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ARTICLE INFO ABSTRACT

Keywords: Schools are essential environments where people spend a significant portion of their early lives. Air quality in

Pm10 schools is shaped by various factors, including location, climate, and surrounding activities. Additionally, both

School environment indoor and outdoor sources can release chemicals into the air, potentially exposing pupils and staff to harmful

Mass closure . conditions. This work characterised the chemical composition and potential sources of particulate matter (PM1)

Factor analysis . . . . . . . .

Source identification in a school, with different educational levels, located near an industrial estate in Portugal. PM1o daily samples
were measured in classrooms and the schoolyard in two seasons. Samples were analysed by chromatography,
inductively coupled plasma-mass spectrometry and thermo-optical transmittance techniques. Ancillary tools,
such as factor analysis, multiple linear regression, meteorological analysis and air mass backward trajectories
were applied to determine source contributions. Mass closure analysis revealed that organic matter accounted for
~39% of the PM;o mass in both seasons. Six sources were identified as contributors to PM; in both the class-
rooms and the schoolyard. Common sources included biomass burning (18% and 28%), mineral dust (28% and
7.1%), sea salt (16% and 20%), and traffic (1.4% and 1.8%), for indoor and outdoor environments, respectively.
In the classrooms, resuspension of calcium was a major contributor to PM;o, whereas in the schoolyard, sec-

ondary aerosol formation played a significant role.

1. Introduction

Between 2000 and 2017, the 27 EU member states and the United
Kingdom (formerly the EU-28) achieved significant reductions in air
pollutant emissions, including sulphur oxides (80%), nitrogen oxides
(46%), non-methane volatile organic compound (44%), ammonium
(10%), carbon monoxide (49%), and particulate matter with a diameter
lower than 2.5 um (PMy 5, 31%), and 10 um (PM; o, 29%), reflecting the
effectiveness of air pollution control strategies [1]. Such reductions in
PM are critical for schools, as indoor PM levels are partially dependent
on ambient air [2-4], declining outdoor concentrations help reduce the
baseline for indoor environments. However, decreasing outdoor levels
does not guarantee a proportional drop indoors. Research shows that
other factors, such as human activity, school supplies [5,6] and venti-
lation systems [2-4,7] play an important role in indoor PMjq
concentrations.
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Research across European schools shows a significant downward
trend in PM; concentrations. In 2013, during teaching hours in Wro-
claw, the median indoor PM;( concentration reached 110 pg m™ in
winter, nearly double the outdoor levels recorded at the time [8]. In
Porto between 2011 and 2013, the indoor median PMjg level of 127 pg
m™ was significantly higher than outdoor levels (75 pg m'3) [6]. Most
recent studies indicate a dramatic reduction in PMjg levels. In Gothen-
burg primary schools, the median PM;( concentration during occupied
hours was found to be just 21 pg m™ [7], and data from Swiss primary
schools shows some of the lowest recorded levels. Median PM; levels
during school hours dropping 4 pg m™ against an outdoor of 10 pg m™
[3].

Despite overall reductions in PM; in schools, concentrations remain
consistently higher during school hours than during unoccupied periods
[9,10]. In London, for example, average PM; levels were approximately
130% and 150% higher during high and low occupancy hours compared
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to when classrooms were empty [10]. The health implications are
documented across diverse environments. In Italy, PM;o exposure near
industrial cement plants was linked to a 2.5% increase in school
absenteeism [11]. Conversely, in urban Beijing, PM;o exposure during
school hours was directly associated with over 7000 cases of wheezing
and coughing among primary students [12]. These findings underscore
that, due to the unique variables of each school, individualised assess-
ments are essential to ensure that PM; levels do not represent a risk for
schoolchildren.

While previous research has studied and characterised PM in Por-
tuguese urban and rural schools [13,14], industrial areas remain
under-examined. This study addresses this gap by assessing PM;o con-
centrations in an institution near one of the largest industrial estates in
the country, in an area defined by a complex mix of potential sources,
moving beyond the typical traffic-dominated urban or rural profiles.
Thus, the overarching aim of this paper was to provide a comprehensive
snapshot of air quality within Portuguese school environments, based on
PM;( samples collected over two seasons. To ensure data collection
within the available research budget and logistic constraints, the study
focused on the winter and spring seasons, following the specific goals: (i)
characterising the chemical composition of PM; both inside and outside
classrooms; (ii) identifying and quantifying the main sources contrib-
uting to PM;; (iii) and assessing the influence of outdoor PM;( on in-
door air quality. We hypothesise that concentrations of PM;o in
classrooms are higher compared to concentrations measured in the
schoolyard during both winter and spring, despite the general down-
trend in ambient PM; concentrations in Portugal [15]. This study builds
on previous research at the same school, which characterised ventilation
conditions [16]. That study found that classrooms were insufficiently
ventilated; CO5 concentrations frequently exceeded 1000 ppm during
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occupancy, and air change rates ranged from 0.32 to 1.56 h! across
seasons. Furthermore, ventilation rates failed to meet American Society
of Heating, Refrigerating and Air-Conditioning Engineers standards,
particularly in winter when windows remained closed. These conditions
suggest that while outdoor PM; can infiltrate the building, it likely
accumulates indoors due to poor ventilation efficiency.

2. Methodology
2.1. Study area

The district of Aveiro (northern Portugal), where the Estarreja school
is located, has a Mediterranean climate and is classified, according to the
Koppen system, as a humid temperate climate with mild, dry summers
(Csb) [17]. The average annual temperature is approximately 15.8 °C.
The warmest months are typically July, August, and September, while
the highest levels of precipitation occur during the winter months,
particularly in October, November, and January [18]. Low temperatures
and weak winds facilitate stable boundary layer conditions, promoting
PM;( accumulation, while rain and stronger winds can reduce PM;
levels, especially in urban areas [19]. Because these meteorological
parameters influence PM;( concentrations, a snapshot of Estarreja’s
weather conditions during the sampling period is provided in the Sup-
plementary Material (Fig. S1).

The school is located near a railway and streets with minimal vehicle
traffic. Portuguese basic education is divided into three stages: the 1st
cycle (1st to 4th grades, ages 6-9), the 2nd cycle (5th and 6th grades,
ages 10-11), and the 3rd cycle (7th to 9th grades, ages 12-14). The
school involved in this study comprises four main buildings, each one
dedicated to a different educational level: 1) Building D - preschool; 2)
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Fig. 1. Location of the sampling site.
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Building B - 1st cycle; and 3) Buildings A and C - 2nd cycle. The moni-
toring locations and the school facilities are described in detail by
Charres et al. [16]. The school has approximately 700 students aged
between 3 and 12 years. In general, pupils attend school from 08:00 to
16:00.

As displays in Fig. 1, the school is located within a 1.5 km radius of a
variety of land uses, ranging from residential neighbourhoods to areas
with industrial activity in the north. Central to this landscape is the
Estarreja Chemical Estate (ECE), one of the main chemical industry hubs
in Portugal, with approximately 70% of the population living in its vi-
cinity [20]. The ECE facilitates the production of both organic and
inorganic chemicals such as aniline, chlorine, and its derivatives. His-
torically, industrial activity was the dominant source of pollution of
PM; in Estarreja, responsible for 95% of PM;( emissions in 2008 [21].
However, air quality improved markedly between 2000 and 2009.
Specifically, from 2005 onwards, a sharp downward trend was recorded,
median concentrations of PM;( and PM; 5 dropped by nearly 50% (to 13
and 20 pg m3, respectively) by 2009 [21].

2.2. Data acquisition and study design

One classroom was selected from each of the four buildings to
represent the educational levels offered at the school and the varying
ages of the children (Table 1). Classrooms were selected based on two
primary criteria: obtaining teacher authorisation and the availability of
sufficient space to install equipment without disrupting regular class
activities. The classrooms have white-painted concrete walls, wooden
doors, whiteboards with markers, and rely primarily on natural venti-
lation. Prior to sampling, quartz fibre filters (15 cm diameter) were
baked for 6 h at 500 °C to remove organic contaminants. PM;( sampling
was carried out simultaneously indoors and outdoors, using two high-
volume samplers at an airflow rate of 500 L min’! (HVS, Model CAV-
A/MSb, MCV S.A). Temporal resolution was 23.5 h between Monday
and Thursday but decreased to 22 h on Fridays due to logistical con-
straints, including instrument transfer and earlier school closure. Field
researchers coordinated filter changes at both locations to ensure that
the sampling intervals differed as little as possible. Each campaign ran
for four weeks from November - December 2022 (winter) and from April
- May 2023 (spring). Sampling yielded 18 indoor and 17 outdoor sets in
winter, followed by 17 indoor and 18 outdoor sets in spring. Following
collection, filters were folded in half, face to face, wrapped in pre-
calcined aluminium foil, stored in zip-lock bags, and transported to
the laboratory, where they were frozen at —18 °C until gravimetric
determination. The filters were only defrosted immediately prior to
specific chemical analyses to maintain sample integrity.

For indoor sampling, the inlet was positioned at a height of 1.2 m
above the floor, maintaining a minimum distance of 1 m from doors,
windows, and walls. Simultaneously, outdoor sampling was conducted
using a second high-volume sampler and a weather station. Meteoro-
logical data such as precipitation, temperature, wind speed and direc-
tion, among other parameters, was collected using a Davis Vantage Pro2
weather station, which recorded data every 10 min throughout both
sampling campaigns. These instruments were positioned at ground level

Table 1
Description of sampling collection.

Measurement in
spring

Measurement in
winter

Locations

Nursery room (building D) and the
schoolyard

1st cycle room (building B) and
the schoolyard

2nd cycle room (building C) and Nov. 27 - Dec. 02,
the schoolyard 2022

2nd cycle room (building A) and Dec. 04 - 09, 2022
the schoolyard

Nov. 13-18, 2022 April 16-21, 2023

Nov. 20-25, 2022 April 23-28, 2023
May 01 - 05, 2023

May 07 - 12, 2023
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within a restricted area of the schoolyard to ensure secure, unsupervised
data collection. The anemometers, wind vanes and the rain gauge were
placed at height of 2 m above the surface.

2.3. Analytical techniques

Once the concentration of PM7y was calculated, the filters were cut
into pieces of different sizes according to the laboratorial procedures to
be applied. For determination of the carbonaceous content, a portion of
each filter, consistent of two 11 mm diameter circle, was removed and
analysed in a thermo-optical equipment, where organic carbon (OC) is
volatilised from the sample in a non-oxidising N, atmosphere, while
elemental carbon (EC) requires an oxidising atmosphere to volatilise
(4% O5). The released carbonaceous fractions are converted to CO-,
which is quantified in a non-dispersive infrared analyser (LI-COR Bio-
sciences, model LI-6262). During heating in a non-oxidising atmosphere,
a portion of the OC is pyrolyzed (PC) and quantified as EC. The sepa-
ration of OC and EC is achieved by heating the sample initially in an
inert atmosphere to volatilise the OC fraction, in accordance with the
thermal temperature program developed as part of the European
Supersites for Atmospheric Aerosol Research (EUSAAR-2) [22]. After,
the remaining material is then sequentially volatilised or combusted
under an oxygen-containing gas flow. To minimise interference between
PC and EC, the degree of filter blackening is continuously monitored by
employing a laser and photodetector to measure light transmittance.
More details about the technique can be found in the Supplementary
Material.

For ion analyses, two 19 mm diameter filter portions of each sample
were leached in 4 mL Milli-Q water under ultrasonic agitation for 30
min. The extracts were divided into three aliquots: the first for the
determination of cations, the second for anions, and the third for
measuring carbohydrates. Cations (ammonium, NHJ; sodium, Na™;
potassium, K*; calcium, Ca?*; magnesium, Mg?* and lithium, Li*) were
analysed using a Dionex DX-100 chromatograph. Anions (chloride, Cl;
nitrate, NO3, sulphate; SO%’; fluoride, F~; nitrite, NO3 ; phosphate, PO?{
and bromide, Br~) were analysed using a Shimadzu CDD-6A detector.
For both solutions, a flow rate of 2 mL min™ was used. System control
and data analysis were managed using Chromeleon software.

Carbohydrates were quantified using high-performance anion ex-
change chromatography coupled with pulsed amperometric detection
(HPAE-PAD). Sugars, anhydrosugars, and sugar alcohols were separated
using a Carbopac PA-1 analytical column. System control and data
analysis were managed using Chromeleon software. Quantification of
the carbohydrates was achieved using external calibration curves pre-
pared from solid standards from Sigma-Aldrich diluted in Milli-Q ul-
trapure water.

Finally, a portion of each filter (14.1 cm?) was extracted under acid
digestion for the identification of major and trace elements using
Inductively Coupled Plasma (ICP) mass spectroscopy (-MS) and optical
emission spectroscopy (-OES), respectively, following the methodology
described by Millan-Martinez et al. [23].

Details regarding chemical analysis quality assurance and quality
control are provided on page 3 of the Supplementary Material.

2.4. Data processing

2.4.1. PMjg mass closure

This article aims to examine the general trends in PM;( behaviour
across two school environments (classrooms and schoolyard). The
reconstruction of PMjy mass has been summarised by ambient setting
(indoor and outdoor), with the species grouped into categories accord-
ing to their sources and chemical nature, as follows: organic matter
(OM), elemental carbon (EC), Secondary Inorganic Aerosol (SIA), sea
salt, mineral dust (MD) and trace elements. A simple conversion of OC to
organic matter (OM) was performed using a factor of 1.8. This value is
within the range normally used for urban aerosols [24]. For the other


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/spectrometer

L Charres et al.

groups, the species and equations considered in each category are the
same as those described by Cipoli et al. [25] in the methodology and
supplementary material.

2.4.2. Contribution of anthropogenic sources

To assess the contribution of anthropogenic sources to the concen-
tration of a specific element in airborne PM;, enrichment factors (EFs)
were calculated using aluminium (Al) as the reference element using the
equation described by Cipoli et al. [25]. These calculations were based
on the average chemical composition of the upper continental crust as
outlined by Wedepohl [79]. EFs greater than 10 suggest that the element
primarily originates from anthropogenic sources, while values below 10
indicate that the element is predominantly of crustal origin.

2.4.3. Source apportionment

Source apportionment techniques, including receptor models like
Positive Matrix Factorisation (PMF), and Principal Component Analysis
(PCA), are essential tools for identifying pollution sources and quanti-
fying their contributions [27,28]. The efficacy of these models depends
on the availability of large datasets, as higher temporal resolution
generally improves model output [28]. PMF is a popular and advanced
method that accounts for data uncertainty, while PCA is a common
alternative, although it has been found to perform less accurately than
PMF in comparative studies [27]. Despite these differences, the identi-
fication of the emission sources of PM1g at the school was based on PCA
and Multiple Linear Regression (PCA-MLR). This was selected because it
is a basic and common factorisation technique that could provide initial
estimates of source contributions. For this, the complete dataset from the
two seasons was separated into two groups. Firstly, species with >15%
of their concentration values below the limits of detection (LOD) were
not included in subsequent analyses. Secondly, as reported in many
studies [29,30], data below the LOD were substituted with LOD/2.
Thirdly, the assumptions for carrying out a PCA were verified applying
Kaiser-Meyer-Olkin (KMO) and Bartlett's Sphericity tests to the two
datasets. Both tests were used to assess the suitability of the data for
PCA. KMO and Bartlett values were greater than 0.65 and less than 0.3,
respectively, for the two data sets (indoor and outdoor).

PCA was applied to data collected in the schoolyard and classrooms
following the procedure described by Karar and Gupta [26]. Species
concentration was standardised using Z-score. The optimal number of
components in each dataset was decided based on eigenvalues greater
than or equal to 1, to provide information on the most significant species
and reduce each dataset with minimal loss of original information. Like
other studies [32] varimax rotation was used to better interpret the PCA
results. After rotation, the component loading concentrations on each
day were transformed into absolute principal component scores (APCS).

Finally, the APCS were used as independent variables and the PM;
concentration measured at the school as dependent variable to deter-
mine the coefficients that convert the APCS into PM; factor contribu-
tions (in mass concentration, pg m~°>) for each sampling day. In addition,
both the forward selection approach and the backward elimination
method were applied to test the statistical significance of the APCSs. The
percentage contribution of each component (source) to each model and
for each sample was estimated by multiplying each regression coeffi-
cient by the APCS value divided by the PM;( concentration of the cor-
responding sample.

2.4.4. Backward air mass trajectories

Trajectory analysis may play a key role in determining the transport
and fate of PMjg at the school, thereby enhancing confidence in iden-
tifying sources. Therefore, backward air mass trajectories were gener-
ated using HYSPLIT, accessed through the Real-time Environmental
Applications and Display System on the NOAA website. HYSPLIT was
configured to provide 120 h trajectories arriving at the school 500 m
above the ground level, at 18:00 local time, with 4 h intervals. Addi-
tionally, to account for daily trajectories during the two sampling
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periods, a hierarchical cluster analysis was performed on the end points
of the daily trajectories to group days with similar patterns.

3. Results and discussion
3.1. PM;g concentrations and mass closure

The daily PM; ¢ concentrations ranged from 9.85 to 51.7 ug m™>, with
an average of 26.5 pg m™ for both fieldworks. In classrooms, PMig
concentrations were 24.0 + 8.62 ug m™ in winter and 26.5 + 7.84 ug m°
% in spring (Fig. 2), with the highest value being recorded on a spring day
characterised by high temperature (24 °C) and low humidity (49%). In
contrast to indoor measurements, the PMjy concentration in the
schoolyard was 27.3 + 9.09 pg m™>, with higher mean values in winter
(29.4 + 12.0 pg m™®) than in spring (26.0 + 5.57 pg m™). In addition,
wind speeds were generally lower in winter than in spring (Fig. S2). The
highest concentration (51.7 pg m™) was observed on a day with high
humidity (82%) and low temperature (12 °C).

PM;( concentrations in the schoolyard are generally lower than
those found in other schools in different parts of the world (Table 2). In
Estarreja, the mean PM;( concentration in classrooms was 2.8 and 1.6
times lower than that found in a Polish school in winter and summer,
respectively. The PM;( values observed in the two seasons in Estarreja
are lower than those recorded in Korean classrooms, where some of
which use air purifiers. In winter, PM; ¢ levels were also up to 5.8 lower
than those recorded in Porto classrooms a few years ago. However, the
PM; levels in classrooms of this study are up to 7 times higher than
those to which Finnish students are exposed on a winter school day. Note
that comparing PM;( concentrations across studies should be done
cautiously, as differences in sampling times - class time versus 24-hour
periods - can impact the results.

A good correlation was observed between the PM;o concentration
measured by gravimetry and the concentration calculated through mass
closure (Fig. S2). The total sum of the major compounds accounted for
at least 66% of the PM;y mass indoors and 60% outdoors (Table 3). In
the schoolyard samples, there were specific days when the mass
reconstruction was lower than expected. These days coincided with the
rainiest periods of winter sampling. However, other factors such as
uncertainties in the analytical techniques and mass losses during filter
handling may have also contributed to the lower PM;o mass recon-
struction. Indoor samples generally showed higher mass contributions
from some components compared to outdoor samples. Specifically, in
both seasons, the main contributor to PM;o mass was OM. In winter, it
was the dominant component, both indoors and outdoors. In spring,
outdoor samples showed a higher contribution from MD and sea salt,
while indoor samples exhibited a greater share from MD. These varia-
tions highlight the influence of point-specific factors, such as local
pollution sources, school environmental conditions, and pupils’ activ-
ities on PM;( mass composition throughout the study.

OC was more abundant in classrooms, with an average daily con-
centration of 5.53 pg m >, compared to 3.44 pg m > outside. EC
exhibited similar average values in both classrooms and the playground
(Table 3). However, some differences were observed when analysing the
OC/EC ratio for the two environments. The average OC/EC ratios were
3.83 and 9.85 in the schoolyard in winter and spring, respectively, while
in the classrooms, the values were more than double those observed
outdoors (8.73 and 26.4, respectively). Previous studies in school en-
vironments in Portugal reported OC/EC > 4 in classrooms in Aveiro
Alves et al. [34] and 15 and 6.1 indoors and outdoors in Lisbon,
respectively [35]. When comparing the ratios, some differences between
the schools should be considered. Firstly, the sampling dates do not
overlap with those in Estarreja. Secondly, the sampling in other Portu-
guese schools was carried out during occupancy hours. In Lisbon, the
reported values represent the average of 5 primary schools, while in
Aveiro, the value was obtained from a field sampling that lasted 3
months. Overall, the high OC/EC values in classrooms of this study may
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Fig. 2. PM;, concentrations as a function of temperature and relative humidity in (a) classrooms, and (b) schoolyard.

Table 2
Mean concentrations of PM;q (ug m™®) found in school environments in different
countries.

Study and Indoor Outdoor Season Sampling duration
location and
instrumentation
This study 24.0 + 29.4 + Early winter 23.2 h (5 days /
Estarreja, 8.62 12.0 Spring week)
Portugal 26.5 + 25.6 + Gravimetric
7.84 5.57 technique
Han et al. 45.5 + 74.1 + Early winter Class time (5 days
[33] 4.1 10.6 4 classrooms, /6 h)
Seoul, Korea 109.1 equipped with Optical
+9.6 one air cleaner measurements
4 classrooms,
natural
ventilation
Madureira 139 + 88 + 64 Winter Class time (5 days
et al. [6] 49 57 classrooms, /8h)
(Porto, natural Optical
Portugal) ventilation measurements
Zwozdziak 68.5 + 56.8 + Winter 24 h
et al. [8] 21.8 17.3 Summer Harvard cascade
(Wroclaw, 43.1 + 24.7 + 1 classroom, impactors
Poland) 17.9 10.5 natural
ventilation
Vornanen- 1.8-3.4 Not Winter Working hours (9
Winqvist measured 4 classrooms, h)
et al. [31] mechanical MIE pDR-1500
(Helsinki, supply and nephelometer
Finland) extract
ventilation

indicate the influence of primary sources and the formation of secondary
organic aerosols, as observed in previous research Alves et al. [35].
SIA concentrations were higher in spring than in winter (Table 3),
likely due to increased sunlight and temperature, which promote
photochemical processes and lead to the increased formation of both
nitrate and sulphate [36]. nssSO?{ accounted for ~55% and ~74% of
total SOF” in winter and spring, respectively, pointing to anthropogenic
activities as the main sources of SOF~ at the school. Positive and statis-
tically significant correlations between NHj, NOs, K" and nssSO3"
indicate that PM;o in winter is influenced by combustion sources
(Fig. $3), principally biomass burning for heating. In the cold season,

Table 3

Chemical mass closure of PM; collected in classrooms and the schoolyard. The
values correspond to the reconstructed concentration (ug m™). The standard
deviation is presented in brackets (+).

Winter Spring

Components Indoor Outdoor Indoor Outdoor

OM 11.9 (6.96) 10.4 (9.51) 7.90 (2.55) 3.18 (2.55)
EC 1.36 (1.24) 1.70 (1.68) 0.31 (0.22) 0.39 (0.38)
SIA 1.09 (0.79) 1.81 (1.17) 1.99 (0.64) 2.98 (0.96)
Sea salt 2.64 (2.37) 3.48 (2.52) 2.26 (1.62) 4.04 (2.42)
Mineral dust 2.56 (1.25) 1.80 (1.19) 4.89 (3.67) 4.21 (3.07)
Trace elements 0.19 (0.17) 0.36 (0.31) 0.17 (0.10) 0.22 (0.13)
Other 4.21 (4.14) 9.80 (4.50) 8.99 (3.84) 10.5 (3.54)
PM; reconstructed 19.7 (9.37) 19.6 (12.5) 17.5 (5.22) 15.1 (5.70)

the positive correlation between nssSO%’ and NO3 @ = 0.84) likely
reflects the emission of precursor gases from common sources. The
positive correlation between NHZ and nssSO?( (® = 0.74) suggests the
formation of ammonium sulphate. Unlike in winter, only one positive
correlation was observed in spring (Fig. S3): NHZ versus nssSO%’ ®? =
0.89). The differences in correlations between winter and spring could
be explained by several factors related to seasonal variations in atmo-
spheric conditions, sources of pollution, and chemical processes.

The contribution of sea salt to the PM;y mass is most pronounced in
the measurements taken in the schoolyard, reaching its peak during the
winter weeks. Studies conducted in Portuguese coastal cities have
shown that sea salt levels are significantly higher in winter than in
summer, mainly due to increased wave energy and stronger oceanic
winds during the colder season [37]. In this study, good correlations
were found between key sea salt tracers, both indoors and outdoors, in
both seasons. Specifically, Cl- and Na™ displayed a strong correlation
with an r? > 0.84, while Cl- and Mg?* also exhibited a strong correlation
with an r? exceeding 0.86. However, it is possible that these elements
may originate from sources other than sea salt (Fig. S4), with cleaning
products used in the classrooms potentially influencing the concentra-
tions of Cl- and Na™. To explore this further, the Cl-/Na™ and Mg?*/Na*
ratios in the schoolyard were calculated to assess whether they aligned
with the values found in seawater, helping to determine whether Na™
and Cl- could be classified as either marine or non-marine in origin.

The Mg?t/Na* ratios in all filters were found to be very close (mean:
0.13 £ 0.01) to the expected value in seawater (0.12), indicating that
Na' in the schoolyard was primarily of marine origin. Some filters
showed Cl-/Na™ ratios below 1.81 (the seawater ratio), suggesting that
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anthropogenic sources contributing to chloride (e.g., emissions from
PVC manufacturing in the industrial estate, or cleaning products) are
less active in the period in question and/or that chloride has volatilised.
In fact, Cl can easily volatilise, especially in warmer conditions or in the
presence of certain chemicals (e.g., H.SO+ and HNOas), which promote its
transformation into gaseous hydrochloric acid. The filters with Cl-/Na™*
ratios above 1.81 coincided with the six winter days when it became
clear that the Cl- detected in the schoolyard came from sources other
than sea salt. Despite the predominant air mass trajectories being over
the ocean (Fig. S5), the winds on these six days came mainly from the
continental area. These findings support the conclusion that Cl- at the
school was primarily of marine origin during most of the sampling
period but also suggest that other processes influenced chloride levels on
specific days.

Mineral dust accounted for a higher proportion of PM;y mass in the
classroom than in the schoolyard in winter. However, this percentage
was lower in winter than in spring (Table 3). The predominant elements
were Ca, Al and Fe (Table 4). The average concentration of Ca and Al
was higher indoors (0.60 and 0.26 pg m~3, respectively), while the
concentration of Fe was higher outdoors (0.21 pg m™>). MD levels in
classrooms accounted, on average, for PM;o mass fraction of 20% in
winter and 35% in spring, values that were lower than those in other
studies. For example, Sdnchez-Soberén et al. [80] reported that mineral
matter contributed 55% of PM; in the cold season and 44% in the warm
season in a study conducted in 12 schools in Catalonia. On the other
hand, in a study in two schools located in urban areas of Malaysia for

Table 4
Summary of PM;, concentrations and its chemical constituents.
Indoor Outdoor

Species n Mean  Min Max n Mean  Min Max
pgm—3

PM;o 35 25.2 11.3 45.5 31 27.3 9.85 51.7
OC** 35 5.53 2.30 16.8 30 3.64 0.24 18.1
EC 34 0.88 0.04 3.80 31 0.97 0.01 5.64
Al 33 0.26 0.05 1.35 31 0.23 4 x 0.95

1073
NHj 35 0.25 0.02 0.89 31 0.23 4 x 0.75
1072

Ca** 35 0.60 0.07 1.60 31 0.26 0.09 0.82
cr 35 1.29 0.11 4.98 31 1.62 0.13 5.50
Fe** 35 0.14 0.05 0.54 34 0.22 0.06 0.57
F 30 0.07 0.05 0.12 27 0.07 0.05 0.12
K 33 0.15 0.02 0.59 31 0.20 0.01 0.75
Mg** 35 0.13 0.03 0.38 31 0.19 0.02 0.43
Na** 35 0.91 0.09 3.00 31 1.42 0.17 3.44
NO3 ** 35 0.77 0.13 1.84 31 1.42 0.13 3.35
S 35 0.30 0.10 0.57 31 0.43 0.16 0.68
SO%"“’“ 35 0.76 0.17 1.65 30 1.16 0.41 2.16
ng m—3

Ti** 34 22.1 3.75 75.7 28 15.4 3.81 47.3
As 35 0.82 0.12 2.93 31 0.75 0.17 2.12
Ba 34 13.6 1.47 132 31 14.5 1.52 75.3
Cr** 35 1.51 0.56 3.23 29 1.97 0.48 3.62
Cu 35 5.61 1.27 36.6 31 7.73 1.33 37.0
Mn 30 4.21 3.75 8.41 30 5.42 3.78 11.8
Pb 35 4.89 0.52 20.1 31 6.59 0.54 20.3
Rb 35 1.10 0.20 3.63 31 1.42 0.25 4.54
Sb 35 1.30 0.22 4.66 31 3.05 0.25 16.9
Sn 35 1.52 0.20 6.18 31 1.93 0.07 6.10
Sr 35 1.83 0.55 3.67 31 2.07 0.11 6.10
>~ other trace 2.39 0.41 8.64 3.27 0.32 111

elements'

Arabinose 29 41.7 10.6 254 28 17.4 10.0 94.3
Glucose 27 9.83 1.59 22.2 26 13.7 1.30 35.8

n: Number of samples.

" Indicates a statistically significant difference between indoors and outdoors
(p-values < 0.05).

! Elements detected in at least 28% of the filters at each site were considered.
Indoor: Bi, Cd, Ce, Cs, La, Li, Nb, Nd, V, W; Outdoor: Bi, Cd, Ce, Cs, La, Li, Nb, Nd,
Se, Th, V, W.
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over 9 months in 2012, Mohamad et al. [38] found that the mineral
fraction contributed between 27% and 31% of PM;. These differences
can be attributed to several factors, sampling duration in each study, the
specific meteorological conditions, and the characteristics of the study
sites. For example, schools in Spain and Malaysia were notably affected
by traffic emissions, and the use of chalk in classrooms was a common
practice at that time, both of which likely influenced the results, as it has
been shown that in classrooms that use chalk, average concentration
double [14]. Furthermore, it was verified that the Ca/Al ratio in the
classrooms and in the schoolyard was higher in winter (4.1 and 3.8,
respectively) than in spring (2.4 and 1.2, respectively), suggesting the
presence of an additional source of Ca, mainly in the classrooms. This
could be linked to an increase in the resuspension of dust transported on
the soles of children's shoes from the schoolyard, especially since the
classroom windows were kept closed for most of the season.

Trace elements accounted for less than 1.5% of the PM;( mass, with
Ba, Ti, Pb, and Cu being among the top 4 contributing elements in both
environments and seasons. The average levels of Ba, Cu, and Pb were
highest in the outdoor environment (Table 4), with Ba and Pb concen-
trations peaking in winter, while Cu levels were highest in spring. Other
trace elements such As, Ba, Cu, Rb, Sb, Sn, Sr, and V were found in all
classroom and schoolyard samples in both seasons. Mn was detected in
all indoor and outdoor samples in winter, while Cs, Ga, La, Nb, Nd, and
Se were detected in all spring samples.

The component “Other” refers to unidentified aerosol constituents,
which, in part, can result from errors in gravimetric and chemical
quantifications. However, it is likely that much of the unaccounted mass
consists of absorbed water. This is particularly relevant since the total
mass of PM;o was measured under controlled conditions (20 °C and
50 % RH), which could influence the interaction between the labo-
ratory's atmospheric water vapour and the particulate matter on the
filters, as reported in other studies [39]. In general, the unaccounted
mass was high outdoors in winter and low indoors.

3.2. PM;¢ chemical composition

3.2.1. Ions

Concentrations of water-soluble anions (Cl~, NO3, SO3~, F) and
cations (NHZ, Na™, K+, Ca%*, Mg?") are displayed in Fig. 3. Both indoors
and outdoors, the dominant ionic species were C1~, NO3 and SO3 . The
highest concentrations were observed in the schoolyard in spring (mean:
4.84 pg m’ for anions and 2.59 pg m™ for cations). Due to the intensi-
fication of photochemical activity, nitrate and sulphate concentrations
were higher in this season than in winter, both indoors and outdoors. In
the schoolyard, the average concentrations of these two ions were 2.2
and 1.6 times higher in spring compared to winter, while the mean
concentrations of NHf and K* were found to be higher in winter. The
highest levels of NO3 and SO~ were observed on the same day in spring,
when air masses that had originated from the Cantabrian Sea 48 h earlier
crossed northern Spain and Portugal before reaching the school. In
contrast, during winter, the peak concentration of NH4 occurred when
the air masses had passed over the Atlantic Ocean and parts of northern
Portugal.

The equivalent cation/anion (C/A) ratios ranged between 0.8 and
2.7 in the classrooms and between 0.9 and 1.8 in the schoolyard
(Fig. $6). The highest C/A ratio (2.75) was observed during winter and
coincided with the day when the highest Ca®* (0.28 ug m®) and the
lowest Cl- concentrations were recorded at the school. Ca** often comes
from calcium-containing compounds like calcium carbonate (CaCOs),
which can be a significant source of calcium in the atmosphere, espe-
cially in dust or soil particles. The presence of CO3 creates a C/A ratio,
with a dominance of Ca** over anions, like Cl~. Conversely, the lowest C/
A ratio of 0.8 was recorded on a different winter day, when SO4*" and CI-
concentrations were higher in the classroom’s indoor air. This low C/A
ratio, coupled with an I/0 ratio of less than 0.4, suggesting that external
sources, rather than indoor activities, were the primary contributors to
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Fig. 3. Concentrations of water-soluble ions in PM;, collected in (a) classrooms and (b) schoolyard.

the PMj levels on that day.

Overall, the NO3‘/SO%’ ratio at the school averaged 1.12 (Fig. S6),
suggesting that nitrate is slightly more prevalent than sulphate in the
area, likely due to a combination of local traffic, industrial emissions,
and photochemical processes. However, it is noteworthy that on certain
winter days, higher ratios (>1.5) were recorded, while on other occa-
sions during both winter and spring, the ratios were lower (<0.5),
reflecting the complex interplay between local emissions, meteorolog-
ical conditions, and long-range transport of pollutants. On days with

a) Indoor b) Outdoor

EC (ugm™)
[\)

18

OC (ug m™)
o W (@) O

Winter Spring Winter
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more traffic and combustion, the ratio is higher, while on days with
increased industrial emissions, sulphate transport, or wet conditions, the
ratio tends to be lower. These fluctuations highlight how dynamic and
context-dependent air quality can be.

3.2.2. Carbonaceous fraction

Total concentrations of EC and OC at the school peaked during the
winter. Indoor OC levels consistently exceeded outdoor concentrations
across both seasons (Fig. 4). When outdoor OC was modelled as the

¢) Winter
y=314+0.694x R?>=0.88
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Fig. 4. Concentrations of carbonaceous fractions of PM;, (a and b), and scatter plot of the concentrations of OC in classrooms versus those in the schoolyard in winter
(c) and spring (d), the line was obtained by linear regression. Different scales have been included to facilitate visualisation. The whiskers are the 5th and 95th
percentiles, the black dot indicate the maximum value, the lines in the middle of the boxes represent median values while mean values are shown as white dots.
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dependent variable to predict indoor levels (Fig. 4c-d), the y-intercepts
of the linear correlations indicated that a significant portion of OC was
generated from internal sources. While indoor and outdoor OC showed a
very high degree of correlation in winter (R> = 0.88, n = 14), this
relationship weakened in spring (R? = 0.34, n = 16). The high degree of
correlation in winter indicated that OC in classrooms and the schoolyard
originated from common sources; however, the slope (up to 0.694) in-
dicates that outdoor concentrations increased less rapidly than indoor
levels, further pointing to indoor accumulation. The same pattern has
also been reported in other studies [40,41] and has been associated with
internal sources. In addition, poor ventilation can lead to the accumu-
lation of OC; indeed, as verified in our previous work [16], these
classrooms had inadequate air exchange in both winter (0.32 to 1.44 hH
and spring (0.34 to 1.56 h™Y). This is a critical observation, as Li et al.
[42] suggested that even enhancing ventilation, by opening windows for
durations ranging from hours to an entire day, cannot effectively
decrease the concentration of semi-volatile organic compounds (SVOCs)
in indoor air, despite their primary emission sources being indoors.

Consequently, the correlation between indoor and outdoor OC dur-
ing winter likely stemmed from residential heating activities, which
contributed significantly to OC levels in the schoolyard. Conversely, the
spring data suggest that the OC remaining in the classrooms was pri-
marily related to internal sources. Although the thermo-optical method
primarily quantifies OC in the particulate fraction, indoor OC cannot be
solely attributed to combustion-related sources. In classroom environ-
ments, several non-combustion processes contribute to OC levels,
including the infiltration of outdoor particles, resuspension of organic-
rich settled dust (e.g., skin flakes, textile fibres, and soil particles
transported indoors), and the formation of secondary organic aerosol
from reactions involving volatile organic compounds emitted by clean-
ing products, building materials, and occupant-related activities [43,
44]. Thus, even in the absence of indoor combustion, it is possible to
account for OC originating from active internal sources.

In contrast, indoor EC concentrations appeared to be primarily
driven by outdoor infiltration. This is supported by the I/0 ratios, where
only 30% of EC samples were showed ratios higher than 1.5 in both
seasons, while the I/0 ratio of OC ranged from 0.80 to 7.22 in winter and
from 1.20 to 16.9 in spring (Fig. S7).

EC and OC revealed a different seasonal correlation pattern (Fig. S8).
Outdoors, OC and EC show a very high degree of correlation in winter
(R? = 0.95), suggesting that the carbonaceous fractions in the school-
yard share common sources or were influenced by similar processes
during the coldest days. However, this correlation significantly weak-
ened in spring (R? = 0.60), highlighting lower influence of primary
combustion sources on the formation of both carbonaceous particle
categories in this season. The same pattern was observed indoors,
although with lower correlations (R? = 0.76 in winter and R? = 0.45 in
spring). Throughout the field samplings, OC/EC ratios in the schoolyard
ranged from 1.81 to 33.8, while the variation in classrooms was from
2.49 to 98.9 (Fig. S7.a). Overall, linear regression analysis between
PM;( and OC indicate that this carbonaceous component can better
explain the variation in PM;g indoors than outdoors (R* = 0.60 and 0.40
in winter and spring, respectively) (Fig. S9). EC explains more of the
variance in PM1g levels in winter (R?> = 0.51 in classrooms and R? = 0.70
in the schoolyard). In contrast, no correlation was observed between
these variables at either site in spring (Fig. S9).

The levels of OC and EC in both school environments were like those
reported in the literature for other educational settings Leppanen et al.
[45]. However, the OC/EC ratios in this study exhibited greater varia-
tion compared to those observed in other schools. OC/EC ratios ranging
from 18 to 28 in Lisbon [35] and from 10 to 19 in South Korea [46] were
observed in PM; samples collected from classrooms [47]. observed that
OC/EC ratios were higher in residential homes than outdoors. The au-
thors attributed the elevated OC/EC ratios to the significant formation of
secondary organic aerosols which increases the amount of OC in the
indoor environment. Studies suggest that the OC/EC ratio can vary
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considerably depending on the measurement location (rural, urban,
industrial), as well as the sources (primary and secondary) [48].

3.2.3. Metal(loid)s

A total of 58 metal(loid)s were quantified in the samples. Si con-
centration was estimated by multiplying the Al concentration by 3.92,
based on the typical Si/Al ratio observed in crustal materials, where Si
and Al are major components. The concentration of these elements in
the schoolyard ranged from 1253 to 9046 ng m™, while in the class-
rooms it varied from 681 to 10,084 ng m™ (Fig. 5). During winter, the
mean total element concentrations at both school environments were
very close (2948 ng m® indoors and 2746 ng m™® outdoors). In contrast,
in spring, total element concentration increased, with levels in class-
rooms rising 1.43 times higher and in the schoolyard 1.82 times higher
than those measured in winter. Concentrations of PM;¢-bound As, Sn, Bi,
Ti, Al and Ca were higher indoors in both seasons (Fig. 5), while S, Fe,
Mn, V, Cr and Ba showed similar average values in the two environments
(I/O ~1). In both seasons, the enrichment of elements such As, Ni, Cr, W,
As, S, Cu, Pb, Sn, Se, Cd, Bi and Sb (EF > 10) at the two environments
suggested an anthropogenic origin. In contrast, elements like Al, Ca, La,
Li, Mn, Nb, Nd, Ti, and V exhibited low enrichment (EF < 10), indicating
a crustal origin in both the classrooms and the schoolyard (Fig. S4).
When Alves et al. [49] investigated the composition of PM5 5 in the same
city, they observed not only the enrichment of Pb, Cd, Cu, Sn, Se, Bi and
Sb, but also Zn, B and Mo. The researchers attributed this enrichment to
the contribution of industrial emissions and major roads near the sam-
pling site. However, in this study, B was not detected, and Zn and Mo
were only found in a few samples. Although residential biomass com-
bustion is a common practice in the region, the EFs for K did not reveal
the dominance of this source. However, it should be noted that the lack
of K enrichment in PM filters could be affected by a combination of
factors, such as the type of biomass burned, the combustion temperature
and the efficiency of the process [50].

Significant correlations among the chemical species were observed.
In classrooms, As showed positive significant correlations with Bi, EC,
0OC, Cu, K, Pb, Rb and Sb, indicating a possible shared anthropogenic
source, such as the burning of fossil fuels or the use of lead-based
building materials. Fe was correlated with Al, Ca, Cu, Li, Rb, Ti and V,
indicating dust resuspension. These patterns reinforce the hypothesis
that PMj( in classrooms result from a combination of natural and
anthropogenic sources. Al, As, Ba, Bi, Ca, Ce, Fe, Li, S and Nb were linked
with several species. Additionally, As correlated with Cd (p = 0.72), a
pattern also observed in classrooms, and associated with mixed sources
such as diesel combustion and industrial emissions [51].

The number of elements detected in the spring filters was higher
compared to those from the winter sampling. The variability between
the two seasons suggests that both human activities and meteorological
conditions, such as the decrease in accumulated precipitation during the
sampling campaigns (193 mm in winter and 17 mm in spring during
sampling campaigns) and the increase in mean wind speed (1.05 m s™ in
winter, 1.48 m s™! in spring), played a significant role in the concen-
tration and correlation of metals in the indoor and outdoor environ-
ments of the school. Notably, no Saharan dust intrusion was detected on
any day neither in winter nor in spring (Fig. S5). However, in spring,
~73% of the air masses passed through the industrial estate (5 of the 8
clusters, Fig. S5). This could have resulted in a higher metal(loid) load in
PM;¢ during this season. Likewise, these outdoor pollution sources
contribute to indoor element concentrations, especially when classroom
windows are opened more frequently in spring than in winter.

Despite the detection of potentially health-hazardous heavy metal
(loid)s such as Cr, Mn, Cu, Zn, As, Pb, Cd and Co. In particular, the levels
of Ni, As, Cd and Pb were below the recommended annual average
values set out in Directive 2024/2881 [52], under the revised directive
[53], the annual average concentrations are now established as 20 ng
m>, 6 ngm3, 5 ng m™?and 0.5 pg m, respectively.
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Fig. 5. Statistics of the daily average concentrations of the total chemical species in both seasons: (a) classrooms; (b) schoolyard. The whiskers represent P5 and P95,
and the line in the middle correspond to the median, while the white dots represent the mean. The data considers the 58 chemical species detected in the PM;(
samples, including 10 from outside and 13 from inside that were present in only 23% of the filters from both school environments. (c) Average 1/0 ratios categorised
by season. The values are sorted by average. Error bars represent the maximum value.

3.2.4. Sugar compounds

The following saccharides and anhydrosaccharides were quantified
in the school samples: mannose, fructose, sucrose, glucose, arabinose,
galactosan and levoglucosan. Arabinose and glucose were detected in at
least 71% of the samples, both indoors and outdoors. Arabinose was by
far more abundant in classrooms (65.0 + 85 ng m’>), while glucose was
higher in the schoolyard (23.5 + 8.75 ng m™). Levoglucosan and gal-
actosan were detected in 6 and 16 samples from the schoolyard, with
average concentrations of 203.8 &+ 112 and 16.9 + 21.8 ng m? respec-
tively, while in the classrooms they were detected in only 5 and 11
samples, respectively.

The mean daily concentrations of all sugars in PM; ranged from <
LOD to 509 ng m™® in the schoolyard and from < LOD to 653 ng m™ in
the classrooms. No statistically significant differences in concentrations
of these sugars were found between the classrooms and the schoolyard.
However, a much higher daily mean concentration of total sugars was
recorded in winter (135 + 167 ng m™®) compared to spring (38.4 + 33.6
ng m’>). At the schoolyard, anhydrosugars exhibited the highest average
concentrations (48.2 ng m™), while in the classroom, saccharides were
more prevalent, reaching an average of 63.3 ng m™. In addition, sig-
nificant differences in galactosan, glucose and mannose levels were
observed between both seasons (Table S3).

Sugar levels have been reported for a few European school envi-
ronments [34,54]. In general, the concentrations of sugar compounds
reported in these studies are higher than those obtained in the present
investigation. Alves et al. [34] observed higher concentrations of levo-
glucosan inside a primary school classroom in central Aveiro, Portugal
(February - May 2011), while in this study that anhydrosugar was not
detected in any classroom samples in spring. Fructose levels in Aveiro
were up to 8 and 3 times higher than those quantified indoors and in the
schoolyard in Estarreja, respectively. According to Oduber et al. [55],
anhydrosugar concentrations during cold seasons may result from
increased use of domestic heating appliances. In contrast, some sac-
charides, which are more commonly emitted as primary biogenic
aerosol particles (e.g., bacteria, plant fragments, chemical species, pol-
len, and fungal spores), are typically more abundant in warmer seasons.
However, fructose, glucose and arabinose have also been observed in
smoke samples from biomass burning [55]. In this study, during winter,
levoglucosan, galactosan and arabinose were significantly correlated
with biomass burning, traffic and fuel combustion markers, such as K,
OC, EC and Rb. Glucose was correlated with several elements but not

with any sugar. Sucrose and fructose were only correlated with each
other, suggesting a common origin. In spring, sucrose and fructose were
correlated with Ca, Ti and glucose, indicating that dust intrusions may
have been the emission sources in that period. However, glucose was
also correlated with many other elements, such as Cs, Fe, K, V, etc.,
suggesting that there may be additional sources beyond dust. In sum-
mary, fructose and sucrose at the school may be related to plant activity,
while arabinose, glucose and levoglucosan could be associated with a
mix of sources such as biomass burning and traffic.

3.3. Source contribution to PM1g

3.3.1. Pollution sources in classrooms

Six components explained 88% of the variance in the PM;( dataset
(Table S4). The first component (Fig. 6), which accounted for 21.6% of
the total variance, had strong loadings of Al, Fe, Ti and Sc. Al, Fe and Ti
are among the most abundant elements in the Earth’s crust [56,57].
When these elements appear together as a component, they typically
indicate a crustal or mineral dust source. This suggests a combination of
outdoor soil intrusion and indoor resuspension of geologically derived
material from local sources, especially since no long-range transport
from the Sahara Desert was detected during the sampling period. In
classroom environments, this component is likely influenced by student
movement and cleaning activities, which can resuspend particles that
originally entered from outdoors [58]. Natural ventilation also facili-
tates the infiltration of wind-blown soil dust [59].

The second component indicates a biomass burning source, as evi-
denced by high loadings of OC, EC, and K, all of them well-established
markers for this source [60,61]. In addition, loadings of Pb, As and Sb
were also observed. These elements further support the origin of this
source, since As and Pb can be present in biomass before combustion
[62], and combustion residues like wood ash are often enriched with
these toxic elements. In a study on ashes produced from burning wood
biomass in closed wood-fired furnaces, Smotka and Jabtoniska [62]
concluded that levels of As and Pb were significantly higher than those
of other metals such as Cd, Cu, Zn, and Cr. In the present study, the high
EFs observed for these elements indicate an anthropogenic source,
especially in winter (Fig. S4), consistent with increased residential wood
burning during colder months. However, it is important to note that Pb
is also associated with other combustion sources, such as waste incin-
eration [64]. Also, metal(loid)s such As and Sb remain retained
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Fig. 6. Loadings of chemical species for each factor identified in classrooms.

primarily in the bottom ash generated by waste incineration [63].

The third component corresponded to a marine profile, mainly
explained by Na, Cl and Mg. While cleaning products used in classrooms
may contain sodium and chlorine, their influence appears negligible, as
the overall elemental profile remains consistent with that of natural sea
salt, as previously discussed. The school's coastal location supports the
marine air mass intrusion from the Atlantic Ocean, a pattern further
corroborated by the air mass trajectory analysis (Fig. S5). The detection
of this marine component in classroom air suggests outdoor-indoor air
exchange. As noted earlier, the Cl"/Na* mass ratio was approximately
1.8, consistent with unmodified sea salt.

The fourth component explained 9.30% of the total variance and is
primarily characterised by high loadings of Cu, Sb and Pb. This
component was attributed to vehicular traffic, as brake pad wear has
been identified as a key source of Sb emissions [63], while Cu and Pb are
commonly used in tyre [65]. These findings support the association of

10

Cu, Sb, and Pb are with vehicular traffic in PM samples, primarily due to
brake and tyre wear.

In the fifth component, Ba, V and S were the only elements with
prominent loadings, suggesting a complex source profile likely domi-
nated by industrial and combustion-related emissions. V is a well-well-
known marker of heavy fuel oil combustion, typically associated with
emissions from power plants or industrial boilers burning residual oils
[66]. In Estarreja, local industry is the more probable source, especially
given the proximity of industry facilities near the school. S is strongly
associated with the combustion of fuels such as coal and heavy oil [67].
Although S can also be present in secondary aerosols, its loading here
alongside V and Ba suggests a primary or combustion-related origin.
Industrial emissions from the Estarreja estate are a likely contributor. Ba
is commonly linked to non-exhaust traffic emissions, especially brake
wear [68], but it can also be emitted from some industrial processes
[69]. This component was labelled as “industrial combustion and
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process emissions”, likely reflecting the influence of nearby petro-
chemical activities in Estarreja.

The last component was dominated by Ca, with minor contributions
of Ti, Sr, and Sb. Ca is a marker of construction dust and building ma-
terials, particularly cement and concrete [70]. In indoor settings such as
classrooms, elevated Ca levels are often linked to the degradation and
erosion of structural elements, including walls, floors, ceilings, and
windowsills, as well as the infiltration of outdoor road dust [58]. Ti,
commonly found as titanium dioxide (TiOy), is widely used as a pigment
in white paints and plasters. Although Ti is also a minor crustal element,
its presence here likely reflects contributions from interior surface ma-
terials or the resuspension of settled indoor dust, as reported in a pre-
vious study conducted in different environments [71]. Sr can be
naturally co-released with Ca from minerals such as gypsum and lime-
stone [72] and is frequently found in PM from school settings [59,70].
Sb, while typically associated with brake wear and vehicular emissions
[68], may indicate indoor contamination from traffic sources through
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non-exhaust emissions that have penetrated the classrooms.

The contributions estimated by the APCS-MLR model are presented
in Fig. $10. A moderate correlation was observed between the modelled
and measured PM;( concentrations. The first four components accoun-
ted for most contributions to PM;o. On average, the first component
accounted for 27.8% of the total PM;(, while the sixth component
contributed 10.3%. In contrast, the component related to industrial
combustion and process emissions had the lowest contribution (<1%).

3.3.2. Pollution sources in the schoolyard

In the schoolyard, six major sources of PM;( were identified (Fig. 7),
with the first four resembling those found in classrooms, albeit with
different contribution percentages. The remaining two components
were attributed to SIA and emissions from industrial activities.
Together, these six components explained 91.5% of the total variance in
the analysed data (Table S4).

SIA formation was observed exclusively outdoors, likely because

» \Sgb‘ e R G< o> Q/O <@ ,6\66\09 NG \\g \Q\(\ ¥ \\\O/'b OO o I RN %Oq;u
(]

Fig. 7. Loadings of chemical species for each factor identified in the schoolyard.
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atmospheric conditions (like high humidity) and the presence of pre-
cursor gases are essential for the secondary chemical reactions [73].
Average 1/0 of 0.72 for SO%~ and 0.83 for NO3 were observed during
winter, decreasing to 0.65 and 0.49, respectively, in spring, indicating
higher concentrations of these ions in outdoor air. The decrease in their
I/0 ratios from winter to spring suggests increased outdoor photo-
chemical activity and dispersion in spring. In contrast NH4 showed a
lower I/0 ratio in winter (0.83), which increased substantially in spring
(I/0 = 4.99), suggesting a greater relative indoor presence during the
warmer season. Warmer conditions enhance microbial activity on the
skin and in sweat, leading to greater breakdown of nitrogen-containing
compounds into ammonia. Studies suggest [74-76] that SIA form pri-
marily in the outdoor atmosphere and that, although they can infiltrate
indoors, concentrations are typically lower in the latter due to factors
such as the lack of favourable conditions for their formation.

The final component was characterised by high loadings of Sn, Pb,
and Mn. This component indicates a local industrial source, likely
associated with metal processing or other industry emissions. Sn has
been identified as a common element in metalworking and soldering
environments [77]. It is often emitted during the manufacture or use of
organotin compounds, metal plating, or production of alloys. Pb emis-
sions in industrial regions are often tied to metal smelting, battery
recycling, or chemical manufacturing [78]. Mn is commonly associated
with steel manufacturing and industrial combustion [30]. The presence
of Mn in this context is indicative of industrial metallurgical and
chemical emissions. These emissions are specific to outdoor air, with no
significant presence detected indoors. According to the wind rose
(Fig. S1), prevailing winds during the spring season coming from the
nearby industrial estate could potentially transport some of the elements
identified in this component toward the schoolyard.

On average, the combustion-related source contributed approxi-
mately 27.8%, followed by sea salt (component 3) with 20.4%, SIA with
12%, and mineral dust with 7.02% (Fig. $10). Additional sources, cor-
responding to industrial activity and traffic, contributed less than 2%.
The regression model presented a coefficient of determination (R?) of
0.86, indicating good agreement between the calculated and observed
values. Furthermore, four of the six sources (components 1, 2, 3, and 5)
showed statistically significant regression coefficients (p < 0.05), rein-
forcing the relevance of these sources in explaining the variability of
PM; observed in the schoolyard.

4. Study strengths and limitations

This study provides valuable insights into the characterisation of
PM;o under real school conditions in two seasons. However, these
campaigns may correspond to relatively elevated pollution conditions,
and thus the results may not fully represent the full annual variability.
Future research should encompass a complete annual cycle to accurately
identify high- and low-pollution seasons and to evaluate seasonal vari-
ations in PMjg sources. In addition to the sampling limitations, the lack
of suitable source markers decreases the ability of the PCA to correctly
identify the sources impacting the receptor site. This is because the
number of variables considered in the factor analysis is conditioned by
the number of observations available. The elements emitted by two or
more principal components influence the principal component scores,
which, in turn, affect the contributions of those source categories to the
total PM; modelled. Due to this limitation, 32% in the schoolyard and
26% in the classrooms could not be attributed to any possible source by
this technique. In addition, the profiles of most PM;( sources are not
completely stable over time, which can complicate the interpretation of
the derived sources.

Despite using backward trajectories, it could not be determined
whether the industrial estate significantly impacts the PM;jo levels
reaching the schoolyard, since the fact that winds during both sampling
periods passed through the industrial area at some point does not
necessarily imply that pollutants reached the PM;( sampler. Topography
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and buildings around the school could influence the direction and in-
tensity of air masses, thus affecting their arrival at the schoolyard.

5. Conclusions

On average, PM;( concentration in classrooms remained below the
new World Health Organisation (WHO) recommended value of 45 pg m”
3, However, even when daily values were below this guideline, 94% of
these samples exceeded 15 pg m™, suggesting that the annual average
may still surpass the WHO recommended threshold and the limit set by
the new European Directive. In contrast, concentrations of hazardous
pollutants such as Ni, As, Cd, and Pb remained below the thresholds
established by Directive 2024,/2881, both indoors and outdoors, in both
seasons.

This study fills a geographic gap by characterising a school envi-
ronment near an industrial estate, revealing that its primary pollution
sources are consistent with broader national trends. The identification of
biomass burning, dust, and sea salt as dominant sources, suggests that
factors such as meteorology, the specific duration of the field campaign,
and common urban activities can exert influence on air quality at the
school overshadowing local industrial contributions. Indoor dust was
specific to classrooms, while secondary aerosols were more common
outdoors. Biomass burning was the largest contributor, accounting for
over 17.6% in both settings. Industrial activity appeared to have a little
impact, possibly due to prevailing wind patterns and the short duration
of the sampling campaigns. Longer-term studies across all seasons are
needed to better understand these effects. Such studies are also essential
to assess whether daily concentrations of PM;o and the previously
mentioned hazardous pollutants consistently comply with recom-
mended limits throughout the entire school year, and to determine
whether there is seasonal variability in the contribution of the identified
sources.

The results shed light on relevant aspects affecting air quality in the
school environment. While EC, CI', Na, NO3 and SO%’ mainly impact
outdoor air, species such as OC, Ca, Al, and Ti have a greater influence
indoors. Although interventions may be challenging, air quality in
schools could be improved by adapting and applying some strategies
already proposed and tested in scientific research, such as implementing
a targeted ventilation and air purification protocol on alert days,
installing balanced mechanical ventilation with heat recovery and par-
ticle filtration to ensure optimal indoor air quality and enforcing green
barriers as a complementary measure to improve school air quality.
Cooperation between research institutes, policymakers, and school staff
is also essential to support the development of these strategies. Such
efforts can also help align key United Nations Sustainable Development
Goals (SDG 3, SDG 4, SDG and SDG 11).
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