIL for locations a–g and EFFe,UCC, using Al as the reference element (n = 52)
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month, followed by March 2014 (250 ± 68 ng K/m3).
According to Tsai et al. (2015), this seasonal pattern points
to wood combustion as a potential source.

Crustal origin played an important role in airborne Rb,
given that 83–92 % of the PM10 samples had EFRb,SOIL < 5.
In contrast, only 63 % had EFRb,UCC < 10. The maximum
EFRb,SOIL was 25, whereas the maximum was found to be
83 when using the UCC database. Rb is another tracer of
emissions from wood and biomass combustion (Gianini
et al. 2012). In fact, K and Rb reasonably correlated
(r = 0.69). Of PM10 samples, 92 % presented an EFTl,SOIL
above 10, reaching values of up to 1078, while 96 % of
EFTl,UCC were above 20. The maximum EFTl,UCC was 2427.
In this study, Tl was found to be linked somehow to K and Rb
(r = 0.77 and r = 0.86, respectively).

Cr, PbCr and Pb had a high percentage of PM10 samples with
EFX,SOIL > 10 (83 and 88 %, respectively) reaching values of
up to 384 (Pb) and 566 (Cr). The EFX,UCC for these elements
were much higher than the EFX,SOIL, with maximums of 3351
and 833, respectively. In fact, if only EFPb,UCC were consid-
ered, a non-soil origin would be proposed for this element.
The minimum value of EFPb,UCC was 45. However, as stated
in the BEnrichment factor analysis^ section, when EFX,SOIL
and EFX,UCC were in disagreement, EFX,SOIL was considered
the more reliable value. Therefore, given that less than 95% of
the PM10 samples fulfilled EFX,SOIL > 10 for the seven loca-
tions, Cr and Pb were concluded to be of mixed origin. Pb has
been related to the combustion of petrochemicals used in in-
dustrial processes (Campos-Ramos et al. 2009). Song et al.
(2015) linked Pb and Cr, among others, with coal industries
given EFs above 10. Cr has also been associated with emis-
sions from cement plants (Gupta et al. 2012).

Co, Ni A similar pattern as previously reported for Mn was
found for the EFCo,SOIL and EFNi,SOIL obtained for the seven
soil locations. In the case of Co, even greater differences were
obtained. For this element, similar results were found between
locations A, B and C, and between E and F. Less than 95 % of
the PM10 samples had EFCo,SOIL < 5 (up to 94 % for location
A). Regardless of the soil sample considered, EFCo,SOIL > 10
were obtained in up to 65 % of the samples for location F. An
example of a PM10 sample that exceeded the threshold of 10
was that obtained on 09/12/2013, when the Co concentration
(0.57 ng Co/m3) was found to be well above the average for
the sampling period (0.08 ± 0.08 ng Co/m3). Higher PM10

levels (42.6 μg PM10/m
3) than the arithmetic mean for the

52 samples (23.4 ± 10.3 μg PM10/m
3) were also obtained on

this day, coinciding with regional air masses that hinder the
dispersion of pollutants and without rainfall either on this
particular day or the previous days. Of the EFCo,UCC, 90 %
remained below 10 and only 6 % of the samples exceeded the
threshold of 20. EFNi,SOIL varied between 0.2 and 623

throughout the sampling period, although less than 85 % of
the samples could be defined as being of non-soil origin.
Similar results were found using the UCC database. Of the
PM10, 69 % presented EFNi,UCC > 20. Ni and Co have been
related to industrial combustion processes (Viana et al. 2008;
Alharbi et al. 2015). In the present study, these two elements
correlated highly (r = 0.91), suggesting a common source for
both which may be related to the nearby industry given the
fuels employed there (see section 2.1).

Mg Location B had the highest (Mg/Al)SOIL, which was close
to 1, whereas the other six soil locations had values in the 0.05–
0.15 range. Therefore, for location B, only 4 % of the PM10

samples exceeded the threshold of 10, while for the others,
more than 54 % of the samples exceeded this value. Using
the UCC database, 48 % of the samples gave EFMg,UCC > 20.
Excluding location B, EFMg,UCC were below the analogous
EFMg,SOIL, as was the case with Na mentioned previously. In
fact, concentrations of these two elements considerably corre-
lated (r = 0.93), indicating a common source. Two PM10 sam-
ples (25 December 2013 and 25 March 2014) coincided with
EFMg,SOIL and EFNa,SOIL above 10 and were collected during
north-western Atlantic episodes. On 25 March 2014, the EFs
reached their maximums for Na and Mg. This day, western
winds were predominant (Online Resource 1, Fig. S2), the
maximum wind speed being 95 km/h (wind direction: 290°)
according to AEMET. Apart from being present in soil, Mg is
characteristic of marine origin (e.g., MgSO4 and MgCl2).
Marine aerosols are emitted due to wind stress at the ocean
surface, i.e., via bubble bursting processes (EEA 2012). This
source could explain the EFMg values.

Ca, Sr, Zr, V, Ba As occurred with Mg, the (Ca/Al)SOIL factor
of location B (1.61) was in discordance with the rest of the soil
locations ((Ca/Al)SOIL in the 0.05–0.13 range) and with the
UCC ratio ((Ca/Al)UCC = 0.16). It thus provided the most con-
servative EFCa,SOIL, the highest value being 7.3. However, more
than 75 % of the samples EFCa,SOIL reached values above 10 for
the other soil locations. It may thus have a different sourcewhich
contributes to Ca in PM10, e.g., sea spray (Adamo et al. 2008),
although no correlations with Na or Mg were found pointing to
such a source. Its origin could also lie in regional transport from
urban zones (e.g., building, construction, demolition, road dust
re-suspension) and cement industries (Campos-Ramos et al.
2009; Alharbi et al. 2015). In fact, there was a cement plant near
the sampling station (at a distance of over 10 km).

Sr, Zr, Vand Ba also showed a mixed origin throughout the
sampling period, with EFX,SOIL > 10 in 40–69, 62–92, 31–79
and 29–56 % of the PM10 samples, respectively. EFX,UCC for
these elements also pointed to a mixed origin. Sr has been
related to soil re-suspension and other anthropogenic sources;
V is usually associated with coal and oil combustion and long-
range transport, while Ba is related to soil and road traffic
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(Hueglin et al. 2005; Adamo et al. 2008; Campos-Ramos et al.
2009; Minguillón et al. 2012; Rogula-Kozlowska et al. 2015).

In a previous study, Ba was related to traffic given its con-
nection to Cu, Bi, Sn and Sb (Megido et al. 2016a). However,
other origins were not ruled out. In view of the EFs, soil may
provide important apportionments to Ba in PM10. Barite ore is
the major natural source of Ba. It is mainly composed of
barium sulphate (BaSO4) and is found in beds or masses in
limestone, dolomite, shales and other sedimentary formations
(ATSDR 2007). Limestone was present at five of the soil
locations and dolomite in locations A and B (Fig. 1).

Mo, Ta, Be, Li, La, Ce Mo presented over 30 % of the
EFMo,SOIL > 10 and EFMo,UCC > 20. Ta provided less than
69 % of the EFTa,SOIL below 5, ranging from 0.1 to 148.
However, EFTa,UCC varied between 0.1 and 36, with 83 % of
the samples indicating a soil origin. Likewise, EFBe,SOIL < 5 in
up to 87% of the PM10 samples depending on the soil location
and EFBe,UCC < 10 in 63% of them. For Li, more than 96% of
the samples at five soil locations pointed to a soil origin (90
and 92 % for the other two locations), the percentage being
54 % when with respect to EFLi,UCC.

Lage et al. (2016) related the local bedrock geochemistry of
the region of Gijón with some elements determined in surface
soil samples (i.e., Hf, K, La, Rb, Sc and Sm). In the present
study, La and Ce correlated highly (r = 0.91). The EFX,SOIL for
these elements were below 5 in more than 90 % of the sam-
ples, except on isolated days when they even took values of
above 10. Soil re-suspension may explain those values.
Hueglin et al. (2005) studied PM10 and PM2.5 in
Switzerland, finding road traffic to be a major emission source
for La and Ce and for Ba, Cu, Mn, Sb, Ca, Fe and Pb. Bouhila
et al. (2015) suggested a soil re-suspension origin for Mn, Hf,
Sc, Cr, and Ce given the low EFUCC and r > 0.5.

Elements of soil origin

The criterion established to distinguish the soil/non-soil origin
of the elements analysed in the 52 PM10 samples was very
restrictive. Therefore, the majority of the elements were con-
sidered as being of mixed origin. Only Ti pointed to soil origin
with the condition that more than 95 % of the samples having
EFTi,SOIL < 5 and 98 % of the cases with EFTi,UCC < 10.
Moreover, Ti and Al correlated with r = 0.81.

Elements in the atmospheric aerosol are brought to the
Earth’s surface or the sea via dry or wet deposition after a
different residence time (Siegel 2002; Nordberg et al. 2015).
Chemical species with a lower residence time in the atmo-
sphere and/or a more difficult path to enter the atmosphere
than Al will present EFs < 1. These two factors will depend
on the physical and chemical properties of the element. EFs
below 1 will indicate that (X/Al)PM10 was below (X/Al)SOIL. In
other words, the element X in PM10 was not found in the same

proportion with Al as it was in soil. Depending on the soil
location considered, between 10 (location A) and 92 % (loca-
tion F) of the PM10 samples presented EFTi,SOIL within the
0.1–1 range. For La and Ce, this was the case in 27–88 and
46–85% of the samples, respectively. In view of these dissim-
ilarities between soil locations, further research is needed re-
garding the residence time of the elements in PM10 as well as
their path to enter the atmosphere. Given that the present study
only addresses the PM10 fraction, the size distribution of these
elements in PM should also be addressed accordingly.

Other elements as the reference element

Ti could be another reliable element to use as R according to
the present EF study and the literature (Cao et al. 2009; Dai
et al. 2015). Other elements such as La and Ce may also be
used, though bearing in mind that they can have sporadic non-
soil contributions, e.g., Moreno et al. (2010) found that high
values of the ratio La/Ce may indicate La emissions from
refineries, whereas low values could point to Ce-emissions
from the ceramic industry. Fe and Mn, which have been
classically used as R, are not recommended, as they may
have a significant anthropogenic influence. Lyu et al. (2015)
used Fe as R to indicate substantial contributions of coal com-
bustion to PM1 based on high EFs for Cd, Se and Pb. Using
Ca and Mg as reference elements, Paulino et al. (2014) con-
cluded that Fe and Cu may originate from brake linings and
associated Zn and Ca with tyre wear.

Using Ti, La and Ce as reference elements, the EFAl,UCC
pointed to a soil origin given that 100 % of the PM10 samples
satisfied EFAl,UCC > 20. EFAl,SOIL fell within the 0.1–9.4 range
for R = Ti. The arithmetic mean (Al/Ti)PM10 of the 52 PM10

samples was 19 ± 14. The highest levels of EFAl,SOIL found
with R = Ti were shown by those PM10 samples with (Al/
Ti)PM10 substantially above the aforementioned mean. The
maximum (Al/Ti)PM10 was 77, due to a low concentration of
Ti in PM10. Using R = Ti, 94 and 92 % of the samples were
found to have EFAl,SOIL < 5 for locations C and F, respectively.
In the case of La and Ce as R, the maximum values of
EFAl,SOIL (0.1–14.2 and 0.1–11.9, respectively) were obtained
for location D for days with high (Al/La)PM10 and (Al/
Ce)PM10. With R = Ti, the elements La and Ce satisfied the
established criteria to be considered of soil origin. Using Ce as
R, Ti and La were found to be of this origin. Similarly, with
R = La, the elements found to be of soil origin were Ti and Ce.

Those elements found to be of non-soil origin with R = Al
in the BNon-soil origin elements^ section (i.e., Bi, Cd, Cu, Na,
Sb, Se, Sn and Zn) were also included in this group using Ti,
La and Ce as the reference elements. Cu was the exception.
With R = La, one soil location (location B) provided 94 % of
the PM10 samples with EFCu,SOIL > 10.

As previously seen, using R = Al, EFX,SOIL and EFX,UCC
presented important discrepancies for some elements. Table 5

720 Environ Sci Pollut Res (2017) 24:711–724



summarises the conclusions drawn for the 32 elements present
in PM10 depending on the reference element considered and
the geochemical database employed. Major differences were
found in the conclusions drawn for some elements. With the
four elements used as R (i.e., Al, Ti, La and Ce), EFNa,UCC
pointed to a mixed origin, whereas EFNa,SOIL clearly revealed
non-soil apportionments.

The conclusions reached from the EFs calculated
using an average soil composition based on 113 local
soil samples within 25 km around the sampling site are
presented in Table 5. It should bear in mind that the
standard deviation was high for some elements (Online
Resource 1, Table S2). Using this database and R = Al,
the elements Ce, La, Li and Ti were associated with soil
origin. Li was also found from soil origin using La and
Ti as R, but not for R = Ce. Bi, Cd, Cu, Na, Pb, Sb,
Se, Sn and Zn were associated with non-soil origin re-
gardless of the R. Additionally, Mo and Tl seemed to
have predominantly non-soil origin with three of the R
used.

Conclusions

EFs have allowed us to distinguish the soil/non-soil origin of
32 chemical species determined in the airborne particulate
matter collected at a suburban station situated in the coastal
city of Gijón (north of Spain). Two databases of soil geochem-
ical composition were used for this purpose: local soil com-
position from seven locations in the surroundings of the sam-
pling station and the Earth’s average upper-crust composition,
which has been frequently used for this purpose. Furthermore,
Al, Ti, La and Ce were considered as reference elements.

The main conclusions drawn from this study are
summarised below:

& Large differences were found between EFs calculat-
ed using the seven soil locations, especially for ele-
ments like Mn and Co. This highlights how easily
results may differ even when using local soil com-
position. The right choice of the reference database
for soil composition is highly important in order to
obtain accurate results.

& In general, the Earth’s average upper-crust composition
gave comparable results to those obtained with the local
soil database. However, the conclusions could differ in
some cases (i.e., Na and Pb).

& Aluminium, an element widely used as the reference in EF
calculations, pointed to predominantly non-soil apportion-
ments for As, Bi, Cd, Cu, Na, Sb, Se, Sn and Zn.

& Ti was the only element found to be exclusively of soil
origin using Al as R.

& The other chemical species analysed were considered of
mixed origin, although soil or non-soil sources may occa-
sionally provide large apportionments.

& La and Ce presented a strong relationship (r = 0.91), with a
non-soil origin being predominant on only a few days.

& Despite being commonly used for this purpose, Fe andMn
were ruled out as possible R given the relevance of non-
crustal apportionments. Ti, La and Ce were considered
reliable reference elements, leading to similar conclusions
to Al.

& Regardless of the reference element considered (i.e., Al,
Ti, La and Ce) or the database used in the EF calculation
(i.e., surrounding soil locations and UCC), the following
elements were found to be of non-soil origin: Bi, Cd, Cu,
Sb, Se, Sn and Zn.

Table 5 Predominantly, soil/non-soil origin for chemical species in PM10 according to EFs calculated using Al, Ti, La and Ce as reference elements

Reference
element

Geochemical database Soil origin Non-soil origin

Al Local soil Ti Bi, Cd, Cu, Na, Sb, Se, Sn, Zn

Average local soil Ce, La, Li, Ti Bi, Cd, Cu, Na, Pb, Sb, Se, Sn, Tl, Zn

UCC Ti As, Bi, Cd, Cu, Pb, Sb, Se, Sn, Tl, Zn

Ti Local soil Ce, La Bi, Cd, Cu, Mo, Na, Sb, Se, Sn, Zn

Average local soil Al, Ce, La, Li Bi, Cd, Cu, Na, Pb, Sb, Se, Sn, Tl, Zn

UCC Al, Ba, Be, Ce, Co, K, La, Rb, Sr, Ta As, Bi, Cd, Cu, Pb, Sb, Se, Sn, Tl, Zn

La Local soil Ce, Ti Bi, Cd, Cu, Mo, Na, Sb, Se, Sn, Zn

Average local soil Al, Ce, Li, Ti Bi, Cd, Cu, Na, Pb, Sb, Se, Sn, Tl, Zn

UCC Al, Ba, Ce, Co, K, Li, Rb, Sr, Ta, Ti Bi, Cd, Cu, Mo, Pb, Sb, Se, Sn, Zn

Ce Local soil La, Ti Bi, Cd, Cu, Mo, Na, Sb, Se, Sn, Zn

Average local soil Al, La, Ti Bi, Cd, Cu, Mo, Na, Pb, Sb, Se, Sn, Tl, Zn

UCC Al, Ba, Co, K, La, Li, Rb, Sr, Ta, Ti Bi, Cd, Cu, Mo, Pb, Sb, Se, Sn, Zn
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Although being widely applied in the past, EFs are still
very present in the current studies. The way in which this
methodology is applied may affect the conclusions of the
findings. The comparisons of the results from the EF using
several elements as R and geochemical databases constituted a
reliable basis for overall conclusions regarding the soil/non-
soil origins of each analysed chemical species in PM10.
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a b s t r a c t

PM10 from a suburban site in the northwest of Spain was assessed using data from chemical de-
terminations, meteorological parameters, aerosol maps and five-day back trajectories of air masses.
Temporal variations in the chemical composition of PM10 were subsequently related to stationary/
mobile local sources and long-range transport stemming from Europe and North Africa.

The presence of secondary inorganic species (sulphates, nitrates and ammonium) in airborne partic-
ulate matter constituted one of the main focuses of this study. These chemical species formed 16.5% of
PM10 on average, in line with other suburban background sites in Europe. However, a maximum of 47.8%
of PM10 were recorded after several days under the influence of European air masses. Furthermore, the
highest values of these three chemical species coincided with episodes of poor air circulation and in-
fluxes of air masses from Europe. The relationship between SO4

2- and NH4
þ (R2 ¼ 0.57, p-value<0.01) was

found to improve considerably in summer and spring (R2 ¼ 0.88 and R2 ¼ 0.87, respectively, p-
value<0.01), whereas NO3

� and NH4
þ (R2 ¼ 0.55, p-value<0.01) reproduced this pattern in winter

(R2 ¼ 0.91, p-value<0.01). The application of a receptor model to the dataset led to the identification of
notable apportionments due to road traffic and other types of combustion processes. In fact, large
amounts of particulate matter were released to the atmosphere during episodes of biomass burning in
forest fires. On isolated days, combustion was estimated to contribute up to 21.0 mg PM/m3 (50.8% of
PM10). The contribution from industrial processes to this source is also worth highlighting given the
presence of Ni and Co in its profile. Furthermore, African dust outbreaks at the sampling site, charac-
terised by an arc through the Atlantic Ocean, were usually associated with a higher concentration of
Al2O3 in PM10.

Results evidenced the relevance of stationary (i.e., steelworks and thermal power station) and mobile
sources in the air quality at the suburban site under study, with important apportionments of particulate
matter coming from road traffic and as consequence of releasing precursor gases of secondary particles
to the atmosphere.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Human activities influence environmental sustainability. The
release of pollutants to the environment must be managed in away
that reduces their impact on ecosystems (Schaubroeck et al., 2016).
In particular, air quality plans have to be designed to abate gaseous
precursors of secondary aerosol (inorganic and organic), which
represents between 40 and 71% of PM10 in Europe depending on
the location (Amato et al., 2016).

In the case of secondary inorganic aerosol (SIA), which includes
sulphates, ammonium and nitrates, the gas-to-particle trans-
formation is the most important contributor (Sun et al., 2015). The
origin of its precursor gases (NOX, SOX and NH3) may be either
natural or anthropogenic. These gases may be released by local
sources or originate from distant locations as a result of long-range
transport, the latter being highly dependent onweather conditions

mailto:luis.negral@upct.es
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(Di Gilio et al., 2015). Moreover, secondary inorganic compounds
could be more concentrated during African dust outbreaks,
together with mineral dust and other trace elements (Fern�andez-
Camacho et al., 2016). The contribution of different sources to
airborne particulate matter (PM) has been widely estimated in air
quality studies via the application of what are known as receptor
models (Jorquera and Barraza, 2013; Taiwo et al., 2014). These
statistical approaches are based on pollutant concentrations
determined at a sampling location (receptor site) and do not
require direct measurements or emission inventories as in other
types of source apportionment methodologies (Alleman et al.,
2010). Examples of broadly implemented receptor models are
Principal Component Analysis (PCA) and Positive Matrix Factor-
ization (PMF) (Fern�andez-Olmo et al., 2016).

Although it is not necessary to characterise each possible source
of PM to apply a receptor model (Padoan et al., 2016), it is essential
to infer the emission sources correctly from the principal compo-
nents provided by the models. The commonly named marker ele-
ments or tracers provide clues regarding the sources that may be
associated with each factor given by the model. The perfect tracer
would be unique to one source, constant (regardless of operational
and environmental conditions), inert and very precisely measured
(Khalil and Rasmussen, 2003). Nevertheless, it is not unusual to find
the same element reported in the literature as a tracer of several
sources, thus giving rise to dissimilar conclusions (Taiwo et al.,
2014). Given PM is highly influenced by meteorology (Li et al.,
2016), the aforementioned difficulty can be overcome via the
study of meteorological factors that affect air quality. Dispersion of
pollutants in the atmosphere, wind, solar radiation and topography
are amongst the most important (Di Gilio et al., 2015). Some of
these factors are essential to assess the seasonal behaviour of sec-
ondary species.

The aim of this study was to identify relevant sources of PM10 at
a suburban location where road traffic and nearby industrial ac-
tivities were thought to influence air quality. Special attention was
paid to secondary inorganic species and days with higher levels of
pollution, when these species represented the largest fraction of
PM10. To this end, results from a receptor multivariate model,
several meteorological parameters, five-day back trajectories of air
masses and aerosol maps were simultaneously analysed. Variations
in the chemical composition of PM10 were subsequently related to
stationary/mobile local sources and long-range transport stem-
ming from Europe and North Africa. Results were compared with
other studies carried out in the area that used a different approach
and with other European suburban background sites in order to
provide useful information for managing air quality.

2. Materials and methods

2.1. Receptor site

The sampling area was situated at a suburban site (43º31023.100N
5º37016.200W) in the east of Gij�on, a city in north-western Spain.
Fig.1 shows the location of the sampling station, as well as themain
industrial activities in the area: port facilities, a cement plant,
coalfield, coal-fired power plant, steelworks and industrial com-
plexes. Activities at the complexes encompass aluminium produc-
tion, galvanizing, the manufacture of refractory products, iron
casting, the melting of aluminium scrap and the production of
metallic structures and wires (Gobierno del Principado de Asturias,
2014).

2.2. Gravimetrical and chemical determinations

Three hundred and seventy-five daily samples of PM10 were
collected over microfibre filters during the period July 2013eJuly
2014, using a high-volume samplerMCV CAV-A/MSb (30m3/h). The
filter material was composed of either glass or quartz microfibres.
PM10 levels were gravimetrically determined from all the samples.
Fifty-two PM10 samples were collected over quartz matrixes once a
week and, subsequently, chemically processed to analyse their
composition. The sampling day was alternated to obtain samples of
all days of the week, thirteen samples being collected at weekends
and twenty-three during raining days (above 1.0 mm).
2.2.1. Analytical and indirect determinations
The PM10 samples were acid digested; Al, As, Ba, Be, Bi, Ca, Cd,

Ce, Co, Cr, Cu, Fe, K, La, Li, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sb, Se, Sn, Sr,
Ta, Ti, Tl, V, Zn and Zr in PM10 were determined by inductively
coupled plasma mass spectrometry. Organic and elemental carbon
(OC and EC) were quantified by means of a thermo-optical method.
Ion chromatography was used to analyse four soluble chemical
species (Cl�, NH4

þ, NO3
� and SO4

2-). Al2O3 was stoichiometrically
calculated from Al. Organic matter (OM) was estimated from
organic carbon (OC), applying a factor of 1.2, which has been used in
sampling locations close to traffic (Amato et al., 2016). Further
details about the equipment and the methodology are provided in
the supplementary material.
2.3. Receptor model: PCA-MLRA

The receptor model used to study source apportionment was
PCA, applying Statistica software. The chemical compositions of the
fifty-two samples were used in the PCA, twenty-eight chemical
species being introduced in the analysis as variables (see
supplementary material). Varimax rotation, a procedure to maxi-
mise the explained variance, was used to explore the relationship
between variables. Principal components with eigenvalues higher
than 1 were retained, as in Negral et al. (2008). Multi-Linear
Regression Analysis (MLRA) was used to model PM10 as the
dependent variable, as well as the concentration of the chemical
species used in the PCA. The percentage contribution of a specific
factor to the predicted PM10 was calculated as the sum of the
predicted PM10 for the fifty-two samples for this factor divided by
the total concentration of predicted PM10 considering all factors.
2.4. Meteorological parameters

Fig. 1 shows the wind rose obtained from data recorded at the
sampling location by the Spanish Meteorology Agency (AEMET)
since October 2013. The predominant wind directions between
October 2013 and July 2014 were East, Southeast and West. Infor-
mation from AEMET on maximum wind speed and wind direction
for each sampling day was used to build polar plots of the con-
centration of the analysed chemical species in PM10. These graphs
were useful in identifying their most likely sources, given that they
would be situated in thewind directions that have higher values (Yi
and Hwang, 2014). Other tools used to support data interpretation
were: dust concentrations predicted by the SKIRON forecasting
model, images from the BSC-DREAMS8b model, the NAAPS Global
Aerosol Model and the analysis of five-day isentropic back trajec-
tories (ending at 12:00 UTC) calculated at three heights (750, 1500,
2500 m above sea level) with HYSPLIT model from NOAA (Stein
et al., 2015). The study of five-day back trajectories led to classi-
fying the air mass origin as Northern Atlantic (AN), North-western
Atlantic (ANW), Western Atlantic (AW), South-western Atlantic
(ASW), Northern African (NAF), Mediterranean (ME), European
(EU), and Regional (RE).



Fig. 1. Wind rose and location of the sampling site and nearby industrial activities: 1) limestone quarry; 2) port facilities; 3) cement plant; 4) coalfield; 5) coal-fired power plant; 6)
steelworks; 7) industrial complexes; and 8) landfill.
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3. Results and discussion

Sulphates, nitrates and ammonium, together with the carbo-
naceous fraction, were themajor components of PM10 in the east of
Gij�on. In a previous study (Megido et al., 2016c), carbonaceous
particles were found predominant in the coarse fraction of PM,
being mainly deposited in the extrathoracic region of the human
respiratory tract. In the case of sulphates and nitrates, Li et al.
(2016) found that were mainly in the fine size fraction of PM (i.e.,
PM1), which implies that they would reach deeper regions of the
respiratory system, thereby posing a health risk.

Sulphates, nitrates and ammonium represented more than 4%
on average of the overall PM10 mass (SO4

2-: 6.5%; NO3
�: 4.4%; NH4

þ:
5.6%), the contribution from SO4

2- being the most notable, up to
22.1% of PM10 (Figs. S1 and S2). Fig. 2 presents a line chart of the
PM10 levels determined in the fifty-two collected samples. Addi-
tionally, the stacked area chart indicates the total contribution of
SIA to PM10, calculated as the sum of the individual apportion-
ments of SO4

2-, NO3
� and NH4

þ to PM10 in each sample. The
Fig. 2. PM10 (line chart) and SIA (stacked area chart displaying in different colour
contribution of each chemical species is differentiated inside the
stacked area by means of a different pattern. These concentrations
represented 16.5% of PM10 on average. The maximum (47.8% of
PM10) was recorded on 16 March 2014 after several days (12e16
March 2014) with negligible precipitation rate (<1.0 mm) and in-
fluxes of air masses from Europe (EU), according to the HYSPLIT
five-day back trajectories (Fig. 3). The NAAPS maps (Fig. 3) also
show the arrival of sulphates from the European continent.

Pey et al. (2009) found levels of SIA of 7.8 mg SIA/m3 (27% of
PM10) at a suburban site inMallorca (Spain). These levels were high
in comparison with those of other urban and industrial locations in
northern Spain, but similar to those from regional and urban sites
on the Spanish Mediterranean coast. Qadir et al. (2014) found that
PMF factors of secondary sulphate and secondary nitrate presented
similar contributions to PM10 (approximately 6.2 mg PM/m3 and
4.3 mg PM/m3, respectively) in eight urban/suburban/residential
background sites studied during winter in Augsburg (Germany).
Amato et al. (2016) highlighted the importance of secondary
aerosol at an urban background site in Barcelona (Spain), where
s the percentage in which SO4
2-, NO3

� and NH4
þ contributed to the overall SIA).



Fig. 3. Observation of sulphate-enriched European air masses reaching Gij�on: NAAPS
maps and HYSPLIT five-day back trajectories from 12 to 16 March 2014.
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they found mean levels of 1.99 mg SO4
2-/m3, 1.99 mg NO3

�/m3 and
0.60 mg NH4

þ/m3, the sum of these three accounting for 20.3% of
PM10. Higher values were found at a suburban location in Athens
(Greece), with 29.7% of PM10 on average. These authors pointed out
the importance of reducing their gaseous precursors. In the sur-
roundings of the sampling area, the main emitters of gaseous
precursors of secondary particles were road traffic, steelworks,
coal-fired power station and cement plant (Fig. 1). The three in-
dustries exceeded the notification threshold of NOX in 2013 and
2014. The coal-fired power station and the steelworks also reported
data on SOX emissions, and the cement plant on NH3 (PRTR-Spain1).

3.1. Seasonal pattern of secondary chemical species

The contribution of secondary inorganic species to PM10 was
found to vary depending on the season (Table S3). SO4

2-, NO3
� and

NH4
þ showed greater variability in winter, when the mean daily

temperatures fell within the 6.3e15.1 �C range (10.3 �C on average,
n ¼ 87 days). The minimum temperatures were as low as 0.4 �C,
while the maximum temperatures reached up to 23.8 �C.

Sulphates presented the greatest mean concentration in sum-
mer (2.50 mg SO4

2-/m3) and the lowest in winter (1.06 mg SO4
2-/m3),

reaching their limit values during these seasons (maximum: 7.10 mg
SO4

2-/m3 on 1 August 2013 (<1 mm of precipitation); minimum:
0.14 mg SO4

2-/m3 on 4 February 2014 (4.0 mm of precipitation)). The
maximum was recorded after two days (from 31 July 2013 to 1
August 2013) characterised by low air mass circulation, i.e., under
RE. This situation combined with the fact that sulphates and ni-
trates remain in the atmosphere for 3e9 days (Belis et al., 2013),
may explain the high levels registered. According to these authors,
SO4

2-, NO3
� or NH4

þ are usually associated with dust minerals or
metals when applying PMF or PCA due to their similar residence
time in the atmosphere.

The polar plot of sulphate concentrations as a function of the
direction of maximumwind speed (Fig. 4) shows the highest levels
originating from the sea, in the 330e45� sector (Fig. 1). These levels
were recorded on days under EU, RE or AN. In general, the afore-
mentioned air mass origins coincided with the highest levels of
sulphates determined in PM10, with mean levels of 2.62 mg SO4

2-/
m3, 2.25 mg SO4

2-/m3 and 1.83 mg SO4
2-/m3, respectively. The

maximum levels reached under these conditions were 7.10 mg SO4
2-/

m3 (1 August 2013), 4.61 mg SO4
2-/m3 (25 July 2014) and 3.70 mg

SO4
2-/m3 (14 June 2014), respectively. Given the values recorded

under EU, not only local emissions seemed to be relevant sources;
long-range transport could also explain this pattern.

The seasonal trend observed in sulphate levels may be due to
higher solar intensity during the warmest months of the year,
favouring photochemical reactions that give rise to secondary sul-
phate (Sun et al., 2015). These authors found a strong relationship
(R2 > 0.7) between SO4

2-eNH4
þ and NO3

�eNH4
þ in a commercial and

residential area of Seoul (Korea). In the present study, SO4
2- and NH4

þ

presented a correlation with R2 ¼ 0.57 (p-value<0.01), which
greatly improved in summer and spring (summer: R2 ¼ 0.88,
spring: R2 ¼ 0.87, winter: R2 ¼ 0.68, autumn: R2 ¼ 0.67, p-
values<0.01) (supplementary material).

Nitrates also showed seasonality (Table S3), with greater con-
centrations during winter days (mean: 1.55 mg NO3

�/m3). The
maximum value (7.87 mg NO3

�/m3) was determined on 16 March
2014, <1.0 mm of precipitation being recorded during this day and
the previous twelve days. Due to the higher temperatures, NH4NO3
breaks down in summer to form HNO3. In fact, the formation of
1 http://www.en.prtr-es.es/Informes/InventarioInstalacionesIPPC.aspx (Accessed
5 June 2016).

http://www.en.prtr-es.es/Informes/InventarioInstalacionesIPPC.aspx


Fig. 4. Polar plots of the concentration, in ng/m3, of SO4
2-, NO3

�, NH4
þ, Fe, Mn, Zn, Pb and Ni as a function of the direction of maximum wind speed from October 2013 to July 2014

(n ¼ 39).
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secondary particles of this type is favoured by low temperatures
and high humidity (Sun et al., 2015). These authors also reported a
maximum (8.9 mg NO3

�/m3) in winter. As previously stated, sul-
phates presented low values on winter days in our study. Thus, the
mass ratio of NO3

�/SO4
2� reached higher values during the coldest

months of the year (up to 2.69 on 16March 2014); the lowest values
of the ratio being found in summer (summer: 0.36; autumn: 1.11;
winter: 1.09; spring: 0.96). Li et al. (2016) reported high values of
the NO3

�/SO4
2� ratio with pollution events and vehicle emissions in

Beijing (China). In Seville (Spain), Fern�andez-Camacho et al. (2016)
found variations in NO2, a precursor of NO3

� particles, which they
related to road traffic emissions and atmospheric dynamics2.
2 Directions of maximumwind speed were only available for thirty-nine samples
(section 2.4). The polar plot of Ni shows the concentration of 38 samples given that
its maximum was an outlier (24.0 ng Ni/m3 on 9 December 2013 within 110� of
maximum wind speed).
As for ammonium, its maximum during the sampling period
was determined the same day as in the case of nitrates (9.80 mg
NH4

þ/m3 on 16 March 2014) and its minimum, in spring (0.01 mg
NH4

þ/m3 on 2 April 2014, 7.4 mm of precipitation being recorded
this day and <1.0 mm in the previous six days) (Table S3).
Furthermore, the highest levels of NH4

þ and NO3
� were found along

the same directions of maximumwind speeds (0e45�) (Fig. 4) of air
masses entering from the coast. As with sulphates, the highest
values of nitrates and ammoniumwere recorded under EU (3.72 mg
NO3

�/m3 on 10 April 2014 and 5.86 mg NH4
þ/m3 on 1 August 2013),

RE (7.87 mg NO3
�/m3 and 9.80 mg NH4

þ/m3 on 16March 2014) and AN
(5.13 mg NO3

�/m3 and 5.8 mg NH4
þ/m3 on 17 March 2014). The rela-

tionship between NO3
� and NH4

þ had a R2 ¼ 0.55 (p-value<0.01),
being very strong in winter and weaker in summer (winter:
R2 ¼ 0.91, p-value<0.01; spring: R2 ¼ 0.52, p-value<0.01; autumn:
R2 ¼ 0.34, p-value<0.05; summer: R2 ¼ 0.08, p-value>0.05).



Table 1
Factor loading matrix provided by PCA using varimax rotation (loadings >0.4 in bold).

Chemical species Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

Road traffic Mineral dust/Sulphates Marine aerosol Steelworks Combustion Secondary aerosol

Al2O3 0.100 0.799 0.032 0.185 0.149 0.106
Ba 0.750 0.393 0.029 0.207 0.117 0.102
Bi 0.742 0.390 0.068 0.362 0.130 0.198
Ca 0.604 0.387 0.331 0.303 0.244 �0.029
Ce 0.381 0.779 �0.064 0.096 0.070 0.162
Cl� 0.151 �0.159 0.844 0.051 �0.058 �0.135
Co 0.327 0.292 �0.046 0.153 0.824 0.180
Cu 0.936 0.141 0.081 0.185 0.074 0.036
EC 0.916 0.030 0.103 0.202 0.119 �0.122
Fe 0.339 0.215 0.180 0.769 �0.013 0.006
K 0.667 0.309 0.263 0.117 0.478 0.247
La 0.215 0.836 0.004 0.070 0.103 0.301
Mg �0.018 0.064 0.960 0.055 �0.043 0.115
Mn 0.236 0.275 �0.012 0.713 �0.103 �0.119
Na �0.068 �0.076 0.945 0.010 �0.033 �0.046
NH4

þ 0.089 0.302 �0.137 0.048 0.092 0.887
Ni 0.168 0.048 �0.082 �0.001 0.931 0.038
NO3

� 0.217 0.140 0.141 �0.041 0.102 0.787
OM 0.759 0.117 �0.096 0.029 0.481 0.121
Pb 0.218 0.167 0.066 0.659 0.332 0.387
Rb 0.233 0.492 0.150 0.385 0.398 0.203
Sb 0.822 0.289 0.088 0.164 0.093 0.111
Sn 0.843 0.066 �0.055 0.232 0.057 0.132
SO4

2- �0.123 0.410 �0.101 0.279 0.052 0.689
Sr 0.416 0.386 0.724 0.216 0.123 0.011
Ti 0.373 0.823 0.015 0.143 0.061 0.299
V 0.087 0.520 �0.142 0.331 0.094 0.424
Zn 0.278 0.020 0.074 0.821 0.138 0.176

Variance (%) 23.9 16.1 12.2 11.2 9.0 9.8

Predicted PM10 (%) 24.7 12.8 15.2 2.6 11.1 33.6
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3.2. Sources of PM10 obtained by PCA-MLRA

Six factors were extracted using PCAwhich described 82% of the
data variance. The factorial loading matrix is shown in Table 1; the
main chemical species that supported the obtained factors have
been highlighted in bold; i.e., loadings above 0.4, as in Godoy et al.
(2005). Each factor was characterised by few of these chemical
species, which are generally considered tracers of different sources
as previously mentioned in the introduction section. On this basis,
each factor was named in accordancewith the associated source: 1)
road traffic; 2) mineral dust and sulphates; 3) marine aerosol; 4)
steelworks; 5) combustion; and 6) secondary aerosol. Table 1 also
shows the contribution of each source to the total PM10 mass
predicted by MLRA throughout the sampling period. The lineal
correlation between the empirical data and the predicted PM10
presented a R2 ¼ 0.92 (p-value<0.01).
3.2.1. Factor 1: road traffic
The first factor explained 23.9% of the variance and was heavily

loaded with Ba, Bi, Cu, EC, OM, Sn and Sb. EC and OC are commonly
related to exhaust fumes from road traffic (Taiwo et al., 2014).
Furthermore, this factor was consistent with the results obtained at
the same location in a previous study aimed at identifying traffic
tracers by means of elemental ratios and linear correlations
(Megido et al., 2016a). All the aforementioned species were then
associated with traffic, non-exhaust emissions (e.g., brake wear)
being the most likely origin for Cu, Sb, and Sn. This showed that
unsophisticated techniques based on simple mathematical calcu-
lations can be useful in source apportionment studies. The
maximum levels of Factor 1 were predicted for working days, up to
20.15 mg PM10/m3 on 17 December 2013. Yi and Hwang (2014)
reported the highest values (10.35 mg PM10/m3) of a factor
characterised by OC, EC, Ca, Fe, K, Zn and Pb during weekdays,
relating it to motor vehicles. Based on the above, Factor 1 was
linked to road traffic.

Road dust re-suspension may explain the contribution of min-
eral elements such as Ca, Fe, K, Mn and Sr to this source (Jorquera
and Barraza, 2013; Lin et al., 2016), although other possible ori-
gins cannot be ruled out. Srimuruganandam and Nagendra (2012)
pointed to ash fractions of diesel exhausts to explain Ba, Zn, Fe,
Al, K, Ca and Naþ in PM10. Moreover, these researchers linked Zn
and Ca to an oil component and Fe to several traffic-related sources:
the doping of diesel with ferrocene, metal wear in the exhaust
system, and road dust.
3.2.2. Factor 2: mineral dust and sulphates
Factor 2 represented 12.8% of the predicted PM10, with Al and Ti

being major contributors. The origin of mineral dust could be local
resuspension, African dust transport, fugitive emissions from
quarries and/or road dust resuspension. This source may be char-
acterised by several elements, such as Al, K, Ca, Fe, Mg, Li, Ti, Rb, Sr
and Mn (Negral et al., 2008; Pandolfi et al., 2011; Yubero et al.,
2011). In the present study, apart from Al and Ti, the rest of the
aforementioned elements had low loadings in Factor 2, high-
lighting La and Ce instead. Padoan et al. (2016) applied different
source apportionment techniques to infer the sources of PM10 in
the Piedmont Region (Italy), explaining a factormainly loaded by Ce
and La as some kind of mineralogy association. Godoy et al. (2005)
linked a factor, in which La and Ce had loadings of 0.9, with soil
resuspension as a source of coarse particles. Lin et al. (2016) also
reported that La is mainly linked to geological sources and petro-
leum refining. The latter source is ruled out in the present study, as
no facilities of this type were located in the surroundings of the
sampling area.



L. Megido et al. / Journal of Environmental Management 189 (2017) 36e4542
African dust outbreaks may be one of the possible sources of
mineral PM in the study area in the northwest of Spain. Air masses
from the African continent describe an arc through the Atlantic
Ocean, crossing the Iberian Peninsula from northwest to southeast
(Negral et al., 2012). Fig. 5 presents five-day back trajectories for the
period 9e12 January 2014 when therewas an African dust outbreak
(MAGRAMA, 2015) describing the aforementioned scenario. The
chemical composition of PM10 was analysed on 10 January 2014,
80%, 63%, 71% and 62% of the predicted Al2O3, Ti, La and Ce being
respectively associated with Factor 2. Assuming their primarily soil
origin of Al, Ti, La and Ce, Megido et al. (2016b) calculated enrich-
ment factors using Al, Ti, La and Ce as reference elements to assess
the anthropogenic influence on PM10 at this location, no major
differences being found. It is worth mentioning that mineral dust is
expected to have a lower contribution in finer fractions of PM, given
that this component is predominant in the coarse fraction (P�erez
et al., 2016).

Another African dust outbreak occurred on 12 and 13 December
2013 (MAGRAMA, 2014). No rainfall was registered during those
days, nor on the following days. As the aforementioned days were
under RE (i.e., poor air circulation), pollutant accumulation was
favoured. SKIRONmaps predicted a total dust load of 10e500mg/m2

and 1e10 mg/m3 of dust concentration near the ground in the sam-
pling area on 17 December 2013. That day, the PCA-MLRA model
predicted that 4.6 mg PM10/m3 was due to Factor 2, which repre-
sented 12.5% of the 37.0 mg predicted PM10/m3, with a major
contribution of Al2O3 (84% of total predicted Al2O3 for that day).

In general, Factor 2 reached maximum levels on days preceded
by periods with a low precipitation rate, under EU or RE. The
apportionment of this second factor to the overall predicted PM10
was relatively high (Table 1). This resulted from the contribution of
sulphates to Factor 2. As previously stated, SO4

2- was one of the
largest chemical species in PM10 at this location (mean: 1.56 mg
SO4

2-/m3). Factor 2 had 24.3% of the overall predicted sulphate
concentration associated with it. For this reason, it was referred to
as “mineral dust and sulphates”. Other authors (Harrison et al.,
1997; Yubero et al., 2011) also identified a mineral source from a
factor inwhich sulphates were present. The association of SO4

2- with
dust minerals or metals (e.g., V) is not surprising given their similar
residence time in the atmosphere (section 3.1). The sulphate con-
centration reached maximum levels in Factor 2 on 16 July 2014 and
26 September 2013, both characterised by a negligible rainfall on
previous days. Furthermore, the three previous days were under EU
in the first case and RE in the second one.

3.2.3. Factor 3: marine aerosol
Na, Cl� and Mg, markers of sea-salt (Khalil and Rasmussen,

2003; Pandolfi et al., 2011), were predominant in the third factor.
Fig. 5. Five-day air mass back trajectories during a
Thus, Factor 3 was defined as marine aerosol. This factor contrib-
uted to PM10 in 3.54 mg PM/m3 on average (maximum: 10.48 mg
PM/m3). The importance of the apportionment of this source to
PM10 at the sampling site was expected due to its location near the
Bay of Biscay coastline (Fig. 1). Spanish coastal sites in the Medi-
terranean area registered lower annual mean values of sea spray
(2.9 mg PM/m3) than those from locations on the Atlantic (Pey et al.,
2009). Given the sampling location and the strong relationship
between Na and Mg (R2 ¼ 0.86, p-value<0.01), these two elements
seemed to originate from amarine source. Sr, an element present in
seawater as Sr2þ (SEC, 2011), also presented an important loading
in Factor 3, which is quite common in sea-spray factors (Alleman
et al., 2005; Harrison et al., 2003). The major ions in sea-spray
aerosol are Cl�, Naþ, SO4

2-, Mg2þ, Ca2þ and Kþ (SEC, 2011). Thus, K
and Ca may also originate frommarine sources (Srimuruganandam
and Nagendra, 2012). According to the model, Factor 3 constituted
the fourth main source of K and the third of Ca (11.4% and 17.5% of
the total predicted K and Ca, respectively). Given marine compo-
nents are mainly in the coarse fraction (Pey et al., 2009), lower
contributions are expected of marine aerosol for finer fractions of
PM.

No major variations were found in the concentrations of Na
depending on the season. In fact, the mean in the cold period
(OctobereMarch) was 1.10 mg Na/m3 (0.17e3.72 mg Na/m3), while in
the warm period (AprileSeptember), it was 0.92 mg Na/m3

(0.07e2.33 mg Na/m3). The levels of Cl� showed a more pronounced
difference, however, with mean values of 1.58 mg Cl�/m3 in the cold
period (0.37e7.16 mg Cl�/m3) and 0.94 mg Cl�/m3 in the warm
period (0.06e5.18 mg Cl�/m3). Yi and Hwang (2014) found the
marine source without the presence of chlorides, in which case it
was called “aged” marine aerosol. These researches considered the
lack of Cl� as a result of a reaction between NaCl and HNO3 and/or
H2SO4, giving rise to Na2SO4, NaNO3 and HCl (gas). NH4NO3 breaks
down at high temperatures, favouring the appearance of HNO3,
which may result in greater apportionments of aged sea salt in the
warmer seasons (Yubero et al., 2011). The EU guidelines for
demonstrating natural sources (SEC, 2011) consider Na a better
tracer of sea spray than Cl�. According to these guidelines, sea salt is
the main contributor to marine aerosol and can be calculated as
3.27 times the concentration of Na (assuming that it is only made
up of NaCl), which would lead to 14.5% of PM10 being sea salt. The
PCA-MLRA model explained practically all the Na (95.7% of the
predicted Na, R2 ¼ 0.89, p-value<0.01) by means of Factor 3,
forming 15.2% of the predicted PM10.

3.2.4. Factor 4: steelworks
The profile of Factor 4 was mainly defined by Fe, Mn, Pb and Zn.

The PCA-MLRA predicted a contribution from Factor 4 to the overall
n African dust outbreak (9e12 January 2014).
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mass of each of these elements of 62%, 65%, 52% and 75%, respec-
tively. Fern�andez-Olmo et al. (2016) associated Fe, Mn and Zn in
PM10 with local iron foundry and casting plants. As Fe is frequently
found near steelworks, this element is considered a good tracer of
iron and steel manufacturing (Lin et al., 2016). Using scanning
electronic microscopy with energy dispersive X-ray spectroscopy
and imaging techniques, Fe-rich particles in PM10 were found in
the area under study (Su�arez-Pe~na et al., 2016). Moreover, Almeida
et al. (2015) carried out a study at the steelworks located to the
west of the sampling area (Fig. 1). These authors related Fe, Mn, Pb
and Zn with basic oxygen steelmaking and the sinter plant. In
general, the polar plots of the concentrations of these four elements
as a function of the direction of maximum wind speed (Fig. 4)
showed higher levels in the directions 260e30�. The steelworks
were located within that sector. However, high concentrations of
Fe, Mn and Zn in PM10 were recorded within 160� of the maximum
wind speed (47 km/h) on 21 October 2013. That day, the five-day
back trajectories of air-masses pointed to AW. Based on the
above, Factor 4 was associated to steelworks.

3.2.5. Factor 5: combustion
This factor was defined by Ni, Co, K and OM. The latter chemical

species played a very important role in this factor, given its high
concentrations in PM10 of up to 23.07 mg OM/m3 (mean value:
6.14 mg OM/m3). Factor 5 maximised on 8e9 December 2013,
apportioning up to 21.0 mg predicted PM10/m3 on the second of
these days (50.8% of the predicted PM10). The concentrations of the
overall PM10 and K determined that day (42.6 mg PM10/m3 and
0.45 mg K/m3) were well above their means for the sampling period
(19.1 mg PM10/m3 and 0.17 mg K/m3). Moreover, the maximums of
OM were registered on those days: 23.1 mg OM/m3 on 8 December
2013 and 20.7 mg OM/m3 on 9 December 2013. Kþ is good tracer of
wood and biomass combustion (Watson et al., 2001). K and Rbwere
found to be somewhat related (R2 ¼ 0.47, p-value<0.01). In fact, on
9 December 2013, 71.1% of the predicted Rb mass was explained
only by Factor 5. Rb has also been associated with biomass burning
(Godoy et al., 2005).

On the one hand, the facts reported above pointed to biomass
combustion as a possible source to be associated with Factor 5. In
fact, the period 7e11 December 2013 was identified by theMinistry
of Agriculture, Food and Environment of Spain as days with a high
probability of being affected by biomass combustion in forest fires
(MAGRAMA, 2014). According to NAAPS, the smoke surface con-
centration in the northwest region of Spain varied between 1 and
16 mg/m3 on those days (about 1e4 mg/m3 in the area of the sam-
pling location). Occasionally, the uncontrolled burning of stubble,
bushes or natural grasses causes fires in woodlands and forest
masses, which can have more or less serious environmental con-
sequences depending on climatological conditions (humidity, wind
speed, temperature …). Controlling combustion events as such is
important from the point of view of preserving forests, but also to
prevent major emissions of PM to the atmosphere. According to
Khalil and Rasmussen (2003), combustion processes of this type
involve high levels of OC, EC and K in PM and CH3Cl, CO and H2 in
the gas phase. These authors reported much lower EC/OC ratios in
the emissions originating from wood combustion than in those
from vehicles or oil furnaces, given that the former occurred at a
lower temperature and thus produced more OC. The EC/OC ratio
obtained for Factor 1 (traffic) was 0.34, whereas for Factor 5 it was
0.06.

On the other hand, the presence of Ni and Co in Factor 5 may
also indicate industrial combustion (Alharbi et al., 2015). Ni is
emitted by petroleum and coal combustion and NieV are tracers of
oil burning (Negral et al., 2008). In this study, however, these two
elements did not seem to be linked, while V was associated with
the secondary aerosol, as in Harrison et al. (1997). These authors
found K and Ni related to coal combustion. In their case, the rela-
tionship was clearer than in the present study, as the source profile
included As, which is a good tracer of this source. Padoan et al.
(2016) also defined a source of fossil fuel combustion and
biomass burning by K and Ni. Fig. 4 presents the polar plot of Ni as a
function of the direction of maximum wind speed. The maximum
concentration (24.0 ng Ni/m3 on 9 December 2013) was not
included in the polar plot as this value was an outlier compared to
the rest of the dataset. In general, the highest levels came from the
300e30� sector. Considering that there was a coal-fired power
station and a coalfield at a distance of less than 10 km in this sector
(Fig. 1), Factor 5 could reflect the PM emissions from these facilities.
Rout et al. (2015) associated a PCA factor with high loadings (>0.7)
of Ni, Co and Cr with coal dust. In fact, these authors suggested that
volatile elements like Co and As could be released from coal com-
bustion, whereas non-volatiles such as Ni, Cu and Cr may originate
from coal dust and ashes.

Considering all the above, Factor 5 was associated to low and
high temperature combustion processes.

3.2.6. Factor 6: secondary aerosol
Given SO4

2-, NO3
� and NH4

þ were present in Factor 6 with high
loadings, this was called secondary aerosol. The presence of metals
such as V and Pb in this factor has to do with their residence times
in the atmosphere (section 3.2.2). Factor 6 contributed 33.6% to the
overall predicted PM10 (Table 1). Although the quantification of
source apportionments provided by PCA-MLRA may not be highly
precise, it is clear that the contribution of secondary species to PM
was quite substantial in this suburban area.

4. Conclusions

PM10 from a suburban site in the northwest of Spain was
assessed using data from chemical determinations, meteorological
parameters, aerosol maps, the study of five-day back trajectories of
air masses and the results from a PCA-MLRA receptor model. The
secondary inorganic chemical species in airborne PM were the
main focus of attention.

Sulphates, nitrates and ammonium formed 16.5% of PM10 on
average, in line with other suburban background sites in Europe.
However, a maximum of 47.8% of PM10 was recorded after several
days under the influence of air masses from Europe. These sec-
ondary species showed seasonality, with the highest concentra-
tions of sulphates in summer and of nitrates in winter, explaining
the high values of the NO3

�/SO4
2- ratio in winter (up to 2.69).

Furthermore, the highest values of these two chemical species
coincided with episodes of poor air circulation and influxes of air
masses from Europe. The relationship between SO4

2- and NH4
þ

(R2 ¼ 0.57, p-value<0.01) improved considerably in summer and
spring (R2 ¼ 0.88 and R2 ¼ 0.87, respectively, p-value<0.01), while
in the case of NH4

þ and NO3
� (R2 ¼ 0.55, p-value<0.01) in winter

(R2 ¼ 0.91, p-value<0.01).
The PCA-MLRA model pointed to six relevant sources: road

traffic, mineral dust and sulphates, marine aerosol, steelworks,
combustion and secondary aerosol. The first source involved mixed
exhaust and non-exhaust fumes and gave the same results found in
a previous study carried out using a simpler technique. African dust
outbreaks, characterised by an arc through the Atlantic Ocean, were
usually associated with a higher Al2O3 concentration explained by
this source. Na, Cl� and Mg were predominant in the marine
aerosol, with Cl� showing differences between the cold and the
warm period of the year. The results of the model were compared
with another study carried out at nearby steelworks to associate Fe,
Mn, Pb and Zn with its activities (basic oxygen steelmaking and
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sinter plant). Finally, major amounts of PM were released to the
atmosphere coinciding with episodes of biomass burning in forest
fires. On isolated days, combustion was found to contribute large
emissions of PM to the atmosphere, up to 21 mg PM/m3 (50.8% of
PM10). The contribution from industrial processes to this source
cannot be ruled out given the presence of Ni and Co in its profile.

Results evidenced the relevance of stationary and mobile sour-
ces in the air quality at the suburban site under study, with
important apportionments of PM originating from road traffic and
as consequence of the release of precursor gases of secondary
participles to the atmosphere.
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� As, Pb and Zn in PM10 posed higher potential health risk for children than adults.
a r t i c l e i n f o

Article history:
Received 23 December 2016
Received in revised form
2 March 2017
Accepted 3 March 2017
Available online 6 March 2017

Handling Editor: R Ebinghaus

Keywords:
Chemical composition
Children's exposure
Health impact
Heavy metal
Particulate matter
Suburban air pollution
* Corresponding author.
E-mail address: cleonor@uniovi.es (L. Castrill�on).

http://dx.doi.org/10.1016/j.chemosphere.2017.03.009
0045-6535/© 2017 Elsevier Ltd. All rights reserved.
a b s t r a c t

PM10 samples were collected at two suburban locations in northern Spain, a traffic-industrial suburban
(TIS) station located in the coastal city of Gij�on and an industrial suburban (IS) station in Langreo, about
25 km inland. The aerosol samples were chemically analysed to determine ambient air concentrations of
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, V and Zn. The results showed that the mean levels of As, Co, Cu, Fe,
Mn, Ni, Pb and Se recorded at the IS location were higher than those at the TIS station. Mean levels of Fe
and Zn in PM10 were higher than all other species at both the TIS and IS sampling sites (467 and 353 ng
Fe/m3 and 46 and 282 ng Zn/m3, respectively). Human exposure to these twelve potentially toxic ele-
ments through PM10 was assessed for both children and adults using the U.S.EPA method, considering
three pathways: ingestion, dermal contact and inhalation. In general, the IS location presented higher
non-cancer risks than the TIS site. However, at both suburban locations, cancer and non-cancer risk
values were in the acceptable range for adults, some exceptions being found. Greater health risk was
estimated in the case of children. For this sector of the population, ingestion, dermal contact and/or
inhalation of As, Pb and Zn in PM10 may pose a health hazard owing to possible carcinogenic/non-
carcinogenic effects.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Air pollution may be the cause of a variety of adverse effects on
human health, such as heart disease, lung cancer, acute respiratory
infections in children and chronic bronchitis in adults. Air pollution
can also aggravate pre-existing heart and lung disease and trigger
asthmatic attacks (Kampa and Castanas, 2008; Peled, 2011).
Furthermore, the International Agency for Research on Cancer
(IARC), which is the specialized cancer agency of the World Health
Organization (WHO), classified outdoor air pollution as group-1
carcinogenic to humans. Outdoor air pollution has also been
linked with non-carcinogenic effects, which range in terms of
severity from subclinical physiological changes to mortality (IARC,
2016a).

Van Den Heuvel et al. (2016) found that the biological effects
induced by PM10 were dependent on the properties of the parti-
cles, metals being among the main determinants for the observed
biological responses. Further research is needed concerning the
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chemical characteristics of aerosol from different sources and the
associated health risks for the population exposed to this air
pollutant. To the best of our knowledge, few studies have examined
the health risks for children and adults associated with suburban
air quality due to ingestion, dermal contact and inhalation of PM10.
This paper intends to broaden scientific knowledge of the potential
risks associated with human exposure to toxic elements in PM10
sampled in suburban areas.

In the present study, PM10 samples were collected from two
suburban sites in northern Spain, influenced by traffic and nearby
industrial activities. The main objective of this research was to
assess the human health hazards associated with As, Cd, Co, Cr, Cu,
Fe, Mn, Ni, Pb, Se, V and Zn in PM10 via ingestion, dermal contact
and inhalation. The assessment was carried out independently for
children and adults. Results were compared to examine how traffic
and industry could affect both subpopulations in these suburban
settings.

2. Methodology

2.1. Location description

Sampling was carried out at two suburban locations in Asturias
(northern Spain) about 25 km from each other (Supplementary
Material). One sampling station was in the eastern part of Gij�on
(43�3102300N 5�3701600W), a city with substantial maritime traffic in
goods and industrial activities (primarily steelworks, thermal po-
wer plant, coal depot and cement plant). This station was near a
trunk road (N-632) with irregular traffic intensity and a motorway
(A-8). Hereinafter it is referred to as the traffic-industrial suburban
(TIS) station. The other sampling station was located in Langreo
(43�1803300N 5�4202100W), an inland borough of Asturias. This sta-
tion is classified as industrial suburban (IS) given that it is sur-
rounded by numerous industrial activities, such as a thermal power
plant, marble and granite construction and repair shops, a concrete,
artificial stone and ceramic pavement factory, a machined and
forged parts factory, an automotive spare parts industry, boiler
making and recycling of metal waste, smelting of materials (ferro-
alloys, scrap metals) and a coking plant. Traffic from a nearby
regional road (AS-117) also influenced this station.

2.2. Sampling and chemical analysis

Using a high-volume sampler, daily PM10 samples were
collected over filters composed of quartz microfibers, 90% being
nanofibers (Su�arez-Pe~na et al., 2016). During 2013e2014, fifty-two
PM10 samples were obtained at each sampling station. The samples
were chemically digested and analysed, As, Cd, Co, Cr, Cu, Fe, Mn, Ni,
Pb, Se, V and Zn being determined. Further details are provided in
the Supplementary Material.

2.3. Health risk assessment

The model used to estimate the potential human exposure to
the twelve aforementioned elements in PM10 and their carcinogen/
non-carcinogen effects was developed by the United States Envi-
ronmental Protection Agency (U.S.EPA). EPA Human Health Risk
Assessment Guidance1 provides information and methodologies
for assessing the impact on human health of toxic substances
released into the environment, based on data of the contaminant
concentrations in the media of interest.

The present study was based on the following assumptions: 1)
1 Available at: https://rais.ornl.gov/guidance/epa_hh.html.
The potentially exposed population was the residents in the sam-
pling locations; 2) The target subjects were divided in two groups:
children (�6 years) and adults (�21 years) (U.S.EPA, 2014); 3) Three
possible exposure pathways were considered: direct inhalation
through the mouth and nose, dermal absorption, and indirect
ingestion via food and drinks containing deposited particles; 4)
Intake rates were approximated by those developed for soil (Shi
et al., 2011).

Furthermore, Cr is a ubiquitous element that can be found in the
environment in several oxidation states (from Cr(II) to Cr(VI)),
Cr(III) being a stable form and Cr(VI), the second-most stable
(Tchounwou et al., 2012). Anthropogenic activities mainly release
this metal in the hexavalent form, which is the most toxic form and
has been classified as a human carcinogen (Hu et al., 2012;
Tchounwou et al., 2012). To study the carcinogen/non-carcinogen
effects of Cr by means of the U.S.EPA model, a seventh of the total
Cr concentration determined in PM10 was considered Cr(VI). This
assumption was based on the concentration ratio of carcinogenic
Cr(VI) to non-carcinogenic Cr(III), which is about 1:6 (Izhar et al.,
2016; Massey et al., 2013).
2.3.1. Human exposure: ingestion, dermal contact and inhalation
The chemical daily intake (ingestion), CDIing (mg/kg$day), the

dermal absorbed dose, DADderm (mg/kg$day) and the exposure
concentration (inhalation), ECinh (mg/m3), were estimated for each
element in PM10 using the following expressions (U.S.EPA, 1989;
2004, 2009):

CDIing ¼ C$IngR
BW

$
EF$ED
AT

$CF (1)

DADderm ¼ C$SA$AF$ABS
BW

$
EF$ED
AT

$CF (2)

ECinh ¼ C$ET$
EF$ED
ATn

(3)

where,
C: 95% upper confidence limit (UCL) on the arithmetic mean

metal PM10 chosen as the exposure point concentration; IngR:
ingestion rate (in accordance to Hu et al. (2012), Keshavarzi et al.
(2015), Shi et al. (2011) and Sun et al. (2014), in the present study,
the values used for IngR were those provided in U.S.EPA (1989) for
the risk assessment of ingestion of soil/dust, i.e., 200 mg/day for
children and 100 mg/day for adults); BW: average body weight
(15 kg for children and 70 kg for adults (U.S.EPA, 1989)); EF:
exposure rate (350 days/year for local residents); ED: exposure
duration (the recommended default values of U.S.EPA (2014) were
used, i.e., 6 years for children and 24 years for adults); AT: averaging
time (for carcinogens, AT ¼ 70 years$365 day/year; for non-
carcinogens, AT ¼ ED$365 days/year); CF: conversion factor
(10�6 kg/mg); SA: surface area of skin that comes into contact with
airborne particulates (2800 cm2 for children and 5700 cm2 for
adults, as in recent studies (Keshavarzi et al., 2015; Izhar et al.,
2016)); AF: skin adherence factor for airborne particulates
(0.2 mg/cm2$day for children and 0.07 mg/cm2$day for adults
(U.S.EPA, 2004)); ABS: dermal absorption factor (the ABS values for
As and Cd were 0.03 and 0.001 (U.S.EPA, 2016), respectively; as no
values were available for the rest of the elements analysed in PM10,
0.01 was used in this study, as in Hu et al. (2012) and Shi et al.
(2011)); ET: exposure time (24 h/day); and ATn is the average
time (for carcinogens ATn ¼ 70 years$365 days/year$24 h/day; for
non-carcinogens, ATn ¼ ED$365 days/year$24 h/day).

https://rais.ornl.gov/guidance/epa_hh.html
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2.3.2. Risk characterization

2.3.2.1. Cancer risk. According to U.S.EPA (1989), cancer risk (CR) is
estimated as “the incremental probability of an individual devel-
oping cancer over a lifetime as a result of exposure to the potential
carcinogen”. In this study, the CR posed by the elements analysed in
PM10 was obtained for each human exposure pathway: ingestion
(CRing), dermal contact (CRderm), and inhalation (CRinh). The
following expressions were used (U.S.EPA, 1989; 2004, 2009):

CRing ¼ CDIing$SFo (4)

CRderm ¼ DADderm$SFo
GIABS

(5)

CRinh ¼ IUR$ECinh (6)

where, SFo is the oral slope factor ((mg/kg.day)�1); GIABS is the
gastrointestinal absorption factor; and IUR is the inhalation unit
risk ((mg/m3)�1). For American regulatory purposes, a CR value
below 1$10�6-1$10�4 is considered acceptable (Williams et al.,
2000).

As stated in the Introduction, IARC (2016a) established a group-
based classification to assess the carcinogenicity of an agent to
humans, namely group-1: evidence supports the agent's carcino-
genicity; group-2A: probably carcinogenic, group-2B: possibly
carcinogenic; group-3: not classifiable; and group-4: probably not
carcinogenic. Arsenic and inorganic arsenic compounds, cadmium
and cadmium compounds, chromium (VI) compounds and nickel
compounds fall into group-1; lead, cobalt and cobalt compounds
fall into group-2B, and selenium and selenium compounds fall into
group-3 (IARC, 2016b). Hence, the cancer risks of As, Cd, Co, Cr(VI),
Ni and Pb were investigated in the present study. U.S.EPA (2016)
provides information concerning values of SFo, GIABS and IUR for
Co, Cr(VI) and Pb. The values for As, Cd, and Ni were also selected
from U.S.EPA (2016). These analysed elements were considered to
be As (Inorganic), Cd (Diet) and Ni (Oxide), respectively, as in Hu
et al. (2012).

2.3.2.2. Non-cancer risk. In accordance to U.S.EPA (1989, 2004,
2009), non-cancer risk was evaluated by means of the hazard
quotient (HQ) and the hazard index (HI). The latter corresponded to
the sum of the individual HQ calculated for each element under
study. Given that these elements occurred simultaneously in PM10,
HI allowed to assess multiple element exposure (U.S.EPA, 2009). HQ
and/or HI values greater than 1meant that non-carcinogenic effects
may occur; the greater the HQ and/or HI values, the higher the
probability of non-carcinogenic effects (U.S.EPA, 1989).

Non-cancer risks via ingestion (HQing), dermal contact (HQderm)
and inhalation (HQinh), were estimated by the following expres-
sions (U.S.EPA, 1989, 2004, 2009):

HQing ¼ CDIing
RfDo

(7)

HQderm ¼ DADderm
RfDo$GIABS

(8)

HQinh ¼ ECinh
RfCi$1000 mg=mg

(9)

where RfDo is the oral reference dose (mg/kg$day) and RfCi is the
inhalation reference concentrations (mg/m3). U.S.EPA (2016) pro-
vides information concerning the values of RfDo and RfCi for Co, Cu,
Cr(VI), Fe, Se, V and Zn. The values for As, Cd, Mn and Ni were
selected from U.S.EPA (2016). These analysed elements were
considered to be As (Inorganic), Cd (Diet), Mn (Diet) and Ni (Oxide),
respectively, as in Hu et al. (2012). As no data was available for Pb, a
value of 3.5$10- 3 mg/kg$day for RfDowas used in the present study
(Keshavarzi et al., 2015; Sun et al., 2014).

3. Results and discussion

3.1. Elemental composition of PM10

Arithmetic mean concentrations of the elements determined in
PM10 at the TIS and IS locations were calculated, levels of Fe and Zn
highlighting due to their high values (Fig. 1). The mean concen-
tration of Fe at the TIS station (467 ng Fe/m3) was 32% greater than
that determined at the IS station (353 ng Fe/m3). In the case of Zn,
however, the mean value of this element determined at the TIS
station (46 ng Zn/m3) was 84% lower than that at the IS station
(282 ng Zn/m3). Querol et al. (2008) reported trace metal concen-
trations at four suburban sites across Spain (Burgos, Mallorca,
Cartagena and Onda) within the ranges: 0.4e2.9 ng As/m3, 0.1e1 ng
Cd/m3, 0.3e0.5 ng Co/m3, 2e5 ng Cr/m3, 5e37 ng Cu/m3, 4e12 ng
Mn/m3, 2e5 ng Ni/m3, 7e77 ng Pb/m3, 0.5e1.2 ng Se/m3, 2e9 ng V/
m3, 23e106 ng Zn/m3. Van Den Heuvel et al. (2016) studied PM10
composition in Flanders (Belgium), finding the highest median
values for As, Cr, Cu, Ni and Zn at an urban area (0.76 ng As/m3,
9.05 ng Cr/m3, 22.56 ng Cu/m3, 3.07 ng Ni/m3, 68.09 ng Zn/m3), Cd,
Mn and Pb in an industrial area (0.35 ng Cd/m3, 17.50 ng Mn/m3,
13.50 ng Pb/m3) and, in general, the lowest values at a rural
location.

Elements such as Cd, Fe, Mn, Pb and Zn are commonly associated
with the metal industry (An et al., 2015; Pey et al., 2013). Negral
et al. (2008) reported mean levels in south-eastern Spain of
0.6 mg Fe/m3 and 504 ng Zn/m3 in PM10 at a hotspot traffic station
also affected by a Zn metallurgy plant. In a previous study, Megido
et al. (2017b) concluded that the presence of Fe and Mn in PM10 at
the TIS station might be due not only to natural apportionments
(soil), but also to steelworks located 10 km away and traffic. These
sources were thought to influence the level of Zn in PM10, which
highly correlated with Cd and Pb (Supplementary Material). A
subsequent application of a receptor model to the PM10 composi-
tion dataset and study of data of wind speed/direction (Megido
et al., 2017a) confirmed the contribution from steelworks to
PM10 (source profile defined by: Fe, Mn, Pb, Zn). In the case of the IS
station, the metal industry, coking plant and traffic in its sur-
roundings could explain the abundance of some of these elements
in PM10.

Cd, Cr and V showed higher mean and maximum levels at the
TIS station than at the IS station. However, highermean values were
found at the IS station for As, Co, Cu, Mn, Ni, Pb and Se. Both Ni and
As are associated with fossil fuel burning (Rout et al., 2015). This is a
likely source for both suburban stations due to the presence of coal
burning facilities in their surroundings. Moreover, the presence of
Co, with maximum levels at the TIS and IS stations of 0.6 and 0.9 ng
Co/m3, respectively, may be related to combustion processes taking
place at the aforementioned thermal power plants, but also to the
coking plant near the IS station. As, Cd, Co, Cr, Cu, Fe, Ni, Pb, V and
Zn are all metal(loid)s emitted during the coking process (Mu et al.,
2012). At a suburban site in Mallorca (Spain), Pey et al. (2013) found
amixed anthropogenic-industrial source characterised by elements
linked to road dust (Zn, Sb, Cu) and industrial processes (As, Pb).

Traffic was found to influence suburban air quality at the TIS
station with relevant significant correlations (R2 > 0.7) being found
between Cu and other traffic tracers (EC, Sb, Sn, Ba, Bi) (Megido
et al., 2016a). The maximum concentration reached at the IS sta-
tionwas 31 ng Cu/m3. Several local roads used to access the thermal



Fig. 1. Box plots of the levels of twelve elements in PM10, in ng/m3, at a traffic-industrial suburban (TIS) and an industrial suburban (IS) stations (n ¼ 52 samples).
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power plant's ash landfill and nearby towns may have contributed
to this maximum. At the IS station, weaker relationships were
found between Cu and the aforementioned traffic tracers (R2 < 0.5,
except R2¼ 0.7 for Cu-Sn). In general, Cu levels at TIS and IS stations
were lower than those recorded at other urban/traffic stations in
Europe (Supplementary Material).

3.2. Health risk assessment

The values of CDI, DAD and EC were obtained in the exposure
assessment for carcinogenic and non-carcinogenic effects from As,
Cd, Co, Cr(VI), Cu, Fe, Mn, Ni, Pb, Se, V and Zn in PM10 at the TIS and
IS locations for children and adults via ingestion, dermal contact
and inhalation (Supplementary Material). Hu et al. (2012) studied
PM2.5 and stated that the typical direct primary pathway of metal
exposure is inhalation. Previous studies showed that PM10 parti-
cles could be deposited in the respiratory tract of human subjects
exposed to the aerosol at the TIS location, the extrathoracic region
(nasal and oral passages, pharynx and larynx) being the most
affected area of the respiratory system (Megido et al., 2016b).

Tables 1 and 2 show the assessment results of cancer risk from
As, Cd, Co, Cr(VI), Ni and Pb and non-cancer risk from As, Cd, Co, Cr,
Cu, Fe, Mn, Ni, Pb, Se, V and Zn for children and adults exposed to
PM10 at the TIS and IS locations. Furthermore, Fig. 2 shows the



Table 1
Cancer risk (CR) results derived from elements in PM10 via ingestion (ing), dermal contact (derm) and inhalation (inh) at the traffic-industrial suburban (TIS) and industrial
suburban (IS) stations (CR > 1$10�4 in bold).

Sampling station Element SFo (mg/kg.day)�1 IUR (mg/m3)�1 GIABS CRing CRderm CRinh

Children Adults Children Adults Children Adults

TIS station As 1.50Eþ00 4.30E-03 1 6.96E-05 2.98E-05 5.85E-06 3.57E-06 3.51E-07 1.40E-06
Cd 1.80E-03 0.025 1.36E-07 5.44E-07
Co 9.00E-03 1 1.26E-07 5.03E-07
Cr(VI) 5.00E-01 8.45E-02 0.025 4.02E-05 1.72E-05 4.51E-05 2.75E-05 9.77E-06 3.91E-05
Ni 2.60E-04 0.04 6.33E-08 2.53E-07
Pb 1.20E-05 1 2.32E-08 9.27E-08

SUM 1.10E-04 4.71E-05 5.09E-05 3.11E-05 1.05E-05 4.19E-05

IS station As 1.50Eþ00 4.30E-03 1 4.94E-04 2.12E-04 4.15E-05 2.53E-05 3.36E-06 1.34E-05
Cd 1.80E-03 0.025 1.05E-07 4.21E-07
Co 9.00E-03 1 2.65E-07 1.06E-06
Cr(VI) 5.00E-01 8.45E-02 0.025 2.96E-05 1.27E-05 3.32E-05 2.03E-05 5.72E-06 2.29E-05
Ni 2.60E-04 0.04 7.39E-08 2.96E-07
Pb 1.20E-05 1 3.31E-08 1.33E-07

SUM 5.23E-04 2.24E-04 7.46E-05 4.56E-05 9.56E-06 3.82E-05

Table 2
Results of the hazard quotient (HQ) and hazard index (HI) for elements in PM10 via ingestion (ing), dermal contact (derm) and inhalation (inh) at the traffic-industrial suburban
(TIS) and the industrial suburban (IS) stations for children and adults (HQ > 1 and HI > 1 in bold).

Sampling station Element RfCi (mg/m3) RfDo (mg/kg$day) HQing HQderm HQinh

Children Adults Children Adults Children Adults

TIS station As 1.50E-05 3.00E-04 1.81E þ 00 1.93E-01 1.52E-01 2.32E-02 6.34E-02 6.34E-02
Cd 1.00E-05 1.00E-03 4.65E-01 4.98E-02 5.21E-02 7.96E-03 8.81E-02 8.81E-02
Co 6.00E-06 3.00E-04 2.67E-01 2.86E-02 7.48E-03 1.14E-03 2.72E-02 2.72E-02
Cr(VI) 1.00E-04 3.00E-03 3.13E-01 3.35E-02 3.50E-01 5.35E-02 1.35E-02 1.35E-02
Cu 4.00E-02 2.03E-01 2.17E-02 5.67E-03 8.66E-04
Fe 7.00E-01 8.01E-01 8.58E-02 2.24E-02 3.42E-03
Mn 5.00E-05 1.40E-01 1.03E-01 1.10E-02 2.88E-03 4.40E-04 5.06E-01 5.06E-01
Ni 2.00E-05 1.10E-02 1.23E-01 1.32E-02 8.61E-02 1.31E-02 1.42E-01 1.42E-01
Pb 3.50E-03 2.77E þ 00 2.97E-01 7.76E-02 1.18E-02
Se 2.00E-02 5.00E-03 1.42E-01 1.52E-02 3.97E-03 6.06E-04 6.95E-05 6.95E-05
V 1.00E-04 5.00E-03 3.99E-01 4.27E-02 4.29E-01 6.55E-02 3.69E-02 3.69E-02
Zn 3.00E-01 1.64E-01 1.76E-02 4.59E-03 7.01E-04

HI 7.55E þ 00 8.09E-01 1.19E þ 00 1.82E-01 8.77E-01 8.77E-01

IS station As 1.50E-05 3.00E-04 1.28E þ 01 1.37E þ 00 1.07E þ 00 1.64E-01 6.07E-01 6.07E-01
Cd 1.00E-05 1.00E-03 3.09E-01 3.31E-02 3.46E-02 5.29E-03 6.83E-02 6.83E-02
Co 6.00E-06 3.00E-04 5.50E-01 5.89E-02 1.54E-02 2.35E-03 5.72E-02 5.72E-02
Cr(VI) 1.00E-04 3.00E-03 2.30E-01 2.47E-02 4.96E-01 7.58E-02 7.90E-03 7.90E-03
Cu 4.00E-02 2.34E-01 2.50E-02 6.54E-03 9.98E-04
Fe 7.00E-01 5.21E-01 5.58E-02 1.46E-02 2.23E-03
Mn 5.00E-05 1.40E-01 7.11E-02 7.62E-03 1.99E-03 3.04E-04 5.33E-01 5.33E-01
Ni 2.00E-05 1.10E-02 2.73E-01 2.92E-02 1.91E-01 2.92E-02 1.66E-01 1.66E-01
Pb 3.50E-03 3.82E þ 00 4.09E-01 1.07E-01 1.63E-02
Se 2.00E-02 5.00E-03 4.16E-01 4.46E-02 1.17E-02 1.78E-03 1.44E-04 1.44E-04
V 1.00E-04 5.00E-03 3.47E-01 3.71E-02 3.73E-01 5.70E-02 3.84E-02 3.84E-02
Zn 3.00E-01 2.91E þ 00 3.12E-01 8.15E-02 1.24E-02

HI 2.25E þ 01 2.41E þ 00 2.41E þ 00 3.68E-01 1.48E þ 00 1.48E þ 00
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percentage contribution to cancer and non-cancer risks of the three
exposure pathways considered.

3.2.1. Health risk assessment: TIS station
Single CR values for As, Cd, Co, Cr(VI), Ni and Pb in PM10 samples

for both children and adults were of a similar order of magnitude
(Table 1), whereas single HQ values for As, Cd, Co, Cr(VI), Cu, Fe, Mn,
Ni, Pb, Se, V and Zn via ingestion and dermal contact exposurewere
one order of magnitude higher for children than for adults (Table 2).

Single CR values for As, Cd, Co, Cr(VI), Ni and Pb in PM10 samples
were below the acceptable level (1$10�4) for adults and the overall
risk from these elements was also below 1$10�4 (Table 1). This in-
dicates that the cancer risk for adults posed by these elements via
ingestion, dermal contact and inhalation was acceptable. However,
the overall cancer risk for children from As and Cr(VI) was slightly
above the acceptable level via ingestion, suggesting that the studied
elements in PM10 may pose a non-negligible cancer risk to this
sector of the residents at the TIS location (Table 1, Fig. 2).

In agreement with Du et al. (2013) and Ferreira-Baptista and De
Miguel (2005), the highest non-cancer risk at the TIS station for
both subpopulations under study was from the ingestion of toxic
PM10 elements, followed by dermal contact and inhalation
(Table 2, Fig. 2). Nevertheless, it should be borne in mind that
default values of IngR were used (see Section 2.3) and that 100%
PM10 concentration was assumed to be bioavailable. These as-
sumptions may thus overestimate exposure, thereby influencing
risk results. Non-cancer risks for each single potentially toxic
element in PM10 (As, Cd, Co, Cr (VI), Cu, Fe, Mn, Ni, Pb, Se, V and Zn)



Fig. 2. Contribution percentages of the three exposure pathways, i.e., ingestion (ing), dermal contact (derm) and inhalation (inh), to the accumulated cancer risk (CR) and hazard
quotients (HQ), at the traffic-industrial suburban (TIS) and industrial suburban (IS) stations, for children and adults.
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for adults, were all lower than the safe level (HQ ¼ 1) and HI values
were as well below 1, which was indicative of no non-cancer risk
for adults via ingestion, dermal contact or inhalation exposure. In
the case of children,HQing values for As and Pbwere higher than the
safe level (Table 2).

Based on these results, potential non-cancer risks of As and Pb to
children should not be overlooked. Moreover, HIing values for chil-
dren were higher than 1, indicating accumulative non-cancer risks
to children via ingestion (Table 2).

3.2.2. Health risk assessment: IS station
Similar to the TIS station, single CR values for As, Cd, Co, Cr(VI),

Ni and Pb were of the same order of magnitude for both children
and adults at the IS station (Table 1). As to non-cancer risk, HQ
values via ingestion and dermal contact for As, Cd, Co, Cr(VI), Cu, Fe,
Mn, Ni, Pb, Se, V and Zn in PM10 were one order of magnitude
higher for children than for adults (Table 2).

The CR estimated for each single element (As, Cd, Co, Cr(VI), Ni
and Pb) in PM10 were lower than 1$10�4 for children and adults via
dermal contact and inhalation exposure, and the overall risks of
those elements (Table 1) also fell within the acceptable level
(<1$10�4), indicating that the cancer risk posed by these elements
to residents via dermal contact and inhalation of PM10 was
acceptable at the IS station. The CRing posed by As was above the
acceptable level for both subpopulations, being 2.33 times higher
for children than for adults (Table 1, Fig. 2). Moreover, the overall
risks of As and Cr(VI) at the IS station were also higher than the
acceptable level via ingestion for children and adults. The results of
the present study showed that the cancer risk posed by As and
Cr(VI) to residents at the IS location via ingestion should be taken
into consideration. Furthermore, the cancer risk at the IS location
was higher than at the TIS station for both subpopulations.

HQing values for As, Pb and Zn in PM10 were higher than the safe
level (HQ ¼ 1), indicating possible non-cancer risks to children at
the IS location. The values of HIing and HIinh for As, Cd, Co, Cr(VI), Cu,
Fe, Mn, Ni, Pb, Se, V and Zn were higher than the safe level for
children and adults, suggesting that the accumulative non-cancer
risks were not negligible for residents at the IS location. More-
over, the HIderm for children were also above the safe level.
Comparing multiple-chemical HI values at the two suburban loca-
tions (Table 2), the values estimated for the IS station via ingestion,
dermal contact and inhalationwere respectively 2.98, 2.02 and 1.68
times higher than those calculated for the TIS station.

In the main, carcinogenic/non-carcinogenic health risks were
evaluated based on a number of assumptions and estimations,
which may introduce uncertainties and limitations in the risk
assessment. Uncertainties existed in the estimation of exposure
parameters for the potentially toxic elements in PM10. These pa-
rameters were not specific, neither for the population nor for the
suburban sites under study. The assumption of 100% bioavailability
of PM10 strongly influenced the results of the quantitative risk
assessment. This assumption may overestimate exposure.
Furthermore, there were also uncertainties related to toxicity data
for the elements in PM10. On the one hand, only total concentra-
tions of elements were measured (e.g., arsenic was measured as
total As instead of as As (Inorganic), although the latter was
assumed in the calculations). On the other hand, only twelve
potentially toxic elements in PM10 were considered in this study.
However, other potentially toxic elements (e.g., Hg) could enter the
human body through PM10 exposure. It is also worth noting that
future research is needed to evaluate the toxicities associated with
interactive mixtures of these elements, which cannot be under-
estimated (Wu et al., 2016).

4. Conclusions

PM10 samples were collected at two suburban locations in
northern Spain, a traffic-industrial suburban (TIS) station located in
the coastal city of Gij�on and an industrial-suburban (IS) station
25 km inland, in Langreo. Human exposure to airborne As, Cd, Co,
Cr, Cu, Fe, Mn, Ni, Pb, Se, V and Zn through PM10 was assessed for
both children and adults. Notwithstanding the uncertainties and
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constraints of this study, three routes of exposure pathways were
assessed: ingestion, dermal contact and inhalation.

The main conclusions derived from this study were:

� Mean levels of As, Co, Cu, Fe, Mn, Ni, Pb and Se recorded at the IS
location were higher than those at the TIS station.

� The exposure pathwaywhich resulted in the highest level of risk
for humans exposed to PM10 was ingestion.

� The potential cancer risk from As and Cr(VI) was 4.73 and 1.46
times higher via ingestion and dermal contact, respectively, for
residents at the IS site than at the TIS site. Furthermore, the
potential non-cancer risks from As, Cd, Co, Cr(VI), Cu, Fe, Mn, Ni,
Pb, Se, V and Zn were 1.98, 2.02 and 1.69 times higher via
ingestion, dermal contact and inhalation, respectively, for resi-
dents at the IS site than those at the TIS site.

� At both suburban sites, the potential cancer risk from As and
Cr(VI) was respectively 2.33 higher via ingestion and 1.64 times
higher via dermal contact in children than in adults. Similarly,
the potential non-cancer risk from As, Cd, Co, Cr(VI), Cu, Fe, Mn,
Ni, Pb, Se, V and Zn was respectively 9.33 higher via ingestion
and 6.54 times higher via dermal contact for children than for
adults.

� In general, the cancer and non-cancer risk values obtained in
this study were in the acceptable range for adults (10�4 and 1,
respectively). Nevertheless, the potential cancer and non-cancer
risks from the ingestion of As were above these levels at the IS
site.

� In the case of children, potential cancer risks above 10�4 were
only estimated at the IS site for As. Non-cancer risks above 1
were found for As, Pb and Zn at the IS site and for As and Pb at
the TIS site via ingestion, and for As at the IS site via dermal
contact.

The results provided by the present study may contribute to a
better understanding of the potential risks associated with human
exposure to toxic elements in aerosol at suburban locations,
constituting useful information to be considered by air quality
managers.
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