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Abstract 

Exposure to air pollution has been shown to adversely affect foetal development in the case of pregnant 

women. The present study aims to investigate the PM composition and sources influencing personal 

exposure of pregnant women in Barcelona. To this end, indoor, outdoor and personal exposure 

measurements were carried out for a selection of 54 pregnant women between November 2008 and 

November 2009. PM2.5 samples were collected during two consecutive days and then analysed for black 

smoke (BS), major and trace elements, and polycyclic aromatic hydrocarbons (PAHs) concentrations. 

Personal information such as commuting patterns and cosmetics use was also collected. 

PM2.5 concentrations were higher for personal samples than for indoor and outdoor environments. Indoor, 

outdoor and personal BS and sulphate concentrations were strongly correlated, although some specific 

indoor and outdoor sulphate sources may exist. Average trace elements concentrations were similar indoor, 

outdoor and for personal exposure, but the correlations were moderate for most of them. Most of the PAHs 

concentrations showed strong correlations indoor - outdoor. 

A source apportionment analysis of the PM composition data by means of a Positive Matrix Factorization 

(PMF) resulted in the identification of six sources for the outdoor and indoor environments: secondary 

sulphate, fueloil + sea salt (characterized by V, Ni, Na and Mg), mineral, cigarette (characterized by K, Ce, 

Cd, benzo(k)fluoranthene and benzo(ghi)perylene), road traffic (characterized by BS and low weight 

PAHs), and industrial (characterized by Pb, Sn, Cu, Mn and Fe). For personal exposure two specific sources 



were found: cosmetics (characterized by abundance of Ca, Li, Ti and Sr and the absence of Al) and 

train/subway (characterized by Fe, Mn, Cu and Ba). The contribution of the sources varied widely among 

women, especially for cigarette (from zero to up to 4 µg m-3), train/subway (up to more than 6 µg m-3) 

and cosmetics (up to more than 5 µg m-3). The source contributions showed generally strong correlations 

indoor - outdoor although the infiltration efficiencies varied among homes. This study emphasizes the 

importance of relying on personal exposure in epidemiological studies assessing the impact of air pollution 

on human health. 

 

1.Introduction 

 

Exposure to air pollution has been shown to increase mortality and morbidity in adults and children 

(Cohen et al., 2005; Stafoggia et al., 2008; Perez et al., 2009; Zanobetti and Schwartz, 2009). It has been 

also suggested to adversely affect foetal development (Sapkota et al., 2010; Shah and Balkhair, 2011; van 

den Hooven et al., 2011; Vrijheid et al., 2011). Maternal exposure to ambient air pollution has been 

associated with the risk of low birth weight, preterm birth, intra-uterine growth retardation, and congenital 

anomalies (Sapkota et al., 2010; Shah and Balkhair, 2011; van den Hooven et al., 2011; Vrijheid et al., 

2011). Active and passive smoking have been reported to increase blood concentrations of metals in 

pregnant women (Vardavas et al., 2011). 

Personal exposure depends on the pollutant concentrations in the surrounding microenvironments (e.g. 

indoor and outdoor microenvironments, and during transport) and personal time-activity. Pregnant women 

may have different mobility patterns compared to the general population, spending more time at home or 

walking (Choi et al., 2008; Nethery et al., 2008). Therefore general ambient measurements, which are 

commonly used in epidemiological studies, may not provide a good characterization of the personal 

exposure (Nerriere et al., 2005; Kornartit et al., 2010). Assessment of the influence of different PM sources 

on personal exposure and its relation with the monitored outdoor concentrations is essential for assessing 

the possible health effects estimated from monitoring data on outdoor concentrations. Previous studies 

suggested that improvement of exposure assessment could have an important impact on the effect estimates 

(Ritz et al., 2007; Sapkota et al., 2010; Setton et al., 2010; Shah and Balkhair, 2011; Vrijheid et al., 2011). 

Studies on personal, indoor and outdoor air pollution started many years ago (Dockery and 

Spengler,1981). More recently, studies on PM concentrations, composition and sources affecting outdoor 

and indoor environments have been carried out (e.g. Arhami et al., 2010; Pekey et al., 2010; Kliucininkas 

et al., 2011). Others have specifically assessed PM concentrations and composition of personal exposure 

(Niu et al., 2010; Wheeler et al., 2011). However, only a few encompassed a complete characterisation of 

PM sources for indoor, outdoor and personal samples, and these were carried out in the US (Hopke et al., 



2003; Larson et al., 2004), where the results may be different to European cities as a consequence of 

differences in city structure, vehicle fleet composition, fuel types, and activity habits. In this respect, 

Barcelona has a specific geography, a high traffic density in comparison to other European cities (e.g. four 

times higher number of registered vehicles per km2 than London), and a large proportion of the vehicles 

using diesel (DGT, http://www.dgt.es/portal/es/ 

seguridad_vial/estadistica/parque_vehiculos/por_provincia_tipo_y_ carburante/). Furthermore Barcelona 

has many semi-tall buildings and relatively narrow streets leading to the known street canyon effect 

(Mirzaei and Haghighat, 2012). Within this context the ARIBA project (Air Pollution and Pregnancy in 

Barcelona) was defined to evaluate the relation between the atmospheric pollution and different reproduc- 

tive outcomes. Within this project, the aim of the present study was to investigate the PM composition of 

outdoor and indoor microenvironments and its influence on personal exposure of pregnant women. This 

study also aimed to identify the sources for these particles and their relationship between the different 

microenvironments and individual maternal exposures in Barcelona. 

 

2.Methods 

 

2.1.Study population and time-activity data 

A total of 54 pregnant women were recruited during the first, second or third trimester of pregnancy 

from those visiting the obstetrics department at Hospital Clinic, Barcelona. Hospital Clinic is a major 

university hospital providing services to about one million inhabitants (Figueras et al., 2008). Sixteen dates 

were randomly selected between September 2008 and September 2009 and the pregnant women that had a 

hospital appointment on those dates were invited to participate in the study (n ¼ 434). Women volunteering 

to participate were Spanish-speaking women resident 

in Barcelona metropolitan area during November 2008 to November 2009. Participation in the study 

entailed providing personal and home characteristic information, and collaborating in the measurement of 

personal and home-based air pollution. The study protocol was approved by the Clinical Research Ethical 

Committee of the Parc de Salut MAR, Barcelona, Spain (Ethics approval No. 2008/3115/I). 

Information on the surroundings of the women’s homes included presence of green spaces, street 

canyons, construction works, and traffic lanes. Data on personal time-activity was collected using a revised 

version of the EXPOLIS (population exposures to key air pollutants in six European cities, http://www. 

ktl.fi/expolis) Time-Microenvironment-Activity-Diary (TMAD) which provides information on the time 

spent by the participants in various microenvironments and activities (Hänninen et al., 2004a). Each 

participant was asked to record a microenvironment/activity category for every 30 min during the sampling 

period (two consecutive days, see Section 2.2). The diary also included data on smoking (active or passive). 



A sub-sample of volunteers was interviewed for the use of powder cosmetics during the sampling period. 

More details are provided by Schembari et al. (submitted for publication). 

 

2.2.Air quality measurements 

Air quality measurements were carried out indoors (living room, when possible) and outdoors (balcony, 

window or patio) of the women’s homes between November 2008 and November 2009. Moreover, 

personal samples were collected. The women carried the personal samplers positioning inlets near their 

breathing zone. Each sampling round consisted in two consecutive days (weekdays) of sampling 

simultaneously for indoor and outdoor environments and personal exposure. The sampling rounds were 

repeated twice for 11 of the 54 women. 

Identical instruments were used for indoor, outdoor and personal samples. PM2.5 samples were 

collected on 37 mm Teflon filters (Pall, Eas Hills, NY) held in a BGI PM2.5 cyclone working at 4 L min-

1 (GK 2.05) following the EXPOLIS protocol (Hänninen et al., 2004b). Flow rate was adjusted at the 

beginning of each measurement to 4 L min-1 with a rotameter (RM67, BGI, USA) and checked at the end 

of each measurement. After sampling, PM2.5 concentrations were determined gravimetrically. To this end, 

the filters were weighted on a 6 figure balance (Mettler Toledo MX5) in a humidity and temperature 

controlled room, following the procedure PRO.002-Teflon filter Weighing Revision: 01 (20/02/09) 

(ULTRA protocol, Exposure and risk assessment for fine and ultra- fine particles in ambient air, 

http://www.ktl.fi/ultra/adobe/out/sop- abs.pdf). The detection limit for PM2.5 concentration was 

1.4 µg m-3. 

In indoor and outdoor environments, there was an additional sampler to collect PM2.5 on quartz filters 

using similar instrumen- tation as that described above. 

 

2.3. Analyses of the collected PM2.5 

 

2.3.1. Black smoke analyses 

The reflectance of the PM2.5 teflon filters was measured by a Smoke Stain Reflectometer (Diffusion 

Systems Limited Model 43, Hanwell, London) according to the Standard Operating Procedure (a 

modification of ISO 9835, Determination of a Black Smoke Index) of the EXPOLIS study (Koistinen et 

al., 1999; Hänninen et al., 2002). The absorbance was calculated using the formula a = (A/2V) ln (RF/R0), 

following the Standard Operating Procedure ULTRA/KTL-L-1.1, where a = absorption coefficient; A = 

area of the Teflon filter membrane = 37 mm; V = volume of air sampled; RF = reflectance of the sampled 

filter in percentage; R0 = reflectance of the blank filters in percentage. The detection limit was 0.2 x 10-

5/m. Black smoke (BS) concentrations were determined based on the absorbance (a) as BS = 1.5a/2.5 



(Cyrys et al., 2003). 

 

2.3.2.Major and trace elements analyses 

The collected teflon filters were acid digested (HNO3:HF:HClO4) following the procedure described by 

Querol et al. (2001) and the resulting solution was analysed by means of Inductively Coupled Plasma 

Atomic Emission Spectroscopy (ICP-AES) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

for the major and trace elements concentration determination, respectively. Approximately 10 mg of the 

reference material NIST 1633b were added to a fraction of a blank filter to check the accuracy of the analysis 

of the acidic digestions. Laboratory blank filters were analysed following the same methodology and 

concentrations were subtracted to those found in the samples in order to calculate the ambient 

concentrations. Concentration uncertainties were estimated as described by Escrig Vidal et al. (2009). 

 

2.3.3.Polycyclic aromatic hydrocarbons (PAHs) analyses 

PAHs were analysed only for indoor and outdoor samples collected on quartz filters by a Thermo DSQII 

(ThermoQuest, Manchester, USA) gas chromatograph (GC) mass spectrometer in electron impact mode 

(EI, 70 eV ionization energy). Quantitative data for PAHs were obtained using external standards. The 

reported data were corrected by the internal and surrogate standards. Recoveries for the overall procedure 

were obtained from surrogate data: anthracene-d10 55 ± 10%, benz[a]anthracene-d12 64 ± 8%, 

benzo[b]fluoranthene-d12 98 ± 13% and benzo[ghi]perylene-d12 86 ± 11%. Procedural blanks were 

performed with each set of eleven samples. Additional information can be found in Section S1 of the 

Supplementary Material. 

On average, the sum of the analysed species concentrations (black smoke, major and trace elements and 

PAHs) was 24-33% of the bulk PM2.5 measured concentration. The composition of the remaining 67-76% 

is discussed in Section 3 (Results and Discussion). 

 

2.4.Source apportionment 

A source apportionment analysis of the PM composition data was carried out by means of a Positive 

Matrix Factorization (PMF; Paatero and Tapper, 1994), using EPA Positive Matrix Factorization 3.0 

software (http://www.epa.gov/heasd/products/ pmf/pmf.html [4th April 2012]). The objective of 

multivariate receptor modelling was to obtain p independent factors, each one representing different sources 

of emissions as well as their elemental composition and the amount that they contribute to the total signal. 

The PMF method is based on the mass conservation principle: 



(1) 

With i= 1, 2, …n; j=1,2,…m; k=1, 2, …p; xij is the jth species concentration measured in the ith sample, 

gik is the contribution of the kth source to the ith sample, fkj is the concentration of the jth species in the 

kth source and eij is the residual associated with the jth species concentration measured in the ith sample. 

The values gik and fkj are adjusted until a minimum for the objective function Q for a given number of 

factors p is found: 

(2) 

 

where sij is the user defined uncertainty for the jth species in the ith sample. This uncertainty was calculated 

as 10% of the concentration for BS and PAHs, and it was estimated as described by Escrig Vidal et al. 

(2009) for major and trace elements. 

Two separate PMF analyses were performed, one using the outdoor and indoor datasets together, and 

the other using only the personal dataset. One of the women was excluded from the PMF analysis due to 

the extremely high concentrations of some elements, which would bias the output of the PMF. Samples 

with missing data were also excluded. In total, 4 indoor samples, 4 outdoor samples and 3 personal samples 

were excluded; and 122 outdoor + indoor samples and 62 personal samples were used. Selection of the 

species included in the model was done depending on their signal to noise ratio (S/N, Equation (3)), the 

percentage of samples above detection limit and the significance of the species (knowledge of its presence 

in possible PM sources in the area). From all the PAHs analysed, the two light PAHs with the highest S/N 

(phenanthrene and anthracene) and the two heavy PAHs with the highest S/N (benzo(k)fluoranthene and 

benzo(ghi)perylene) were used. 

(3) 

 

The average outdoor source apportionment to PM2.5 was completed by adding some components not 

analysed in the present study and by re-calculating the mineral source contribution. To this end, data from 

an urban background site in Barcelona during the sampling period of the present study (November 2008-

November 2009; Reche et al., 2012) was used, including nitrate, ammonium and organic matter (OM) 

concentrations (calculated as 1.6 times the organic carbon (OC) concentration). The mineral source 



contribution was re-calculated to include the contribution of SiO2 in this source. This was calculated based 

on the mineral source contribution, the Al2O3 content in this source and the ratio SiO2/Al2O3 ¼ 3. 

 

3.Results and discussion 

3.1. PM2.5 concentrations and composition 

PM2.5 concentrations were 20 µg m-3, 24 µg m-3, and 27 µg m-3, on average (arithmetic means), for 

outdoor, indoor, and personal samples, respectively. Indoor/outdoor ratios varied between 0.5 and 4.9. 

Outdoor and indoor PM2.5 concentrations were not strongly correlated, although after removing some 

outliers the correlation was relatively strong (square Pearson correlation coefficient, R2 = 0.42, Fig. S1). 

This indicates that there was certain penetration of outdoor sources to indoor environments. Personal PM2.5 

concentrations showed a relatively strong correlation with indoor PM2.5 concentrations (R2 = 0.66 after 

removing 5 outliers (points that are far from linearity in the scatter plot), Fig. S1), whereas the correlation 

was not strong with outdoor PM2.5 concentrations (R2 = 0.18 after removing 6 outliers, Fig. S1). This 

indicates the high variability in PM2.5 concentrations in different environments affecting the personal 

exposure (indoor home, commuting, indoor work, outdoors, etc.). This is in agreement with previous 

studies carried out in Barcelona, which found that outdoor PM2.5 measurements do not correlate strongly 

with personal exposure to PM2.5 (Jacquemin et al., 2007); and with studies carried out in France showing 

the spatial heterogeneity of personal expo- sure to airborne metals (Nerriere et al., 2007). A more detailed 

analysis of the correlations can be found in Schembari et al. (submitted for publication). No direct influence 

of the proximity to a street canyon on the outdoor and indoor PM2.5 concentrations was observed (Fig. 

S2). 

Average concentrations (across all women) of major PM2.5 components are shown in Fig. 1a. One of the 

women was excluded from the average, due to especially high concentrations of some components (and 

trace elements, as shown below in this section) attributed to the influence of metallurgy processing nearby 

her home. The concentrations recorded for this woman are shown separately and labelled as ‘metallurgy’ 

in Fig. 1a. Concentrations of Ca, Fe, K, Mg and Na were clearly higher in the metallurgy envi- ronment 

with respect to the average of the rest of the environ- ments, whereas BS and sulphate concentrations were 

comparable. Most of the components had similar average concentrations outdoors and indoors. Al2O3, Ca 

and Fe average concentrations were slightly higher outdoors than indoors, which could be partially 

attributed to the influence of dust resuspension outdoors. On the contrary, average K concentration was 

higher indoors (Fig. 1a and b), which could be attributed to the influence of indoor sources. No clear 

correlation was observed between indoor K concentrations with any of our recorded indoor activities. 

Nevertheless, it should be noted that the highest indoor K concentration (corresponding also to the highest 

K indoor/outdoor ratio) coincides with the maximum time reported as exposure to cigarette smoke indoors. 



4 

4 

4 

4 

In general, outdoor and personal species concentrations were poorly correlated (Table 1). Nevertheless, 

some species showed strong correlations for indoor-outdoor and/or for indoor-personal concentrations. This 

was the case of BS, which was homogeneously spread across different microenvironments, probably 

indicating the high penetration from outdoor to indoor environments. This agrees with Gotschi et al. (2002), 

who found stronger indoor-outdoor correlations for BS concentrations than for bulk PM2.5 in several 

European cities. Mg demonstrated the strongest indoor-outdoor correlation, but there was a weak indoor-

personal correlation. K showed a strong indoor-personal correlation supporting the hypothesis of a cigarette 

origin for this element. The weak indoor-outdoor, indoor-personal and outdoor-personal correlations for 

SO4
2- (R2 = 0.17e0.38) could be due to several outliers, but a clear defined linear trend was observed in the 

scatter plots (Fig. S3). Therefore, we may conclude that SO4
2- has a regional origin (resulting in a clear 

linear trend in the scatter plots indoor-outdoor-personal), which agrees with findings by Jacquemin et al. 

(2007), who found strong correlations between personal and outdoor SO4
2-  concentrations in Barcelona. 

Nevertheless, there is evidence that there are additional SO4
2- sources that would not be transported between 

different micro- environments, hence being responsible for the outliers in our scatter plots. 

The average concentrations of trace elements (across all women) are presented in Fig. 2a. Concentrations 

corresponding to the metallurgy-influenced area are shown separately. Concentra- tions of Zn, Cu, Pb, Mn, 

Mo, Ni, Sn, Cr, Sb, As, Rb, Li and Co were clearly higher in the metallurgy environment with respect to 

the average of the rest of the environments, which agrees with the trace elements associated to metallurgy 

processing identified by Querol et al. (2007). Most of the elements showed similar average concentrations 

outdoors and indoors, as shown also by the indoor/ outdoor ratios (Fig. 2b). As for major species, in general, 

outdoor and personal trace elements concentrations were poorly correlated with R2 ranging from <0.01 to 

0.16 (Table 1), except for V, Sn and Tl, which showed strong correlations outdoor-personal, coinciding 

with strong correlations indoor-outdoor and indoor-personal. This indicates that these elements had a high 

penetration and were quite homogeneous in different microenvironments. Other elements with strong 

indoor-outdoor correlations were Ti, Mn, Zn, Rb and Pb, from which only Rb also showed a strong indoor-

personal correlation. Ce and Y had the highest indoor/ outdoor ratios (Fig. 2b), attributed to the influence 

of a specific indoor source, such as cigarette smoke (discussed in Section 3.2). Although average 

concentrations were quite similar indoor, outdoor and for personal exposure, the correlations were moderate 

for most of the species, and hence personal measurements are needed in order to assess the personal 

exposure. 

Indoor and outdoor PAHs concentrations were generally strongly correlated (Table 1), indicating also 

widespread distribution and high penetration outdoor-indoor of these compounds. Nevertheless, their 

average composition indoors and outdoors showed some differences. In outdoor environments lower 

molecular weight PAHs (between fluorene and benzo[e]pyrene) were found in higher concentrations than 



in indoor environments. Conversely, the PAHs of highest molecular weight (between benzo [a]pyrene and 

dibenz[ah]anthracene) were found in higher concentrations indoors than outdoors. 

Examination of the ratios between compounds of the same molecular weight is useful for identifying 

some of the main sources contributing to the atmospheric PAHs mixtures (Sicre et al., 1987). These ratios 

were rather similar for both indoor and outdoor environments. Thus, the phenanthrene/(anthracene + 

phenanthrene) ratios were 0.80 and 0.82 indoors and outdoors, respectively. The fluoranthene/(fluoranthene 

+ pyrene) and benz[a]anthracene/ (chrysene + triphenylene + benz[a]anthracene) ratios were 0.48 and 0.46, 

and 0.33 and 0.36 indoors and outdoors, respectively. These ratios are very similar to those found in 

emissions from gasoline vehicles (Grimmer and Hildebrandt, 1975). The benzo[e] pyrene/(benzo[e]pyrene 

+ benzo[a]pyrene) ratios were 0.53 and 0.67, indoors and outdoors, respectively. These ratios are interme- 

diate between those found in emissions from gasoline and from diesel vehicles (Aceves, 1993). The 

indeno[1,2,3,-cd]pyrene/(benzo [ghi]perylene + indeno[1,2,3,-cd]pyrene) ratios were 0.38 and 0.35, 

indoors and outdoors, respectively. These ratios are similar to those found in emissions from diesel vehicles 

(Aceves, 1993). These ratios did not indicate a substantial difference in composition between indoor and 

outdoor environments, suggesting that these PAHs may have a dual origin from traffic emissions of 

gasoline and diesel vehicles. However, the higher indoor concentrations of the heavier molecular weight 

PAHs suggest that indoor particles may accumulate a higher proportion of those originating from this 

second source.  

The sum of the analysed species concentrations was on average 24-33% of the bulk PM2.5 measured 

concentration. The remaining mass was thought to be mainly organic matter (OM), and in much lower 

proportion silica, nitrate, and ammonium, for which the concentrations were not determined for the 

collected samples of this study. Concentrations of some of these species during our sampling period are 

available from a Barcelona urban background site (Reche et al., 2012). After adding these concentrations, 

29-38% of the bulk PM2.5 remains undetermined. Further details are given in the source apportionment 

Section 3.2. 

The correlation coefficients among  outdoor-indoor, personal-indoor an personal-outdoor 

sum of species concentrations were similar to those of bulk PM2.5 measured concentrations 

(Figs. S1 and S4). Therefore, the strong or weak correlations cannot be attributed to either the analysed or 

non- analysed components. A complete analysis of all the samples would be needed for more conclusive 

results. 

 

3.2. Source apportionment 

Six sources were identified by PMF for the indoor + outdoor datasets: sulphate, fueloil + sea salt, 

cigarette, mineral, road traffic and industrial (Fig. 3). Three of these sources were also identified in the 



personal dataset: sulphate, fueloil + sea salt, and cigarette. The sulphate source is attributed to the formation 

of secondary sulphate, commonly found in most source apportionment studies (Viana et al., 2008). The 

fueloil + sea salt source was characterized by V, Ni, Na and Mg; and in the personal dataset there is also 

some influence of BS on this source. The inclusion of these two sources (fueloil and sea salt) into a single 

one in the PMF probably reflects the contribution of some regional background with the influence of these 

two sources and therefore the model is not able to separate them. Several previous studies have also 

attributed a source char- acterised by V and Ni to a background contribution (Viana et al., 2008). The 

cigarette source was mainly characterized by K, Ce, Cd, benzo(k)fluoranthene and benzo(ghi)perylene. The 

last two compounds were only analysed in the indoor and outdoor samples, and therefore the personal 

profile does not include those. K is a known tracer of biomass combustion sources (Pio et al., 2008); Ce is 

attributed to the use of lighters, since it is a component of the lighters flint (Kilbourn, 1988); Cd is present 

in cigarette smoke (Miranda et al., 2012); and benzo(k)fluoranthene and benzo(ghi) perylene are also 

present in the cigarette smoke (Kleeman et al., 2008). The mineral source was characterized by Al2O3, Ca, 

Ti, Fe, Li, Rb and Sr, which are typical known mineral species. This mineral source may be attributed to 

soil resuspension, influence of construction works and natural mineral sources. Given the similar chemical 

profile of these sources, the model is not able to separate them, but it identifies a single source with this 

mineral chemical profile. The road traffic source was characterized by BS, phenanthrene and anthracene 

(low weight PAHs characteristic from fresh emissions). The industrial source was characterized by Pb, Sn, 

Cu, Mn and Fe, which is similar to the industrial source profile found in Barcelona by other outdoor studies 

with large datasets (Amato et al., 2009). 

For the personal dataset, the road traffic and industrial sources were also identified but merged in a single 

source, reflecting the influence of the urban background cocktail. Moreover, two addi- tional sources were 

identified for the personal dataset: cosmetics and train/subway (Fig. 3). The cosmetics source was 

characterized by abundance of Ca, Li, Ti and Sr and the absence of Al, which makes the main difference 

for not identifying this source as a mineral source. The presence of Ti and Ca in cosmetics has been docu- 

mented by several studies (Kaida et al., 2004; Cengiz et al., 2006; Di Maiuta and Schwarzentruber, 2011) 

and is included in the Euro- pean inventory of cosmetics ingredients (Commission Decision, 2006/257/EC). 

Some personal care products may contain nano- particles of titanium dioxide that are used as active 

ingredients in sunscreen products. In the present study, the identification of such a factor could be attributed 

to powder cosmetics containing these ingredients. Hopke et al. (2003) identified a personal care products 

factor, with a similar source profile to the cosmetics factor found in this study. The main difference is the 

lack of calcium in the Hopke et al. (2003) profile, most likely due to the fact that the Hopke et al. (2003) 

source consisted in personal care products other than make up. The train/subway source was characterized 

by the presence of Fe, Mn, Cu and Ba, which coincides with train emissions profiles from other studies 



(Aarnio et al., 2005; Chillrud et al., 2005; Bukowiecki et al., 2007). The relation of the contribution of these 

sources (cosmetics and train/subway) with the activities reported in the diary further confirms the 

identification of such sources, as discussed later in this section. The number of sources was chosen based 

on the physical meaning of the different options and based on the Q values found for different number of 

factors (Fig. S5). 

Our source apportionment was based on the sum of the analysed components (species), which were 24-

33% of the sampled bulk PM2.5. Hence, the contribution of each source only includes the contribution of 

the source to the sum of the analysed species concentrations, excluding other possible components present 

in the source but not analysed. Although the average contributions give a broad view of the sources (Fig. 

4), the contribution of the different sources varied widely among women, as indicated by high standard 

deviations of the source contributions (data not shown). Bearing this in mind, the average contributions of 

bulk PM2.5 (±standard deviation) were 9-15% (±6-10%) for secondary sulphate, 4-5% (±3-4%) for road 

traffic, 1-2% (±1%) for industry, 2% (±2%) for fueloil + sea salt (only for indoor and outdoor 

environments), 5% (±4%) for fueloil + sea salt + BS (only for personal exposure), 5-6% (±4-5%) for 

mineral source (only for indoor and outdoor environ- ments), 2-3% (±2-3%) for cigarette, 3% (±4%) for 

train/subway (only for personal exposure), and 2% (±4%) for cosmetics (only for personal exposure). As 

for bulk PM2.5 concentrations, no direct influence of the proximity to a street canyon was found for the 

road traffic contribution to outdoor concentrations (Fig. S6). 

The highest variations in the contributions were observed for cigarette, train/subway and cosmetics 

sources. This could be due to the fact that these sources widely depend on the behavioural and time-activity 

patterns of the women. On the contrary, the rest of the sources belonged to the Barcelona urban environment 

and therefore their contribution was always present. For these sources, the variation was mostly due to the 

temporal variation in the influence of these sources, given that the sampling rounds were carried out at 

different times of the year for different women. 

The highest cigarette contributions (up to 4 µg m-3) were observed for women exposed to tobacco more 

than 30 min per two days sampling period (Fig. S7a). The contribution of train/subway was below 1 µg m-

3 for women not using train or subway during the study, whereas it was much higher (up to more than 6 µg 

m-3) for women using subway and/or train (Fig. S7b). Nevertheless there was a weak correlation between 

the train/subway contribution and the time spent in train and subway (R2 < 0.1), i.e. the contribution of this 

source does not depend directly on the time spent inside the train. This may indicate that the highest 

exposure to specific train/ subway pollutants takes place on the platforms and not inside the trains, as found 

in the London subway (Seaton et al., 2005). The cosmetics contribution was much lower (less than 3 µg m-

3) for women using powder cosmetics from zero to two days per week, than for women using powder 

cosmetics three to seven days per week (Fig. S7c). In this latter case, contributions reached more than 5 µg 



m-3, which is similar to the highest contributions found by Hopke et al. (2003) for personal care products. 

These variations further confirm the identification of the sources as such, since the contributions varied 

accordingly to the reported exposure in the women diaries. 

The completed average outdoor source apportionment (Fig. 4) resulted in a mineral contribution of 9% 

of the bulk PM2.5. Nitrate and ammonium average concentrations accounted for 8% and 9% of the bulk 

PM2.5, respectively. These are secondary compounds, the precursors of which can be originated by 

different sources, such as traffic (NOx) and sewer systems (NH3). OM average concentration accounted 

for 21% of the bulk PM2.5. This OM can have different origins, such as road traffic or biogenic emissions, 

among others (Minguillón et al., 2011). With the completed outdoor source apportionment, only 26% of 

the bulk PM2.5 remains non-analysed, which could be attributed to the water uptake of the filter and 

hygroscopic PM components. 

The contributions to the indoor environments were correlated with and similar to the corresponding 

contributions to the outdoors for most of the sources (Fig. 5). The most correlated were fueloil + sea salt 

(R2 = 0.70), sulphate (R2 = 0.36, but a strong correlation was observed when some outliers were removed), 

road traffic (R2 = 0.66) and industry (R2 = 0.73), which could indicate the penetration of these sources 

from outdoors into indoors. These findings are in agreement with Larson et al. (2004), who also found 

strong indoor-outdoor correlations for mobile and secondary sources. The mineral source contributions 

were less correlated (R2 = 0.40), suggesting the possible different sources of indoor and outdoor mineral 

dust. The cigarette contribution was larger for personal exposure than for indoor and outdoor environments 

and the indoor-outdoor and the personal-outdoor correlations were poor (R2 = 0.22 and R2 = 0.01, 

respectively), indicating the local influence of this source. The personal-outdoor correlation was quite 

strong for the sulphate source, despite the relatively low Pearson correlation coefficient (R2 = 0.15) due to 

some outliers, indicating the secondary nature of this source, which makes its contribution quite 

homogeneous and independent of the specific place. There was a very weak correlation (R2 = 0.04) between 

the road traffic contributions to the outdoor environment and to the personal exposure, indicating that this 

source varies widely with the location, despite the high penetration indoors as shown by the high indoor-

outdoor correlation. To better evaluate these indoor-outdoor variations, the indoor/outdoor ratios of source 

contributions were examined, and they showed the same results as explained above (Fig. S8). Nevertheless, 

the wide range of indoor/outdoor ratios indicates the variations in infiltration efficiencies among homes, 

which is in agreement with previous studies (Allen et al., 2003). 

 

4.Conclusions 

PM2.5 concentrations were higher for personal samples than for indoor and outdoor environments. 

Outdoor-indoor PM2.5 correlation was moderate, outdoor-personal PM2.5 correlation was poor and 



indoor-personal PM2.5 correlation was relatively strong. 

Outdoor dust resuspension was evidenced by the higher mineral concentrations in outdoor samples. High 

K indoor concentrations were attributed to the influence of indoor sources, particularly cigarette smoke, 

supported by a strong indoor-personal correlation for K concentrations. Strong correlations for indoor-

outdoor and/or for indoor-personal were found for BS, indicating the homogeneity of this pollutant in our 

evaluated microenvironments. Sulphate concentrations were similar in all environments, although some 

specific indoor and outdoor SO2- sources may have a local influence. 

Although average trace elements concentrations were quite similar indoor, outdoor and for personal 

exposure, the correlations were moderate for most of the species, indicating the need for personal 

measurements in order to assess the personal exposure. PAHs concentrations were in general highly 

correlated indoor and outdoor suggesting high penetration of these species. The ratios between different 

PAHs concentrations indicate that the influence from road traffic could be due to both gasoline and diesel 

vehicles.  

Six sources were identified by PMF for the indoor + outdoor datasets: secondary sulphate, fueloil + sea salt, 

mineral, cigarette, road traffic, and industrial. For the personal dataset, sulphate, fueloil + sea salt, and 

cigarette were also identified, whereas the road traffic and industrial sources were merged in a single source, 

reflecting the influence of the urban background cocktail. Two specific personal sources were found: 

cosmetics and train/subway. The contribution of the different sources varied widely among women, with 

secondary sulphate being the largest contributor. The high variations in the contributions of cigarette, 

train/subway and cosmetics sources were due to the woman time-activity. 

The contributions to indoor environments were similar to and correlated with the corresponding outdoors 

for most of the sources, especially fueloil + sea salt, sulphate, road traffic, and industry. The mineral source 

contributions indoor vs. outdoor were less correlated, which indicates the possible different sources of 

mineral dust outdoors and indoors. The cigarette source had a higher influence indoors compared to 

outdoors, and it was even higher on the personal exposure, with poor correlations indoor-outdoor and 

outdoor-personal. The wide range of indoor/outdoor ratios indi- cates the variations in infiltration 

efficiencies among homes. 

The results found in this study support the necessity of an assessment of the influence of different PM 

sources on personal exposure, as a base for further epidemiological studies. 
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Fig. 1. a) Outdoor (Out), indoor (Ind) and personal (Per) average major components concentrations 

excluding one of the women and for this specific woman in a metallurgy-influenced environment. b) 

Indoor/outdoor ratios for major components concentrations excluding data below detection limit (<DL). 

Extremes of the whiskers indicate 10th and 90th percentiles. Grey line (red in the web version) indicates an 

indoor/outdoor ratio equal to 1. 

 
Table 1  Average concentrations, number of data points >DL (detection limit), and square Pearson 

correlation coefficients between indoor, outdoor and personal species concentrations (only those >DL, and 

excluding those corresponding to the woman living in a metallurgy-processing-influenced environment). 

In bold R2 > 0.80. 
 Ind Ave  Out Ave  Per Ave  Ind n	> DL  Out n	> DL  Per n	> DL  Ind‐Out R2  Ind‐Per R2  Out‐Per R2 

PM2.5  24  20  27  61  61  62  0.18  0.44  0.04 

BS  1.9  1.9  2.1  61  61  62  0.54  0.63  0.31 

Al2O3  0.2  0.3  0.3  52  50  53  0.24  0.06  0.02 

Ca  0.4  0.5  0.6  59  60  60  0.11  0.27  0.06 

Fe  0.2  0.4  0.4  59  58  62  0.24  0.00  0.00 

K  0.2  0.2  0.2  44  42  46  0.02  0.54  0.00 



4 

Mg  0.04  0.05  0.06  38  38  45  0.78  0.29  0.37 

Na  0.3  0.3  0.3  60  55  58  0.10  0.07  0.14 

P  0.01  0.01  0.01  11  8  10  0.28  0.21  0.72* 

SO2- 

Li  0.3  0.3  0.4  15  18  21  0.01  0.32  0.05 

Ti  32.6  33.9  75.1  54  52  60  0.55  0.14  0.13 

V  11.5  12.7  11.7  58  56  60  0.93 0.88 0.83 
Cr  2.9  3.4  3.7  52  54  58  0.30  0.19  0.02 

Mn  14.0  38.0  13.7  59  58  62  0.70  0.09  0.03 

Co  0.2  0.2  0.2  6  2  5  **  **  ** 

Ni  7.4  7.1  10.8  53  52  58  0.08  0.11  0.00 

Cu  15.8  45.9  21.1  59  58  62  0.00  0.15  0.10 

Zn  54.7  61.0  62.9  61  58  61  0.60  0.07  0.07 

As  1.1  2.0  1.0  57  50  56  0.04  0.15  0.01 

Se  0.3  0.4  0.4  20  24  24  0.13  0.04  0.10 

Rb  0.2  0.4  0.3  12  11  22  0.59  0.87 0.16 

Sr  1.7  1.6  3.4  59  55  62  0.04  0.02  0.06 

Y  0.7  0.9  0.9  26  24  23  0.01  0.00  0.00 

Zr  35.8  40.7  34.5  35  35  41  0.01  0.11  0.00 

Nb  0.2  0.2  0.4  8  7  15  0.44  0.93* 0.00 

Mo  0.6  1.4  1.0  45  47  54  0.23  0.02  0.01 

Cd  0.4  0.4  0.5  29  27  36  0.14  0.59  0.00 

Sn  3.5  6.6  4.1  59  57  62  0.73  0.59  0.56 

Sb  1.0  1.9  1.6  50  54  56  0.00  0.04  0.00 

Ba  4.1  5.2  13.2  59  58  62  0.04  0.01  0.00 

La  0.7  0.1  0.9  27  4  35  **  0.56  ** 

Ce  2.5  0.5  2.7  47  37  52  0.06  0.48  0.03 

Hf  0.6  0.5  0.6  20  17  17  0.30  0.03  0.00 

Tl  0.9  1.2  0.8  5  6  6  0.87 0.65  0.91 
Pb  8.3  10.2  12.4  55  49  56  0.54  0.05  0.03 

Fluorene  19.3  24.4   64  64   0.16    

Phenanthrene  135.4  175.8   64  64   0.39    

Anthracene  34.6  37.9   64  64   0.49    

Fluoranthene  145.8  274.4   64  64   0.24    

Pyrene  161.
1 

323.8   64  64   0.27    

Retene  67.7  211.4   64  64   0.67    

Benzo[a]anthracene  93.2  143.1   64  64   0.42    

Chrysene þ triphenylene  194.
1 

259.1   64  64   0.21    

Benzo[b o j ]fluoranthene  138.8  155.1   64  64   0.44    

Benzo[k]fluoranthene  129.4  141.7   64  64   0.51    

Benzo[a]fluoranthene  34.5  33.1   64  64   0.76    

Benzo[e]pyrene  181.
1 

199.4   64  64   0.39    

Benzo[a]pyrene  116.
5 

114.1   64  64   0.68    

Perylene  27.2  25.0   64  64   0.47    

Indene[1,2,3‐cd]pyrene  136.
1 

116.0   64  64   0.46    

Benzo[ghi]perylene  218.5  212.6   64  64   0.50    

Dibenzo[ah]anthracene  30.3  25.1   64  64   0.52    

*Due to a single high pair of points. 

**Due to low availability of data, it is not possible to calculate the R2. 
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Fig. 2. a) Outdoor (Out), indoor (Ind) and personal (Per) average trace elements concentrations 

excluding one of the women and for this specific woman in a metallurgy- influenced environment. 

Note that the y-axis is in logarithmic scale. b) Indoor/outdoor ratios for trace elements concentrations 

excluding data <DL. Extremes of the whiskers indicate 10th and 90th percentiles. Indoor/outdoor ratios 

not shown for La, Co and Tl because of low data availability. Grey line (red in the web version) 

indicates an indoor/outdoor ratio equal to 1. 

 



 
Fig. 3. Source profiles (bars, mg mg_1, left axis) identified for indoor and outdoor samples together and 

for personal samples, and percentage of ambient species concentration 

apportioned by each source (diamonds, right axis). 

 



 
Fig. 4. Average source contribution to PM2.5 for indoor, outdoor and personal samples. Outdoor completed 

includes average NO3
-, NH4

+ and OM concentrations in Barcelona from November 2008 to November 

2009, and the mineral source has been recalculated to include the SiO2 (as 3*Al2O3). 

 



 
Fig. 5. Source contribution to indoor environment and personal exposure vs. source contribution to outdoor 

environment for each of the sources. 
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