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Abstract The objective of this study was to assess the
exposure and inhaled dose of susceptible populations to
chemical elements in atmospheric particles. Particles were
sampled in schools, fitness centers and elderly care centers
and ko-INAA was used to determine their chemical com-
position. Results show that besides the similar element
concentrations measured in the outdoor levels of all micro-
environments, the inhaled dose experienced by each one of
the vulnerable population groups was significantly differ-
ent, indicating that measurements of outdoor air concen-
trations do not provide an accurate estimation of the
population exposure to particles and specific elements and
of the respective dose.

Keywords ky-INAA - Schools - Elderly care centers -
Fitness centers - Particles - Elements

Introduction

The health effects of air pollution have been subject of
intense study in recent years. Exposure to pollutants such
as airborne particulate matter (PM) has been associated
with increases in mortality and hospital admissions due to
respiratory and cardiovascular diseases [1]. It is estimated
that approximately 3 % of cardiopulmonary and 5 % of
lung cancer deaths are attributable to PM globally [2].
According to the World Health Organization (WHO) urban
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air pollution, especially PM, causes significant health
problems throughout Europe, reducing the life expectancy
of residents of more polluted areas by over 1 year [2]. The
WHO’s specialized cancer agency, the International
Agency for Research on Cancer (IARC), has recently
classified outdoor air pollution and one of its major com-
ponents, PM, as carcinogenic to human beings [3]. PM
effects have been seen at very low levels of exposure and
there is no evidence of a safe level of exposure or a
threshold below which no adverse health effects occur.
This is due to the fact that PM is a complex mixture of
microscopic particles enriched with different chemicals
derived from both anthropogenic and natural sources [4].
From a mechanistic perspective, it is highly plausible that
the chemical composition of PM would better predict
health effects than other characteristics such as PM mass or
size.

The potential of harmful health effects of air pollution
has been estimated by comparing outdoor levels with air
quality guidelines and with health outcomes. However, this
logic has been changed by a number of recent develop-
ments in both air pollution and scientific knowledge. Since
people spend 90-95 % of their time indoors, individual’s
exposure to PM is dominated by indoor air pollution, which
is partly outdoor air pollution that has penetrated indoors
and partly pollution from indoor sources. However, data
available for risk assessment of indoor air pollution are
scarce and often insufficient. Information is available for
the indoor air concentrations of some well-known pollu-
tants, but is lacking for others which effects are unclear
such as the chemical components of indoor PM that are
currently poorly characterized.

The objective of this work was to assess the indoor air
concentrations of PM chemical elements in schools, elderly
care centers and fitness centers in order to estimate the
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exposure of susceptible groups and the respective inhaled
dose. Children, elders and sport practitioners are at great
risk. Children breathe higher volumes of air relative to their
body weight and their tissue and organs are growing [5].
Elders susceptibility originates from natural and patho-
logical ageing and related processes. Ageing has been
associated with a decline in immune defences and respi-
ratory function, and predisposition to respiratory infections
[6]. Sport practitioners can be at risk when they are prac-
ticing exercise in polluted environments due the fact that
the increase in the minute ventilation increases propor-
tionally the quantity of inhaled pollutants, most of the air is
inhaled through the mouth, bypassing the normal nasal
mechanisms for filtration of large particles and the
increased airflow velocity carries pollutants deeper into the
respiratory tract [7].

Experimental

Particulate matter was sampled in 3 schools, 3 fitness
centers and 4 elderly care centers located in Lisbon, the
capital city of Portugal where the traffic is the main source
of atmospheric particles [8, 9]. Due to the geographic
position of Lisbon and to the dominant western wind
regime the expected high levels of pollutants should be
uncommon. The transport of maritime air mass is usually
associated with cleaner air masses from the Atlantic Ocean
and with better dispersion conditions of pollutants coming
from the industrial areas [10]. Nevertheless, under adverse
meteorological conditions, low dispersion conditions and
thermic inversions, high concentrations of air pollutants are
registered. Moreover, in Lisbon, natural PM sources cause
a number of PM exceedances due to natural mineral par-
ticulate sources such as high-dust Saharan air mass intru-
sions [11].

Three types of samplers were used to collect particles
with a diameter lower than 10 pum (PM10): (1) Gent
samplers, operating at 1.0 m®> h™' and collecting particles
in polycarbonate filters; (2) a Partisol Plus 2025 Sequential
Ambient Particulate Sampler, operating at a flow rate of
1.0 m* h™! and collecting particles on Teflon filters and (3)
a Leckel Medium Volume Sampler 6, operating at a flow
rate of 3.5 m®> h™" and collecting particles onto quartz fil-
ters. Details on sampling campaigns performed in schools,
elderly care centers and fitness centers can be obtained in
works developed by Almeida et al. [12], Almeida-Silva
et al. [13] and Ramos et al. [14], respectively.

The filter loads were measured by gravimetry in a
controlled clean room (class 10,000) at 20 °C and relative
humidity of 50 % according to EN 12341: 1998 [15]. Fil-
ters were weighted on a semi-micro-balance and filter

@ Springer

weight before and after sampling was obtained as the
average of three measurements, when observed variations
were less than 5 %.

Element analysis was carried out by kg-Instrumental
Neutron Activation Analysis (ko-INAA) at C>TN/IST [16].
The ability of k)-INAA to analyse solid phase samples for
many elements, without the need for sample dissolution or
digestion and with a high degree of sensitivity and selec-
tivity made it particularly suitable for the elemental anal-
ysis of PM filters. Filters were rolled up and put into a
clean thin foil of aluminium and irradiated for 5 h at a
thermal neutron flux in the Portuguese Research Reactor
[17]. After irradiation, the sample was removed from the
aluminium foil and transferred to a polyethylene container.
For each irradiated sample, two gamma spectra were
measured with a hyperpure germanium detector: one
spectrum 2-3 days after the irradiation and the other one
after 4 weeks.

Blank filters were treated the same way as regular
samples. All measured species were very homogeneously
distributed; therefore concentrations were corrected by
subtracting the filter blank contents.

Previous to the sampling campaign, tests of repro-
ducibility within the filters and between filters were taken,
using parallel sampling with two similar sampling units
and measuring the particle species by ko-INAA. Results
were reproducible to within 5-15 %, providing strong
support for the validity of the analytical techniques. The
details of the analytical control tests are given in the work
developed by Almeida et al. [18].

The quality control of the techniques has been devel-
oped with the intention of using the methods to meet the
demands of trace element analysis for aerosol filters. The
accuracy of analytical methods was evaluated with NIST
filter standards, revealing results with an agreement of
10 %. More details can be found in works dedicated to this
subject [19, 20].

Results
Concentration and composition of particles

The average indoor and outdoor PM10 and element con-
centrations measured in schools, elderly care centers and
fitness centers are presented in Table 1. Results show that
the highest PM10 concentrations were measured in schools
(85 + 32 pg m~?) exceeding the limit value of 50 pg m >
established by the Portuguese legislation for indoor air,
Portaria no. 353-A/2013 [21]. In elderly care centers PM10
average concentration was 10.9 &+ 4.2 ug m~> in bed-
rooms and 18.5 + 6.0 pg m > in living-rooms. In fitness
centers, an average concentration of 15 + 15 pg m ™ was
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measured. This difference between micro-environments
can be explained by the high intensity of the pupils’
physical activity that led to re-suspension of particles and
largely contribute to increased PM10 concentrations in
classrooms [22]. In fitness centers, there is also a high
occupancy and physical activity but people are obliged to
change their shoes before entering in the classrooms that
reduce the contamination of the indoor spaces by dust
transported from outdoor. Moreover, as opposed to the
schools that have natural ventilation, all fitness centers
have mechanic ventilation and filtration of air before its
supply in the building, which reduces the outdoor particles
infiltration. Consequently, PM10 concentrations were sig-
nificantly higher in the indoor of schools than in the out-
door, whereas in fitness centers PM10 concentration were
lower in the indoors (Fig. 1).

Sodium was the only element that presented indoor/
outdoor ratios lower than 1 for all the buildings typologies,
indicating the non-indoor origin of this element, which is
typically associated with the sea emissions. In schools it
was observed the highest concentration of Fe, La, Sc and
Sm, which have a soil origin, and the highest indoor/out-
door ratio for these elements. This fact confirms that the
most probable cause of increased classroom PMI10

concentrations is the penetration of mineral dust through
the windows and the re-suspension of settled dust or sus-
pension of soil material brought in by the children’s shoes.
In schools and elderly care centers higher concentrations of
Zn were also measured indoors. This fact has already been
observed in other studies [23] and indicates that, besides
the association of this element to traffic emissions and
industrial activities, there is an indoor Zn source probably
associated with several products that can be applied
indoors to protect steel, walls, wood surfaces, doors and
windows. Ca was also detected at very high concentrations
inside schools’ classrooms (15 000 + 7 200 ng m %) due
to the chalk (mainly CaSO,) used in the blackboards and/or
the gypsum walls and plasters used as building material
[24]. The elements As and Sb presented higher concen-
trations inside the classrooms than outdoor. These ele-
ments, typically present in outdoor of urban environments,
probably penetrated by infiltration to the indoor of the
buildings where the dilution conditions are reduced. The
element concentrations in elderly care centers and fitness
centers were lower than in schools and presented lower
values indoors than outdoors. These facts indicate the
importance of the filtration of particles, in air treatment
units, that avoid the contamination of the indoor spaces by
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Fig. 1 Indoor and outdoor concentrations measured in Schools, Elderly Care Centers and Fitness Centers (values in ng )
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outdoor pollutants, and the highest ventilation of spaces,
preconized by mechanic ventilation, to dilute the pollutants
generated indoors [25].

Inhaled dose

The average inhaled dose (D) in schools, fitness centers and
elderly care centers was assessed by integrating the con-
centration of the pollutant in each micro-environment (C),
the inhalation rate (VE) and the body weight (BW)
according to Eq. 1.

D = (C x VE)/BW (1)

The VE used in schools and elderly care centers were
recommended by EPA [26] for different ages and distinct
activities—sleep, sedentary and light intensity. Since VE
has never been measured before for fitness classes, VE was
estimated using heart rate (HR) measurements and a pre-
established individual relation between HR and VE
according the procedure described by Ramos et al. [27].
Table 1 presents the VE used in the calculation of the
inhaled dose. The BW used in this study was 32 and 80 kg
for children and adults, respectively, also based on US-
EPA [26].

Figure 2 presents the average inhaled dose in schools’
classrooms, elderly care centers and fitness centers. Results
show that the highest inhaled doses were experienced by
children in schools (21 ng min~' kg™') and the lowest
were associated with elders in the bedroom of elderly care
centers (0.72 ng min~' kg™'). The same trend was
observed for the inhaled dose of the particles chemical
elements. This fact can be explained by the highest con-
centrations measured in the schools, the lowest BW in
children and the lowest VE in elders. In elderly care centers

[ Schools Classroom [ ECCs Bedroom N ECCs Living-room
I Fitness Centers Holistic EE= Fitness Centers Aerobic

10°

Inhaled Dose (ng min"' kg™)

Fe B

Cr 222
N Rz

sh B

As
Ca

PM1(0 - SSSI

Fig. 2 Inhaled dose in Schools, Elderly Care Centers (ECCs) and
Fitness Centers (values in ng min~' kg™")

the inhaled dose of the elements (except for Ce) was higher
in living-rooms than in bedrooms. Living-rooms have more
occupancy and indoor concentrations of dust particles are
strongly influenced by activities and movement of occu-
pants, which may allow the re-suspension of particles.
Higher PM10 inhalation doses were determined for the
aerobic classes (9.0 ng min~' kg™') comparing with the
holistic classes (4.9 ng min~' kg™ ') and the same behavior
was observed for the inhaled dose of chemical elements.
Consequently, assessing the inhaled dose of particles’
components in fitness centers is the key determinant of the
impacts that these pollutants can have on the health of sport
practitioners. Differences between VE and pollutant con-
centrations between different classes influence the inhaled
dose of air pollution and therefore an accurate assessment
of these two parameters is fundamental.

Discussion

Results show that besides the similar element concentra-
tions measured in the outdoor levels of all micro-environ-
ments, the inhaled dose experienced by each one of the
vulnerable population groups is significantly different.
Therefore, the local measurements of outdoor air concen-
trations do not provide an accurate estimation of the pop-
ulation exposure to particles and specific elements and of
the respective dose. People spend the majority of their time
indoors where the concentrations of pollutants depend a lot
on indoor sources and type and maintenance of ventilation
systems.

Moreover, VE depends on the type of activity and
highly influences the inhaled dose of pollutants. In this
study, the average inhaled dose per minute in each micro-
environment was calculated. However, the duration of
exposure in each micro-environment is another factor that
should be considered for the calculation of the daily
exposure and daily inhaled dose. For instance institution-
alized elders spend most of their time inside elderly care
centers which means that the inhaled dose measured in this
study can be a good predictor of the daily inhaled dose.
However, population that practice sport in fitness centers
spend between 1 and 2 h per day in fitness centers and
therefore the daily inhaled dose will be highly affected by
other micro-environments such as home, work and trans-
ports. Children spend on average 8 h per day in school and
therefore the inhaled dose in schools highly affects the
daily inhaled dose.

The more intense and the longer the exposures, the
greater the risk may be. From the pathophysiological point
of view, being exposed for 1 h every day to a pollutant for
20 days is different from being exposed for 20 h to the
same pollutant for only 1 day [28]. As a result the
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evaluation of the integrated exposure to air pollutants and
associated dose needs to be conducted taking into account
daily activity patterns in different environments in which
individuals spend their time and, within each environment,
the VE, the length and the intensity of exposure. The
assessment of the daily dose to air pollutants is a critical
component of epidemiological studies associating air pol-
lution and adverse health effects.

Conclusions

Results showed that concentrations of particles were higher
in schools. The element composition of the classrooms’
particles suggested that earth crustal materials, detritions of
the building materials and chalk have an important role in
the particles levels and characteristics. Assuming that
crustal materials and combustion-related particles vary in
toxicity, our findings on concentrations of particle com-
ponents support the hypothesis that indoor-generated PM in
schools may be less toxic compared to PM in ambient air.
In fitness centers the inhaled dose of pollutants depended
not only on the fitness center but also in the type of activity
that occur inside the classrooms. In aerobics classes the
minute ventilation increases and, consequently, inhaled
dose of chemical elements was higher during this activity
then in holistic classes. In elderly care centers lower
inhaled doses were estimated. However, besides being
more vulnerable, elders spend the majority of their time
inside these centers and therefore air quality must be kept
with a good quality once health effects of particles occur
even at relatively low concentrations.
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