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• Receptor models were used to estimate
the contribution of sources to PM expo-
sure.

• Nine outdoor and indoor sources were
identified.

• Indoor organics was the main contributor
for the integrated exposure to PM2.5.

• Dust resuspensionwas themain reason for
the high PM10 concentrations in schools.

• Traffic contributed on average by 24% to
the children's exposure to PM2.5.
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 The present study aims to investigate the sources of particulate pollution in indoor and outdoor environments, with
focus on determining their contribution to the exposure of children to airborne particulate matter (PM). To this end,
parallel indoor and outdoormeasurements were carried out for a selection of 40 homes and 5 schools between Septem-
ber 2017 and October 2018. PM2.5 and PM2.5–10 samples were collected during five days in eachmicroenvironment
(ME) and analysed by X-Ray Fluorescence (XRF), for the determination of elements, and by a thermal-optical tech-
nique, for the measurement of organic and elemental carbon. The source apportionment analysis of the PM composi-
tion data, by means of the receptor model SoFi (Source Finder) 8 Pro, resulted in the identification of nine sources:
exhaust and non-exhaust emissions from traffic, secondary particles, heavy oil combustion, industry, sea salt, soil,
city dust, and an indoor source characterized by high levels of organic carbon. Integrated daily exposure to PM2.5
was on average 21 μg/m3. The organic matter, resulting from cleaning, cooking, smoking and biological material,
was the major source contributing by 31% to the PM2.5 exposure. The source city dust, which was highly influenced
by the resuspension of dust in classrooms, was the second main source (26%), followed by traffic (24%). The major
sources affecting the integrated exposure to PM10, which was on average 33 μg/m3, were the city dust (39%), indoor
organics (24%) and traffic (16%). This study provides important information for the design of measures to reduce the
exposure of children to PM.
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1. Introduction

Air quality management policies, aiming at protecting the citizens'
health, are based on ambient concentration levels, assessed by national
air quality measurement networks, assuming that the corresponding moni-
toring stations are representative of the population exposure across a given
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city. However, ambient outdoor concentrations may lead to exposure mis-
classification, which is likely to be determined by the individual's time-
activity profiles including time spent in indoor environments (Almeida
et al., 2016; Faria et al., 2020; Faria et al., 2022). Since people spend
about 90% of their time indoors, individual's exposure to air pollutants is
dominated by indoor air quality, which is affected by both the building
characteristics and indoor pollution sources (Morawska et al., 2013). In-
door air pollutants result from outdoor air and from indoor sources, includ-
ing the presence of occupants, human activities, combustion processes,
building materials, and consumer products (MacNeill et al., 2014;
Morawska et al., 2017; Urso et al., 2015). Indoor chemistry is itself a source
of chemicals that might otherwise not be present indoors (Abbatt and
Wang, 2020). Indoor chemistry is governed by different factors and pro-
cesses than those that control outdoor atmospheric chemistry for several
reasons, such as absence of direct sunlight and rain, less extreme tempera-
ture fluctuations, much larger surface-to-volume ratios, and much higher
concentrations of organic compounds (Farmer and Vance, 2019; Weschler
and Carslaw, 2018). Therefore, highly variable exposure conditions
among different buildings can result in large exposures and health risks
for a subset of the population, whichmay not correspond only to people liv-
ing in areas identified by the national air quality networks as heavily
polluted.

Particulate matter (PM) is a key air pollutant in terms of adverse health
effects. Epidemiological and clinical studies have demonstrated particles to
be a risk factor for several respiratory disease, such as lung cancer, chronic
obstructive pulmonary disease and asthma (Kulhánová et al., 2018; Lu
et al., 2020;Mateen and Brook, 2011), alongwith numerous cardiovascular
disease, such as stroke, coronary events, myocardial infarction, cerebrovas-
cular events, atherosclerosis, and deep vein thrombosis (Gu et al., 2017;
Mateen and Brook, 2011; Miller et al., 2007). In general, children are
more susceptible to PM than adults, because their respiratory, immune,
central nervous, digestive and reproductive systems are still evolving
(Salvi, 2007; Suwanwaiphatthana et al., 2010). Moreover, children have
higher inhalation rates per body weight and higher pulmonary specific sur-
face area as compared to adults (Bateson and Schwartz, 2008). Deep
breathing pulls PM faster and further into the lungs, bypassing initial
areas of deposition (Zwozdziak et al., 2016). According to Ginsberg et al.
(2005) the pulmonary region of the lung has slower clearance, therefore
PM remain there longer, and consequently the particle dose can be two to
four fold higher among young children.

Europe is moving towards the implementation of the Thematic Strategy
on Air Pollution, where Member States are required to draw up plans and
programs to guarantee compliance with legally binding limit values for
air pollutants. However, the current policy efforts, at European and national
level, have not fully delivered the expected results. In spite of the numerous
efforts, 97% of the urban population in Europe is exposed to concentrations
of fine particles (PM2.5) above the newWorld Health Organization (WHO)
guideline level of 5 μg/m3 (WHO, 2021) and serious air pollution impacts
on health still persist. Prompt action through efficient air quality
management, considering outdoor and indoor sources, is required not
only to ensure that the outdoor air legal limits are not exceeded, but
principally to guarantee that the consequences of poor air quality on
human heath are controlled and minimized. Therefore, management of
air quality requires quantitative estimates of population integrated
exposure to pollutants, considering all the microenvironments (MEs)
frequented by the individuals during their daily activities, as well as
the influence of the different PM sources and factors affecting this
exposure (Morawska et al., 2013).

While the major sources of indoor air PM have been identified, few
studies have attempted to estimate the contribution of specific sources
using receptor-modeling techniques. Receptor models are statistical proce-
dures for identifying and quantifying the sources of air pollutants at a recep-
tor location. Receptor models have been extensively used for outdoor air
quality (Almeida et al., 2020; Amato et al., 2016; Karagulian et al., 2015)
but few studies on indoor PM have been conducted (Amato et al., 2014;
Kalaiarasan et al., 2017; Zhao et al., 2007), mainly because the presence
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of both indoor and outdoor sources, the building-related mechanisms
(e.g. ventilation and infiltration), as well as the outdoor meteorology and
long range transport of pollutants makes Source Apportionment (SA) chal-
lenging (Bekö et al., 2020).

This study aims at improving the understanding of the sources affecting
the indoor and outdoor environments and how these sources contribute to
the overall exposure, focusing on elementary school children. To the best of
our knowledge, there is a limited number of SA studies at indoor school and
homeMEs, while the contribution of the different sources to the daily expo-
sure of children is still far from being well understood.

2. Methodology

2.1. Assessment of time-microenvironment-activity pattern in Lisbon

A necessary step in measuring the extent of children's exposure to air pol-
lutants and assessing the sources affecting this exposure is to evaluate where
they spend their time. Therefore, data on children time-microenvironment-
activity was collected using a questionnaire that was distributed in 26 schools
and applied to children, aged between 5 and 10 years-old, living and studying
in Lisbon. The questionnaire was developed in two main parts: the first part
was dedicated to the characterization of the children and location of their
houses and schools; and the second part focused on the characterization of
the time activity pattern of children during the weekdays and weekends.
The time was divided in periods of 30 min and 17 MEs were considered.
The questionnaires were filled by the parents of the children. To increase
the interest of the school community and the response rate, the teamwork
put into action the awareness campaign “The air belongs to everyone” that
aimed to aware students and teachers to the problem of air quality. 6096
questionnaires were delivered, 1251 of the parents returned the question-
naires, but only 1189 were completed, representing a response rate of 20%.
The questionnaire and more details about its application and results can be
consulted in LIFE Index-Air (2017) report. The results of the questionnaire
were essential to identify the MEs where children spendmore time and to se-
lect the sampling locations.

2.2. Air quality measurements

Air quality measurements were carried out indoors and outdoors of 40
homes and 5 primary schools located in Lisbon, between September 2017
and October 2018. Homes and schools were carefully selected in order to
represent different zones of the city and different building characteristics
(age, envelope, materials, etc.). The sampling was made in more homes
than classrooms due to the higher variability of the conditions, sources
and concentrations in dwellings and to the less number of works focusing
the indoor air quality in this ME, which increases the need of more knowl-
edge about processes and sources inside homes. The sampling at each home
and school lasted for 5 days, during the occupancy hours, i.e. in schools, 8 h
from Monday to Friday and in homes 15 h during the week (from 18:00 to
9:00) and 24 h during the weekend. Outdoor air measurements followed
the same time schedule as indoor sampling.

PMwas sampled concurrently indoors and outdoors using four medium
volume samplers (MVS6, Leckel, Sven Leckel, Germany). The Leckel sam-
plers were equipped with a sampling head for the simultaneous collection
of PM2.5 and PM2.5–10 at a constant flow rate of 2.3 m3 (Faria et al.,
2020). Two samplers were installed indoors (in living-room or classroom)
with air inlets at roughly 1 m above the floor level, corresponding to the
breathing level of the children, and away from the door, thus avoiding dis-
turbances resulting from air currents. The other two samplerswere installed
outdoors, in the balcony or playground. The use of two samplers in each site
allowed the collection of PM at two different filter substrates and conse-
quently the chemical analyses of filters by different techniques. One sam-
pler collected PM2.5 and PM2.5–10 on Quartz fibre filters (Pall) and the
other sampler collected PM2.5–10 in Nuclepore filters with 0.4 μm pore
size (Whatman) and PM2.5 in polytetrafluoroethylene filters (PTFE) with
2 μm pore size (Whatman).
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Filters were weighted before and after sampling in a laboratory with
controlled temperature and humidity, using a microbalance (Sartorius
R160P, Greifensee, Switzerland). PMmass concentrationswere determined
by dividing filter loads by the volume of air filtered. PM10 concentrations
were obtained by summing PM2.5 and PM2.5–10 concentrations. PM sam-
ples collected on Nuclepore and PTFE filters were analysed by X-Ray Fluo-
rescence (XRF), to determine the concentrations of Na, Mg, Al, Si, S, Cl, K,
Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Sr, Ba, and Pb, using an Energy Disper-
sive X-ray Spectrometer (ED-XRF) Laboratory Instrument (Epsilon 5,
PANalytical, the Netherlands), following the methodology described at
Manousakas et al. (2018). PM samples collected on Quartz filters were
analysed by the Thermo-Optical Transmittance method for the determina-
tion of Organic Carbon (OC) and Elemental Carbon (EC) using the Lab
OC-EC Aerosol Analyzer (Sunset Laboratory Inc., USA) and the EUSAAR2
protocol. More details about sampling, chemical analysis and quality assur-
ance and control are described in Faria et al. (2020) and Faria et al. (2022).

2.3. Source apportionment

Source apportionment was implemented through the multilinear
engine-2 (ME-2) solver and controlled via SoFi (Source Finder) 8 Pro,
which allows for a comprehensive and systematic PMF analysis
(Canonaco et al., 2013).

Source apportionment of PM was performed by receptor modeling that
is based on the mass conservation principle:

xij ¼ Pp
k¼1gik f k jþ eij ð1Þ

where xij is the concentration of the jth species in the ith sample, gik is the
contribution of the kth source in the ith sample, fkj is the concentration of
the jth species in the kth source k, and eij is the residual of each individual
measurement result.

Data below the limit of detection (LOD) were substituted by half of the
LOD and the uncertainties were set to 5/6 of the LOD. Missing data were
substituted by the geometric mean of the measured concentrations and
the corresponding uncertainties were set as 4 times these geometric mean
(Polissar et al., 2001).

Chemical species with high noise were down-weighted based on their
signal-to-noise (S/N) ratio to reduce the influence of poor variables on
the analysis. Species with S/N lower than 0.5 were considered as bad vari-
ables and excluded from the analysis, and species with S/N between 0.5
and 1 were defined as weak variables and down-weighted by increasing
the uncertainty.

ME-2 allows exploring the rotational space around the base solution by
introducing limits into the Positive Matrix Factorization (PMF) model for
deviation from predetermined values for gik and/or fkj for one or more fac-
tors (Paatero, 1999). This approach is referred to as constraining. In the cur-
rent study a constraining technique that is called a-value approach was
used. In this approach one or more output factor profiles are required to
be within predefined limits of a reference profile, with the tightness of con-
straint defined by the scalar a (0≤ a≤ 1). The scalar a defined the degree
of freedom (a = 0 means 0% allowed deviation from the anchor profile,
and a = 1 means 100% allowed deviation).

For identifying the indoor and outdoor sources, four different datasets
were used: PM2.5 indoor and outdoor combining data from schools and
houses in each case, as wells as PM10 indoor and outdoor combining data
from schools and houses in each case. The total number of variables used
was 22 (OC, EC, Na, Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As,
Br, Sr, Ba, Pb). To estimate the factor contribution, PMwas also used as spe-
cies in the analysis with a 300% uncertainty assigned.

A novel methodology was used for the identification of indoor and out-
door sources, based on the a-value approach. First, the outdoor sources for
both PM10 and PM2.5 datasets were identified by performing fully uncon-
strained analysis on the datasets. Then, the factor profiles that were ob-
tained from the analysis of the outdoor data, were used to constrain the
indoor data analysis. In particular, the indoor data source apportionment
3

analysis was performed by constraining the outdoor profiles on the indoor
runs with an a-value of 0.2 (all species except PM were constrained), and
adding an additional unconstrained source. Since the indoor PM levels
are the sum of outdoor contributions plus indoor contributions, by using
this approach we were able to successfully characterize the influence of
the outdoor sources in the indoors environment, as opposed to those that
are exclusively indoor. The chemical profiles of the outdoor sources are
not expected to remain unchanged in the indoor MEs, due to infiltration
or/and other processes that can take place in an indoor environment; the se-
lected a-value of 0.2 (20% change allowed) provides enough space to the
model to adapt the outdoor source profiles to those changes. By following
this approach two main goals are achieved: (i) the contribution/effect of
outdoor sources to the indoor environment is accurately estimated, and
(ii) the contribution of exclusively indoor sources is accurately estimated.

A sensitivity analysis was performed to determine the used a-value and
the number of extra sources indoors in comparison to the outdoor ones. As
stated before, an a-value equal to 0.2 and one extra indoor source provided
the optimum results. Including more indoor sources did not lead to extra
sources with reasonable source profiles (more OC sources with no other
tracers were produced), while increasing the a-value did not lead to signif-
icant changes in the factor profiles. The small change in the Q values (<1%)
before and after the application of the constraints, indicates that the solu-
tions are mathematically equal and the model is not forced to deviate too
much from the unconstrained solution.

Three main reasons are the cause of uncertainties in source apportion-
ment analysis: random errors in data values, rotational ambiguity, and
modeling errors. Modeling errors are identified bymonitoring the residuals
of the solution. The residuals were normally distributed, unstructured over
time and variables throughout all ranges as suggested by Reff et al. (2007).
The rotational ambiguity was investigated using the methodology de-
scribed in Canonaco et al. (2021). This method is based on a combination
of the a-value approach (information about the rotational ambiguity) and
the classical bootstrapping approach (information about the statistical un-
certainty and random errors) (Ulbrich et al., 2009). All mathematical indi-
cators suggest source apportionment solution with low uncertainty. The
optimumnumber of factors was decided by examining themathematical di-
agnostics (Q/Qexp, scaled residuals, structure of the residuals, unexplained
variation), as well as the physical meaning of the factors.

The contribution of each source to the daily exposure of children (S)was
calculated by integrating the time-activity data, provided from the time ac-
tivity questionnaire, with the contribution of the source in the different
MEs, according to Eq. (2):

S ¼
Pm

j¼1 Sj : t j
Pm

j¼1 t j
ð2Þ

where Sj is the source contribution in the ME (j) and tj is the time spent in
the ME (j).

2.4. Statistical analysis

The non-parametric Wilcoxon Matched pairs test was applied to assess
the differences between pairs of indoor and outdoor levels and source con-
tributions and theMann–WhitneyU test was selected to evaluate the differ-
ences between schools and homes. Spearman's correlation coefficientswere
calculated to assess the contribution from infiltration and/or indoor sources
to the observed chemical species concentrations. Statistical significance re-
fers to p < 0.05. All statistical analysis were implemented in STATISTICA
software.

3. Results and discussion

3.1. Children's daily time activity patterns

In this work a time activity pattern survey targeting children between 5
and 10 years old from Lisbon was performed based on a questionnaire.
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Results showed that during the weekday, children spent 89% of their time
indoors – 57% in home and 26% in classrooms and that only 10% of their
time was spent outdoors. During the weekend, children spent 87% of
their time indoors, increasing the time spent in home and leisure places,
in comparison to the weekdays (Fig. 1). The analysis of the children's
time activity pattern showed the importance of the indoor MEs for the chil-
dren's daily exposure.

3.2. PM concentrations

Table 1 reports the average concentrations of indoor and outdoor PM
total and chemical compounds mass, as well as the children integrated ex-
posure levels calculated by integrating the time-activity data with the con-
centrations in the different MEs according to Eq. 3.

E ¼
Pm

j¼1 C j : t j
Pm

j¼1 t j
ð3Þ

where Cj is the PM concentration measured in the ME (j) and tj is the time
spent in the ME (j).

The concentrations and size distribution of the particles sampled in
schools and homes differed significantly (Martins et al., 2020). The schools
displayed higher concentrations (PM2.5: 35 μg/m3 and 14 μg/m3; PM10:
65 μg/m3 and 18 μg/m3, for school and homes, respectively) and I/O ratios
(PM2.5: 2.4 and 1.4; PM10: 2.3 and 0.9, for school and homes, respec-
tively), and lower PM2.5/PM10 ratios (schools: 0.57; homes: 0.78).

While the school environment normally lacks typical indoor PM sources
such as cooking and heating, results indicated that the classrooms is a ME
characterized by high concentration of PM, principally in coarse fraction.
The reason for that can be attributed to insufficient ventilation in schools,
unappropriated cleaning practices, a large number of students in a limited
room area over a period of several hours (average density of 2 m2 per stu-
dent), a constant resuspension of particles from room surfaces, and the
close proximity of the schools to busy roads. Faria et al. (2020) used a
laser photometer (DustTrak, model 8533, TSI) in the same five schools of
the present study tomeasure PM2.5 and PM10 in real-time providing infor-
mation on the diurnal variability, as well as impact of the occupancy and
emission sources. This work showed that there is an increase of PM concen-
trations before the beginning of the classes (9:00) due to the cleaning of the
room, which takes place every day before the first class, and during the
class-hours due to the presence of students in the room, leading to the gen-
eration and resuspension of particles.

Although students spent less time in classrooms (6.1 h) than in homes
(13.2 h), exposure in schools led to a substantial contribution to their total
daily exposure to PM, due to the higher concentrations measured in this ME.
The personal exposure to PM2.5 and PM10, calculated based on the children
time-microenvironment-activity pattern and the concentrations measured in
Fig. 1. Time activity pattern for children between 5 and 1

4

homes, classrooms and outdoor, was 21 μg/m3 and 33 μg/m3, respectively.
PM2.5 exposure exceeded the new 24 h WHO guideline of 15 μg/m3 and
the annual guideline of 5 μg/m3 (WHO, 2021). PM10 exposure did not exceed
the 24 h WHO guideline of 45 μg/m3, but highly exceeded the annual guide-
line of 15 μg/m3.

3.3. Composition of PM

The major compounds found in the PMwere OC, EC, S, Ca, Na, Cl, Si, K
and Fe. Although the other compounds did not contribute significantly to
the PM mass, they provided valuable insights in the identification of PM
sources and health impact assessment, as we will observe in the source ap-
portionment section.

Spearman's correlation coefficients (Rs) were calculated to evaluate the
contribution from infiltration and/or indoor sources to the observed chem-
ical species concentrations. The highest correlations were calculated for
those species of exclusively outdoor origin, such as traffic related pollutants
(EC, 0.89–0.93) and secondary aerosol (S, 0.70–0.95).

OC average concentrations were significantly higher in homes (PM2.5:
6.2 μg/m3; PM10: 7.5 μg/m3) and schools (PM2.5: 13 μg/m3; PM10: 21 μg/
m3) than in the respective outdoors, which indicates the importance of in-
door sources of OC, such as cleaning, cooking, heating and smoking. In
the homes of smokers, OC and K increased 4.7 and 5.9 times in PM2.5
and 4.0 and 5.1 times in PM10, respectively, indicating that these two com-
pounds are good indicators of smoking, as already indicated by the study
developed by Zhao et al. (2007).

In homes, the ratio I/O for the major part of the chemical compounds
was higher in PM2.5 than in PM10, probably due to the contribution of
the coarse fraction that has reduced penetration efficiency and faster set-
tling times, as showed by Hussein et al. (2007) and Martins et al. (2020).

In schools the I/O ratios were higher than in homes, principally formin-
eral species, reflecting the importance of the particle resuspension by the
children's activity, which is a significant source of indoor coarse particles
in schools (Almeida et al., 2011; Fromme et al., 2008; Kim et al., 2017). Ac-
cording to Morawska et al. (2017) this source is likely the main reason for
the elevated PM10 concentrations in this ME.

3.4. Source apportionment

The source apportionment analysis was conducted to resolve the
sources and quantify their contribution to PM in homes, schools and ambi-
ent environment. The most reliable solution identified nine source factors.
Fig. 2 shows that a very good agreement was obtained between the gravi-
metric and the sum of the source contributions (0.77 < R2 < 0.86).

The nine sources were identified as exhaust traffic, non-exhaust traffic,
secondary sulfate, heavy oil combustion, industry, sea salt, soil, city dust
and indoor organics. Factor profiles are displayed in Tables S1 to S4 in
0 years old from Lisbon for weekdays and weekends.



Table 1
Average concentrationsmeasured in the indoor and outdoor of homes and schools and average individual exposure. PM,OC and EC in μg/m3 and elements in ng/m3. Indoor/
outdoor (I/O) ratios (significant differences at p < 0.05 in bold) and Spearman correlation (Rs) between indoor and outdoor concentrations (significant correlations at p <
0.05 in bold).

PM2.5 PM10

Houses Schools Exposure Houses Schools Exposure

Indoor Outdoor I/O Rs Indoor Outdoor I/O Rs Indoor Outdoor I/O Rs Indoor Outdoor I/O Rs

PM 14 13 1.4 0.63 35 21 2.4 0.47 21 18 22 0.9 0.57 65 32 2.3 0.24 33
OC 6.2 3.0 2.8 0.59 13 5.1 2.7 0.34 7.9 7.5 3.8 2.6 0.50 21 6.7 3.4 0.25 11
EC 1.0 1.2 0.9 0.92 1.3 1.3 1.0 0.92 1.2 1.1 1.3 1.0 0.89 1.7 1.4 1.3 0.93 1.3
Al 56 69 2.1 0.64 410 170 2.7 0.16 170 87 130 1.6 0.59 660 310 2.4 0.56 280
Ba 1.5 1.7 0.9 0.20 6.9 15 0.5 −0.09 3.0 3.4 8.4 0.9 −0.11 17 27 1.2 −0.40 7.5
Br 1.9 2.4 0.9 0.73 5.8 2.5 1.0 −0.80 3.1 2.8 5.0 0.8 0.32 7.1 5.2 0.8 0.61 4.3
Ca 200 200 1.5 0.59 2500 720 5.9 0.59 918 380 560 0.9 0.50 5900 1500 5.3 0.30 2100
Cl 170 160 2.6 0.77 240 230 3.1 0.81 195 480 1000 0.5 0.84 670 1000 0.9 0.87 590
Cr 0.54 0.83 1.0 0.46 2.6 0.71 1.6 0.50 1.15 0.91 2.0 0.8 0.56 5.1 1.8 3.3 0.53 2.2
Cu 10 10 1.8 0.26 16 14 1.9 0.45 12 13 17 1.4 0.35 19 19 1.3 0.49 15
Fe 100 190 0.7 0.83 400 270 1.4 0.81 208 180 460 0.4 0.75 800 600 1.2 0.80 400
K 160 140 1.8 0.82 370 300 1.3 0.76 239 190 200 1.1 0.76 500 400 1.3 0.73 300
Mg 13 19 1.3 0.63 100 21 3.2 0.49 41 18 52 0.8 0.52 120 49 3.9 0.80 50
Mn 2.0 3.1 1.0 0.60 8.9 5.7 1.6 0.36 4.4 3.3 7.1 0.7 0.47 16 9.8 1.9 0.46 7.8
Na 200 240 1.0 0.78 300 240 1.3 0.84 234 290 440 0.8 0.77 450 440 1.4 0.78 360
Ni 0.94 0.90 1.0 0.66 0.78 0.56 1.4 −0.11 0.85 1.2 1.4 1.5 0.56 1.5 1.2 2.3 −0.30 1.3
Pb 3.6 4.2 1.0 0.58 13 11 1.4 0.45 7.1 5.4 6.5 1.2 0.42 18 14 2.5 0.37 9.9
S 480 540 0.9 0.95 720 550 1.2 0.91 557 530 640 0.9 0.70 810 660 1.2 0.81 620
Si 160 190 1.8 0.54 1100 480 2.4 0.62 453 240 320 1.6 0.47 1600 780 2.4 0.63 700
Sr 0.42 0.48 0.9 0.27 3.04 0.79 1.2 0.37 1.2 1.1 2.1 0.7 0.39 11 3.0 3.7 0.65 4.1
Ti 7.2 6.9 1.4 0.54 66 45 3.3 0.59 28 12 16 1.2 0.52 140 77 3.7 0.75 55
V 2.0 2.5 1.1 0.74 2.5 2.1 1.1 −0.02 2.1 2.2 2.9 1.1 0.68 2.7 2.3 2.0 −0.10 2.4
Zn 12 13 1.3 0.78 33 30 1.5 0.38 20 15 22 1.0 0.69 60 40 2.1 0.31 31

S.M. Almeida et al. Science of the Total Environment 835 (2022) 155349
the supplementary material. Fig. 3 and Table S5 present the contribution of
the identified sources to PM2.5 and PM10 sampled in the indoor and out-
door of homes and schools.

3.4.1. Traffic exhaust emissions
Traffic is a source of three different contributions to outdoor PM, com-

prising combustion emissions, mechanical/abrasive processes and resus-
pension. The exhaust emissions were traced by OC and EC. In this source,
the ratio OC/ECwas 0.98 for PM2.5 and 1.2 for PM10,which is comparable
with the OC/EC ratio typically found in traffic monitoring sites, which
varies between 1.6 and 1.7, while in remote sites varies between 12 and
15 (Querol et al., 2013).
Fig. 2. Observed versus predicted PM2.5 and PM10 concentrations (values in μg/
m3).
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Particles from vehicle exhaust are mainly in the fine fraction of PM, and
are able to efficiently infiltrate in indoor environments. As expected the
contribution of this source was higher in the outdoor than in the indoor
and the correlations between indoor and outdoor levels were strong for
both places (homes: Rs = 0.82; schools: Rs = 0.57) (Fig. 4 and
Table S5), indicating the importance of the infiltration of traffic related pol-
lutants. The average contribution of the traffic exhaust emissions to PM2.5
measured in homes and schools was 4.5 μg/m3 (24%) and 7.3 μg/m3

(16%), respectively.
The higher contribution of traffic in schools was partly caused by the

fact that sampling was performed during the occupied periods, which
means during the day in schools andmainly during the night andweekends
in homes. These results agree with those from Amato et al. (2014) that es-
timated an average traffic exhaust contribution of 13% for PM2.5measured
inside schools in Barcelona.
Fig. 3. Average relative source contribution for PM2.5 and PM10 sampled in the
indoor and outdoor of schools and homes.



Fig. 4. Correlation between source contribution for indoor and outdoor PM2.5 and PM10 levels (values in ng/m3).
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3.4.2. Traffic non-exhaust emissions
As stringent policies and technological developments have led to

sizeable reductions in exhaust emissions, the contribution of non-
exhaust emissions is becoming more relevant (Padoan and Amato,
2018). Traffic non-exhaust emissions include (i) Fe, Ba, Sb, Sn, and Cu
from brake wear (fraction of pad, disc, and clutch), (ii) carbonaceous,
Al, Si, Zn, and S from tire wear, (iii) mineral aggregates bond by bitu-
men from road wear and (iv) a mix of exhaust emissions, road sanding
and salting, and geogenic material carried onto the road from road
dust resuspension (Padoan and Amato, 2018). In this study, the traffic
non-exhaust emission factor explains most of the variance of Cu, Cr,
Fe, Mn, Zn and EC, which result from break and tire wear, road wear
and dust resuspension (Tables S1-S4).

The contribution of this source for PM2.5 and PM10 was 2.5%
(0.47 μg/m3) and 4.0% (1.0 μg/m3) for homes and 0.32% (0.15 μg/m3)
and 1.0% (0.84 μg/m3) for schools, respectively. The contribution of traffic
non-exhaust emissions was higher outdoor than indoor and the contribu-
tions outdoors were less correlated with those indoors than in the exhaust
emissions, probably because non-exhausts particles are mainly contained
in the coarse fraction and the infiltration of coarse particles is lower
(Bennett and Koutrakis, 2006). Some indoor sources of the tracers of the
non-exhaust emissions can also contribute to these poor correlations. For
instance, several studies have already reported that vacuum cleaners, air
dryers and electrical heathers are important sources of Cu (Tofful et al.,
2021).
6

3.4.3. Secondary sulfate
Secondary aerosols are not emitted directly into the atmosphere by a

single source, they result from the atmospheric chemical transformations
of gaseous precursors emitted by combustion processes, mostly in industry
and transports, at shorter or longer timescales, often involving heteroge-
neous processes. In source apportionment studies, secondary aerosols are
often not allocated to the primary source of their precursor, which might
complicate the interpretation of results (Karagulian et al., 2015). The sec-
ondary sulfate factor was traced by S and to a lesser extent by As. Since
the secondary aerosol ismainly in the fine fraction, the correlation between
indoor and outdoor contributions was strong (Rs between 0.59 and 0.77)
due to the high infiltration of fine particles. The contribution of this source
to PM2.5 was 2.2 μg/m3 (11%) and 3.1 μg/m3 (6.8%) for homes and
classrooms, respectively. In Barcelona schools, Amato et al. (2014)
estimated a contribution of secondary sulfate of 11% to the indoor PM2.5
concentrations.

3.4.4. Heavy oil combustion
The Heavy Oil Combustion factor, mostly associated with combustion

processes from industry and shipping,was traced byV andNi and to a lesser
extent by S and Br, as it has already been reported in other studies (Almeida
et al., 2020). According to Amato et al. (2009), since industries and ship-
ping typically burn high sulfur content residual oil, the sulfate related to
V and Ni probably represents the direct SO3 emission, condensed in partic-
ulate sulfate at the receptor site. The contribution of this source in homes
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was 6.9% for PM2.5 and 4.5% for PM10 and in schools was 1.3% for PM2.5
and 0.80% for PM10.

3.4.5. Industrial emissions
Industrial emissions are a complex mixture of stationary and diffuse

emissions associated with the main processes and operations (Almeida
et al., 2015). While, the contribution from industry is incorporated in
other factors such as secondary sulfate and fuel oil combustion, SoFI identi-
fied a factor related principally with Pb but also with Cu and Mn. The con-
tribution of this source in homes and schools was 0.51% and 0.71% for
PM.5 and 0.73% and 0.60% for PM10, respectively. The relative contribu-
tion of this source was higher for PM2.5 and outdoors (balcony: 6.5% and
playground: 10%); however, the indoor and outdoor concentrations were
uncorrelated (Rs between 0.27 and 0.42), which can indicate an additional
source of Pb indoors. Old lead-based paint is the most significant source of
Pb exposure indoors. Harmful exposures to Pb can be created when Pb-
based paint is improperly removed from surfaces by dry scraping, sanding,
or open-flame burning (EPA, 2022).

3.4.6. Sea salt
The Sea Salt factor was traced by Na and Cl and to a lesser extent by Br

and Sr in PM10. The ratio Cl/Na in this factor was 2.0 (outdoor) and 1.7 (in-
door) for PM2.5 and 1.4 (outdoor) and 1.5 (indoor) for PM10, which is
comparable to the ratio of these elements for sea water (1.8). The contribu-
tion of this factor was similar in the two indoor MEs, 2.2 μg/m3 and 3.0 μg/
m3 for the PM10 sampled in the indoor of homes and schools, respectively.
The contribution of this source to the PM10 was significantly higher in the
outdoor (homes: 5.9; schools: 5.6 μg/m3) but the indoor and outdoor con-
tributions were highly correlated (Rs = 0.84 for homes and Rs = 0.83
for schools), indicating the importance of the penetration from outdoor to
indoor environments, even though sea salt particles are mainly contained
in the coarse fraction. The contribution of the Sea Salt sourcewas higher in-
doors than outdoors in 35% and 38% of the PM2.5 samples collected in
homes and schools, respectively, probably because particles with high salt
content found indoors can be formed by absorption of cleaning agents
(Fromme et al., 2008; Zhao et al., 2007).

3.4.7. Soil
The Soil factor was identified by typical crustal species such as Al, Si and

Ti, which result from the erosion of earth crust but also from the suspension
from unpaved playgrounds. Consequently, the average contribution of this
source for PM was higher in classrooms (PM2.5: 1.4 μg/m3; PM10: 3.5 μg/
m3) than in homes (PM2.5: 0.50 μg/m3; PM10: 0.92 μg/m3). In homes the
soil contribution was significantly higher in the outdoor (PM2.5: 0.85 μg/
m3; PM10: 2.2 μg/m3) than in the indoor and the correlation between in-
door and outdoor for fine fraction was strong (Rs = 0.77), indicating the
importance of infiltration for this source. In schools, the soil contribution
for PM10 was also higher in the outdoor (4.6 μg/m3).

3.4.8. City dust
This source is characterized by abundance of Ca, Ti, Si, Fe and Sr and the

absence of Al, which makes the main difference for not identifying this
source as a mineral source.

This is the largest source in classrooms contributing with 22 μg/m3

(47%) for PM2.5 and 52 μg/m3 (62%) for PM10. In addition to the infiltra-
tion of dust from the outdoor, this source is related to the continuous resus-
pension of particles brought inside directly by the children on their shoes or
clothing and with indoor sources of Ca-rich particles, such as chalk and
building deterioration. This source also explains the high variation in Sr
concentrations, due to its common substitution for Ca atoms in CaCO3

used for chalk. In classrooms using chalk, PM2.5 and PM10 average concen-
trations doubled and the contribution of city dust increased to 55% for
PM2.5 and 71% for PM10. In the playground, the contribution of city
dust is still significant (20% for PM2.5 and 32% for PM10). However, as
the I/O ratio of this source is 6.83 for PM2.5 and 3.87 for PM10, it is ex-
pected that the increase of ventilation will promote the dilution of the PM
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concentrations inside classrooms, once the effect of the outflow of internal
pollutants will be larger than the inflow of external particles. In schools
withmechanical ventilation, air handling units should be equippedwithfil-
ters, with efficiency selected according to the concentration of PM out-
doors, which will avoid the entrance of particles to the indoor.

In homes the contribution of this source to PM2.5 (1.7 μg/m3, 8.8%)
and PM10 (2.9 μg/m3, 11%)was significantly lower than in schools. In Bar-
celona, Minguillón et al. (2012) also found a factor contributing to the in-
door of homes characterized by abundance of Ca, Li, Ti and Sr and the
absence of Al and attributed this source to cosmetics. Ti andCa are included
in the European inventory of cosmetics ingredients (Commission Decision,
2006/257/EC) and their presence in cosmetics has been documented by
several studies (Di Maiuta and Schwarzentruber, 2011; Kaida et al.,
2004). Moreover, sunscreen products may use nanoparticles of titanium di-
oxide as an active ingredient (Cengiz et al., 2006).

3.4.9. Organic matter
In indoor environments, a factor characterized by the high abundance

of OC was identified. On average, this factor represented the most impor-
tant contribution in homes, explaining 42% of the PM2.5 and 43% of the
PM10. These results are in agreement with Tofful et al. (2021) who also
identified the organic matter as the main contributor to PM2.5 in home
(54%). The occupants in homes are considered one of the most important
sources of coarse PM because they are responsible for the emission of pri-
mary biological material such as skin flakes, debris and hair (Fromme
et al., 2008). In addition, the re-suspension of the deposited dust caused
by the occupants movement and cleaning activities, such as vacuuming,
dusting, house-keeping, also contribute to the organic carbon levels in the
coarse fraction. Other domestic activities such as cooking, smoking and
burning of candles and incenses, are also responsible for the emission of
OC but in the fine and ultra-fine fraction of PM. According to Géhin et al.
(2008), combustion generated particles are generally considerably smaller
than 2.5 μm, often smaller than 300 nm, therefore the number concentra-
tion of ultrafine particles can be more relevant than PM2.5 mass to assess
the impact of residential exposure to combustion-related particles (Isaxon
et al., 2015). The fact that the indoor sources could not be separated further
and appear as one source, is attributed to the lack of suitable tracers, and
especially organic tracers.

In schools, the relative contribution of this source decreased to 24% for
PM2.5 and 15% for PM10, respectively. However, the absolute contribu-
tion of this source in schools (PM2.5: 11 μg/m3; PM10: 12 μg/m3) was
higher than in homes (PM2.5: 7.8 μg/m3; PM10: 11 μg/m3), probably
due to the higher occupational density and dust resuspension. In schools,
the sources of fine particles are less frequent and therefore the OC
PM2.5/PM10 was 0.60, while in homes was 0.82. In Barcelona primary
schools, Amato et al. (2014) estimated a contribution to PM2.5 of 45%
(16 μg/m3) for the factor associated with OC and also with Ca.

3.4.10. Contribution of the sources to the children exposure to particles
In order to consider the variability between the different days of the

week, the contribution of the sources to total exposurewasfirstly calculated
separately for weekdays and weekends. In the weekdays we considered the
outdoor measured in the schools for the calculation of the source contribu-
tion to exposure, while in the weekends we used the outdoor measured in
homes. For the indoor environments/activities thatwere notmonitored (in-
door physical activity, leisure and transports), which represented 7% and
10% of time during the week and weekend, respectively, we considered
the concentrations measured in the schools. Afterwards, the average contri-
bution of the sources was calculated by weighting the contribution of the
weekdays (71%) andweekends (29%) during theweek. The average contri-
bution of the sources to the children's exposure to PM2.5 and PM10 is pre-
sented in Fig. 5 and Table S6.

Although children spent less time at school than at home, the contribu-
tion of the main sources in the classroom highly affected the integrated
daily exposure. During the week the exposure was mainly affected by the
factor indoor organics (29%, 8.1 μg/m3) and city dust (29%, 8.0 μg/m3),



Fig. 5. Source contribution for the PM2.5 and PM10 daily exposure.
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which is highly influenced by the resuspension of dust inside the class-
rooms. The contribution of vehicular traffic, both exhaust and non-exhaust,
contributed by 23% (6.2 μg/m3). As source apportionment inside transports
was not carried out, the contribution of traffic related sources for the exposure
should be underestimated. Although children only spent 3% of time in-
transit, it is known that commuting lead to a substantial contribution to
their total daily exposure (Cunha-Lopes et al., 2019; Faria et al., 2020), espe-
cially in high vehicle-density metropolitan areas, because transport MEs have
higher air pollutant concentrations than other settings children occupy in
their daily routines (Buitrago et al., 2021; Correia et al., 2020; Martins
et al., 2021). The contribution of the secondary sulfate was 9.3% (2.6 μg/
m3) and the other sources contributed less than 3% to the exposure.

During the weekend, the exposure to PM2.5 decreased from 22 to
15 μg/m3, because children were not exposed to high concentration of pol-
lutants at the school, along with the decrease of the contribution of some
outdoor sources, such as traffic exhaust, traffic non-exhaust, secondary
sulfate and industry (−24%,−15%,−42% and− 27%, respectively). The
contribution of the city dust during the weekend decreased to 3.0 μg/m3

(16%) and the major sources were the indoor organics (36%, 6.9 μg/m3)
and traffic (25%, 4.9 μg/m3).

In PM10, the major source during weekdays was city dust, accounting
by 42% (19 μg/m3). The indoor organics and traffic displayed a relative
contribution of 23% and 15%, respectively. During theweekends, the expo-
sure reduced from 34 to 22 μg/m3, and the main source affecting the expo-
sure was the indoor organics with 30% (8.6 μg/m3).

The high exposure levels verified in this study do not necessarily result
in higher risks to the children, since the composition of PM and sources are
key factors for the health impacts.

Our results showed that city dust, indoor organics and traffic were the
main sources affecting the children exposure to PM. On average city dust
was responsible for 26% and 38% of the exposure to PM2.5 and PM10, re-
spectively. This factor was mainly identified by mineral material and, epi-
demiological studies developed, by Hoek et al. (2002) and Janssen et al.
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(2005) support the hypothesis that PM derived from earth crust material
have less health impacts than particles generated by combustion processes.
Indoor organics accounted on average for 31% and 24% of the exposure to
PM2.5 and PM10, respectively. This source was identified byOC that refers
to the carbon found in the form of organic compounds, and comprises a
complex mixture of different classes of organic compounds, some of them
related to primary biological material but other resulting from the use of
some cleaning products that can have carcinogenic, neurotoxic, immuno-
genic, and estrogenic activities (Gunathilake et al., 2021). Moreover, traffic
contributed on average by 24% and 16% to the exposure to PM2.5 and
PM10, respectively. Jung et al. (2015) showed that exposure to traffic-
related air pollution may be associated with increased risk of asthma, aller-
gic rhinitis, allergic sensitization, and with reduced lung function in
schoolchildren. Traffic-related air pollution exposure was also associated
with brain changes of a functional nature and slower cognitive growth
(Pujol et al., 2016; Sunyer et al., 2017). Children from schools with higher
traffic-related pollution showed lower functional integration and segrega-
tion in key brain networks (Pujol et al., 2016). The most recent research re-
sults show that non-exhaust particles can be more harmful than exhaust
PM. Oxidative stress is one of the principal biological mechanisms causing
toxicity and is frequently related to transition metals and/or redox active
organics. Yanosky et al. (2012) showed that brake and tire wear particles
have higher oxidative potential than other traffic-related sources and
their effect is very local (50–100m from the source), yielding more oxidant
PM at road sites rather than at urban background sites.

Therefore, this study showed that emission sources contributing to chil-
dren's exposure to PM can lead to major health problems and therefore it is
urgent to clarify the toxicological and biological relevance of this exposure.

4. Conclusions

This work provides information on the sources contributing to children
exposure to PM2.5 and PM10 concentration and supports the identification
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of actions to reduce the concentration of PM in indoor and outdoor environ-
ments, and consequently reduce their exposure and health impacts.

Source apportionment showed that the major sources contributing to
exposure are relatedwith the emission of organic carbon in indoor environ-
ments, from cooking, cleaning, smoking, biomass burning, candles and oc-
cupation; resuspension of mineral particles in schools and traffic.

The results of this study highlights the importance of:

• Promoting a good ventilation in order to effectively dilute and remove
contaminants emitted by occupants and indoor activities;

• Exhausting air in the vicinity of localized indoor sources such as cooking;
• Regulatingmeasures that prohibit smoking inside and near the buildings;
• Avoiding the use of candles, incense, diffusers and air fresheners;
• Changing the cleaning routines to reduce the resuspension ofmineral par-
ticles, selecting low emission products and vacuum cleaners or mops in-
stead of brooms, and in the schools scheduling the cleaning operations
in the afternoon after the school hours.

• Giving preference to the whiteboard, but if the classroom is equipped
with a chalkboard cleaning it with a damp cloth, to avoid high concentra-
tions of chalk particles suspended in the air.

• Developing sustainable transport solutions and urban planning to reduce
the exposure of children to traffic related pollutants.
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