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Técnico in 2023. For about 25 years, she has conducted research on air quality, climate change, and

health in urban systems. She worked at Instituto de Soldadura e Qualidade, where, in addition to

her research activities, she provided consultancy services on air quality management to national

and international industries. She is currently a Principal Researcher at the Department of Nuclear

Sciences and Engineering (DECN) and carries out research at the Centre for Nuclear Sciences and

Technologies (C2TN), where she coordinates a team of young researchers with whom she shares her

passion for research. In partnership with industries, companies, authorities, and non-governmental

organisations, her team studies the characteristics and origin of air pollutants, assesses the health

effects of exposure to air pollution, and defines strategies and tools to improve air quality and the

well-being of citizens.

Evangelia Diapouli

Evangelia Diapouli is a Principal Researcher at the Institute of Nuclear & Radiological Sciences

and Technology, Energy & Safety, of the National Centre for Scientific Research “Demokritos”. She

holds a Chemical Engineering Diploma from the National Technical University of Athens (2000), an

MSc in Environmental Engineering from Johns Hopkins University, USA (2002), and a PhD focusing

in Indoor Air Quality from the School of Chemical Engineering of the National Technical University

of Athens (2008). She has more than 20 years of experience in the study of indoor and ambient air

quality. Her research focuses on the physico-chemical characterization of airborne particulate matter,

aerosol source apportionment, and population and occupational risk assessment.

vii



Dr Diapouli has participated in several European and national research projects, in some of them

acting as Principal Investigator either for the NCSR “Demokritos” team or for the whole project. She

has also been actively involved in European initiatives for the development of standard methods for

aerosol characterization, including the quantification of carbonaceous species in airborne particles

and the adoption of a European harmonized methodology in the application of receptor models

for PM source apportionment. She has co-authored 85 papers in peer reviewed journals and has

presented more than 130 papers at national and international conferences. Since 2019, she has been a

member of the Management Board of the Hellenic Association for Aerosol Research (HAAR).

viii



Preface

This reprint, entitled “Second Edition of Integrated Human Exposure to Air Pollution”, presents

new insights into key aspects of human exposure to air pollution. It compiles seventeen innovative

studies, exploring five main areas: advanced methodologies for exposure assessment, citizen

engagement in addressing pollution, outdoor air pollution, indoor air quality, and the health impacts

of pollution. Notably, the reprint features two comprehensive reviews, one on the effects of climate

change on indoor air and another on the health impacts of long- and short-term exposure to NO2 and

PM2.5.

Nuno Canha, Marta Almeida, and Evangelia Diapouli

Editors

ix





Citation: Canha, N.; Diapouli, E.;

Almeida, S.M. Integrated Human

Exposure to Air Pollution: A Step

Further. Int. J. Environ. Res. Public

Health 2023, 20, 7061. https://

doi.org/10.3390/ijerph20227061

Received: 13 October 2023

Accepted: 30 October 2023

Published: 13 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Editorial

Integrated Human Exposure to Air Pollution: A Step Further
Nuno Canha 1,* , Evangelia Diapouli 2 and Susana Marta Almeida 1

1 Centro de Ciências e Tecnologias Nucleares (C2TN), Instituto Superior Técnico, Universidade de Lisboa,
Estrada Nacional 10, Km 139.7, 2695-066 Bobadela LRS, Portugal; smarta@ctn.tecnico.ulisboa.pt

2 National Centre for Scientific Research “Demokritos”, Agia Paraskevi, 15341 Athens, Greece;
ldiapouli@ipta.demokritos.gr

* Correspondence: nunocanha@ctn.tecnico.ulisboa.pt

Along with climate change, air pollution is one of the biggest environmental problems
affecting everyone in the world today. According to the World Health Organization, air
pollution causes an estimated 7 million premature deaths and reduces the healthy life years
of millions more [1]. The burden of disease attributable to air pollution is now thought
to be comparable to that of other major global health risks, such as unhealthy diets and
tobacco smoking.

In order to reduce the negative impact of human exposure to air pollution on the
health and well-being of citizens, it is essential to understand and develop strategies and
mitigation measures to control it. However, the exposure of citizens to air pollutants is
typically based only on the concentrations of pollutants measured at air quality monitoring
stations operated by national environmental agencies. These monitoring stations focus on
outdoor air quality and are usually located in urban centres.

This approach does not take all components of exposure into account, as people spend
a large proportion of their time indoors and have different time–activity patterns, and there
is also high variability in air pollutant concentrations within a given city.

Therefore, human exposure over a whole day cannot be reflected only by outdoor
exposure, and should consider all micro-environments wherein people spend their time
(e.g., home, workplace, transport, leisure, and others) and the time spent in them. The
characterisation of indoor and outdoor environments is essential to assess integrated human
exposure to air pollutants.

The need to increase knowledge in this area led us to create a Special Issue of IJERPH
dedicated to integrated human exposure to air pollutants (https://www.mdpi.com/journal/
ijerph/special_issues/IHETAP, accessed on 1 September 2023). Considering the great
interest that this Special Issue has received from researchers all over the world in its
first edition, we felt that a second edition would be useful to collect additional valuable
information and research that has been carried on this important topic out since then.

With this second edition of the IHETAP Special Issue, we invited colleagues to con-
tribute with research focusing on human exposure in different microenvironments, individ-
ual exposure under specific conditions and activities, and methodologies to understand
pollution sources and their impact on indoor and ambient air quality, with the main
aim of developing effective mitigation measures to reduce human exposure and protect
public health.

In total, the second edition of this Special Issue brings together eighteen peer-reviewed
open access articles that provide new insights into important topics in the field of human
exposure to air pollution. Overall, five main areas have been discussed and explored in
this Special Issue, namely (i) new methodologies for human exposure assessment (contri-
bution 1); (ii) citizen empowerment with regard to air pollution (contributions 2, 3, and 4);
(iii) outdoor air pollution (contributions 5, 6, 7, and 8); (iv) indoor air quality (contribu-
tions 9, 10, 11, 12, and 13); and (v) the health effects of human exposure to air pollution
(contributions 14, 15, 16, and 17). We highlight two review articles in this edition of our
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Special Issue that provide comprehensive understanding of the impact of climate change on
indoor air quality (contribution 12) and the health effects of long- and short-term exposure
to ambient NO2 and PM2.5 (contribution 18). We believe that these studies will make a
significant contribution to the advancement of knowledge in this field.

As editors of this Special Issue of IJERPH, we would like to acknowledge the great
efforts of everyone involved in this process, from the dedication of all the reviewers who
provided valuable feedback to the authors and the editorial team.

Funding: N.C. acknowledges the funding by national funds through FCT—Fundação para a Ciência
e Tecnologia, I.P. (Portugal) for his contract (reference 2021.00088.CEECIND), and for the project
HypnosAir (reference PTDC/CTA-AMB/3263/2021, https://doi.org/10.54499/PTDC/CTA-AMB/
3263/2021). FCT support is also acknowledged by the C2TN/IST authors (UIDB/04349/2020 +
UIDP/04349/2020).

Acknowledgments: The guest editors of this Special Issue of the International Journal of Environ-
mental Research and Public Health are grateful to all of the authors, reviewers, and MDPI staff.
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A Low-Cost Sensor System Installed in Buses to Monitor Air
Quality in Cities
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* Correspondence: ccorreia@ctn.tecnico.ulisboa.pt

Abstract: Air pollution is an important source of morbidity and mortality. It is essential to understand
to what levels of air pollution citizens are exposed, especially in urban areas. Low-cost sensors are an
easy-to-use option to obtain real-time air quality (AQ) data, provided that they go through specific
quality control procedures. This paper evaluates the reliability of the ExpoLIS system. This system is
composed of sensor nodes installed in buses, and a Health Optimal Routing Service App to inform
the commuters about their exposure, dose, and the transport’s emissions. A sensor node, including a
particulate matter (PM) sensor (Alphasense OPC-N3), was evaluated in laboratory conditions and
at an AQ monitoring station. In laboratory conditions (approximately constant temperature and
humidity conditions), the PM sensor obtained excellent correlations (R2≈1) against the reference
equipment. At the monitoring station, the OPC-N3 showed considerable data dispersion. After
several corrections based on the k-Köhler theory and Multiple Regression Analysis, the deviation
was reduced and the correlation with the reference improved. Finally, the ExpoLIS system was
installed, leading to the production of AQ maps with high spatial and temporal resolution, and to the
demonstration of the Health Optimal Routing Service App as a valuable tool.

Keywords: air quality; low-cost sensors; particulate matter; mobile experiments; calibration

1. Introduction

Air pollution represents one of the biggest environmental risks to human health
leading to increased morbidity and mortality due to cardiovascular and respiratory dis-
eases [1–3]. While several measures have already been implemented in urban areas to tackle
air quality (AQ) deterioration such as the improvement of public transportation [4–6], the
levels of pollutants to which the citizens are exposed are still high and above the guidelines
defined by the World Health Organization (WHO). The road transport sector is one of the
major contributors to air pollution in urban areas [7]. In fact, in the transports microenvi-
ronment, commuters are particularly exposed to high levels of air pollution [8–10].

In urban areas, air pollutant monitoring and exposure assessment studies are tradi-
tionally performed through complex stationary equipment at fixed monitoring stations.
Although very reliable, these stations are only able to characterize AQ in their vicinity and,
due to the high acquisition and maintenance costs, they are installed in a small number
of points within cities. Consequently, the spatial characterization of air pollutants’ con-
centrations in urban areas is not fully achieved, compromising a correct assessment of the
population’s exposure to atmospheric pollutants [11], which can be accomplished through,
for example, location-specific analysis [12].
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Nowadays, low-cost sensors (LCS) are an increasingly attractive option to complement
the data produced by the reference equipment from fixed monitoring stations [13]. These
AQ sensors are low-cost, small, easy-to-use, and portable, which allows for the generation
of massive quantities of information. Thus, they have been playing an important role in
monitoring pollution trends, finding hot spots, identifying pollution sources, informing the
population, and supporting environmental management [14–17].

However, although they have the capability to produce high temporally and spatially
resolved AQ data, they tend to have more severe data quality problems compared to
the conventional AQ monitoring instruments. To guarantee the quality of the data pro-
duced, LCS need to be calibrated and corrected against several factors. The complexity of
particulate matter (PM) due to its emission sources, chemical composition, particle sizes,
concentration ranges, and the environments in which the sensors are used led to the de-
velopment of different calibration methods. The calibration of LCS may be developed at a
laboratory or on-field. Laboratory caalibration is often seen as the most appropriate method
since it makes it possible to exploit how different factors influence the sensors’ response. On
the other hand, on-field calibration can be the most appropriate method as it is carried out
under the conditions in which the sensors will be used, although without the opportunity
to analyze to what extent different factors influence the sensors’ measurements. In both
cases, calibration is usually performed by placing an LCS next to reference equipment.

PM LCS’ readings are mostly influenced by meteorological factors, such as temperature
(T) or relative humidity (RH) [15–20]. The most common methods to account for this effect
in the calibration process include linear and multilinear regression analysis and specific
RH correction techniques, which are further investigated in Section 2.3. In addition to
this method, machine learning techniques [21–26] can also be employed to correct the
sensors’ data, having the advantage of including other factors in its analysis, such as the
period of the day and characteristics of the area where the data is collected. While this
may be seen as an advantage, it could transform the calibration process into a very location
and condition-specific process, failing to generalize the calibration procedure [26]. In this
paper, the LCS’ calibration considers only the correlation with reference equipment and
the influence of meteorological factors, as they are recognized as some of the main factors
influencing the sensors’ performance.

The ExpoLIS project developed a low-cost sensing system to be installed on the top
of public buses which can cover an entire city generating a massive quantity of data with
high spatial and temporal resolution, and a Health Optimal Routing Service App that
aims to expand the citizens’ knowledge about AQ and to reduce their exposure during
commuting. This study aims to evaluate the performance of these ExpoLIS tools to measure
PM concentrations in several conditions.

2. Methods
2.1. ExpoLIS LCS Sensor Node Prototype

The ExpoLIS sensor node prototype (for more details about the Sensor Node proto-
type, including the code and the model for 3d printing, see https://github.com/ExpoLIS-
project—accessed on 23 February 2022) (Figure 1a) resulted from several trials that intended
to improve its robustness and the accuracy of the installed sensors [27]. It is composed
of an air inlet (in surface A in Figure 1b) to which can be connected a conductive tube
to extend the air intake point. To ensure that an adequate quantity of air passes through
the sensors without any delays, the exhaust point (in surface B in Figure 1b) is prepared
to be connected to a conventional air pump to create an adequate airflow, preferably at
a rate of 9 L min−1 (a Leland Legacy air pump from SKC Inc. was used in this study).
The sensor node’s power supply can fluctuate between 12 volts of direct current (VDC)
and 24 VDC, which can be provided either by a car lighter, a battery pack, or an AC/DC
converter connected to an electrical outlet.
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Figure 1. Sensor node details: (a) ExpoLIS sensor node prototype; (b) sensor node 3D model, including
the representation of the air inlet (A) and the exhaust (B) surfaces; (c) LCSs and electronic devices
included in the sensor box (EPC: Embedded Computer, Pen: USB Drive, EB: Custom Electronics
Board, GPS: Global Positioning System device, Acc: Accelerometer, T/P/H: T, P and RH sensors,
OPC: OPC-N3 sensor, NO2: NO2-A43F sensor and CO: CO-B4 sensor) and (d) air flow in the interior
of the sensor node.

In the interior of the sensor node, the allocation of each component reflects the need to
ensure the smallest occupied space possible and an adequate airflow through the AQ LCS.
The sensor node hardware is divided in two different categories: (1) the LCS and (2) the
electronic devices, as represented in Figure 1c.

The sensor node is equipped with three AQ sensors and a meteorological sensor.
A miniaturized optical particle counter (Model OPC-N3 from Alphasense) employs the
principle of light scattering to count the numerical concentrations of PM that reach the
detection chamber. These concentrations are converted on board to mass concentrations
according to the European standard EN 481. Although the sensor provides concentrations
of several size bins, for this study we only considered the concentrations of PM with
aerodynamic diameters smaller than 2.5 µm (PM2.5) and 10 µm (PM10). Although this
work only focuses on the measurement of PM, two electrochemical four-electrode gas
sensors from Alphasense were also installed to monitor the concentrations of CO (CO-B4,
Alphasense) and NO2 (NO2-A43F, Alphasense). These sensors’ working principle is based
on the reaction of the given gas with a specific electrolyte that generates an electrical current.
The sensors’ output is composed of two different voltages, one from a working electrode
and one from an auxiliary electrode, whose difference is proportional to the target gas
concentrations. These voltages are periodically sampled by an analog-to-digital converter
(ADC). Regarding the meteorological conditions, the sensor node monitors T, RH (SHTC3,
Adafruit), and the barometric pressure (P) (LPS25, Adafruit). Each one of the measured
concentrations is delivered at the rate of one second to accurately monitor concentrations
while in motion.

As the electronic devices need to be protected against water droplets or moisture,
they are placed in a section separated from the air flow (Figure 1c). Power distribution
and sensor interfacing are handled by a custom electronics board. This board includes
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16-bit analog-to-digital converters (ADS1115, Adafruit) for interfacing the gas sensors, and
an accelerometer (MSA 301, Adafruit) for registering the sensor node’s vibration and tilt
angles. A GPS device (PA1010D, Adafruit) that geo references the data is fixed to one of
the interior surfaces of the sensor node to ensure a proper sky view. Finally, the electronics
board is connected to an embedded computer, RaspberryPI 3B+, responsible for processing
and storing the gathered sensor data in an USB drive.

The sensor node’s configuration allows the air that enters to circulate in the area
allocated to the AQ LCS through the OPC-N3 that already has an integrated fan promoting
airflow (blue arrows in Figure 1d). To avoid overflowing the OPC-N3 with any remaining
air, a secondary path allows this air to easily surround the yellow 3D printed object and
exit the sensor node at the exhaust point (red arrows in Figure 1d).

2.2. Prototype Quality Control
2.2.1. Laboratory Tests

The prototype’s quality control, and subsequent calibration, was performed through
two laboratory tests to evaluate how specific factors can influence the data produced by
the LCS. The first test was performed in a laboratory for 39 h and aimed at evaluating
the performance of the sensors under controlled T and RH conditions. The LCS were
exposed to an air pollution source (incense stick) to evaluate their response to several PM
concentrations. Secondly, the sensors were placed in a garage for 14 h, where they were
exposed to vehicle exhaust and higher variations of T and RH. In these tests, measurements
were made in parallel with a light-scattering laser photometer (DustTrak, Model 8533,
TSI Inc. Shoreview, MN, USA). This equipment is an optical instrument that measures
simultaneously the mass concentrations of particles with several aerodynamic diameters,
namely PM2.5 and PM10. The DustTrak measurements were corrected against reference PM
concentration data obtained by gravimetry using a sampler (MVS6, Sven Leckel, Germany),
which is certified according to CEN EN 12341. This sampler collected PM2.5 in Teflon filters
and PM2.5-10 in nucleopore filters during 24 h periods at a constant flow rate of 2.3 m3h−1

(following the same approach as in [28]), which were weighted before and after sampling
in a microbalance (R160P, Sartorius, Germany).

2.2.2. Field Tests

Ambient environment is complex, so laboratory calibration may not be sufficient to
correct for the outdoor conditions to which the LCS are exposed. Thus, it is necessary to
perform field calibrations that take into account meteorological factors that can affect the
LCS’ performance [29,30]. The outdoor evaluation of the ExpoLIS sensor node system
performance was accomplished in one of the Lisbon urban background AQ monitoring
stations (Olivais station) from the Portuguese AQ Monitoring Network. The station is
equipped with reference instruments that measure PM2.5 and PM10 concentrations using
beta attenuation technology (Environment MP101M, Envea, France). At this location,
PM concentrations measured by the ExpoLIS sensor node system were compared with
concentrations provided by the station’s reference equipment and the DustTrak 8533 for
14 days.

2.3. Correction of the Factors Affecting PM Concentrations

LCS’ PM readings are known to be affected by meteorological conditions, thus requir-
ing a correction over the original data. A straightforward correction of the data against
reference equipment can be achieved through a simple linear regression (SLR). On the
other hand, to correct the influence of T and RH, two approaches can be considered: the
application of a multiple linear regression (MLR), and the use of the k-Köhler theory to
correct for the effect of the particles’ hygroscopicity.
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In this study, SLR and MLR were used to correct the OPC-N3 data against the reference
equipment without accounting for T and RH (Equation (1)), as well as to consider the effect
of T (Equation (2)), RH (Equation (3)), and of both meteorological parameters (Equation (4)):

PMOPC−N3 = a × PMre f erence + b, (1)

PMOPC−N3 = c × PMre f erence + d × T + e, (2)

PMOPC−N3 = f × PMre f erence + g × RH + h, (3)

PMOPC−N3 = i × PMre f erence + j × T + k × RH + l (4)

where PMOPC-N3 are the concentrations measured by the OPC-N3, and PMreference the
concentrations measured by the reference equipment, both in µg m−3.

During periods of high levels of RH, PM concentration readings may be incorrectly
higher due to the ability of particles to absorb water [15,19]. The k-Köhler theory relates
the particles hygroscopicity and their volume, as presented in Equation (5) [15,20]:

m
m0

= 1 +

ρw
ρp

k

−1 + 1
aw

, (5)

where m
m0

represents the ratio between the wet (m) and dry (m0) particles’ mass, ρw and
ρp are the water density (1 g cm−3) and particle density (assumed to be 1.65 g cm−3),
respectively; k represents the slope of the exponential line of the humidogram and, finally,
aw is the water activity (determined as 1/RH).

In this study, the wet particle mass corresponds to the OPC-N3 readings and the dry
particle mass to the Environment MP101M instrument, as it is equipped with an air dryer
that removes humidity from the entering air.

2.4. Prototype Quality Control

Finally, four ExpoLIS sensor nodes were installed in four public buses to test their
ability to measure AQ during movement. In each measurement route, concentrations were
measured inside and outside of buses; being that these data was also used as an input to
the ExpoLIS Health Optimal Routing Service App. This app was designed to show AQ
maps produced by the sensors installed in the buses and to help citizens to reduce their
exposure to air pollutants while commuting [31].

The Municipality of Lisbon defined a system of hierarchical levels to characterize the
road networks that consists of four different levels [32]:

• Level 1: Structuring road network, which supports long distance routes;
• Level 2: Main distribution network, whose function is to distribute traffic between the

different sectors of the city;
• Level 3: A secondary distribution network that supports the proximity distribution;
• Level 4: A network of proximity that works at the levels of collection and distribution

within neighborhoods and as local accesses.

Following this approach, four routes were selected for the measurement campaign
(Figure 2) considering the need to obtain diverse routes with different characteristics, as
presented in Table 1.
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Figure 2. Bus routes selected for the measurements campaign: (a) Restauradores—Oriente;
(b) Restauradores—Moscavide; (c) Odivelas—Cais do Sodré and (d) Portas de Benfica—Cais do Sodré.

Table 1. Bus Routes starting and ending points and hierarchical levels.

Routes
(Starting Point-Ending Point) Bus Route

Hierarchical Level (%)

Level 1 Level 2 Level 3 Level 4

Restauradores—Oriente 759 0 10.3 63.6 26.1
Restauradores—Moscavide 744 0 54.8 30.4 14.8

Odivelas—Cais do Sodré 736 5.9 31.2 50.9 12.0
Portas de Benfica—Cais do Sodré 758 0 3.8 91.7 4.5

3. Results
3.1. Intercomparison between Reference Instruments

The DustTrak 8533 and the Environment MP101M were used as reference equipment
because they provide good time resolution, fast response signal, excellent signal-to-noise
ratio, and simplicity. The data provided by these instruments was firstly corrected against
simultaneous gravimetric PM2.5 and PM10 measurements.

Figure 3 displays the comparison of PM2.5 and PM10 concentrations determined
gravimetrically (by a Leckel MVS6) against those measured by the DustTrak 8533 and the
Environment MP101M, which were averaged in 24 h periods. A low correlation between
the DustTrak 8533 and Leckel measurements was obtained, and therefore PM2.5 and PM10
concentrations measured during this work were corrected based on the linear regression
equations shown in Figure 3a. On the contrary, a good correlation (Figure 3b) was obtained
in the intercomparison between the Environment MP101M and Leckel data (R2 = 0.86 for
PM2.5 and R2 = 0.96 for PM10).
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Figure 3. (a) Correlation between the gravimetric PM mass concentrations and the DustTrak 8533
and (b) the Environment MP101M measurements.

3.2. Quality Control of the ExpoLIS Sensor Node in Laboratory Tests

The ExpoLIS sensor nodes were firstly tested in laboratory with small variations of
T (27.9–28.9 ◦C) and RH (45.4–48.4%) values against the DustTrak 8533. The LCS sensor
nodes were tested under steadily increasing concentrations, which varied between 0.3 and
38.0 µg m–3 for PM2.5, and between 0.3 and 51.7 µg m–3 for PM10 (as measured by the
OPC-N3).

The OPC-N3 and the DustTrak had an excellent correlation (R2 equal to 0.99). However,
the OPC-N3 underestimated the concentrations indicating the need to correct the measured
concentrations based on the SLR equation presented in Figure 4a. As indicated in Figure 4b,
the underestimation of the sensors’ reading was solved with this approach, while keeping
the correlation between the two pieces of equipment.
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Figure 4. (a) SLR of the concentrations measured by the OPC-N3 and DustTrak 8533 for PM2.5 and
PM10 and (b) consequent correction. Measurements done in a laboratory setting.

Furthermore, tests were performed in a garage where the ExpoLIS sensor nodes were
exposed to vehicle exhaust and a higher variation of T (26.5–31.8 ◦C) and RH (28.2–41.0%).
Figure 5 shows that the agreement between the OPC-N3 and the DustTrak got worse, possi-
bly because of the lower range of concentrations inside the garage (from 0.7 to 9.1 µg m−3

for PM2.5 and from 0.8 to 58.5 µg m−3 for PM10 concentrations, as measured by the OPC-
N3), considering that, as it has already been seen, the correlation tends to be higher for
larger ranges of concentrations. In addition, the variation of T and RH was higher than
in the previous test, and therefore, data was corrected with MLR considering RH and
T according Equation (5). Figure 5b shows that with a correction considering the effect
of T and RH, the agreement improved and the underestimation of concentrations by the
OPC-N3 was corrected.
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Figure 5. (a) Correlation between the OPC-N3 PM2.5 and PM10 concentrations and the correspondent
concentrations measured by the DustTrak and (b) correlation between OPC-N3 PM2.5 and PM10
concentrations corrected with a MLR considering T and HR and concentrations measured by the
DustTrak. Measurements done in an indoor environment with a vehicle exhaust as a pollution
emission source.

3.3. Quality Control of the ExpoLIS Sensor Node in Field Tests

While the results from laboratory measurements are a good performance indicator,
they are not representative of the actual conditions in which the sensors will be measuring
air pollutants concentrations. There are several factors, including meteorological conditions
(T and RH), which influence the sensors performance and their ability to measure PM
concentrations. Therefore, the ExpoLIS sensor node system was installed at the Olivais
AQ Monitoring Station where it measured concentrations in parallel with the equipment
Environment MP101M and DustTrak 8533.

For the OPC-N3, the concentration range of PM2.5 was from 0.7 to 21.9 µg m−3, and
for PM10 it varied between 1.6 and 44.9 µg m−3 during a test period of 14 days. The
results from the comparison between the OPC-N3 and the Environment MP101M were not
satisfactory. Figure 6a shows weak correlations (R2 equal to 0.04 and 0.12 for PM2.5 and
PM10, respectively) and a high dispersion of the values, which has already been reported
in other studies that evaluated the performance of this sensor in real-world conditions [33].

Int. J. Environ. Res. Public Health 2023, 20, x FOR PEER REVIEW 8 of 16 
 

 

 
Figure 5. (a) Correlation between the OPC-N3 PM2.5 and PM10 concentrations and the correspond-
ent concentrations measured by the DustTrak and (b) correlation between OPC-N3 PM2.5 and PM10 
concentrations corrected with a MLR considering T and HR and concentrations measured by the 
DustTrak. Measurements done in an indoor environment with a vehicle exhaust as a pollution emis-
sion source. 

3.3. Quality Control of the ExpoLIS Sensor Node in Field Tests 
While the results from laboratory measurements are a good performance indicator, 

they are not representative of the actual conditions in which the sensors will be measuring 
air pollutants concentrations. There are several factors, including meteorological condi-
tions (T and RH), which influence the sensors performance and their ability to measure 
PM concentrations. Therefore, the ExpoLIS sensor node system was installed at the Olivais 
AQ Monitoring Station where it measured concentrations in parallel with the equipment 
Environment MP101M and DustTrak 8533.  

For the OPC-N3, the concentration range of PM2.5 was from 0.7 to 21.9 µg m−3, and 
for PM10 it varied between 1.6 and 44.9 µg m−3 during a test period of 14 days. The results 
from the comparison between the OPC-N3 and the Environment MP101M were not satis-
factory. Figure 6a shows weak correlations (R2 equal to 0.04 and 0.12 for PM2.5 and PM10, 
respectively) and a high dispersion of the values, which has already been reported in other 
studies that evaluated the performance of this sensor in real-world conditions [33]. 

 

Figure 6. (a) Correlation of PM2.5 and PM10 OPC-N3 concentrations data against the Environment 
MP101M (b) corrected PM2.5 and PM10 concentrations. Measurements done at an AQ monitoring 
station. 

During the tests, a high variation of RH (21.9–89.2%) was observed. In addition, it 
was possible to verify that high RHs were usually associated with high OPC-N3 readings, 
especially for PM10 (Figure S1). The k-Köhler theory was applied to correct the effect of 
RH. For its application, the data from the Environment MP101M was considered as the 
mass of dry particles, and the OPC-N3 concentrations data the mass of wet particles, 
through the principles of Equation (5). After the correction, the correlation coefficients of 
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During the tests, a high variation of RH (21.9–89.2%) was observed. In addition, it
was possible to verify that high RHs were usually associated with high OPC-N3 readings,
especially for PM10 (Figure S1). The k-Köhler theory was applied to correct the effect
of RH. For its application, the data from the Environment MP101M was considered as
the mass of dry particles, and the OPC-N3 concentrations data the mass of wet particles,
through the principles of Equation (5). After the correction, the correlation coefficients of
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PM10 improved with R2 values increasing from 0.12 to 0.47. In addition, the slopes’ values
improved from 0.45 to 0.99, which indicates that the PM10 concentrations measured by the
sensors were in more agreement with the values reported by the reference.

For PM2.5, although there was an effect of RH on the measured concentrations, there
was not an evident exponential tendency (Figure S2), which is a criterion for the application
of the k-Köhler theory. Therefore, the correction, which considered the effects of RH and
T, was applied using a MLR analysis. As a result, there was an improvement in both the
values of R2 (from 0.04 to 0.17) and in the slopes of the correlation line (from 0.25 to 0.99).
As it also happened for PM10, the corrections for PM2.5 and PM10 successfully improved
the measured data, in spite of the dispersion of the data that was not totally solved.

3.4. Deployment of the ExpoLIS Exposure System in Lisbon

After the evaluation of the sensor node performance and the implementation of the
correction obtained in the field tests, the ExpoLIS system was deployed in Lisbon to assess
the behavior of a sensor node in the field, to produce concentration maps, and to test
all the functionalities of the ExpoLIS App (for more details regarding the ExpoLIS App
see https://github.com/ExpoLIS-project/expolis-mobile-app—accessed on 23 February
2022) [27]. In each bus route, two sensor nodes were installed to simultaneously measure
the indoor and outdoor PM concentrations, and measurements were made twice a day,
at 8 a.m. and at 8 p.m. Table 2 summarizes the average PM concentrations measured by
the sensor node along the four selected bus routes and the corresponding meteorological
conditions. The indoor average concentrations were 6.9 µg m−3 for PM2.5 and 27.7 µg m−3

for PM10. However, the concentrations to which the passengers were exposed (PM Indoor
concentrations) varied according to the route and starting time. In general, PM2.5 indoor
concentrations were higher than the concentrations measured outdoors (4.1 µg m−3 for
PM2.5 and 15.0 µg m−3 for PM10) with I/O ratios varying between 0.9 and 3.3 for PM2.5,
and between 1.2 and 5.0 for PM10.

Table 2. Indoor and outdoor PM concentrations (average ± standard deviation) derived I/O ratios
for the bus routes analyzed and the range of variation of the meteorological conditions (namely T
and RH).

Routes Starting
Time

PM Indoor
Concentrations

PM Outdoor
Concentrations I/O Meteorological

Conditions

PM2.5
(µg m−3)

PM10
(µg m−3)

PM2.5
(µg m−3)

PM10
(µg m−3) PM2.5 PM10 T

(◦C)
RH
(%)

Restauradores—Oriente
8 a.m. 7.9 ± 2.6 31.0 ± 14.3 5.8 ± 2.0 20.1 ± 10.0 1.4 1.5

23.2–31.2 39.2–57.8
8 p.m. (*) (*) (*) (*) (*) (*)

Restauradores—
Moscavide

8 a.m. 5.3 ± 2.5 25.1 ± 14.7 2.5 ± 1.2 13.4 ± 11.4 2.1 1.9
22.1–34.3 35.1–62.5

8 p.m. 5.8 ± 0.7 18.3 ± 7.9 3.3 ± 0.7 10.2 ± 4.6 1.8 1.8

Odivelas—Cais do Sodré
8 a.m. 8.7 ± 2.6 29.9 ± 14.3 4.5 ± 2.1 15.2 ± 9.9 1.9 2.0

20.7–31.2 35.8–62.0
8 p.m. 8.8 ± 5.2 42.0 ± 39.3 9.5 ± 5.4 35.9 ± 26.9 0.9 1.2

Portas de Benfica—Cais
do Sodré

8 a.m. 4.9 ± 2.8 21.1 ± 15.6 1.4 ± 0.8 4.2 ± 3.7 3.3 5.0
19.0–28.9 28.4–47.9

8 p.m. 7.2 ± 2.1 26.5 ± 10.6 2.3 ± 1.0 6.2 ± 4.2 3.1 4.3

(*) Due to a systematic error in the sensor’s reading the night period measurements were not considered.

The results show that the high PM concentrations to which the citizens are exposed
during commuting can lead to a substantial contribution to their total daily exposure and
inhalation of air pollutants, especially in high vehicle-density metropolitan areas. Figure 7
shows the ability of the ExpoLIS Health Optimal Routing Service App to provide to Lisbon’s
citizens not only the spatial distribution of outdoor PM concentrations along a selected
route, but also the total PM inhaled dose and emission. Moreover, this app provides a
routing service in which the users can select their starting and ending points, as well as
the option “avoid pollution”, receiving in turn the route that minimizes exposure to air

12



Int. J. Environ. Res. Public Health 2023, 20, 4073

pollutants. The App allows the user to compare (i) the dose of pollutants inhaled during
commuting in different transport modes (i.e., Bus, Car, Motorcycle, Bicycle and Walking)
and (ii) the pollutants’ emission of the motorized modes, considering not only the type of
fuel but also the Euro standard.
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3.4.1. Reducing the PM Inhaled Dose through the Use of the ExpoLIS App

In the ExpoLIS App the PM inhaled dose (DPM in µg) along a selected route is esti-
mated using Equation (6):

DPM = PMout × I
O

× t × IR, (6)

where PMout is the average outdoor PM concentration (µg m−3), I/O the indoor-to-outdoor
PM ratio, t the travel time (h) and IR the inhalation rate (m3 h−1). Although in this
work the indoor and outdoor concentrations in buses were measured simultaneously
(Section 2.4), the deployment of the system in cities only included the installation of the
sensors outdoors. Therefore, in the App, the concentrations to which the citizens are
exposed during commuting are derived from the outdoor concentrations through the
application of the I/O ratios. The PM I/O ratios generated in this work for buses, and in a
previous study [8] for cars, were a valuable base information for the development of the
ExpoLIS App. The I/O values considered were 2.10 and 2.50 in buses and 0.96 and 0.93
in cars, for PM2.5 and PM10, respectively. These values should be updated in the App
whenever more scientific knowledge is available.

For motorcycle, bicycle, and walking, the I/O ratio used was equal to 1. The inhalation
rates are based on two studies developed previously [34,35]. Table 3 displays the IR used
for the different commuting modes.

Table 3. Inhalation rate (m3 h−1) applied in the ExpoLIS app for each transport mode.

Transport Mode IR (m3 h−1)

Bicycle 1.41

Car 0.71

Bus 0.76

Motorcycle 0.94

Walking 1.15

Table 4 presents the PM2.5 and PM10 inhaled doses reported by the ExpoLIS App for
each selected route, for different transport modes and considering a two-way trip. The
highest PM2.5 and PM10 inhaled doses were obtained when travelling by bus and on
bicycles, due to the high indoor PM concentrations and inhalation rate, respectively. In
buses, the high indoor PM concentrations are mainly associated with the resuspension of
particles, created by the passengers’ movement and the air flowing in and out when the
doors are opened [36]. Moreover, bus passengers are exposed to high pollution at stops
when the doors are opened, often in places where queues of idling vehicles are releasing
high levels of air pollutants.

Table 4. PM2.5 and PM10 inhaled doses (µg) for each selected route during a two-way trip.

Routes Starting
Time

Travelling
Time (min)

PM2.5 Inhaled Doses (µg) PM10 Inhaled Doses (µg)

Bus Car Motorcycle Bicycle Bus Car Motorcycle Bicycle

Restauradores—Oriente
8 a.m. 125 12.5 3.9 4.9 13.1 49.2 13.0 16.9 45.3

8 p.m. - - - - - - - - -

Restauradores—Moscavide
8 a.m. 137 9.2 2.6 3.3 8.9 43.7 13.7 17.8 47.9

8 p.m. 111 8.2 3.5 4.4 11.9 25.8 10.4 13.5 36.4

Odivelas—Cais do Sodré
8 a.m. 145 16.0 3.5 4.4 11.8 55.1 11.4 14.9 40.0

8 p.m. 121 13.5 7.4 9.3 25.0 64.5 27.0 35.1 94.5

Portas de Benfica—Cais do
Sodré

8 a.m. 111 6.9 0.7 0.9 2.4 29.7 2.0 2.6 7.1

8 p.m. 83 7.6 1.1 1.4 3.9 27.9 3.0 3.9 10.5
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3.4.2. Reduction of the PM Exhaust Emissions through the Use of the ExpoLIS App

The ExpoLIS App provides the exhaust PM emissions of the motorized modes, con-
sidering not only the type of fuel, but also the Euro standard. The pollutant emission per
passenger, (E; g of pollutant emitted per passenger) is calculated by the product between
the emission factor (EF; g km−1) for each motorized transport mode and the total distance
of the route (d; km) for a two-way trip divided by the number of passengers (p), considering
one passenger for cars and motorcycles and fifty passengers for buses (Equation (7)):

E =
EF × d

p
, (7)

The emission factors of the European Monitoring and Evaluation Programme (EMEP)
air pollutant emission inventory guidebook published by the European Environment
Agency [37] were used in the App calculations.

In this work, using the emission factors presented in Table 5, we compared PM
emissions for different vehicles, fuel type, and Euro standard as indicated in Table 6. The
highest number of particles was emitted by buses, followed by motorcycles and cars. Euro
5 diesel buses produced 126 times more particles per kilometer than Euro 5 diesel cars,
but they typically carry around 50 times more people. Thus, although traveling by car
showed the lowest PM2.5 and PM10 inhaled doses among the motorized transport modes,
it presented similar emissions per passenger when commuting by bus (depending on the
type of fuel considered), considering that 50 people are at each bus. Results also show that
in cities, the selection of the bus fleet regarding the type of fuel is crucial for the air quality.
The Diesel buses have emissions three times higher than the CNG buses. As motorcycles
do not have emission control devices like catalytic converters to neutralize the released
pollutants, in general they emit more PM than cars.

Table 5. Emission factors of sample motorized transport modes, fuel types, and Euro standards.

Vehicle Fuel Euro Standard Emission Factor
(g PM km−1)

passenger car
petrol Euro 5 0.00061
diesel Euro 5 0.00025

electric – 0

bus

biodiesel Euro 5 0.03138
diesel Euro 5 0.03138

electric - 0
CNG Euro 5 0.01

motorcycle petrol Euro 5 0.00297

Table 6. PM emissions (g per passenger) of sample motorized transport modes, fuel types, and
Euro standards.

Route
Distance

(km)

Emissions (g PM Per Passenger)

Passenger Car Bus Motorcycle

Petrol Diesel Biodiesel Diesel CNG Petrol

Restauradores—Oriente 24 0.015 0.006 0.01506 0.01506 0.0048 0.071
Restauradores—Moscavide 38 0.023 0.009 0.02384 0.02384 0.0076 0.113

Odivelas—Cais do Sodré 28 0.017 0.007 0.01758 0.01758 0.0056 0.083
Portas de Benfica—Cais do Sodré 18 0.011 0.004 0.0113 0.0.0113 0.0036 0.054

4. Conclusions

This study presented the ExpoLIS system which consists of a network of LCS that
monitor AQ, and a Health Optimal Routing Service App. In this paper, the authors intended
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to perform a preliminary evaluation of the ExpoLIS sensor node and application of the
Health Optimal Routing Service App.

Under controlled conditions in a lab, the PM LCS had an excellent performance,
requiring only a simple correction (through SLR) to overcome the LCS’ underestimation of
concentrations. However, when exposed to a higher variation of T and RH, the performance
of the LCS demonstrated the need to correct the measured concentrations considering these
meteorological factors.

In the field test, an exponential increase of the PM10 concentrations with the increase
of the RH was observed, and therefore a correction was performed based on the k-Köhler
principle. As the exponential impact of the RH was not so pronounced for the PM2.5, it
was verified that the best correction is the MLR, considering RH and T.

This work is currently progressing towards extending the field measurements and
considering different approaches to calibrate the LCS, such as different algorithms that aim
to correct the effect of RH, and machine learning approaches capable of considering several
factors that influence the LCS performance.

The ExpoLIS Sensing System was installed in public buses to monitor AQ in the
urban area of Lisbon and test their ability to generate data with high spatial and temporal
resolution. The results obtained in the tests performed while in motion indicate that PM
concentrations measured inside and outside buses depend on the route and period of the
day, and that exposure while commuting can be very high. When expanded to the entire
city, this system will inform the citizens about the exposure to air pollutants that results
from their choices of daily paths, and even the average estimated dose of air pollutants
that they inhale. Furthermore, the Health Optimal Routing System App also informs the
citizens about the air pollutant emissions that result from their commuting choices, based
on the average emission factors of each transport mode and distance. With this information,
we intend to inform and make citizens aware of how their daily commuting choices can
improve or deteriorate AQ in urban areas.

In conclusion, the results that are presented in this paper demonstrate the importance
of the ExpoLIS App to help citizens to make more informed decisions in order to: (i) reduce
their exposure to air pollutants by taking the healthiest path between user-specified depar-
ture and arrival locations (not necessarily the shortest one) and (ii) reduce the pollutant
emissions by selecting environmental-friendly or public transport modes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph20054073/s1, Figure S1: Correlation between PM10 concen-
trations measured by the OPC-N3 sensor and RH; Figure S2: Correlation between PM2.5 concentra-
tions measured by the OPC-N3 sensor and RH.
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33. Bauerová, P.; Šindelářová, A.; Rychlík, Š.; Novák, Z.; Keder, J. Low-Cost Air Quality Sensors: One-Year Field Comparative

Measurement of Different Gas Sensors and Particle Counters with Reference Monitors at Tusimice Observatory. Atmosphere 2020,
11, 1–15. [CrossRef]

34. Buonanno, G.; Giovinco, G.; Morawska, L.; Stabile, L. Tracheobronchial and Alveolar Dose of Submicrometer Particles for
Different Population Age Groups in Italy. Atmos. Environ. 2011, 45, 6216–6224. [CrossRef]

35. Zuurbier, M.; Hoek, G.; Van Den Hazel, P.; Brunekreef, B. Minute Ventilation of Cyclists, Car and Bus Passengers: An Experimental
Study. Environ. Health A Glob. Access Sci. Sour. 2009, 8, 1–10. [CrossRef]

36. Martins, V.; Correia, C.; Cunha-Lopes, I.; Faria, T.; Diapouli, E.; Manousakas, M.I.; Eleftheriadis, K.; Almeida, S.M. Chemical
Characterisation of Particulate Matter in Urban Transport Modes. J. Environ. Sci. 2021, 100, 51–61. [CrossRef] [PubMed]

37. EMEP/EEA EMEP/EEA. Air Pollutant Emission Inventory Guidebook 2019: Technical Guidance to Prepare National Emission Inventories;
EMEP: Houston, TX, USA, 2019.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

19



Citation: Fernandes, J.; Brandão, T.;

Almeida, S.M.; Santana, P. An

Educational Game to Teach Children

about Air Quality Using Augmented

Reality and Tangible Interaction with

Sensors. Int. J. Environ. Res. Public

Health 2023, 20, 3814. https://

doi.org/10.3390/ijerph20053814

Academic Editors: Ashok Kumar and

Paul B. Tchounwou

Received: 13 January 2023

Revised: 16 February 2023

Accepted: 17 February 2023

Published: 21 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

An Educational Game to Teach Children about Air Quality Using
Augmented Reality and Tangible Interaction with Sensors
João Fernandes 1, Tomás Brandão 1,2 , Susana Marta Almeida 3 and Pedro Santana 1,2,*

1 ISCTE, Instituto Universitário de Lisboa (ISCTE-IUL), Av. das Forças Armadas, 1649-026 Lisboa, Portugal
2 ISTAR—Information Sciences and Technologies and Architecture Research Center, Av. das Forças Armadas,

1649-026 Lisboa, Portugal
3 Centro de Ciências e Tecnologias Nucleares, Instituto Superior Técnico, Universidade de Lisboa,

Estrada Nacional 10, 2695-066 Bobadela, Portugal
* Correspondence: pedro.santana@iscte-iul.pt

Abstract: Air pollution is known to be one of the main causes of injuries to the respiratory system
and even premature death. Gases, particles, and biological compounds affect not only the air we
breathe outdoors, but also indoors. Children are highly affected by the poor quality of the air they
breathe because their organs and immune systems are still in the developmental stages. To contribute
to raising children’s awareness to these concerns, this article presents the design, implementation,
and experimental validation of an serious augmented reality game for children to playfully learn
about air quality by interacting with physical sensor nodes. The game presents visual representations
of the pollutants measured by the sensor node, rendering tangible the invisible. Causal knowledge is
elicited by stimulating the children to expose real-life objects (e.g., candles) to the sensor node. The
playful experience is amplified by letting children play in pairs. The game was evaluated using the
Wizard of Oz method in a sample of 27 children aged between 7 and 11 years. The results show that
the proposed game, in addition to improving children’s knowledge about indoor air pollution, is also
perceived by them as easy to use and a useful learning tool that they would like to continue using,
even in other educational contexts.

Keywords: air quality; augmented reality; child–computer interaction; educational games; serious
games; tangible interaction

1. Introduction

The World Health Organization (WHO) defines air pollution as the “contamination
of the indoor or outdoor environment by any chemical, physical or biological agent that
modifies the natural characteristics of the atmosphere” [1]. These compounds affect the air
we breathe and are associated with millions of premature deaths and the cases of diseases
such as cancer and obstructive pulmonary disease every year [1], as well as increasing
infant mortality rates [2]. To achieve both economic development and emission reduction,
prioritizing ecological conservation and boosting green development is key [3].

Indoor air represents a considerable part of daily exposure to pollution, since daily
life is nowadays mostly spent indoors. In indoor environments, the concentrations
of polluting compounds can actually be higher than those outside due to the closer
proximity to emitting sources and lower pollutants’ dilution. Children are especially
vulnerable to air pollution, as their respiratory rate is higher than in adulthood and their
immune system is still developing. When exposed to air pollution for long periods of
time, the risk of developing or aggravating respiratory pathologies increases consider-
ably [4]. Hence, it is pivotal to protect children from this often invisible and difficult to
identify peril.

If we can make children more aware of air pollution and its health impacts, we may
be able to promote healthier and environmentally protective behaviors for these children.
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In fact, the influence of air pollution on public health diminishes as the education level
increases [2]. Raising children’s awareness is particularly advantageous in the first years of
school activity, as investing in learning at a younger age is known to bring positive effects
in later life [5]. Awareness can be raised with traditional learning methods, such as formal
classes, books, and documentaries. On the other hand, new interactive digital technologies
offer new opportunities for active and customized learning activities towards raising the
motivation for learning. It is important to continually innovate in the way teaching methods
and tools are created and that they include differentiating factors that induce a surprise
factor and help make the experience memorable, especially for primary school children [6].
Investing in quality education during childhood makes children less likely to fail grades
and reduces the chances of inclusive and special education needs. Moreover, children are
more likely to successfully complete secondary education and be part of the professional
market with above-average wages [5].

Educational games are an example of how interactive digital technologies can be used
to create immersive experiments that exploit children’s intrinsic motivations (e.g., attraction
for novelty, play, and stories) to raise their willingness to learn concepts that could be other-
wise unpleasant to learn. Using virtual reality (VR), educational games can be designed to
immerse the player in a simulated world, amplifying one’s sense of presence in that world.
However, virtually sending our body to another place can be uncomfortable for some [7].
Moreover, full immersion in a virtual world hampers the ability of students to socially
interact in the physical world with their colleagues throughout the experiment. Augmented
reality (AR) is a promising add-on to educational games, as it allows students to experience
virtual content in the real world that would otherwise be invisible (e.g., air constituents)
and to interact with virtual content using physical objects (i.e., tangible interfaces), while
physically and socially interacting with their colleagues.

In this article, we present an AR-based educational game that aims to provide an
interactive learning experience about indoor air quality for elementary school children, to
be played in pairs, in the classroom. The goal is to teach children how everyday objects
contribute to households’ air quality. To meet this goal, children are asked to present
physical objects to a physical sensor node capable of monitoring the air quality. In return,
children are able to see the physical sensor node augmented with virtual representations of
the object’s emanated air pollutants measured by the sensor node, rendering visible the
invisible. The game was implemented in Unity/Vuforia and interacts with a sensor node
developed in the ExpoLIS project [8].

The game was evaluated with a Wizard of Oz experiment with a sample of 27 children
aged between 7 and 11 years. Herein, the air quality measurements were covertly generated
in real-time by a human being instead of measured by the sensor node. This option reduces
the variance in user testing resulting from the natural stochastic nature of both air diffusion
and sensing. The experiments were designed to test four research hypotheses: H1—AR
games are able to teach children about the causes of indoor air pollution; H2—AR games
are able to teach children about the mechanisms available to clear indoor air pollution;
H3—AR games provide a satisfying and emotionally stimulating air pollution learning
experience, with high replay value; and H4—AR games benefit from allowing the child to
interact with real pollution sources instead of card-based representations. The obtained
results confirm the four research hypotheses, showing that the proposed AR-based learning
game, in addition to improving children’s knowledge about indoor air pollution, is also
perceived by them as easy to use and a useful learning tool that they would like to continue
using, even in other educational contexts.

This article is organized as follows. Section 2 presents a literature survey of related
work. Then, in Section 3, the developed AR-based game is described alongside its key
implementation details. Section 4 presents the experimental setup and results. Finally,
Section 5 draws conclusions and provides future work directions.
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2. Related Work
2.1. Educational Games in Learning

The use of games in the educational context is an active research topic with especially
positive results in younger age groups [9]. Educational games, a sub-genre of serious games,
show promise in knowledge transmission as well as students’ commitment, motivation,
and capacity to retain the acquired knowledge [10]. Combining teaching strategies with
game design may guide learners through complex tasks and new concepts in a relaxed and
pleasant way. Adequate game-based learning should enable autonomous learning at the
user’s own pace and boost one’s self-motivation [11].

When designing a game, one must need to choose between single-player and multi-
player and, for the latter, between cooperative and competitive strategies. Previous studies
shed some light about which options are the most likely to deliver the best results when
teaching is the ultimate goal of the game. In the study presented in [12], students showed
higher rates of participation in classes after playing cooperative games, when compared
to after playing competitive games [12]. These data are in line with the study presented
in [11], which revealed that students better enjoy games when these are played in groups,
cooperatively. Furthermore, [13] investigated the effect of using collaborative methods
for learning mathematics in children with and without learning difficulties. With a col-
laborative group working in pairs and a competitive group working individually, it was
observed that the collaborative group achieved the best outcomes. In addition, the peers
in the collaborative group established positive relationships with each other, helping and
encouraging each other.

Nevertheless, competition encourages personal development and improvement. How-
ever, the inseparable need for a winner and a loser leads users to focus not only on their
individual success, but also on their opponent’s failure. As such, the cooperative vision
assumes a more enriching role, since it does not promote tense environments or aggression
between the participants. It also reinforces the ability of users to relate positively to each
other, creating a suitable empathy and trust environment, and encourages the development
of communication skills, which are extremely important for success in today’s society. In
addition, it helps develop interpersonal relationships and is even associated with more
successful professional careers [14].

2.2. Augmented Reality in Educational Games

Several studies have demonstrated the ability of computing technologies to persuade
and influence their users’ behaviors [11]. AR games contribute to this capacity, being
especially useful for teaching science, to represent abstract and difficult to visualize sub-
jects [15], and to develop computational thinking skills [16]. Developing computational
thinking is important for children to be able to reason about the global consequences of their
local actions. AR games have the potential to integrate abstract and difficult-to-interpret
information from the real world. This eases the creation of theory–practice links, allow-
ing interaction in real contexts and learning through execution. Problems of traditional
education, such as the student’s lack of focus and distractions, are important reasons that
lead teachers and educators to find new ways for knowledge transmission that adapt to
children’s needs [17]. There have been many demonstrations that AR is able to compensate
for some gaps of traditional teaching [17,18]. AR potentiates a more informal learning
environment, allowing learners to interact with the technology as if they were playing,
which benefits knowledge acquisition [11]. Learners also feel that AR-based learning is a
more efficient and motivating way of acquiring knowledge than traditional teaching meth-
ods [19]. Furthermore, AR can assist the learning process for children with disabilities, such
as autism, helping them stay focused [20], and to attract them for behavioral therapies [21].

In the educational context, AR is currently most often developed for mobile devices [22],
largely due to ease of use and accessibility, as they have a tactile interface. Additionally, mobile
devices are affordable as well as easy to acquire and to replace. However, the small size of the
screen constrains the amount of information that can be presented. Another disadvantage of
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mobile devices is the frequency of distractions, especially when used for didactic purposes on
child audiences [19,23]. Head-mounted displays (HMD) are an alternative to mobile devices,
but their considerable weight and cost are limiting factors for the purpose of educating
children. Moreover, HMD may hamper the feeling of co-presence in collaborative scenarios.
Therefore, the use of desktop computers equipped with webcams emerges as an interesting
alternative to mobile- and HMD-based AR in educational contexts.

Cognitive overload resulting from an excessive presentation of information to the
learner, is a well-known key challenge when developing AR-based educational tools [24],
contributing to the reduction in student’s learning efficiency, focus and motivation. How-
ever, when properly designed and validated, AR can be an extremely useful tool to over-
come both the information overload and the lack of motivation associated to traditional
teaching methods [25,26], serving as creative unlockers [27], improving visualization
skills [26], and helping understand difficult to relate concepts [19]. When developing
AR-based tools for students, it is also important to bear in mind that the cognitive ability,
individual learning style, spatial visualization ability, and previous experiences with these
types of learning environments are factors that influence the effectiveness of the teaching
techniques [25].

Ideally, the designers of educational interactive tools should be provided with a set
of design guidelines, leading the devised tool to meet the adequate teaching effectiveness.
In [15], a set of design principles for AR-based learning tools is presented, based on an
analysis of existing literature. The first principle, “captivate and then challenge”, aims to
prevent users from suffering from information overload or feeling that they are not able
to deal with the challenge. It is essential to start by outlining strategies to guide users
through the most elementary concepts and mechanics of the experience and, only then,
to challenge them with more complex problems, ideally adapted to the game’s progress
phase and the user’s performance. The second principle, “guide the experience through
the game’s story”, aims to guide the user’s learning process and one’s interactions with the
system through immersive narratives strategically designed for this purpose, building a
bridge between entertainment and the ability to transmit educational content. The narrative
should include characters that appear at key moments to provide context, tasks, and guide
the user’s attention. Scoring systems that reward or penalize their actions, directing you to
the idealized outcome, are also important elements to include. The third principle, “see the
invisible”, is directly related to the basic functionality that AR provides, that is, augmenting
the real world with visual representations of content that would otherwise be invisible to
the observer. In a metaphorical sense, the AR tool operates as a lenses.

2.3. Augmented Reality Meets Sensors

Sensor networks and Internet of Things (IoT) are widely applied in the monitoring
of real phenomena, such as air quality [8]. The data generated by these devices contain
information relevant to raise children’s and young people’s awareness of major societal
issues, such as environmental monitoring. Providing young people with access to air
quality data through immersive 3D environments exhibiting a video game appearance is
advantageous when compared to traditional visualization techniques [28]. The use of game
engines as explorative, low-entry tools for visualizing complex air pollution datasets is
further discussed in [29].

Augmented reality is also recognized as an advantageous means of visualizing, con-
trolling, and interacting with IoT devices [30]. For instance, the awareness of energy
consumption among students can be improved using mobile AR to present sensor data
gathered from buildings [6]. AR and IoT can also be orchestrated for helping people with
reduced mobility to become more independent in performing daily activities, such as choos-
ing products from a supermarket shelf [31]. To enable the observation of electromagnetic
radiation emitted by ordinary electronic equipment, present in a room where users can
move around and freely explore the environment, an AR experience using an HMD was
developed [32]. The results collected by the authors show the validation and appreciation
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of the participants regarding the use of these techniques for the visualization and learning
of invisible content. AR can also be used to teach children about colors by enabling them to
point a color sensor at any object in the real world and obtain its color in return [33].

The potential of mobile AR to create attractive and interesting gaming experiences for
the presentation of air quality data was demonstrated in [34]. The proposed game consisted
of rewarding the user whenever the temperature and CO2 levels from a distant location
(where an IoT device is installed) are properly guessed. Clues are provided to the user by
the dressing of a virtual character (t-shirt vs. scarf, with or without a gas mask). Users
found the experience interesting and fun, promoting awareness of environmental problems.
More recently, a study where the residents of a building monitor the air quality of their
homes based on the data acquired by an IoT network using AR was carried out [35]. When
compared with non-AR users, AR users showed a higher degree of satisfaction regarding
quality of experience and effectiveness of the presented information.

2.4. User Input in Augmented Reality

In most AR applications, users need to provide some form of input. For instance, the
MagicHand project [36] allows users to control IoT equipment via hand gestures. Alterna-
tively, the user may interact with the system by manipulating real objects, i.e., using tangible
interfaces. Tangible interfaces take advantage of the user’s natural skills for manipulating
physical objects, providing a greater degree of immersion by including sensory stimulation
mechanisms, such as haptic, weight, texture, and temperature sensations [37,38]. In fact, a
comparative study between touchscreens, tangible interfaces, and classic mouse–keyboard
interaction concluded that the user preference and interaction speed showed the best re-
sults for tangible interfaces [39]. Moreover, in an AR-based educational experiment where
children were challenged to relate real plants to their fruits and leaves, the use of real
objects was considered to be a factor that provides a strong contribution to the learning
experience [40].

Although object detection, segmentation, and tracking is becoming ubiquitous, these
remains challenging tasks when objects are being manipulated by users in the wild. To
mitigate some of these problems, particularly those related to occlusions, multi-camera
settings are often employed [41,42]. Some of the manipulated physical objects can be used
as pointers for the user to direct the system’s attention. A pointer can be as simple as a stick
with a colored sphere for simple vision-based tracking [42]. For a more robust tracking
and pose estimation, the tip of the stick can be attached to a visual marker [43]. Visual
markers can be used to track the pose of other types of objects, such as books, and even to
operate as buttons (pressed by the occlusion of the marker) or sliders (sliding by moving
the marker) [44].

Although the appearance of visual markers is often inconsistent with the game’s
overall aesthetics, which may impact the user’s sense of presence if not properly hidden
by the virtual augmentations, their detection is well understood, affordable, and simple
to implement. Therefore, the marker-based tracking of physical objects still represents the
most accessible method for prototyping tangible interfaces and, thus, particularly suited
for low-budget classroom contexts.

2.5. Discussion

The presented literature survey highlights the value of AR in the design of educational
games and of user interfaces for sensor networks and IoT devices. The survey also reveals
the advantages of considering physical objects as tangible interfaces. Our educational
game, presented herein, combines and extends these findings. In particular, the game
provides children with the possibility of interacting with air quality-sensing devices via the
manipulation of everyday physical objects. This novel interaction possibility, not addressed
by previous work, is intended to render tangible the invisible and, thus, to increase the
learning gain. By allying it with a playful gaming experience, the emotional involvement in
the learning experience is expected to grow and, hence increasing the chances that the child
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is willing to fully complete it and even to repeat it. To facilitate accessibility and cooperative
gameplay in the classroom context, the game follows the desktop-based AR paradigm and
relies on visual markers. The game was designed to be a cooperative multi-player, building
upon the identified advantages of collaboration over competition in educational contexts.

3. Gamified Experience Description
3.1. Overview

The gamified experience described in this section combines the use of augmented
reality with air quality measurements, creating an instrument that allows a child to visualize
and interact with elements taken from both the virtual and real worlds. Similarly to
microscopes or X-ray machines that allow observations at different scales/spaces, the idea
is to create a gaming experience around a customized instrument, which provides users
with an augmented real environment representing information that would be otherwise
invisible. In this specific case, the objects of observation are air pollutants emitted by
everyday objects (e.g., sprays, candles, glue tubes), whose concentrations are measured in
real time by a mobile sensor node.

The game is based on a simplified version of the sensor node developed in the ExpoLIS
project [8], which is able to analyze the concentrations of carbon monoxide (CO) and
nitrogen dioxide (NO2), as well as of particulate matter with an aerodynamic diameter
≤ 1µm (PM1), ≤ 2.5µm (PM2.5), and ≤ 10µm (PM10). Airflow through the sensors is
established by a fan attached to the air outlet inside the sensor node’s box. Figure 1 depicts
the sensor node’s box used by the game. Its dimensions are as follows: 42 cm wide, 26 cm
high and 9 cm deep. The frontal face of the sensor node’s box includes an AR marker that
allows the game to track it over time and augment it with virtual graphical representations.

Figure 1. Air quality monitoring device. A—AR marker; B—air inlet tube; C—air outlet.

Figure 2 illustrates the gaming experience. The frontal face of the sensor node is
rendered transparent using AR, allowing the user to see inside the box, which can represent,
for instance, a room. Then, the user is asked to place an everyday object near the air inlet,
e.g., a candle. The sensor node’s box analyzes the air and the detected pollutants are
presented to the user as augmented graphical representations inside the box. Then, the
user is asked to clean the air inside the box by using a set of plausible tools, representing
actual air quality improvement techniques. These tools are selected and maneuvered with
a virtual “wand”, which is controlled by the user pointing their hand.

3.2. Design Methodology

Due to the cross-disciplinary nature of serious games, their design and validation
should involve people from the application domain (in our case, researchers on air quality),
from the educational sciences (in our case, teachers), from computer science and engineering
(for the actual development of the game), and, most importantly, representatives of the
target user (in our case, children). Therefore, the development of this experience followed
a participatory design with short prototyping and testing cycles. It resorts to testing
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small game components in small groups of users belonging to the target audience. This
methodology allows one to collect users’ opinions and reactions to the tool, validating
small development iterations in a practical and objective way. It avoids major setbacks in
later stages of development since problems are identified earlier. It also stimulates new
ideas and allows one to understand which features are most valued by the users. Therefore,
user tests were carried out according to a task-oriented script during both the formative
and summative evaluation phases [45], hereafter called formative tests and summative tests,
respectively. During the tests, users were encouraged to think aloud [45], externalizing their
thoughts during the experience.

1

2

3

4

5

6

Goal / Task
Score

Figure 2. Gaming experience illustration. 1—air extraction tube (virtual); 2—“wand” for interaction
with the experience (mixed); 3—representation of different air pollution compounds (virtual); 4—air
inlet tube (real); 5—area for placing sources of pollution (real); 6—goals/score chart UI (virtual).

The software components were developed using the widely known game engine Unity
3D [46]. Versatility and ease of use are two of its key features that contribute to its popularity.
In addition, it is available for free, it has a vast community of active users on web forums,
and it is well documented. Vuforia [47] was used for including the augmented reality
components of the game. It is a C++ SDK dedicated to the creation of virtual environments
interacting with the real world, and can be easily integrated with Unity 3D. Although
Vuforia offers a wide variety of tools, only image recognition tools were used in the scope
of the game. The goal is to recognize pre-defined markers (patterns) that, among other
things, facilitate the sensor node’s box detection and its pose estimation. All 3D modeling
was performed in Blender [48].

3.3. Pollution Compound Representation

As a result of the participatory design sessions, individualized representations of
CO, NO2, PM1, PM2.5, and PM10 were considered excessive for the education level of
the target audience (first cycle of basic education). Therefore, the design of the gamified
experiment addresses the distinction between gases and particles, without emphasizing
their individual classifications, easing the transmission and assimilation of knowledge by
the target audience.

The unity particle system was used for creating representations of gases and particles.
The particle system filled all the necessary requirements for this experiment since it incor-
porates physical components with several easily configurable properties: the number of
emissions per second, emission velocity, reactions to the application of forces and collisions.
The representation of gas and particles can be observed in Figure 3. Both are represented in
gray, contrasting with the colored background, associating a negative connotation as if they
were an enemy to be eliminated.
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(a) Gas. (b) Particles. (c) Gas and particles.

Figure 3. Graphical representation of gases and particles.

The emission value in units per second of each pollution element was assigned to one
of four possible levels: 1 (low), 2 (moderate), 3 (intense), and 4 (extreme). The emission
level assignment is directly related to the measurements retrieved by the sensors and is
inspired by the air quality index (AQI), defined in [49]. AQI provides information about air
quality, using a six-level scale that is easy to interpret. The representation of the pollutants
only used the four highest levels from the AQI scale since sensor measurements always fell
on those levels in the context of our experiments.

An initial displacement vector is assigned for both the representation of gases and
particles. This vector is originated from the air inlet tube and points towards the opposite
room wall. To simulate a realistic behavior of the compounds in the air, random displace-
ment vectors are assigned during their lifetime to mimic the suspension of gas and particles
in the air, moving slowly according to randomized flows.

3.4. User Interaction
3.4.1. User Roles

As the experience was designed to be experienced by two children simultaneously, it
is essential that both participants feel that they take an active part and play a well-defined
role. Additionally, it was expected that the collaborative effort between the participants
could enhance the outcome of the educational component of the game. Based on these
premises, two user roles were defined: User1—selection and manipulation of real-world
objects close to the sensor box air inlet; and User2—selection and manipulation of tools for
interacting with the polluting compounds represented on the screen.

The interaction associated with the role of User1 is to use a set of real-world objects in
order to cause a reaction from the sensor box. The available set of objects include: deodorant
spray, a dusting cloth, a candle, and a tube of liquid glue. Each object has its own way of
being operated in order to spread polluting compounds into the air: the cloth is shaken,
the candle is lit, and so on. With the exception of the cloth shaking, which is used as an
example in the starting tutorial, the discovery of the actions that cause reactions from the
sensor box is left to the users, helping them only if necessary. When correctly operating
an object close to the box’s air inlet, the representation of the pollution elements released
by the object (gas, particles, or both) show up on the screen. The role of User1 remains
the same throughout the experience: the user is responsible for selecting the objects to use
at each moment, producing the polluting compounds necessary to achieve the objectives
presented during the game run. Since the use of cloth only guarantees the introduction of
particles into the environment, the in-game objectives and scoring system will induce the
need to further explore the remaining objects in order to discover how to use them and
which ones produce gases.

The actions of User2 begin as soon as the first polluting elements are presented in the
screen. This user’s role is to clear the air, removing the pollution compounds using a set
of tools at one’s disposal. These tools are used for directing the gases and particles to the
sensor node’s air outlet, represented by a virtual window in the augmented sensor node.
To learn how to relate and operate each tool with each type of pollutant, the user needs
to carry out some experiments. The iterative design of User2’s interactions, informed by
interleaved formative evaluations, is described in the following paragraphs.
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3.4.2. Early Design

During the initial development phase, two kinds of pointing mechanisms were
considered: mouse vs. the user’s hand. The objective was to test the response of the
target audience to this interaction type whilst consuming the least amount of resources
and time as possible. The interaction with the virtual environment was achieved through
collisions of the element controlled by the pointing device with the game elements,
enabling the possibility of selections (e.g., pressing buttons) and object manipulation
(e.g., dragging).

The use of a mouse as an interaction device was considered due to its wide spread use
and, thus, potential smooth learning curve. The 2D mouse movement was mapped to a 2D
movement in a vertical plane aligned with the box, meaning that it did not allow the user
to control the depth. Mouse rotation was not considered.

Pointing with one’s hand is natural and, thus, potentially more intuitive than using the
mouse. As in previous work [50], we track the user’s hand using AR makers. Concretely,
to track the user’s hand when pointing to the sensor node, a rigid AR marker was glued to
a ring that could be used in the index finger. The marker was used to track the pose of the
finger (position and rotation), interact with other virtual objects according to the laws of
physics, and overlay a virtual object representing a virtual wand (see Figure 4a).

(a) Virtual wand. Left: input image; Right: input image aug-
mented with virtual wand.

(b) Virtual hand and laser.
A: marker; B: hand; C: laser.

Figure 4. Pointing mechanism: early design in (a) and final design in (b).

Formative evaluation with nine children highlighted a set of flaws in the early design
of the marker-based virtual wand (see Figure 5). All participants presented difficulties in
perceiving the depth of the virtual objects in relation to the virtual wand. In some cases,
participants were not even sure that they were pointing to the sensor node altogether. On
the other hand, occasional failures in tracking the markers (box and ring) was well accepted
by all participants, which interpreted these events as part of the game challenges. After
some trial-and-error, participants devised strategies to avoid failures and facilitate the
re-detection of the markers. Behaviors such as bringing the marker closer to the camera
and keeping it parallel to the image plane were increasingly frequent.

Six of the nine users reported having a preference for interaction using the mouse
over the method with the marker. The children successfully completed the assigned tasks
much faster when using the mouse. The learning curve of using the ring with the marker
showed to be longer than using the mouse. On the other hand, the experience became less
interactive and challenging when using the mouse.

The users’ astonishment reaction was evident when the ring method was presented
to them; however, this sensation was soon lost due to the difficulty in handling it. By
analyzing the results of the formative tests, the poor results for using the marker’s ring
interaction were not justified by a limitation of the method itself, but by the characteristics
of its implementation. The following paragraphs describe the set of improvements that
were implemented in order to cope with the found limitations.
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Figure 5. Two children playing during the formative evaluation.

3.4.3. Final Design

To provide better control over the pointing direction, the context was improved by
superposing a virtual hand with a pointing finger on the marker and the virtual wand was
substituted by a virtual laser beam. The laser beam provides a continuous visual direction
cue from the hand to the screen, facilitating the user perception by requiring less saccades.
Figure 4b depicts the final design.

The children’s difficulty for dealing with depth during the interaction was tackled
by reviewing the mechanics of the experience. In short, interactions along the depth axis
were simplified and restricted to a thin slice of the box in the virtual 3D world. Thus, depth
variations associated with the movement of gases and particles were set to a much smaller
range, making the interactions with those elements closer to a two-dimensional case. Gases
and particles bounce back when the boundaries of the box slice are reached.

The manipulation of pollution removal tools along the depth axis was also constrained
in order to ease the intersection with the virtual pollutants. For this, an invisible ray is cast
along the user’s pointing direction and its intersection with the longitudinal plane that
splits the slice (defined in the previous paragraph) in half is considered. The tool is then
positioned at the intersection point, ensuring that its movement is always performed along
the slice splitting plane. Overall, users showed less confusion interacting with the system
after these changes took place, and thus, these were included in the final prototype.

3.5. Air Pollution Removal Tools

To guarantee the pertinence and integrity of the information transmitted by the gam-
ified experience, the visual representations of the air pollution removal tools and their
interactions with polluting compounds were analyzed in the participatory design sessions.
During gameplay, these tools are available to the user on the left side of the sensor node, as
illustrated in Figure 6. The importance of aeration in good air quality is taken into account
by including a virtual window next to the sensor node’s air outlet. Users are expected to
remove pollutants through this window.

To select a tool, the user only needs to point to its direction. A tool is replaced if
another is selected. Explanatory text associated with the tools was not included, leaving
it up to the user to try them out and autonomously discover their features. When a tool
is selected, it is coupled to the end point of the virtual laser beam representing the user’s
pointing direction. The position and orientation of the selected tool is then controlled by
the user according to the pose of the finger-mounted marker. Only slight adjustments are
applied to the rotation angles relative to the marker in order to make the interaction more
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natural. As such, the user is able to manipulate the tool to direct the polluting compounds
to the extraction point (i.e., the window).

Figure 6. Virtual toolbox and sensor box. A—toolbox; B—particle and gas extraction window; and
C—sensor air inlet.

Table 1 summarizes the implemented set of tools (filter, fan, and electrostatic) as well
as the list of pollution compounds with which each of them is able to interact. The diversity
of tools and air pollutants was judiciously selected in order to ensure that, while playing
the game, children learned about air pollutants and their countermeasures.

Table 1. Tools for pollution compound removal.

Tools Pollution Compound
Gases <PM2.5 ≥PM2.5

Filter × × ✓
Fan ✓ ✓ ✓
Electrostatic × ✓ ✓

With the filter tool, the user is able to collect coarser particles, having no effect on gases
and finer particles. This binary behavior is a simplification of real-filtering devices, which use
meshes to retain particles as a function of their diameter. Figure 7a shows this tool in action.

(a) (b)

Figure 7. Interaction with the filter tool (a) and with the electrostatic tool (b).

The fan tool creates an air flow along the direction it is pointed in, influencing the
movement of all polluting compounds. The tool is implemented as a repulsive force field, of
limited range, that interacts with the particle systems controlling the virtual air pollutants
so as to push them away along the fan direction. This tool, represented in Figure 8, has a
greater effect on gases and smaller particles, as these have a lower mass value.
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(a) Before interacting with gas. (b) After interacting with gas.

Figure 8. Interaction using the fan tool.

The electrostatic tool represents a device, known as electrostatic precipitator, that in-
duces electric charge into the particles, capturing them by electromagnetic attraction. This
tool was implemented as an attractive force field, of limited range, influencing the virtual
pollutant particles so as to pull them towards the tool. The representation chosen for this
technique is the least faithful among the other tools. Instead of considering a graphical
representation of an electrostatic precipitator, which is a device not familiar to children,
its representation ended up in the form of a magnet. When used, it emits small “sparks”
(Figure 7b) to highlight the presence of electrical charges, in order to induce the users to
establish a relation between its representation and its operating principles.

3.6. Spatial Setup

The setup is composed of a sensor node, a desktop computer, a computer screen, and
a USB camera, spatially arranged as depicted in Figure 9. In this layout, the screen and the
box are placed side by side, with the camera at the opposite end, facing the box. Among
several alternatives tested during the formative evaluation, this spatial arrangement shows
to be the most adequate. This decision took into account: (1) position and orientation of the
camera so as to capture real-world content and to define the viewing perspective over the
virtual elements; (2) position and orientation of the screen where real and virtual world
components are combined; and (3) user placement and their interactions with the system.

Screen / 

virtual world
Sensor box

Real objects 

interaction area

Ring with 

marker

Camera

User1User2

Figure 9. Spatial layout.

Both camera and screen were placed at fixed locations. This arrangement frees the
children’s hands for interaction with real objects and markers. In addition, by keeping
the camera still, we avoid a set of technical challenges that could impact upon the user
experience, such as distractions emerging from dynamic backgrounds, marker tracking
issues resulting from variations in the illumination conditions, and jitter resulting from the
varying frame rate due to the increasing complexity of handling dynamic settings.

31



Int. J. Environ. Res. Public Health 2023, 20, 3814

Given that the screen and the sensor node were placed side-by-side, the former was
presented as a “magic mirror”, through which it was possible to see things inside the box
that are not visible to our eyes. However, mirroring the captured image, for the screen to
indeed be a mirror, proved to be an added difficulty for interacting with the marker. For
this reason, the mirror metaphor was tested without actually mirroring the image, to which
users responded positively. The solution was well accepted, resulting on easier and more
intuitive interactions when compared with other tested setup possibilities.

3.7. Game Mechanics
3.7.1. Story Line

To guide the experience and reinforce its didactic content, a non-playable character
(NPC) was created. The NPC was a scientist, graphically represented with sprites, who
appears only in key moments of the experience. The NPC communicates (in Portuguese)
with the user via subtitles, to provide hints on how to interact with the experience and
to provide additional data that may help the user understand what is being observed.
Figure 10a shows one of these situations, in which the NPC appears with pedagogic
information regarding the particles that have just appeared.

(a) (b)

Figure 10. Interaction with the NPC. (a) A screenshot of the game with the scientist NPC and its
subtitles (in Portuguese) at the bottom. Subtitles translation: Particles can have very different sizes.
The larger ones can be expelled by coughing or breathing, but the smaller ones can be harmful to our health.
(b) Assistance screen shown when the ring marker is lost. Overlaid text translation: Ring lost. Place
the ring here to continue playing.

The NPC also intervenes in a small tutorial presented at the beginning of the gaming
experience and when problems are detected, namely when the ring marker is not detected
for over five seconds. In the latter case, the screen shown in Figure 10b is displayed, telling
the user what action must be done to resume marker tracking and, thus, playing. This
screen displays an area where the user must place the ring within a strategically chosen
position that avoids occluding the sensor node’s marker. This display is accompanied by
an audio feedback with negative intonation.

3.7.2. Scores and Feedback

The gamified experience comprises a scoring system, which rewards the user whenever
gases or particles are directed to the window. This intends to be a simple way of providing
feedback and assigning tasks to users, encouraging them to use different objects and tools
in order to collect points. The score information is displayed in the upper right corner of
the screen (see Figure 11a), and the increment in each score bar is accompanied by audio
feedback with positive intonation.

Dynamic difficulty adjustment (DDA) is used to ensure the inclusion of users with less
experience or showing greater difficulties adapting to the system, reducing the possibility
of frustration. Additionally, DDA helps keep the duration of the experience between 7 and
10 min, which is the empirically found duration for both users to explore the game elements
and feel comfortable with the game mechanics to successfully complete the objectives.
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Each time the user manages to expel a particle through the virtual window, they earn
2% of the maximum possible score. Conversely, by expelling a gas unit, which is easier than
expelling particles, the user earns 0.5% of the maximum possible score. If the user presents
significant difficulties in scoring or achieving the objectives assigned during the experience,
DDA takes place by: (1) doubling the future particle emission levels; and (2) doubling or
even tripling the future earned score increments. Boosting particle emission levels raises
the chances of successful interaction with particles, whereas boosting score increments
reinforces positive feedback.

3.7.3. Gameplay

Once they arrive at the game location, users choose the role they will play in the
experience without realizing it through the chair they sit on. In the first contact with the
experience, a brief contextualization is made. It is explained that the screen shows the image
captured by the camera (which is on their back) and the way in which the markers work,
highlighting the connection between the real world and the virtual world by moving the
sensor node’s box (the term ’box’ was used for the sake of simplicity), making it noticeable
that it moves similarly in the virtual world. It is then explained that a sensor was placed
inside the box that identifies small compounds in the air that we cannot see. If the users
have no questions, the experiment starts.

At the beginning of the experiment, the screen is presented as a magic mirror, where it
is possible to observe the otherwise invisible polluting compounds. This is followed by the
mini tutorial given by the NPC, which suggests to the user that they shake the cloth close
to the box’s air intake tube (indicated in the screen with an arrow), as can be observed in
Figure 11a. As soon as the user does so, the first particles appear in the virtual environment,
about which the NPC makes a small theoretical introduction. The interventions of the
NPC when the first particles and gases are introduced can be observed in Figure 11b. At
this point, the child assuming the role of User2 has already performed some experiments
and realized how one can interact with the virtual elements by pointing at them. The
selection of pollution removal tools was typically tried out, as motivated by children’s
intrinsic curiosity. Even if User2 does not demonstrate the desired autonomy for selecting
a tool and using it to interact with the polluting compounds, some of the compounds
eventually end up reaching the window and triggering a positive feedback sound effect.
From this moment on, it is expected that both users will explore the tools/objects at their
disposal, in order to fill in the score bars completely. Although exploratory freedom is
given to the users, these are not allowed to place more than one object simultaneously in
the proximity of the sensor’s air intake, a situation that was frequently observed during the
formative evaluation.

(a) (b)

Figure 11. Interaction with NPC. (a) NPC giving the initial tutorial. Subtitles translation: Try shaking
the yellow cloth near the tube. Inside the house you can see the pollution that is in the air. (b) NPC providing
information after the first release of gas/particles. Subtitles translation: Gases may be colorless and
odorless, but they are toxic and can cause allergies, headaches and more serious illnesses.
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4. Evaluation
4.1. Method

In the validation phase of the tool, based on summative tests, 27 children aged between
7 and 11 years old, belonging to two primary schools in Sintra, Portugal, participated with
parental consent. We sought to obtain a group of participants with a uniform distribution
of ages (µ = 7.75, σ = 0.93) and genders. Although the experiment was carried out in pairs
and the questionnaires were answered simultaneously, the participants were sufficiently
distanced not to hear each other’s answers. An adult read the questions and provided
explanations when needed.

To assess satisfaction and what knowledge had been gained about air pollution as
a result of playing the game, three questionnaires were answered by the participants: a
pre- and post-game questionnaire to assess knowledge about air pollution; a post-game
satisfaction and usability questionnaire; and a post-game open-ended questionnaire about
participants’ opinions and preferences.

To assess the added value of including physical objects in the game, a variant of the
game was tested. In this variant, instead of manipulating four physical objects, the user
manipulated four markers, i.e., small images printed on paper, each representing one of the
physical objects. These markers are automatically detected by the game whenever they fall
inside the camera’s field of view. All participants experienced both versions of the game in
a randomized order, as well as both forms of interaction with each version.

After answering the pre-game questionnaire to assess knowledge about air pollution,
a brief explanation about the experience was given. This included using the physical objects
and markers, as well as the notion that the box contains air pollution sensors inside, whose
observations are graphically represented in the game’s screen.

Real-time communication between the game and the sensor node being assured, the
validation of the pedagogical component of the game takes priority. To attain this goal, the
mechanics of representation and interaction were isolated from the physical box elements.
The uncertainty of the readings and the need for calibration are examples of factors that
need to be accounted for in the experiments. To ensure the predictability of the system and,
consequently, reduce the variance in the experimental data, the Wizard of Oz method [45]
was used. This method consists of simulating the reactions of the system under study using
covert human actions, leading the user to believe that the reactions are being produced by
the system. In our case, the presence of air pollutants emitted by the objects placed by the
user near the air inlet tube is covertly reported to the game by a human and not by the actual
sensors of the physical box. To apply this method, a wireless keyboard was used and a set of
virtual keys were mapped in order to simulate different levels of pollution emissions from
each of the elements. The keyboard is used by the person conducting the test, imperceptibly
to the user. This allowed to avoid configuration and calibration processes, saving time for
the game development, without jeopardizing the gamified experience validation.

4.1.1. Knowledge Validation Questionnaire

The Knowledge Validation Questionnaire, validated by a teacher of basic education,
consists of four questions that are answered by the participant before and after playing
the game. The goal of this questionnaire is to assess whether playing the game results
in knowledge gain regarding air pollution. To reduce stress among the participants, the
questions were orally presented to the children, instead of using the written format. The
children’s oral responses were audio-recorded for offline analysis.

The questionnaire’s four questions (translated from Portuguese to English) are
as follows:

• Q1: Do you think there could be air pollution inside our homes? Response: Yes/No.
• Q2: What do you think can pollute the air inside our homes? Response: An enumeration

of objects.
• Q3: What do you think is in the air when it’s polluted? Response: An enumeration of

air pollutants.
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• Q4: How do you think we can clean up the air pollution we have inside our homes? Response:
An enumeration of cleaning methods.

Questions Q2–Q4 were only asked if the participant responded “yes” to Q1.

4.1.2. Satisfaction and Usability Questionnaire

The Satisfaction and Usability Questionnaire (SUQ) was answered by the partic-
ipants after playing the game with the goal of assessing: (1) their intention to repeat
the gaming experience (repetition is important to help consolidate knowledge); (2) their
perception regarding how easy/intuitive it is to interact with the game (a non-intuitive
experience can hamper learning); and (3) their perception of the game’s utility as a
learning tool.

SUQ consists of eight statements adapted from the standard questionnaires SUS [51]
and TAM [52], which participants were asked to classify using a five-point Likert scale,
ranging from “1 (I totally disagree)” to “5 (I totally agree)”. A visual representation of
the Likert scale was used, as suggested in an adaptation of the SUS for children [53]. The
statements composing this questionnaire (translated from Portuguese to English), as well
as their goals for the analysis, are:

• S1: If we had more time, I’d like to keep playing the game. Goal: assess users’ immersion in
the game, levels of acceptance, enjoyment, and whether it captivates exploration.

• S2: I would like my teacher to use these types of games in the classroom. Goal: assess the
participant’s perception of the game’ utility as a teaching tool compared to traditional
teaching methods.

• S3: If I had this game at home I would like to play it a lot more. Goal: assess the participant’s
interest in the game outside the classroom context.

• S4: I felt confused several times while playing. Goal: assess the participant’s perception of
ease of use and interaction, as well as of harmony between the real and virtual world.

• S5: To play this game I feel like I need an adult’s help. Goal: assess the participant’s
sense of autonomy during the gaming experience, the learning curve, and the
interaction complexity.

• S6: If I played this game more often, I would learn a lot more about pollution. Goal: assess
the participant’s perception of knowledge acquired as a result of playing the game.

• S7: My friends will really like this game. Goal: call for a deeper analysis of the levels of
satisfaction and enjoyment, asking the user how the game will be perceived by a more
general group.

• S8: My friends will learn a lot about pollution with this game. Goal: call for a deeper
analysis of the game’s ability to transmit knowledge, asking the user how the game
will be perceived by a more general group.

To avoid biases, statements in the original SUS are posed with both positive and
negative formulations. However, the successive change in the connotation of the questions
can create some confusion in the user. In fact, during a set of formative tests, we found that
this factor is even more evident in children, as they often provided random or nonsensical
answers when they did not fully understand the questions. To avoid these issues, our
statements are all positively formulated. This is supported by existing evidence that
questionnaires can be equally valid when only statements with positive formulations are
used [54].

4.1.3. Questionnaire of Opinion and Preference

After answering the SUQ, participants were asked to answer to a final Questionnaire
of Opinion and Preference (QOP). This questionnaire is composed of four open questions
whose purpose is to validate the data collected with the previous questionnaires, elicit
additional information, and assess which components of the gaming experience are most
appreciated. The questions composing this questionnaire (translated from Portuguese to
English), as well as their goals for the analysis, are:
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• Q1: Do you prefer to play the game with real objects or with cards? Why? Goal: assess the
participant’s perception of the importance of including physical objects and sensors in
the gaming experience.

• Q2: Do you think the game is useful for learning? Why? Goal: assess the participant’s
perception of knowledge acquired as a result of playing the game.

• Q3: Would you like to learn other subjects with this type of game? Which ones? Goal: assess
the participant’s perception of the utility of AR-based games in learning contexts.

• Q4: What did you like most and least about the game? Goal: pinpoint the elements that
deserve further attention when developing AR-based learning games.

4.2. Results
4.2.1. Knowledge Validation Questionnaire

As a result of questions Q2–Q4 of the Knowledge Validation Questionnaire only being
asked to participants who answered yes to Q1, those three questions were answered by
only 10 and 21 participants in the pre- and post-game questionnaires, respectively.

The answers to Do you think there could be air pollution inside our homes? clearly show
that the game allowed participants to learn about air pollution. Concretely, Table 2 shows
that the proportion of participants acknowledging that air pollution may exist inside their
houses is significantly higher (p < 0.001, n = 27) after playing the game (77.8%) than before
playing the game (37.0%). This knowledge gain highlights the importance of learning tools
as the one presented. Importantly, none of the participants who answered affirmatively in
the pre-game questionnaire changed their opinion in the post-game questionnaire, which
seems to indicate that the game did not induce confusion.

Table 2. Response distribution (yes/no) to question “Do you think there may be air pollution inside
our homes?”

Yes No

Pre-game 37.0% 63.0%

Post-game 77.8% 22.2%

The answers to the question What do you think can pollute the air inside our homes? were
mostly categorized as related to the emission of gases or to particulate matter. For instance,
terms like smoke and fireplace were (mostly) categorized as (related to) gases, whereas terms
such ascloth and sweep were categorized as particles. The goal was to determine the extent
to which participants were aware that the air quality is influenced by objects and people’s
behaviors that do not necessarily result in the production of gases. Table 3 shows that all
participants were unaware of this relationship before playing the game. Remarkably, after
playing the game, 22.2% of the participants provided answers using expressions categorized
as particles. In the same line, the percentage of participants mentioning expressions related
to gases roughly doubled after playing the game. The table also shows that the percentage
of participants that did not know how to respond, provided invalid responses, or failed
to recognize that there is pollution inside our homes, was roughly halved after playing
the game.

The answers to the question What do you think is in the air when it’s polluted?, sum-
marized in Table 4, are aligned with the answers provided to the previous question and
revealed a considerable knowledge gain after playing the game. The percentage of partici-
pants that did not know how to respond, provided invalid responses, or failed to recognize
that there is pollution inside our homes, reduced by approximately two thirds after play-
ing the game. Additionally, the percentage of participants that provided answers using
expressions categorized as particles and gases was roughly six and five times higher after
playing the game, respectively. Hence, Tables 3 and 4 show that the game contributed to
the enhancement of participants’ knowledge and self-confidence.
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Table 3. Percentage of the 27 participants whose answers to the question “What do you think can
pollute the air inside our homes?” mostly included expressions related to either particles (first
column) or gases (second column). Some participants included expressions related to both types of
air pollutants in their responses. The third column presents the percentage of participants which
reported that they did not know how to respond (D), provided invalid responses (I), or failed to
recognize that there is pollution inside our homes (U).

Particles Gases D + I + U

Pre-game 0.0% 29.6% 70.4%

Post-game 22.2% 63.0% 37.0%

Table 4. Percentage of the 27 participants whose answers to the question “What do you think is in the
air when it’s polluted?” mostly included expressions related to either particles (first column) or gases
(second column). Some participants included expressions related to both types of air pollutants in
their responses. The third column presented the percentage of participants that reported they did not
know how to respond, provided invalid responses, or that failed to recognize that there is pollution
inside our homes.

Particles Gases D + I + U

Pre-game 3.7% 11.1% 85.2%

Post-game 22.2% 55.6% 29.6%

The percentage of participants providing valid answers to question How do you think
we can clean up the air pollution we have inside our homes? increased from 22.2% before playing
the game to 55.6%, after playing the game. The results show that the children were able to
improve their knowledge on this topic. Concretely, the references to ventilation and related
words used by the children raised from 7.4% (pre-game) to 22.2% (post-game). This is
aligned with references to the explicit use of a fan, which increased from 0% (pre-game)
to 18.5% (post-game). Unfortunately, the other tools were explicitly mentioned by only
one of the participants. This means that the fan is notoriously the most memorable tool in
the game.

4.2.2. Satisfaction and Usability Questionnaire

Table 5 presents the 95% confidence intervals associated with SUQ responses. The
closer to five the score in each statement of the questionnaire is, the better the game has
been experienced by the participants, except for two statements (marked with ∗ in the
table), for which a score closer to one is better. All obtained scores are between the ideal
scale extreme and the scale’s mid-point, meaning that the game is globally perceived as
satisfying, usable, and educationally enriching. This conclusion is reinforced by the positive
results obtained around the three aggregating factors presented in Table 6: (1) intention to
use again; (2) perceived learning utility; and (3) perceived easiness of use. Interestingly,
it was observed that all pairs of participants explored all objects and all tools, even when
only some of them were required to complete the given game goals.

4.2.3. Questionnaire of Opinion and Preference

To the question Do you prefer to play the game with real objects or with cards?, the majority
of participants (85.2%) stated to prefer the version of the experience with real objects over
the version in which these objects were replaced by paper card representatives (see Table 7).
This result confirms the value of the tangible interface of the game based on the interaction
with physical objects. When asked why they prefer physical objects over paper cards,
participants revealed four main reasons summarized in Table 8: more realistic (33.3%),
better control (29.6%), easier perception, (14.8%), more fun (11.1%), while 11.1% were
unable to provide a reason. Conversely, the participants who stated to prefer to interact
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with paper cards over physical objects (14.8%) justified this preference due to the easiness
of interaction.

Table 5. 95% Confidence intervals (CI) for the results obtained with the Satisfaction and Usability
Questionnaire, answered with a five-point Likert scale (from 1 to 5). Note that, in opposition to all
other statements, the lower the values obtained for S4 and S5, the better. These are annotated with *.

Statement (Summarized) 95% CI

S1 I’d like to keep playing this game [4.61, 4.95]

S2 I’d like my teacher to use these types of games [4.17, 4.94]

S3 I’d like to play this game again at home [4.08, 4.66]

S4 I felt confused while playing this game * [1.70, 2.60]

S5 I feel I need adult’s help to play this game * [1.36, 1.90]

S6 I’d learn more if I play this game more [4.19, 4.70]

S7 My friends will like to play this game [4.42, 4.91]

S8 My friends will learn with this game [4.10, 4.64]

Table 6. Results of the Satisfaction and Usability Questionnaire presented in Table 5 averaged (AVG)
by factors. Note that, in opposition to all other factors, the lower the value obtained for perceived
easiness of use, the better. This inverted value is annotated with *.

Factor Statements AVG

Intention to use again 1, 3, 7 4.61

Perceived learning utility 2, 6, 8 4.46

Perceived easiness of use 4, 5 * 1.88

Table 7. Distribution of the responses to the question “Do you prefer to play the game with real
objects or with cards?”.

Paper Cards Real Objects

14.8% 85.2%

Table 8. Distribution of the reasons presented by the participants to the question “Why did you prefer
to use real objects over paper cards?”

Realism Control Perception Fun Do Not Know

33.3% 29.6% 14.8% 11.1% 11.1%

To the question Do you think the game is useful for learning?, all participants answered
affirmatively. These results are in agreement with the results obtained in the SUQ. The
same trend has been observed in the answers to the question Would you like to learn other
subjects with this type of game?, to which all participants but one answered affirmatively.
Hence, we can conclude that participants perceive playing AR-based learning games to be
an enriching learning activity whose application spectrum is not limited to air quality. The
topics that participants reported to be ones they would like to see addressed by AR-based
learning games were mostly related to pollution and waste processing, but also animals and
forest. Other less frequently reported preferences include the human body, the universe,
mathematics, dinosaurs, and cooking.

Participants were unable to provide a significant amount of answers to the question
What did you like most and least about the game?. This may mean that the question is too open
for the participants’ age group or that they were already tired in the end of the testing
session. Nevertheless, we believed it was worth analyzing the provided responses.
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The most frequent responses regarding the most liked aspects of the game included
the terms fan, candle, ring, smoke, and winning. These highlight the interest in the augmented
reality (ring), the gaming component (winning), the toy-like characteristics of the game (fan
used for clearing smoke), and the importance of using interesting real-world objects (candle).

The least liked component of the game was the filter, possibly because it was the
less familiar item. Interaction with cards was also mentioned by participants, since they
strongly preferred playing using real-world objects. This is a positive result that supports
the importance of considering real objects as tangible interface. Little time to play was
also among least liked aspects. This was also an interesting response, as it suggests that
participants were willing to play for longer periods.

4.3. Discussion

The results show that playing the AR game results in knowledge gain regarding the
causes of indoor air pollution (objects and people behaviors) and about its mitigation
mechanisms, thus confirming research hypotheses H1 and H2. This knowledge gain
is particularly evident regarding the influence of particulate matter on air quality (in
comparison to gases) and on the importance of house ventilation to improve air quality.

The results also confirm research hypothesis H3 by showing that the AR game is per-
ceived by children as useful for learning, easy to use, and providing a satisfying experience
that they are willing to repeat. These results are important because learning to be effective
requires repetition and a game with low replay value is not able to deliver this.

All participants explored all objects and tools, even though they were not required to
complete the game. We believe that this desirable exploratory behavior is at least in part
due to the physics-based mechanics of the game, which was included to leverage on the
children’s intrinsic motivation towards toys. If provided with toy-like properties, a game
should become more interesting to play with, even before the player knows exactly what
game’s goals are [7].

Finally, the results show that participants prefer using real objects as a tangible interface
rather than card-based representatives, thus confirming the research hypothesis H4. The
realism and easiness of interaction were the most indicated reasons. This shows the value
of augmented reality, enhancing the physical reality with digital content, rather than
substituting it altogether.

5. Conclusions

A serious game for teaching children about air pollution was presented. More than
simply conveying the dangers of air pollution, the game aims to inform children about the
several types of air pollutants, what causes them, and which mechanisms are available to
clear polluted air. To accommodate these goals, the children are invited to interact with a
physical sensor node in order to playfully correlate everyday objects and the air pollution
emitted by them. This tangible form of interaction aims to render the learning of messages
more memorable and plausible. The game exploits augmented reality to provide children
with the possibility to effortlessly view the invisible, that is, the air pollutants emitted by
the everyday objects manipulated by them, further reinforcing the learned messages. To
boost learning and enjoyment via socialization, children play the game in pairs.

A participatory design process was followed with intermediate formative evaluation
moments to ensure that the design meets the desirable goals. The final design was subject
summative evaluation with a sample of 27 children aged between 7 and 11 years using
the Wizard of Oz method. The results show that playing the game is an effective learning
experience. Concretely, comparing pre- and post-game data, the results show that playing
the game allowed most children to better recognize that air pollution may exist inside our
homes, air pollution is not only composed of gases but also of particulate matter, garbage
and air pollution are not the same, and that ventilating our homes is important. The results
also show that most children felt that the game was useful, usable, and enjoyable, resulting
in an intention play again. In fact, all participants stated that they would like to use this
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type of game to learn other subjects. Finally, the results also show that most children
preferred playing with real everyday life objects than with card surrogates, mostly due to
realism and control.

The game was tested with a sample size of 27, which is close to the usually considered
threshold for the central limit theorem to hold (n ≥ 30) [55]. Nevertheless, given that it is
better to have a larger and more diverse sample size, we plan to expand our user study. As
future work, we also intend to assess the potential long-term learning benefits provided by
the game. For this, it will be necessary to design an experimental protocol in order to test
the children’s knowledge after a prolonged period from the moment they played the game.
We would also like to repeat the experiments without using the Wizard of Oz method, that
is, using real data automatically collected by the physical sensor node. We also intend to
expand the game in order to teach children about the impact of other human activities
and behaviors on indoor air quality (e.g., cooking, house cleaning, incense burning, and
fireplace use) and outdoor air quality (e.g., people and goods transportation, industrial
activity). Raising children’s awareness of this impact is important because these activities
emit air pollutants and are common in households and cities. From a technical standpoint,
we plan to study the use of hand tracking techniques that do not require the use of a ring
marker. We also consider it important to explore the use of visualization devices that would
allow the game to be played on the move (e.g., AR glasses), beyond the tabletop, enabling
the inclusion of location-based mechanics. Finally, we would like to expand the game with
additional narratives, capable of attracting children of different age groups. Ideally, these
narratives are inclusive and personalized to the children.
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DDA Dynamic Difficulty Adjustment
HMD Head Mounted Display
IoT Internet of Things
QOP Questionnaire of Opinion and Preference
NO2 Nitrogen Dioxide
NPC Non-Playable Character
PM1 Particulate Matter with an Aerodynamic Diameter ≤ 1µm
PM2.5 Particulate Matter with an Aerodynamic Diameter ≤ 2.5µm
PM10 Particulate Matter with an Aerodynamic Diameter ≤ 10µm
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SUQ Satisfaction and Usability Questionnaire
SUS System Usability Scale
TAM Technology Acceptance Model
VR Virtual Reality
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Abstract: This study aimed to understand the knowledge of Portuguese citizens about air quality
and the extent to which the concerns about specific environmental problems can motivate their
acquaintance of information. Moreover, this study also allowed to understand which information
about air quality needs further dissemination to provide the citizens with all the available tools
and the correct knowledge. For this, a national online survey about air quality perception was
conducted, where 1131 answers were obtained and two different populations were compared: the
general population and a sub-population from an urban-industrial area of Lisbon metropolitan area
that had experienced frequent air pollution events in the past. Air pollution was considered the
environmental topic of higher concern among this sub-population (61.4%), while in the general
population it ranked thirdly (27.4%). Generally, the sub-population showed higher knowledge about
air quality than the general population, with 61% being able to identify at least one air pollutant.
The perception of the local air quality was also very different between populations, with 61% of
the sub-population considering it poor or very poor, while only 14% of the general population had
the same perception, which highlights the different levels of concern between populations. A weak
knowledge about air pollutants (50% of the general population could not identify any air pollutant)
and an erroneous perception of the contribution of the different pollution sources to air quality levels
were found. More than 50% of the respondents of both populations were considered to not have
enough information regarding the air quality in their area of residence, with the national air quality
database being unknown to almost everyone. Overall, strong efforts should be made to increase
the awareness about the importance of air quality, which may promote a higher acceptance of the
implementation of future actions to improve air quality.

Keywords: air pollution; air pollutants; sources; perception; air quality; citizens’ awareness; Portugal

1. Introduction

Ambient air pollution has become a growing concern, mostly due to the rapid ur-
banization, industrialization, and traffic. In Europe, it is perceived as the second biggest
concern (after climate change) and it is the most relevant environmental risk to human
health [1]. Exposure to ambient air pollution is associated with a variety of health impacts
such as cardiovascular diseases, cancer, respiratory diseases and mortality [2].

People’s understanding and response to ambient air pollution are vital to recognize
the best mitigation measures concerning the protection of public health [3]. Thus, it is
important to consider people’s perception and which factors may promote their behavioral
changes, which may vary among groups and individuals [4]. The studies of air quality
perception have not shown an association between the perceived air quality and the
concentration of measured pollutants [5]. Instead, air quality perception seems to be
influenced by sensory experience, awareness, and knowledge, the emotions it provides
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(such as nuisance), communication, and risk perception (which takes into account the
psychological, social and cultural factors) [3,5]. Moreover, empowered populations with
knowledge about air quality are typically more politically active to request actions from
authorities to promote the control of air pollution.

For instance, a study developed in seven European countries (Austria, Belgium, Germany,
Italy, Poland, Sweden and the United Kingdom) comparing the public perception of air
pollution sources and the real-world situation through a survey involving 16,101 participants
found that it existed a very high underestimation of the contribution of the agriculture sector
to air pollution [6]. Moreover, this trend was common in all seven countries but demonstrated
a small influence of gender, age, and socio-economic status of the respondents.

The present study aims to understand the awareness levels of Portuguese citizens
regarding air quality along with their knowledge about this topic. Moreover, considering
that some populations may be aware of the impact of local pollution sources in their daily
life, this study also aimed to understand to which extension their concerns influence their
awareness and knowledge about air quality. To achieve these goals, a national online
questionnaire was made available during two months and the overall population was
compared with a sub-population from an urban-industrial area of Portugal that is known
to be aware of air pollution due to occasional settled dust events in the area [7,8].

2. Materials and Methods
2.1. Study Area

This study was conducted in Portugal and it compared the general Portuguese pop-
ulation and the population of a parish from a specific urban-industrial area where the
inhabitants have presented several public complaints about the air quality (due to the
operation of the industries located within its limits) [9]. This site is the parish of União das
Freguesias do Seixal, Arrentela e Aldeia de Paio Pires (UFSAAPP), located in the municipal-
ity of Seixal (Portugal), which is integrated in the Metropolitan Area of Lisbon (Portugal),
next to the Nature Reserve of the Tagus Estuary (Figure 1). With 167,294 inhabitants in
95.5 km2, the municipality of Seixal is one of the most densely populated municipalities in
Portugal [10].
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(whitish area with blue border represents the limits of the parish and orange represents the industrial
area within it).
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UFSAAPP is considered a typical urban-industrial area that comprises a densely
populated residential area and a significant network of highways and national roads (EN10,
A2-IP7 and A33), along with an industrial park where the facilities of different small
and medium-sized industries are located (e.g., steelworks, lime factory and metal waste
management and treatment [11–13]).

2.2. Questionnaires

A questionnaire was created to assess the perception of the Portuguese population
regarding air quality. The questionnaire had five different sections: (i) participants’ de-
mographic characteristics; (ii) perception towards air quality, including knowledge about
air pollutants and their sources; (iii) perception of the impacts of air quality, (iv) sources
of information, and (v) knowledge of applicable regulations for controlling air quality.
Overall, the questionnaire had a total of 36 questions and it was created based in the
questionnaires developed by the project RISKAR LX [14]. The questionnaire is available in
the Supplementary Materials (English version).

The questionnaire was disseminated by social media and an invitation was sent to all
Portuguese municipalities to share it with their citizens. The questionnaire was available
online from 1 February to 26 June 2020 for anonymous answer and a total of 1131 answers
were gathered. Only participants with 18 or more years old were considered.

The survey implementation and data handling were conducted according to the
guidelines of the Declaration of Helsinki. The online questionnaires were presented to the
participants alongside a short introductory summary, which defined the objectives of the
study and ensured the anonymity and confidentiality of the provided information. For
data analysis, all answers were codified and treated anonymously.

2.3. Statistical Analysis

Statistical tests were carried out using the supplement XLSTAT of Microsoft Excel
(Addinsoft, Paris, France). Chi-square tests of independence were used to examine if
participants’ gender, age, educational level, monthly income, among others, were associated
with the participant’s level of concern about air quality and the evaluation of the air quality
(with a significance level of 0.050).

3. Results and Discussion
3.1. Characteristics of Respondents

Table 1 presents the answer rate obtained by Portuguese district, where answers
from all the Portuguese districts were obtained. Excluding the answers from the parish of
UFSAAPP, the distribution among districts is more even, despite a great contribution from
Lisbon district (37.3% instead of only 22.0%) and a lower contribution from Porto district
(3.8% instead of 17.3%).

Table 2 provides the general demographic information of the respondents of the survey
for both populations. For the general population, which included 1004 respondents, 61.9%
were female and 37.7% were male, with the age groups of 21–25 and 41–45 years old as
the ones with a higher percentage of respondents, namely, 17.6% and 17.2%, respectively.
The most common school level was degree (47.9%), followed by high school (29.2%), while
the most prevalent working status was active (78.3%) and the most common monthly
income was between 1001–2000€ (35.8%). The demographic information of UFSAAPP
population has a similar structure (despite not being statistical equal) and gathered a total
of 127 respondents. Regarding the gender balance of this population, 63.0 % were female
and 34.6% were male, with the age groups of 41–45 and above 60 years old being more
represented (with 26.0 and 14.2%, respectively). Similar to the general population, the
UFSAAPP population was mainly characterized by respondents with degree (44.9%) or
high school (42.5%), being active regarding their working status (77.2%), with a monthly
income of between 1001 and 2000€ (40.2%).
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Table 1. Portuguese population per district and answer rate to the survey per Portuguese district,
considering all the answers received and excluding the ones from UFSAAPP parish (n = 129).

Population All Answers
to Survey

Answers to Survey,
Excluding from

Seixal Municipality

District Inhabitants % n % n %

Aveiro 700,964 6.8 16 1.4 16 1.6

Beja 144,410 1.4 4 0.4 4 0.4

Braga 846,515 8.2 61 5.4 61 6.1

Bragança 122,833 1.2 11 1.0 11 1.1

Castelo Branco 177,912 1.7 32 2.8 32 3.2

Coimbra 408,631 3.9 10 0.9 10 1.0

Évora 152,436 1.5 5 0.4 5 0.5

Faro 467,495 4.5 97 8.6 97 9.7

Guarda 143,019 1.4 5 0.4 5 0.5

Leiria 458,679 4.4 109 9.6 109 10.9

Lisboa 2,275,591 22.0 377 33.0 374 37.3

Portalegre 104,989 1.0 11 1.0 11 1.1

Porto 1,786,656 17.3 38 3.4 38 3.8

Região Autónoma da Madeira 251,060 2.4 2 0.2 2 0.2

Região Autónoma dos Açores 236,657 2.3 5 0.4 5 0.5

Santarém 425,431 4.1 32 2.9 33 3.3

Setúbal 875,656 8.5 275 24.7 148 14.8

Viana do Castelo 231,488 2.2 3 0.3 3 0.3

Vila Real 185,878 1.8 5 0.4 5 0.5

Viseu 351,592 3.4 33 2.9 33 3.3

Total 10,347,892 100.0 1131 100.0 1002 100.0

Table 2. Sociodemographic characterisation of the respondents, where n is the number of individuals
in each category.

Population

General UFSAAPP

Characteristic Category n % n %

Gender

Female 621 61.9 80 63.0

Male 379 37.7 44 34.6

Prefer not to answer 4 0.4 3 2.4

Age

<20 40 4.0 2 1.6

21–25 177 17.6 7 5.5

26–30 60 6.0 2 1.6

31–35 62 6.2 13 10.2

36–40 100 10.0 9 7.1

41–45 173 17.2 33 26.0
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Table 2. Cont.

Population

General UFSAAPP

Characteristic Category n % n %

Age

46–50 142 14.1 17 13.4

51–55 98 9.8 12 9.4

56–60 92 9.2 14 11.0

>60 60 6.0 18 14.2

School Level

Primary School (4 years) 5 0.5 1 0.8

Basic school (6 years) 11 1.1 0 0.0

Middle school (9 years) 31 3.1 3 2.4

High school (12 years) 293 29.2 54 42.5

Degree 481 47.9 57 44.9

Master 159 15.8 12 9.4

PhD 24 2.4 0 0.0

Working
Status

Student 152 15.1 6 4.7

Active 786 78.3 98 77.2

Retired 32 3.2 17 13.4

Unemployed 25 2.5 4 3.1

Others 9 0.9 2 1.6

Monthly
income

<300 € 17 1.7 0 0.0

301–635 € 66 6.6 8 6.3

636–900 € 186 18.5 18 14.2

901–1000 € 132 13.1 11 8.7

1001–2000 € 359 35.8 51 40.2

2001–3000 € 54 5.4 11 8.7

>3000 € 14 1.4 0 0.0

Not applicable 120 12.0 8 6.3

Prefer not to answer 56 5.6 20 15.7

Total 1004 100.0 127 100.0

As described in the methodology, this survey gathered information regarding five
different topics and the results were evaluated comparing the general population (n = 1004,
all individuals that answered the survey, except the individuals from the parish of UF-
SAAPP) and the population of UFSAAPP (n = 127), the study area that is urban-industrial
and whose population is known to be aware about air pollution due to occasional settled
dust events in the area [9].

3.2. Issues of Concern

The main issues of concern of the two populations were assessed to understand
how the air quality is perceived as an important issue within different topics. For that,
the participants were asked to rate from 1 (no concern) to 4 (major concern) different
environmental topics that could potentially affect their life. Figures 2 and 3 present the
percentages of the level of concern for the different environmental topics for the general
and UFSAAPP populations, respectively.
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Figure 2. Level of concern of the general population regarding different environmental topics.
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Figure 3. Level of concern of the UFSAAPP population regarding different environmental topics.

For the general population, the environmental topics that gather the highest levels
of concern are urban cleaning (31.5%) and waste management (31.2%), followed in third
position by air pollution (27.4%). This rank changes greatly when focusing on the UFSAAPP
population, where air pollution gathers the highest level of concern (61.4%), followed by
noise (43.3%) and then, urban cleaning (33.1%).

The association of the top-two main concern issues revealed by UFSAAPP population
(air pollution and noise) was already identified previously [15] and usually it is difficult
to distinguish them since they have common sources [16], such as transports, industry,
agriculture and, with minimal contribution, household and neighborhood. Similar trend
was already verified elsewhere [17], with the noise annoyance felt by citizens being directly
related with their perception of a worst air quality.

The potential association between the level of concern regarding air quality and
sociodemographic characteristics was assessed by χ2—test. In the general population, the
level of concern was found dependent on the education level (χ2 = 37.6, p-value = 0.004) and
the district of residence (χ2 = 138.7, p-value < 0.0001). Individuals with the basic school (six
years) presented a higher level of concern regarding air quality (considering the categories
“moderate concern” and “major concern” together, totalizing 91% of the individuals with
the basic school) than the remaining individuals with different scholar levels (with an
average of 66% for the same categories). However, it is important to highlight that the
population with basic school only represents 1% of the total participants. In fact, the
educational level is an important factor and, for instance, improving the level of education
per capita has been shown to promote the gradual decrease of the impact of increased air
pollution on public health damage [18].

The district of residence was also a factor of influence on the concern level, since the
individuals that lived in districts in the country inland or islands (which are districts of low
population density) presented a lower level of concern than the ones that lived in districts
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with higher population density (such as Braga, Guarda, Lisbon, and Setúbal), whereas the
individuals of Setúbal presented the highest level of concern among all (with 83% of the
respondents from Setúbal reporting “moderate concern” and “major concern”).

3.3. Perception of Air Quality

Figure 4 provides the perception of state of the air quality by the citizens in different
levels (country, municipality and neighborhood), considering the two types of study
populations: general and UFSAAPP. As described above, the general population considers
the citizens that reside in all districts of the country, except in the UFSAAPP area, while the
UFSAAPP population refers exclusively to the inhabitants that reside UFSAAPP parish.
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Figure 4. Assessment of the perception on air quality in Portugal, at country, municipality and
neighborhood levels for the general and UFSAAPP populations.

At a country level, both populations have a similar perception of the air quality of
the country, with “acceptable” air quality being the most common perception (61.1 % for
the general population and 58.3% for the UFSAAPP population), followed by “good” air
quality (28.8% for the general population and 26.0% for the UFSAAPP population) and
then, by “poor” air quality (7.5% for the general population and 13.4% for the UFSAAPP
population). The perception of good or very good air quality is similar between popula-
tions: 30.6% and 26.8% for the general and UFSAAPP populations, respectively. However,
when assessing the air quality of the municipality or the neighborhood, the perceptions
differ greatly between populations, with the UFSAAPP population clearly having a worst
perception. Both at municipality and neighborhood levels, 55.9% and 61.4% of the UF-
SAAPP respondents have a “very poor” or “poor” perception of the air quality, respectively.
At the municipality level, 13.9% of the general population have the perception of “poor”
or “very poor” air quality, while this perception decreases to 9.5% when focusing on the
neighborhood level.

This great difference on the perception of the air quality between the general and UF-
SAAPP populations at the local level highlights the concerns of the UFSAAPP population,
reflected by the high level of awareness and sensibility of the UFSAAPP population toward
this topic [9].

3.4. Identification of Pollution Sources

The survey also aimed to identify the knowledge of the participants regarding pollu-
tion sources and air pollutants. Figure 5 provides the main air pollution sources identified
by the general and UFSAAPP populations in their area of residence.
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Figure 5. Air pollution sources identified by the general and the UFSAAPP populations.

For the general population, traffic was the most frequently identified pollution source,
being referred by 51.7% of the respondents in the general population, which agrees with
other studies where traffic was highlighted as one of the main sources of air pollution:
China (with 78.5%) [19], Malaysia (where “motor vehicle emissions” were ranked as the
most significant contributor to air pollution in their residential areas) [20], Mexico (with
50% highlighting cars and trucks) [21], and in seven European countries (ranging from
29.1% in Germany to 42.4% in Sweden) [6]. Industry (6.2%) and air traffic (5.7%) were
considered as the second and third main pollution sources in our study. However, it is
relevant to highlight that the study developed in seven European countries [6] (Austria,
Belgium, Germany, Italy, Poland, Sweden, and United Kingdom) showed industry as
the main contributor to the air pollution, while traffic was identified only as the second
main pollution source. In the present study, it was possible to identify a pattern where the
participants from districts of the country inland indicated pollution sources more associated
with the rural areas, such as the burning of green wastes, forest fires, and fireplaces/biomass
burning (for home heating).

The main air pollution sources perceived by the UFSAAPP population were traffic
and industries (both with 37.4%), followed in third by air traffic (4.4%). In the UFSAAPP
population, industries are considered one of the two main sources of air pollution (six times
more than in the general population), probably due to the fact that UFSAAPP has suffered
from several punctual pollution events (such as events of deposition of coarse particles
in the area [7,9]), which have been attributed to the local industries [8] by the population.
The proximity to an industrial area may affect the individual perception [22], which can
be confirmed by the higher levels of concern of the UFSAAPP population since the heavy
industry park is at walking distance from the residential area of UFSAAPP, along with
the existence of many small and medium sized industries dispersed by the area. Another
relevant issue is that, typically, the individual control of pollution sources from industries
is minimum, which results in a higher degree of attention to those sources, including
an increase of exposure reports from the population [23]. Therefore, taking into account
that the UFSAAPP population has previous concerns and complaints regarding the local
industries, it would be expected that industries would be considered by them one of the
main pollution sources.

However, considering PM2.5 as a proxy for air pollution, since it is the air pollutant
responsible for more premature deaths in EU countries than any other pollutants (for
instance, a total of 4900 premature deaths were attributable to PM2.5 exposure in Portugal in
2019 [24]), the real direct emission sources for PM2.5 may differ from the citizens’ perception.
Figure 6 presents the emission sources of PM2.5 in 2019 for EU-27 and Portugal, along with
the main air pollution sources identified by the general and the UFSAAPP populations
(using a categorization of only seven pollution sources, where, for instance, traffic, air traffic
and boat were framed in a single category called “transport”).
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Figure 6. Emission sources of PM2.5 in 2019 for EU-27 and Portugal [24], and the main air pollution
sources perceived by the general and the UFSAAPP populations in the present study.

The major differences between the official and real-world data regarding the PM2.5
emissions sources (both from EU-27 and Portugal) and the sources identified by the two
studied populations are:

(i) The overestimation of the contribution of transport sector to air pollution by the public
perception (59% and 44% for the general and UFSAAPP populations, respectively,
against 12% of real contribution of transports to PM2.5 levels in Portugal);

(ii) The underestimation of the “residential, commercial and institutional” source by the
public perception (19% and 11% for the general and UFSAAPP populations, respec-
tively, against 37% of the contribution of this source to the PM2.5 levels in Portugal)

(iii) The great underestimation of the “manufacturing and extractive industry” contribu-
tion by the general population (6%) regarding the real contribution of 45% in Portugal
(where the average contribution in the EU-27 is 17%). The UFSAAPP population
indicated a value of 37% (probably, as described previously, due to their own concerns
regarding the local industries), which is close to the real contribution verified in
Portugal. However, it is relevant to highlight that the real contribution is higher than
the perception of both populations, which indicates that the common citizen is not
aware of the impact of industry in the air quality.

(iv) The negligible contribution of agriculture to air pollution, perceived by the general
(3%) and the UFSAAPP (0%) populations, while the real world data indicate a higher
contribution of 5% in Portugal and of 6% in the EU-27. However, if considering the
secondary PM sources, such as SO2 and NOX from the industry contribution and
NOX from traffic emissions, combined with ammonia emission (from the agricultural
sector), the solo contribution of agriculture may be very significant to air pollution
levels and, typically, it is neglected by the public perception [6].

3.5. Identification of Air Pollutants

The citizens’ knowledge about air pollutants was also assessed in this survey, where
the participants indicated which air pollutants they knew about (open question). For
the identification of air pollutants and summarizing the results, the main air pollutants
were considered individually (namely, CH4, CO, CO2, NOX, O3, PM, SOX), while other
identified air pollutants were considered as “Others”. When a respondent did not supply
any answer or answered “I do not know”, it was quantified as “DK/NO”. Answers that
considered pollution sources (e.g., traffic) instead of air pollutants were not considered. For
the category “PM”, all answers related with particulate matter were considered (such as
“particles”, “dust”, “aerosols”, “black carbon”, “PM2.5”, and “PM10”, among others).

Figure 7 provides the air pollutants identified by both populations. Half of the general
population (50%) indicated that they could not identify any air pollutant, while only 39%
of the UFSAAPP population provided the same answer. The higher knowledge about
air pollutants in the UFSAAPP population is probably due to their higher sensibility
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and awareness regarding the topic of air pollution, as described previously, since that
population has experienced several air pollution events in the past, which promoted their
need to acquire knowledge about air pollutants.
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Figure 7. Air pollutants identified by the two studied populations. DK/NO stands for “Do not
know/No answer”.

For the general population, the air pollutant most frequently identified was CO2
(16%), followed by PM and CO (both with 8%). Carbon dioxide is typically known by the
citizens since it is one of the most discussed air pollutants in the media (mainly television),
especially due to its association with climate change and all the global efforts that are being
conducted to carbon neutrality [25]. The air pollutant more identified by the UFSAAPP
population was particulate matter (37%), followed by “Others” (9%) and, in third, CO2 and
NOX (both with 5%). In the UFSAAPP population, settled dust events are one of the main
problems affecting the population (which they assume to be related to the local industries)
and, therefore, it seems natural that the air pollutant that most respondents are familiar to
is PM. Moreover, it is relevant to highlight that the concerns of the UFSAAPP population
represent probably one of the main triggers for their environmental awareness regarding
air pollutants.

3.6. Information about Air Quality

Information about air quality and, consequently, about air quality indexes, has to be re-
liable and understandable to all the population, since it is through trustworthy information
that it is possible to increase the awareness of the general public regarding this issue. In
order to understand if the citizens feel that they are informed about the local air quality, all
participants were inquired about “Do you feel informed about the air quality in your area
of residence?” and asked to answer, ranging from “Not at all” to “Very much”. Figure 8
provides the results for both populations.
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Figure 8. Level of how much citizens feel informed about air quality in their area of residence, ranging
from 1 (“not at all”) to 5 (“very much”).

The majority of the general population (65%) feels that they do not have enough
information about air quality in their area of residence (considering the grades “1” and
“2”), with only 10% answering that they felt well informed about it (considering the grades
“4” and “5”). Half of the UFSAAPP population (50%) also considers not to have sufficient
information about air quality (considering the grades “1” and “2”), but an increase of the
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informed population is observed with 25% stating that they felt well informed about air
quality in their local area (considering the grades “4” and “5”). The feeling of insufficient
information about air quality (considering grades “1” and “2”) in the present study is
slightly lower than the expressed by Portuguese citizens in a European survey carried
out on September 2019 [26], where a mean of 54% of the respondents from 28 member
states of European Union considered that they did not feel well-informed about air quality
problems in their country, ranging from 75% in Portugal to 18% in Finland. This survey
concluded that only 25% of the Portuguese population considered that was well-informed
about air quality problems in their country, a similar result to the one obtained for the
UFSAAPP population.

Figure 9 provides the main sources of information of both studied populations. In the
general population, 13.7% of the participants stated that they have difficulties accessing
information about the local air quality, while only 4.0% of the UFSAAPP population
reported the same problem. For both populations, the main source of information is
the internet with around 26%. For the general population, the second main source of
information is TV (18.6%), followed by “Newspapers and magazines” (7.6%). For the
UFSAAPP population, the second main source of information is “Environmental groups”
(14.9%), followed by “Town hall” (13.2%).
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Figure 9. Sources of information about air quality for general and UFSAAPP populations.

A study conducted in China concluded that the main sources of information regard-
ing air pollution were TV/radio (20.8%), Internet (18.9%) and Newspapers/magazines
(18.7%) [27], a similar trend to the one found in the present study for the general population.
In a study developed in the United Kingdom [25], the main sources of information about air
quality that were identified by the participants were internet (44.7%), local council (29.3%),
and the media services, namely, radio/TV/newspapers (13.2%). The main difference regis-
tered in our study is the contribution of “Environmental groups” as information source for
the UFSAAPP population. However, this may be due to the very specific characteristics of
this population since they have experienced several air quality problems in the past and,
therefore, they seek information on the environmental groups that target their issue (both
locally and nationally), along with the local Town hall. Some of the environmental groups
were created by citizens specifically due to the air pollution events that occurred in the
UFSAAPP area, and others are environmental non-governmental organizations of national
range [28]. Once again, this highlights that the concern regarding local air quality problems
potentiates the citizens to seek information and, typically, using a more local approach.

However, these results also show that the Portuguese governmental online database
of air quality (created by the Portuguese Environment Agency), which is of free access
and regularly updated, called “QualAR” (https://qualar.apambiente.pt/ accessed on
17 July 2022) is not a common source of information for the citizens. Only 2.6% and 3.0% of
the participants from the general and the UFSAAPP populations, respectively, identified
QualAR as a source of information. This fact highlights the need for the governmental
stakeholders to promote the awareness of this tool, to empower the general public with
knowledge about their local air quality.
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3.7. Impacts of Air Quality in the Daily Life

Both populations were asked if they felt that, at some moment, they were already
affected by air quality. In the general population, 52.9% revealed that they had already felt
affected by air quality, while in the UFSAAPP population this percentage reached 86.8%,
which highlights the strong feeling of the UFSAAPP population that their residence area is
affected by local air quality problems. Figure 10 presents the incidence of the main impacts
of air quality problems perceived by the respondents.
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Figure 10. Perception of the impacts of air quality problems on the general and UFSAAPP populations.

Both populations considered that air quality problems had an impact on their own
health, with 11.0% of the general population and 12.5% of the UFSAAPP population
reporting this. For the general population, the main issues of impact of air quality problems
were health-related issues, such as nose irritation (9.4%) and sneezes (9.0%). The UFSAAPP
population focused on the remaining main impacts of air quality problems, such as on
events of particle deposition on balconies (11.9%) and unpleasant smell outside the house
(11.5%), which are directly related to the previous complaints by this population, as already
reported above. Additionally, in this population, the concern regarding the deterioration of
material goods due to air pollution was also very high (6.0%), when comparing with the
general population (1.6%).

When asked if the participants have made changes in their daily life when they felt that
were being affected by air pollution, only 31% of the respondents of the general population
answered affirmatively, while 69% of the UFSAAPP population reported the same behavior.
Figure 11 describes the main changes made by citizens in their daily life when they felt
being affected by air pollution.
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Figure 11. Changes made in the daily life when citizens felt affected by air pollution, for the general
population (left) and the UFSAAPP population (right).
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For the general population, the main changes were to avoid certain time periods for
outdoor activities (14.6%), to avoid opening home windows (14.2%), and to drink more
water than usual (12.9%). For the UFSAAPP population, the main changes were to avoid
opening the home windows (21.0%), to try to find more information about air quality
(13.7%) and to perform less outdoor activities (12.4%). It is relevant to highlight that 10.8%
of the respondents from the UFSAAPP population revealed considering changing their
area of residence due to air pollution issues, which is the almost the double verified in the
general population (5.5%). This issue reveals that air quality may be a relevant issue to
consider in the real estate market.

3.8. To Which Mitigation Measures to Improve Air Quality Are the Citizens More Favorable to?

The study conducted by the EU identified that 67% of the Portuguese population
considered that the public authorities were not doing enough to promote good air quality
to their citizens [26]. To understand which mitigation measures the citizens are more
receptive to adopt or to support, all participants were asked the degree of priority (ranging
from “1” as minimum priority to “5” as maximum priority) that they attributed to different
measures to improve air quality. Figures 12 and 13 present the results obtained for the
general and UFSAAPP populations, respectively.
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Figure 12. Degree of priority given by the citizens of the general population to different measures to
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Figure 13. Degree of priority given by the citizens of the UFSAAPP population to different measures
to improve air quality (ranging from 1 for “minimum priority” to 5 for “maximum priority”).

The general population considered that the measures with higher priority (classifica-
tions of “4” and “5”) were to create green spaces (84%), to improve public transports (79%),
and to enforce the existing air quality laws (78%). The UFSAAPP population considered
that the measures with higher priority were the enforcement of existing air quality laws
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(78%), the creation of green spaces (77%) and to carry out awareness actions on air quality
(72%). The difference on the priority rank of the mitigation measures considered by the
UFSAAPP may be influenced again by their own experience of previous episodes of air
pollution events and also by living in an industrial-urban area, which makes them more
favorable to the enforcement of existing air quality legislation, in terms of compliance of
the industry emissions with their environmental licenses and legislated limit values. Com-
paring with the European study, the EU-28 citizens (including the Portuguese participants)
considered that the most effective way to tackle the air quality problems would be to apply
stricter pollution controls on industrial and energy-production activities (44% of the EU-28
participants and 43% of the Portuguese participants) [26].

3.9. Considerations

Although the survey conducted in this study gathered answers from all the Portuguese
districts, it is important to highlight that the adequate percentage of representativeness
among regions was not achieved for the general population of Portugal. Moreover, the
stratification of the characteristics between the studied populations are not equal, which
may influence the analysis. The gender variability of participants is also not representative
of the Portuguese population (52% Female and 48% Male) [10], with the present study
gathering around 62–63% of answers from females. The influence of gender on air quality
perception is known with females generally perceiving more air pollution [29]. However,
the present results still provide new and valuable insights regarding the perception of the
citizens on air quality issues, which may be determinant on the approaches chosen by
public authorities to maximize their dissemination strategies targeting the citizens. The
comparison with a specific population that is more aware of air pollution issues (which is
reflected by their higher level of knowledge regarding the air pollution issues) highlights
that real life concerns potentiate the search for information and empowerment of the
citizens regarding this topic (which is the case of the specific population since they have
been subject to occasional air pollution events, which motivated their search for knowledge
to understand the potential implications of those events). Some main ideas are important
to retain and to highlight, such as:

• Great differences were found when comparing both studied populations. It was
found that UFSAAPP population showed a higher concern regarding air pollution
in comparison with the general population (with 61.4% of the UFSAAPP population
considering it the main environmental concern). This higher concern was also demon-
strated by their significant knowledge of possible pollutants and higher need to search
for information about the topic. Furthermore, the UFSAAPP population considered
industry as the main source of air pollution (with 37.4% of the answers) along with
traffic (37.4%). This trend was not found in the general population, where traffic was
appointed as the main pollution source (51.7%), followed by the industry (only with
6.2%). This fact highlights the concern and awareness that the UFSAAPP population
has regarding industry as a pollution source.

• A great part of the Portuguese population feels that are not suitably informed regarding
the air quality levels in their area (65%), with only 10% stating that they feel well
informed about it. It would be important that reliable and easily understandable
information about air quality could be of easy access and widespread throughout the
country; this would empower the citizens regarding air quality and promote their
future engagement in mitigation actions to improve air quality. This is a crucial area
that policy makers and governmental bodies should focus on in order to decrease the
national environmental illiteracy regarding this topic and promote behavioral actions
in the population that can lead to an improvement in the air quality.

• Unfortunately, this study revealed that the governmental online and free database of
information about local air quality (QualAR) is almost unknown by the Portuguese
population (being acknowledged to be a source of information by only 3% of the
participants). This highlights that the current dissemination strategies are not working
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or are not enough to reach the general public, which should be targeted to maximize
all the potentialities of this available tool.

• Due to the citizens’ awareness about air pollution and its health and daily life impacts,
air quality is a relevant issue in the real estate market (10.8% of citizens consider to
change their area of residence when under air pollution events). This fact potentiates
the engagement of local governmental authorities to implement measures to improve
local air quality, to improve the quality of life of their citizens, to attract new inhabitants
to the area and to improve the touristic potential of their municipalities.

A follow-up study of this survey should be conducted in the future targeting to
achieve a higher participation (to obtain a higher sample number and representativeness
of the Portuguese population), in order to evaluate the changes on the perception of
citizens, which will provide insights regarding whether the current strategies of awareness
regarding air pollution are effective or not. Moreover, it would also be important to
allow the participants to provide their opinions on some specific issues, such as their best
suggestions/strategies to improve air quality.

It is important also to highlight that strategies to promote a higher public acceptance of
mitigation policies rely on actions with the population to promote their empowerment and
engagement, such as health literacy programs, awareness raising campaigns, and public
participation activities [30].

4. Conclusions

This study allowed to assess the perception of the air quality by the population of
an area affected by air pollution events and to compare it with the general population.
This sub-population showed to have a higher level of knowledge and awareness regarding
the topic of air pollution, considering it as the main environmental concern (while the
general population ranked it only in third). Moreover, the sub-population also showed
more knowledge about air pollutants than the general population, with 61% being able to
identify at least one air pollutant, while half of the general population did not manage to
identify any air pollutant. The perception of the local air quality (at the neighborhood level)
was also very different between populations, with 61.4% of the sub-population considering
it poor or very poor, while only 9.5% of the general population had the same perception,
which highlights the different levels of concern between populations.

Some issues related to air quality still demonstrate a weak knowledge among the stud-
ied populations, namely the identification of air pollutants (50% of the general population
could not identify any air pollutant) and an erroneous perception of the contribution of the
different pollution sources to air quality levels (traffic was identified as the main source by
both populations, with an overestimation of its impact between four and five times higher
than the real emissions impact on air quality levels).

Despite both populations having some knowledge about air quality, still more than
50% of both populations feel that they do not have enough information regarding the
air quality in their area of residence. The current tools of air quality information made
available by governmental bodies are unknown to most of the population. Therefore,
it is important and crucial to invest in the empowerment of the populations regarding
environmental knowledge (especially air quality), since it is a strategy to increase and
obtain their receptivity to the implementation of future actions to improve air quality.

The main actions considered by both populations to improve air quality to which the
citizens are more receptive to include enforcement of existing air quality laws, creation
of green spaces, implementation of awareness actions on air quality, and improvement of
public transportations.

Overall, our study highlights several weaknesses regarding the citizens’ knowledge
about air quality and the need for the governmental stakeholders to promote the awareness
of the importance of air quality, including which tools are available regarding information
and monitoring.
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Abstract: With the progress of high-quality development in China, residents have begun to focus
on the air quality of their residential areas in an effort to reduce the health threats of air pollution.
Gradually, the risk associated with air pollution has become an important factor affecting housing
prices. To quantitatively analyze the impact of air pollution on house prices, panel data, including
data for fine particulate matter (PM2.5) concentrations, house prices and other auxiliary variables
from 2009 to 2018, were collected from 16 districts in Beijing, China. Based on this dataset, ordinary
least squares (OLS), moderating effect and threshold effect models were constructed for empirical
investigation. Within the studied decade, PM2.5 pollution shows a significant decreasing trend of
−3.79 µg m−3 yr−1 (p < 0.01). For house prices, the opposite trend was found. The empirical results
indicate that PM2.5 pollution has a negative effect on house prices and that every 1% increase in
PM2.5 causes an approximately 0.541% decrease in house prices. However, the inhibition of PM2.5

on housing prices is moderated by regional educational resources, especially in areas with high
education levels. In addition, per capita disposable income can also cause heterogeneities in the
impact of PM2.5 on house prices, whereby the threshold is approximately CNY 101,185. Notably,
the endogeneity problems of this study are solved by the instrumental variable method, and the
results are robust. This outcome suggests that the coordinated control of air pollution and balanced
educational resources among regions are required for the future sustainable development of the real
estate market.

Keywords: PM2.5 pollution; house price; China; educational resources; ordinary least squares

1. Introduction

At present, urbanization and economic growth are accelerating in China, especially in
metropolises and city clusters. However, China’s rapid modernization has been accompa-
nied by serious air pollution, a problem closely related to human health [1–3]. Among all
air pollutants, fine particulate matter (with an aerodynamic diameter of less than 2.5 µm,
PM2.5) is particularly harmful. Long-term exposure to high PM2.5 loading significantly in-
creases the risk of developing cancer as well as cardiovascular and respiratory diseases [4,5].
In addition, PM2.5 pollution poses a threat to ecological security [6–8]. At the same time, in
addition to providing feedback regarding the quality of the atmospheric environment, such
pollution can affect the living circumstances of urban residents [9,10]. Especially for areas
experiencing high economic development, the economic losses caused by air pollution are
substantial [11,12]. Meanwhile, with the increase in media publicity regarding the problem
and rising income levels, low air pollution risk has become a goal for urban Chinese people.
An increasing number of people tend to live in areas with low PM2.5 loading, resulting in
counter urbanization, which has become a new challenge for environmental management
and urban planning at the regional and national scales [13].
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For urban residents, housing conditions are the foundation of high-quality devel-
opment. Since the financial crisis of 2008, a long-term housing boom has appeared in
China. According to the statistical data from the National Bureau of Statistics, the total
sales of commercial housing in China were only approximately CNY 4399.5 billion in 2009.
In contrast, they surpassed CNY 14,997.3 billion in 2018, accounting for ~16.3% of the
gross domestic product (GDP). During this period, house prices increased substantially
in China’s megacities, especially in Beijing, and real-averaged house prices increased by
~41.8% from 2012 to 2015 [14]. There are many factors that cause fluctuations in house
prices in China [15–19]. Liu et al. used a demand-supply framework and annual data
from 31 provinces across China from 2000 to 2018 to argue that five variables (i.e., land
prices, real estate developer loans, per capita savings and the proportion of individuals
with college or higher educational degrees) accounted for ~72% of the increase in house
prices [20]. In addition, other phenomena, such as education level, entertainment facilities,
wedding time, monetary factors and policy orientation, have been found to be potential
influencing factors in China [21–25].

Since 2015, concomitant with the proposal by the United Nations of sustainable de-
velopment goals (SDGs), the Chinese government has attached substantial importance to
environmental protection [26]. Meanwhile, the awareness of environmental protection has
gradually improved at the government, enterprise and individual scales. At present, envi-
ronmental risk factors have gradually been incorporated into the considerations of house
buyers. Subsequently, several researchers have examined the negative externality of the
environmental quality of residential areas with respect to house prices [27–30]. Among all
potential influence factors, air pollution, especially for PM2.5 pollution, plays an important
role in house prices. Dai et al. found that higher PM2.5 risks were accompanied by lower
house prices in Nanjing, China [9]. Similarly, the negative effects of PM2.5 concentration
on housing prices were also found across cities in China, and the heterogeneity is also
captured [31]. Sun and Yang, using the quantile regression and geographically weighted
quantile regression, found the presence of asymmetric and spatial non-stationary effects
among PM2.5 and housing prices in China [32]. Furthermore, the neighboring pollution
also can lead to changes in local home prices [33]. Despite this wealth of literature, the
mechanism of the effect of air pollution on the real estate market is less analyzed. More
importantly, with the proposal of the ‘three-child policy’ in 2021 [34], the relationship
between housing prices and the environment has become a matter of concern for every
family, one that bears importance on the healthy growth of children in China.

The goal of this study was to investigate the impact of PM2.5 pollution on house
prices. For this purpose, we collected panel data in all of Beijing’s administrative divisions
from 2009 to 2018, including data on house prices, PM2.5 concentrations and auxiliary
variables. Based on these datasets, the spatiotemporal variations in PM2.5 pollution and
house prices were analyzed in detail. Then, an ordinary least squares (OLS) model was
used as an econometric model to quantify the impact of PM2.5 concentrations on house
prices. In addition, considering actual local/regional circumstances, the moderating effects
of educational resources are explained. Finally, the per capita disposable incomes of local
residents were used as a threshold effect to accurately identify the heterogeneities of the
impact of PM2.5 concentrations on house prices. This study will provide a strong scientific
basis and literature reference for regional urban planning, environmental protection and
the benign development of the real estate market.

2. Study Area

China’s capital, Beijing, is the country’s center of political, cultural, scientific and tech-
nological innovation. Figure 1 shows the geographical location of Beijing in northern China
at longitudes and latitudes ranging from 115.7◦–117.4◦ E and 39.4◦–41.6◦ N, respectively.
There are currently 16 administrative divisions in Beijing: Changping (CP), Chaoyang (CY),
Daxing (DX), Dongcheng (DC), Fangshan (FS), Fengtai (FT), Haidian (HD), Huairou (HR),
Mentougou (MTG), Miyun (MY), Pinggu (PG), Shijingshan (SJS), Shunyi (SY), Tongzhou
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(TZ), Xicheng (XC) and Yanqing (YQ). The CY, DC, FT, HD, SJS and XC districts are usually
identified as the central urban areas. Figure 1 also shows the distribution of population
density in Beijing. Generally, high population densities were captured in the central urban
areas. The highest population density was captured in the XC district, with a value of
26,603 persons km−2, followed by the DC, HD, CY, SJS and FT districts, with mean pop-
ulation densities ranging from 7385 to 19,946 persons km−2. In contrast, the population
density in the YQ district is the lowest (~173 persons km−2).

Figure 1. Beijing’s 16 administrative divisions. (a) is the geographical location of Beijing in China;
(b) is the distribution of 16 districts in Beijing. The background colors indicate the distribution of
population density (persons km−2); these data are available from the resource and environmental
science and data center (https://www.resdc.cn/, accessed on 1 January 2022).

3. Dataset and Methodology
3.1. Dataset
3.1.1. House Prices

The annual average house prices (unit: yuan) were collected in the 16 districts of Beijing
from 2009 to 2018. These data were sourced from Anjuke, Inc., a real estate information
service enterprise in China. The data are available at https://www.anjuke.com/fangjia/
(accessed on 1 January 2022). However, because of inflation effects, authentic house prices
will be overvalued. Therefore, to calculate the authentic house prices of each district in
Beijing, we used the provided house prices divided by a GDP deflator (i.e., the ratio of
nominal GDP to real GDP).

3.1.2. PM2.5 Concentrations

The ground-level PM2.5 concentrations were collected from the ChinaHighPM2.5
datasets (http://doi.org/10.5281/zenodo.3987359, accessed on 1 January 2022), with a
high horizontal resolution of 1 km. In this dataset, the daily PM2.5 concentrations were
generated using a linear mixed effect (LME) model combined with the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) Multi-Angle Implementation of Atmospheric
Correction (MAIAC) aerosol optical depth products and meteorological factors, including
boundary layer height (BLH), evaporation (ET), total precipitation (PRE), relative humidity
(RH), surface pressure (SP), 2-m temperature (TEM), wind direction (WD) and wind speed
(WS), which are potentially relevant variables in PM2.5 pollution. The build processes were
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explained in our previous study in detail [35]. Here, we extracted the PM2.5 concentrations
of the corresponding pixels in each district of Beijing from 2009 to 2018. To avoid errors, we
omitted pixels with values missing for more than ten days. Then, the monthly and annual
concentrations were collected to analyze PM2.5 temporal trends and the impacts on house
prices, respectively.

3.1.3. Control Variables

According to previous research, greening facilities and socioeconomic factors can
affect house prices. The descriptive statistics of all the control variables used in our study
are listed in Table 1. In addition to annual PM2.5 concentrations, we selected seven other
indices as control variables to reflect the greening facilities and socioeconomic status of all
districts in Beijing during 2009–2018. These variables include GDP, the gross output value
of residential services and other services (Service), per capita disposable income (Income),
the gross output value of the construction industry (Industry), the normalized difference
vegetation index (NDVI), the registered population (Population) and the number of private
cars (Traffic). Similar to house prices, the sample capacities of all the control variables are
160 samples. In addition, the mean values and the standard deviation (Std) of all the control
variables are provided. All other control variables were drawn from the regional statistical
yearbook of Beijing with the temporal and spatial resolution of the district and annual level.
In particular, in order to eliminate the influence of the heteroscedasticity of the model, we
logarithmize all the continuous variables. Meanwhile, we made a collinearity diagnosis.
The Variance Inflation Factor (VIF) values are all less than 10, which indicates that there is
no collinearity problem [36].

Table 1. The descriptive statistic of all control variables (n = 160).

Abbreviation Control Variable Unit Mean Std

PM2.5 Annual averaged concentration of PM2.5 µg m−3 67.33 15.95
GDP Gross domestic product Billion yuan 98.07 118.00

Service Gross output value of residential services and other services Million yuan 71,202.03 78,697.96
Income Per capita disposable income Yuan 32,551.19 9659.59

Industry Gross output value of the construction industry Million yuan 379.56 368.15
NDVI Normalized Difference Vegetation Index - 0.39 0.09

Population Registered population Thousand person 920.60 572.60
Traffic Number of private cars Set 254,223.80 226,015.90

3.1.4. Other Variables

Due to the uneven distribution of urban educational resources, a derivative, i.e., school
district housing, occurs in the real estate market across Beijing, which could also impact
house prices on a local scale. Therefore, to investigate the moderating effect of educational
resources on the relationship between PM2.5 and house prices, the gross regional product of
education from 2009 to 2018 in all districts was selected as the index to reflect the education
level. These data were collected from the regional statistical yearbook of Beijing. Further-
more, to avoid the endogeneity problems caused by missing variables, the temperature was
selected as the instrumental variable. Temperature can affect the generation and diffusion
of PM2.5. In addition, it has no direct relationship with house prices. Here, the annual
averaged temperature during 2009–2018 was adopted from the fifth-generation European
Center for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis dataset of
the global climate (ERA5), with a horizontal resolution of 0.25◦ × 0.25◦ [37].

3.2. Methodology
3.2.1. Benchmark Regression Model

To authenticate the test of the impact of PM2.5 concentrations on house prices, we
selected the OLS model as the benchmark regression model. This model is a mature model
in econometrics, environmental economics and other economic-related research, and it
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was proven to be one of the econometric models that can identify the causal relationship
of variables [38–46]. Meanwhile, considering the possible endogeneity problem of the
model and in order to compare the results of similar models, we selected temperature as
an instrumental variable and used the two-stage least squares (2SLS) method to test and
compare the results, which can also prove the robustness of our model [47]. The OLS model
was set as follows.

HPit = α0 + α1PM2.5it + α2GDPit + α3Serviceit + α4Incomeit + α5Industryit
+α6NDVIit + α7Populationit + α8Trafficit + ε1it

(1)

where i indicates the district, and t indicates the year. HP represents house prices. PM2.5
indicates the regional average PM2.5 concentration. The coefficient α1 captures the effect
of PM2.5 on house prices. α0 is the constant term, and ε1it is the error term. α2, α3, . . . , α8
represent the effects of other control variables on house prices, including GDP, Service,
Income, Industry, NDVI, Population and Traffic.

3.2.2. Moderating Effect Models

We further explain the regulating role of education in the relationship between PM2.5
concentration and house prices. A moderating variable, i.e., education, was selected and
added to the basic econometric model. In addition, the interaction term of education and
PM2.5 is calculated as a new explanatory variable in Equation (2).

HPit = β0 + β1PM2.5it + β2GDPit + β3Serviceit + β4Incomeit + β5Industryit
+β6NDVIit + β7Populationit + β8Trafficit + β9Educationit
+β10Educationit × PM2.5it + ε2it

(2)

where Educationit refers to the education level in district i in year t. β0 is the constant term.
β1, β2, . . . , β9 represent the effects of the control variables on house prices. In addition to the
control variables in Equation (1), education was also considered here. Educationit × PM2.5it
is the interaction term of education and PM2.5. β10 indicates the coefficient of the regulatory
effect of education. ε2it is the error term.

∂(HP)it
∂(PM2.5)it

= β1 + β10Educationit (3)

Then, by deriving PM2.5 as Equation (3), the boundary effects of education on the
relationship between PM2.5 and house prices are quantified, whereby β1 represents the
direct effect of PM2.5 on house prices, and β10 indicates the interactions.

3.2.3. Threshold Effect

However, the relationship between PM2.5 and house prices may be nonlinear, and the
regional per capita disposable income level may be an important determinant. Therefore,
we use a threshold effect model and adopt per capita disposable income as a threshold
variable to portray this relationship. The threshold effect model was established as follows:

HPit = γ0 + γ1PM2.5(thr < θ)it + γ2PM2.5(thr ⩾ θ)it + γ3GDPit + γ4Serviceit
+γ5Industryit + γ6NDVIit + γ7Populationit + γ8Trafficit
+ε3it

(4)

where thr represents the threshold variable, and θ is the estimated threshold value. γ0
indicates the constant term. γ1 and γ2 represent the influence coefficient of PM2.5 on the
dependent variable house prices under the level of per capita disposable income < θ
and ⩾ θ in district i in year t, respectively. γ3, γ4 . . . γ8 represent the effects of the control
variables on house prices. The control variables include GDP, Service, Industry, NDVI,
Population and Traffic. ε3it is the error term. The overall framework for analyzing the
impact of PM2.5 on house prices is shown in Figure 2.
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Figure 2. The analytical framework for the impact of PM2.5 on house prices.

3.2.4. Temporal Trend and Correlation Analysis

To examine PM2.5 pollution characteristics in the BTH region, we used the monthly
deseasonalized temporal trend analysis method, first calculating the monthly anomalous
PM2.5 concentrations at a horizontal resolution of 1 km. Then, the linear PM2.5 trend was
calculated in each pixel based on the OLS fitting method [48]. To evaluate the accuracy
of the temporal trend analysis, a paired-samples T-test was used. In addition, to confirm
the relationship between the control variables and house prices, the Pearson correlation
coefficient (r) was calculated before the construction of the econometric model. The T-test
was selected as the significance level test in this study.

4. Results and Discussion
4.1. Spatiotemporal Characteristics of PM2.5 and House Prices

Figure 3a shows the spatial distribution of annual average house prices across Beijing
from 2009 to 2018. Generally, the mean house price in Beijing is approximately CNY
25,654.34 m−2. However, significant spatial heterogeneities in house prices occur in the
city. The high-level house price areas are mainly concentrated in the central urban districts,
with a mean value of CNY 40,088.39 m−2. Among all the districts, high values were
captured in the XC, DC and HD districts, with house prices of CNY 55,899.58 m−2, CNY
49,026.04 m−2 and CNY 42,665.04 m−2, respectively. In contrast, low-level house price
areas are found in the YQ, MY and PG districts, with values of CNY 11,077.95 m−2, CNY
12,603.18 m−2 and CNY 12,681.34 m−2, respectively. Figure 3 also shows the temporal
variation characteristics of house prices in Beijing during 2009–2018. With the development
of the local economic level and changes in the supply-demand relationship, significant
increasing trends are found in every district. Generally, the average house prices in Beijing
increased by approximately 2.58 times in one decade, and the increasing trend was CNY
3350.0 m−2 per year−1. Similarly, the increasing rates of each district are quite different.
The largest increase was captured in the XC district, with a trend of approximately CNY
7754.7 m−2 per year−1 (an increase of 2.63 times). The YQ district exhibited the lowest
enhancement—the increasing trend was only CNY 1143.9 m−2 per year−1. Nevertheless, in
the YQ district, the house prices in 2018 were still 2.84 times those in 2009. Throughout the
past decade, there have been two periods of accelerated increase: 2009–2010 and 2012–2013,
in which the mean house price growth in Beijing was 47.0% and 35.6%, respectively.
Notably, reflecting the market and policy regulation mechanism, two periods of decrease are
captured, with decreases of 3.0% and 5.7% during 2011–2012 and 2017–2018, respectively.
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Figure 3. Spatiotemporal characteristics of house prices across Beijing from 2009 to 2018. (a) is the
spatial distribution; (b–q) represent the temporal changes in the 16 districts.

Figure 4 shows the mean PM2.5 spatial distributions during the study period in Beijing.
Generally, the annual average PM2.5 concentration is 67.33 ± 15.95 µg m−3, and in nearly all
of the districts, it was higher than 35 µg m−3 (the second level of the ambient air quality stan-
dards in China). The highest average concentration can reach approximately 83.18 µg m−3.
However, the concentration changed obviously on a spatial scale and was extremely high
in the southern regions, especially in the DX district (82.38 ± 14.81 µg m−3), followed by
the TZ district (79.80 ± 15.12 µg m−3). Conversely, low PM2.5 loading was captured in the
northern regions, especially in the YQ, HR and MY districts, with annual averaged PM2.5
concentrations of 49.95 ± 11.64 µg m−3, 51.05 ± 12.12 µg m−3 and 54.16 ± 12.97 µg m−3,
respectively. Significantly, the spatial pattern of PM2.5 concentrations in Beijing is consis-
tent with the topography and distribution of the secondary industry [35]. Figure 4 also
presents the temporal trends of PM2.5 concentrations. Overall, the PM2.5 concentrations
decreased significantly across Beijing during this period, with a trend of −3.79 µg m−3 yr−1

(p < 0.01). An accelerated decreasing trend was captured after 2014 (−5.58 µg m−3 yr−1,
p < 0.01), which reflects the implementation of the Air Pollution Prevention and Control
Action Plan in the Beijing-Tianjin-Hebei region [49]. Regarding the spatial distributions
of temporal trends, most Beijing districts show significant decreasing PM2.5 pollution
(p < 0.05), especially in the southeastern region, i.e., the DX (−4.46 µg m−3 yr−1, p < 0.01),
TZ (−4.64 µg m−3 yr−1, p < 0.01) and CY (−4.41 µg m−3 yr−1, p < 0.01) districts, respec-
tively. In contrast, slight weakening trends were observed in several western areas in
Beijing (e.g., the MTG and CP districts).
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Figure 4. Annual averaged concentrations and trends in PM2.5 distributions across Beijing from 2009
to 2018. (a) is the spatial distribution of annual averaged PM2.5; (b) is the spatial distribution of the
temporal trends; (c) is the overall trend of PM2.5 concentration in Beijing.

4.2. Spatial Correlation

In addition, we also calculated the spatial relationship between PM2.5 and HP. Firstly,
we vectorized the geographical map of the Beijing region to obtain latitude and longitude
information. Then, we constructed the regional inverse distance weight matrix as Equation
(5). It assumes that the strength of the spatial effect depends on the distance, and the closer
the spatial effect between spatial units is, the stronger the spatial effect. Wij indicates the
inverse distance weight matrix, and dij is the distance for each district.

Wij =

{
1

dij
2

0
(5)

Then, the spatial autocorrelation analysis was used in this study to verify the spatial
correlation between PM2.5 and house prices in Beijing. The PM2.5 concentration of different
districts may have some spatial correlation for two main reasons. First, PM2.5 in one region
will diffuse to other districts through atmospheric transport. Second, PM2.5 may receive
shocks from other non-environmental factors such as economic and political factors and
thus exhibit spatial correlation. Therefore, the global Moran’s I is used to study the overall
spatial correlation as follows:

I =
∑n

i=1 ∑n
j=1 Wij

(
Xi − X

)(
Xj − X

)

S2 ∑n
i=1 ∑n

j=1 Wij
(6)

where n is the number of districts, and Xi and Xj are the PM2.5 of district i and district
j, respectively. X is the average distance among all districts. Wij is the spatial weight
matrix, and s2 is the variance value of PM2.5. At a certain level of significance, the larger
the absolute value of Moran’s I is, the higher the spatial correlation is. The significance of
Moran’s I was tested as follows:

ZI =
I − E[I]√

V[I]
(7)
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where E[I] is the expectation of Moran’s I and V[I] denotes the standard deviation of the
variable. Meanwhile, the spatial autocorrelation of house prices was also explored (Table 2).
The Moran’s I values are all positive (p < 0.01), which indicates that the PM2.5 distribution
in different areas has a high spatial correlation. The spatial autocorrelation of house prices
also shows the same characteristics. Therefore, it can be seen that PM2.5 and house prices
have a spatial correlation.

Table 2. Results of the Moran test.

Year 2009 2010 2011 2012 2013

PM2.5 0.108 *** 0.081 *** 0.102 *** 0.105 *** 0.130 ***
HP 0.175 *** 0.206 *** 0.216*** 0.208 *** 0.205 ***

Year 2014 2015 2016 2017 2018

PM2.5 0.101 *** 0.068 *** 0.108 *** 0.137 *** 0.138 ***
HP 0.211 *** 0.187 *** 0.203 *** 0.214 *** 0.211 ***

*** indicate p < 0.01.

4.3. Correlation Analysis

Figure 5 shows the r values between house prices and the other variables used. Gener-
ally, the r values between the control variables and house prices are all significant (p < 0.01).
Here, PM2.5 and NDVI show a negative correlation with house prices, with coefficients of
−0.21 (p < 0.01) and −0.52 (p < 0.01), respectively, which proves that there are associations
between house prices and air pollution. Notably, the correlation coefficients among the
control variables are significant, but the values are heterogeneous, indicating that the other
variables exist independently from one another to varying degrees and can be used for
modeling here.

Figure 5. Correlations among house prices, control variables and moderating variables. * and **
indicate significance levels of p less than 0.05 and 0.01, respectively.
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4.4. Impact of PM2.5 on House Prices

Table 3 lists the regression results of the OLS estimation. The results indicate that the
PM2.5 concentration could reduce house prices when other control variables (e.g., GDP,
Service, Income) are controlled, and the significance p is at the 1% level. Specifically, accord-
ing to the estimation coefficient of our econometric model, when the annual mean PM2.5
concentration increases by 1%, the average house prices decrease by 0.541% across Beijing.
As the economy continues to develop rapidly, environmental pollution is becoming increas-
ingly serious, resulting in an increasing marginal cost caused by environmental pollution.
Currently, although rapid economic development at the expense of the environment can
improve the material consumption level of residents, it can also offset the satisfaction of
local residents brought by the increase in economic income. Due to the negative externality
of the environment, house prices will decline. Currently, residents favor residential districts
with better air quality to avoid the health risk of long-term exposure to air pollution. This
phenomenon can be explained by the strong susceptibility of residents to the air pollution
level of their residential area. During our study period, although the PM2.5 concentration
showed a significant decreasing trend, it remained at a high level. This phenomenon
enhances the demand for housing with higher environmental quality by local residents,
which will eventually promote the rise in house prices.

Table 3. The regression results of the OLS estimation, moderating effect and threshold effect.

(1) (2) (3)
OLS Model Moderating Effect Threshold Regression

Variables House Prices House Prices House Prices

PM2.5 −0.541 *** −0.349 **
(−3.20) (−2.14)

GDP 0.128 *** 0.157 *** 1.140 ***
(2.66) (3.04) (4.73)

Service 0.093 0.060 0.235 **
(1.60) (1.02) (1.99)

Income 1.020 *** 1.085 ***
(8.10) (8.63)

Industry 0.101 ** 0.110 *** 0.180 **
(2.53) (2.70) (2.51)

NDVI −0.879 *** −0.784 *** −1.041 ***
(−6.51) (−5.61) (−2.62)

Population −0.212 *** −0.283 *** −0.090
(−4.14) (−4.97) (−1.42)

Traffic −0.036 −0.009 0.228
(−0.62) (−0.13) (1.46)

Education 0.005
(0.12)

Education × PM2.5 0.243 ***
(3.00)

PM2.5 (Income < θ) −0.425 *
(−1.93)

PM2.5 (Income ≥ θ) −0.461 **
(−2.08)

Constant −1.423 −3.086 * −12.622 ***
(−0.83) (−1.83) (−3.11)

Observations 160 160 160
R-squared 0.901 0.906 0.897

***, ** and * indicate p < 0.01, p < 0.05 and p < 0.1.
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The regression results for the other control variables also have practical significance.
Here, significantly positive coefficients are captured for GDP, Income and Industry. Every
1% increase in GDP will lead to an increase in house prices of 0.128% (p < 0.01). This
result illustrates the direct impact of regional economic strength on house prices, which
is consistent with previous studies [50]. Regarding Income, the estimated coefficient is
approximately 1.020 (p < 0.01), indicating that the improvement of per capita disposable
income will significantly increase the pursuit of living quality for local residents. Notably,
a 1% increase in the gross output value of the construction industry will also raise house
prices by approximately 0.101% (p < 0.05). As a megacity in northern China, Beijing,
with its high-quality social and public resources and good employment opportunities,
exerts a strong attraction to the floating population. However, increasing the floating
population could also cause a housing shortage. Moreover, the space available for housing
in the central urban area is limited, resulting in numerous real estate developments in
surrounding areas. Meanwhile, the construction cost of housing is also enhanced. These two
factors will eventually lead to higher home prices. In contrast, significant negative impacts
were captured for NDVI and Population with respect to house prices, with coefficients
of −0.879 (p < 0.01) and −0.212 (p < 0.01), respectively. The areas with high NDVIs are
mainly concentrated in Beijing’s suburban regions, while the house prices in those areas
are generally low, resulting in negative effects. The registered population is closely related
to local house price control policies, e.g., preferential policies for the first house, price
limits and purchase restrictions, which can encourage highly skilled individuals to settle in
the locality.

We also found that the estimated coefficients of Service and Traffic are not significant.
Nevertheless, they still possess practical significance. Following the implementation of a
policy to strengthen livelihoods, the investment in public facilities in all districts has in-
creased, and local residents enjoy good infrastructure and services across Beijing. Therefore,
Service is no longer a factor that must be considered when purchasing a house. Regarding
Traffic, on the one hand, because of the increase in per capita GDP, private car ownership
generally increased across all districts during the study period, resulting in the improve-
ment of the convenience of local resident travel. On the other hand, with the construction
of basic transportation services, public transportation is available in all of Beijing’s districts.
These two items indicated that the traffic situation is no longer the main factor affecting
house prices in the city.

4.5. Moderating Effect of Education

Table 3 also shows the results of the moderating effect of education on the relationship
between PM2.5 and house prices. Here, the estimation coefficient of PM2.5 concentrations
on house prices is negative, with a significance level of p < 0.05. In contrast, the estimation
coefficient interactive item of Education and PM2.5 was significantly positive (p < 0.01),
indicating that educational resources may positively adjust the relationship between house
prices and PM2.5 concentrations. Specifically, local residents will be more inclined to
allocate their purchasing power to housing that includes access to superior educational
resources, resulting in the enhancement of house prices near preferred school districts.
Figure 6 intuitively shows the moderating mechanism of education level on the relationship
between PM2.5 pollution and house prices. Generally, PM2.5 concentrations can cause
decreases in house prices, and the reduction will increase with the aggravation of the PM2.5
pollution level. However, with the moderating influence of educational resources, this
negative effect will be relieved effectively. In addition, the mitigation will be enhanced
with an increase in the level of educational resources. During the study period, the policy
for the next generation of the compulsory education stage (before high school) in Beijing
mainly consisted of students attending schools nearby their homes. This policy not only
strengthens the equity of educational resource allocation but also makes the location
of residential areas the decisive factor in the allocation of basic educational resources.
Currently, education level is a primary development factor for the younger generation.
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Therefore, houses with access to high-level educational resources have become popular
among Beijing homebuyers. Such houses, which can be termed “school district houses”,
eventually result in increased house prices for the residents of the preferred districts.

Figure 6. Moderating effect of education on the impact of PM2.5 on house prices.

4.6. Threshold Regression Result

Significant heterogeneities may occur in the relationship between PM2.5 pollution
and house prices. Therefore, per capita disposable income was selected as a threshold
variable to explain those heterogeneities. Initially, to determine the threshold effect, we first
estimated the threshold condition according to Formula 4 under single, double and triple
thresholds. Then, the joint hypotheses test (F statistic) was used to determine whether
the model parameters were suitable for estimation. Additionally, the significance level p
was calculated according to the bootstrap method [51]. Overall, only a single threshold
effect was statistically significant and reached a significant level. Table 4 shows the test
results of the single threshold regression. Here, the F statistic and relevant critical values
in this table are the results of repeated sampling (1000 times) with the bootstrap method.
The F statistic was significant in the single threshold model, with the p value at the 5%
significance level (p = 0.017). Furthermore, the threshold value of per capita disposable
income θ was calculated to be approximately CNY 101,185.

Table 4. The test results of the threshold regression.

F p RSS MSE Ctrit10 Ctrit5 Ctrit1

Single (θ = 101,185) 14.430 0.017 2.673 0.018 9.368 11.123 14.909

Table 3 shows the results of the threshold regression. Obvious differences in the
impact of PM2.5 pollution on house prices were captured under high- and low-level per
capita disposable income. Generally, the estimation coefficients are both significantly
negative, indicating that PM2.5 pollution will reduce house prices. However, significant
differences occurred in the quantitative estimation. When per capita disposable income is
less than θ (Income < CNY 101,185), for every 1% increase in PM2.5 concentration, house
prices will decrease by 0.425%. Then, with the growth of per capita disposable income
(Income ≥ CNY 101,185), the impact of PM2.5 pollution on house prices will intensify.
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Under such circumstances, 1% PM2.5 pollution aggravation can cause house prices to
decrease by approximately 0.461%. Higher per capita disposable income often means that
residents will spend more on improving their quality of life. High PM2.5 pollution loading
can seriously threaten human health, which can increase the health risks for surrounding
residents. At the same time, the awareness of environmental risks among local residents is
also gradually growing. Therefore, they may spend more money to live in an environment
with lower air pollution loading, resulting in changes in the relationship between PM2.5
concentrations and house prices in Beijing.

4.7. Robustness Test
4.7.1. Endogeneity Problems

Although we attempted to reduce the endogeneity problems by using control variables,
the bias of omitted variables could not be completely avoided, which may lead to deviations
in the estimation results. Therefore, the instrumental variable method was used to overcome
the influence of endogeneity in our econometric model. The annual mean temperature was
selected as the instrumental variable, and a 2SLS model was constructed. The first and
second columns of Table 5 show the results of the 2SLS model. Generally, the instrumental
variable is valid, and its estimation coefficient of the regression is significantly negative in
the first stage (p < 0.05). A temperature increase can lead to an increase in the mixing layer
height, which creates good air-diffusion conditions. With an intensification of atmospheric
flow, air pollution is diluted, eventually resulting in a decrease in PM2.5 concentration. In
addition, the F value is greater than 10 and at the significance level of the 1% confidence
interval, indicating that no weak instrumental variable problem occurred in the model.
Among the results of the two-stage regression, the estimation coefficient of PM2.5 is also
significantly negative (p < 0.05). This outcome means that PM2.5 pollution can still decrease
housing prices even when fully considering the influence of the housing price background
and control variables. Specifically, for every 1% increase in PM2.5 concentration, house
prices will decrease by approximately 0.897% across Beijing. Compared with the results of
the basic econometric model, the estimation coefficient of the 2SLS model is 1.66 times that
of the OLS model, indicating that the OLS model may slightly underestimate the impacts
of PM2.5 concentrations on house prices. In addition, the positive and negative conditions
for the estimated coefficients of the other control variables in the 2SLS model have not
changed, which can also prove the robustness of the results obtained in our study.

Table 5. The results of the robust test.

(1) (2) (3)
Stage1 Stage2 Robust

Variables House Prices House Prices House Prices

PM2.5 −0.897 ** −0.513 ***
(−2.20) (−3.06)

GDP 0.183 *** 0.093 * 0.133 ***
(4.06) (1.71) (2.82)

Service 0.027 0.119 * 0.085
(0.45) (1.89) (1.51)

Income 1.314 *** 0.828 *** 1.040 ***
(13.13) (3.38) (8.31)

Industry 0.091 * 0.131 ** 0.099 **
(1.95) (2.34) (2.49)

NDVI −0.674 *** −1.079 *** −0.866 ***
(−6.46) (−4.38) (−6.21)

Population −0.331 *** −0.152 ** −0.200 ***
(−6.32) (−2.10) (−3.84)
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Table 5. Cont.

(1) (2) (3)
Stage1 Stage2 Robust

Variables House Prices House Prices House Prices

Traffic 0.053 −0.066 −0.047
(0.86) (−0.92) (−0.82)

Temperature −14.255 **
(−2.10)

Constant 73.330 * 2.058 −1.632
(1.92) (0.50) (−0.95)

Observations 160 160 160

Cragg-Donald Wald F statistics 43.320 - -

R-squared 0.898 0.897 0.904
***, ** and * indicate p < 0.01, p < 0.05 and p < 0.1.

4.7.2. Winsorized Robust Measures

Winsorization was also used to further determine the robustness of our results. Because
of the limited sample size, we winsorized 3% of the samples. The third column of Table 5
shows the results of the winsorized robustness test. Overall, our econometric model is
robust, and the positive and negative characteristics of the estimated coefficient of all
controls are consistent with the results of the basic regression. Additionally, the level of
significance did not change. Only the quantification of the estimated coefficients changed,
extremely subtly in our case. In summary, combining the results of the IV method and the
winsorized robustness test, our econometric model is robust. The impact of PM2.5 pollution
on house prices in Beijing was real during the study period.

5. Conclusions

At present, health risks, especially PM2.5 pollution risks, in residential areas have
gradually become the focus of local residents in China. In this study, the panel data for
16 districts in Beijing from 2009 to 2018 were used to investigate the impact of PM2.5 pollu-
tion on house prices from theoretical and empirical perspectives. Through an econometric
model analysis, we found that PM2.5 pollution can curb the increase in house prices in
Beijing. For every 1% increase in annual mean PM2.5 concentration, house prices decrease
by 0.541%. However, this impact can be suppressed by the moderating effects of the level
of education. Moreover, as educational resources increase, this moderating effect will
gradually increase. Meanwhile, the effects of PM2.5 concentration on house prices are also
nonlinear and influenced by disposable income per capita. When per capita disposable
income is less than CNY 101,185, house prices will decrease by 0.425% for every 1% increase
in PM2.5; otherwise, house prices will decrease by 0.460% for every 1% increase in PM2.5.
Significantly, endogeneity problems are solved here by the instrumental variable method,
and the conclusions of the paper are demonstrated to be robust.

6. Policy Suggestions

In this research, we provide a new perspective for understanding the economic conse-
quences of air pollution. Our findings have important policy implications for promoting a
win-win relationship between air pollution control and a stable real estate market across
China. Based on our results, we offer several policy suggestions. First, the government
should further optimize the environmental governance system and promote interregional
collaborative governance. PM2.5 pollutants usually exert spillover effects. Therefore, it
is necessary to establish an interregional joint prevention and control system to decrease
air pollution. Second, local governments should establish a house price control system to
strictly control the inefficient expansion of urbanization. Additionally, housing planning
should be strengthened to promote the sustainable development of a livable environment.
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Through the rationalized control of house prices and the optimization of the spatial layout,
the impact of air pollution on house prices can be reduced, and the win-win goal of green
development and house price regulation can be achieved. Finally, the local government
should balance educational resources among all districts of the city. The matching degree
of the supply and demand of such resources should be improved, which can effectively
reduce the spatial difference of house prices. These suggestions will contribute to achiev-
ing the high-quality development goals of balancing the housing price market, reducing
resident health risks, reasonably improving the education level of the next generation and
ameliorating urban planning.
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Abstract: Many studies have shown that air pollution may be closely associated with increased
morbidity and mortality due to COVID-19. It has been observed that exposure to air pollution leads
to reduced immune response, thereby facilitating viral penetration and replication. In our study, we
combined information on confirmed COVID-19 daily new cases (DNCs) in one of the most polluted
regions in the European Union (EU) with air-quality monitoring data, including meteorological
parameters (temperature, relative humidity, atmospheric pressure, wind speed, and direction) and
concentrations of particulate matter (PM10 and PM2.5), sulfur dioxide (SO2), nitrogen oxides (NO
and NO2), ozone (O3), and carbon monoxide (CO). Additionally, the relationship between bacterial
aerosol (BA) concentration and COVID-19 spread was analyzed. We confirmed a significant positive
correlation (p < 0.05) between NO2 concentrations and numbers of confirmed DNCs and observed
positive correlations (p < 0.05) between BA concentrations and DNCs, which may point to coronavirus
air transmission by surface deposits on bioaerosol particles. In addition, wind direction information
was used to show that the highest numbers of DNCs were associated with the dominant wind
directions in the region (southern and southwestern parts).

Keywords: air pollution; PM2.5; PM10; NO2; bioaerosols; COVID-19; meteorological parameters;
atmospheric air; human health

1. Introduction

Respiratory infections are the leading cause of epidemics, causing about 5 million
deaths per year around the world [1]. In 2020, we became participants in an unprecedented
international public health challenge. As a result of the coronavirus-associated acute respi-
ratory syndrome (SARS-CoV-2), with COVID-19 disease as a symptom, both educational
and commercial systems, as well as the general well-being of societies, have suffered [2]. In
Poland, the first case of SARS-CoV-2 infection was diagnosed on March 4, while on March
12 the WHO regional director for Europe identified the region as the center of the pandemic.
On March 17, every country in Europe had at least one confirmed case of COVID-19 [3].

Poland is a country with one of the largest air pollution problems in the European
Union (EU). The Silesia voivodeship is the most polluted region in Poland, a country with
36 cities in a ranking of the 50 most polluted cities in the EU [4]. It has been estimated
that, due to exposure to air pollution, the life expectancy of the average Polish citizen
is shortened by around nine months, and 48,000 people die prematurely every year due
to air pollution [5]. Epidemiological data and pathophysiological mechanisms suggest
that ambient air pollution affects both the spread of COVID-19 disease and its severity [6].
Therefore, it is crucial to define the role that air pollutants play in the increase in morbidity
and mortality due to COVID-19 [7].
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Air pollution is known to damage many organs and systems of the human body.
Of particular importance is the reduction in immunity to bacterial or viral infections of
the respiratory system and the effect on the functioning of the cardiovascular system [8].
Moreover, after the outbreak of COVID-19, people are infected more often by SARS-CoV-2
in areas with high levels of air pollution than in less polluted areas. Air contamination
disables airway mucosal functioning, including the production of fluid that lines the airway
surface and contains respiratory host defense peptides, as well as mucus production and
the tight junctions between epithelial cells. That is why air pollution can provoke cilia
dysfunction, with changed surfactant composition and higher permeability of the airway
epithelium [9–11]. Consequently, impairment of the mucosal barrier impairs lung defense
against inhaled pathogens, such as SARS-CoV-2 [12].

Studies over the past two years on regions with high levels of air pollution have shown
correlations with COVID-19 mortality. Regions in Northern Italy, including Lombardy,
Veneto, and Emilia-Romagna, can be used as examples [13]. Similar trends have been
observed in other regions with high air pollution, such as the Wuhan region of China and
the United States, where poor air quality is correlated with a high incidence of COVID-19
and positive results of COVID-19 tests [10]. Currently, research has shown a relationship
between routinely measured air pollutants, for example, particulate matter (PM10 and
PM2.5) and nitrogen oxides (NOx), and increased numbers of COVID-19 cases [13–19]. The
impact of meteorological conditions has also been analyzed [20–24]. However, there is still
a lack of reports on the relationship between bacterial aerosols (BAs) in ambient air and
incidence of COVID-19. Worldwide studies have revealed that BA concentrations vary
among different types of outdoor environments, with considerable seasonal variations as
well [25–27]. BA concentration and composition in outdoor air can be influenced by specific
micro- and macroscale determinants, such as land use, emission sources, air humidity,
temperature, and UV radiation [26,28,29].

Bacterial aerosol particles are significant health risk factors, and exposure to these
particles is associated with a varied range of health effects, including three major groups:
infections, toxic reactions, and allergic reactions [30,31]. Therefore, the main aim of our
study was to determine the impact of bacterial aerosols present in ambient air on the
increase in COVID-19 cases in Gliwice in the Upper Silesia region of Poland, which is one
of the most polluted areas in the EU [31].

This research is a contribution to the public debate on whether ambient particles
can transport viruses that cause COVID-19 [16]. We believe that increasing knowledge of
the relationship between air pollution and the incidence of COVID-19 symptoms can be
beneficial in informing public health measures all around the world.

2. Materials and Methods
2.1. Sampling Sites

The study was carried out in Gliwice (50◦17′37.1′′ N 18◦40′54.9′′ E). Gliwice is a
typical representative of a city located in the industrial area of Upper Silesia, Poland, with
178.186 thousand occupants (Figure 1). It is a densely populated and highly industrialized
region of Poland and is responsible for the highest level of coal production. There are
numerous coal-fired power plants, coking plants, and steel mills. Due to high levels of air
pollution, the Silesia region has the shortest life expectancy and the highest incidence of
premature births as well as genetic birth defects in Poland [32].

2.2. Measurements of Ambient Air Pollutants

The ambient air pollutants measured included bacterial aerosols (BAs), PM2.5, PM10,
SO2, and NOx, including NO and NO2, as well as O3 and CO; various meteorological
parameters, such as relative humidity (RH), air temperature (t), atmospheric pressure (P),
and wind speed and direction, were also measured. All measurements were carried out
during March 2021 from Monday to Friday. Additionally, an analysis of the impact of PM2.5
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and PM10 concentrations on COVID-19 daily new cases (DNCs) was conducted during the
winter season (from November 2020 to February 2021).
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The data on PM10 concentrations, as well as all gaseous and meteorological parameters,
were gathered by the mobile air quality station for air pollutant emission measurements
located at the Silesian University of Technology in Gliwice. The measuring equipment
includes continuous automatic certificated monitors for PM10/PM2.5 particulate matter
(Beta Attenuation Monitor BAM1020 Met One Instruments, Inc., Grants Pass, OR, USA),
SO2 (fluorescence analyzer—T100/API-Teledyne, San Diego, CA, USA), NOx (chemilu-
minescence analyser—T200/API Teledyne, San Diego, CA, USA), O3 (UV absorption
analyzer—T400/API-Teledyne, San Diego, CA, USA), and CO (infrared energy absorption
analyzer—T300/API-Teledyne, San Diego, CA, USA), as well as the meteorological station
(Meteo set WS 500 Lufft, G. Lufft Mess- und Regeltechnik GmbH, Fellbach, Germany).
Additionally, data on PM10 and PM2.5 ambient levels were taken from the air monitoring
station nearest to the Silesian University of Technology (at a distance of about 2500 m)
at Mewy Street. The monitoring station belongs to the National Inspectorate of Environ-
mental Protection in the Upper Silesia voivodeship [33]. The BA concentrations were
measured using an Air Ideal (bioMérieux, France) one-stage impactor with an air flow
rate of 100 dm3/min, at a height of about 1.5 m to simulate aspiration from the human
breathing zone, with the same operational details as in our previous studies [34,35]. Air
pollutant levels and meteorological parameters are 24 h averages.

In addition, after a 24 h incubation, single colonies of BAs were passaged on a Biolog
Universal Growth Agar (24 h incubation at 37 ◦C). Characterization of the isolates was
performed using Gram staining and cell morphological analysis. In the next step, selected
strains were then identified using the Biolog OmniLog system (Biolog, Haward, CA, USA)
and a GEN III MicroPlate™, as in our previous research [31,35].

2.3. Measurements of SARS-CoV-2 Cases

The official data for SARS-CoV-2 infections in Poland are published daily by the Polish
Ministry of Health [36]. All cases are diagnosed as positive based on polymerase chain
reaction tests for SARS-CoV-2. We collected the cumulative number of cases for the district
of Gliwice in Upper Silesia, Poland, from 23 November 2020 (the first day of available data)
up to 31 March 2021. The data on the daily new cases (DNCs) due to COVID-19 were
obtained from publicly available databases; hence, ethical approval was not required.

2.4. Statistical Analyses

The data were analyzed using Statistica software (TIBCO Software Inc. Palo Alto,
CA, USA), version 13.3 for Windows, and a p-value < 0.05 was considered statistically
significant. To determine whether a small data set (n < 50) was normally distributed, two
tests were used: the Lilliefors test and the Shapiro–Wilk test. Table 1 presents the results of
the normality tests of the random distributions of the measured parameters. Normality
was revealed for total bacteria levels, daily new SARS-CoV-2 cases, concentrations of NO2
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and O3, as well as all meteorological parameters, except ambient temperature. In the case
of these parameters, linear regression could be used. For the other parameters, Spearman’s
rank correlation was used to test whether there was concordance (strength and direction)
between the total bacteria levels, ambient air pollutants, meteorological parameters, and
SARS-CoV-2 cases. Spearman correlations, not Pearson correlations, were used due to the
non-normal distribution of the obtained variables (PM fractions, SO2, NO, NOx, CO, and
temperature) generated from the daily time series data.

Table 1. Mean, median, minimum, and maximum values of parameters for daily new cases (DNCs)
and all variables included in the analysis for March 2021.

Parameters Mean Median SD Min Max Lilliefors Test W Shapiro–Wilk Test

SARS-CoV-2 cases 112 100 74 14 279 p < 0.1 0.92 0.07
BAs, CFU/m3 703 690 161 410 980 p > 0.2 0.97 0.73
PM2.5

1, µg/m3 33.1 24.2 20.9 10.9 76.1 p < 0.01 0.87 0.01
PM10

1, µg/m3 45.3 36.6 25.8 17.2 102.9 p < 0.15 0.89 0.02
PM10

2, µg/m3 38.9 28.1 26.5 11.4 106.0 p < 0.01 0.85 0.01
SO2, ppb 3.0 2.2 2.4 0.5 9.1 p < 0.01 0.79 <0.01
NO, ppb 5.0 4.3 3.6 1.5 15.5 p < 0.05 0.85 <0.01
NO2, ppb 10.8 9.5 5.6 2.9 23.2 p < 0.15 0.93 0.09
NOx, ppb 14.8 14.3 7.9 5.0 35.1 p < 0.2 0.91 0.05
O3, ppb 22.5 23.6 5.9 5.5 31.4 p > 0.2 0.94 0.15
CO, ppm 0.4 0.3 0.2 0.2 0.9 p < 0.05 0.86 <0.01
t, ◦C 4.4 3.4 3.9 −0.3 13.3 p < 0.15 0.91 0.03
RH, % 73.3 71.5 6.9 61.5 88.8 p > 0.2 0.97 0.58
P, hPa 996.9 995.6 7.4 985.9 1013.4 p < 0.1 0.94 0.17
Wind speed, m/s 1.5 1.3 0.7 0.5 2.8 p > 0.2 0.95 0.34
Wind direction, ◦ 185.8 195.4 69.4 17.8 324.5 p < 0.05 0.94 0.19

1 Monitoring station. 2 Mobile air quality station at the sampling site.

3. Results and Discussion
3.1. Particulate Matter (PM) Concentrations and SARS-CoV-2 Daily New Cases (DNCs)

Long-term chronic exposure to air pollutants might play a significant role in the
spread of COVID-19 [37]. In addition, short-term exposure to high levels of ground PM
concentrations found in ambient air is associated with reduction in lung function and
induction of respiratory symptoms, including cough, shortness of breath, and pain on
deep inspiration [38,39]. New systematic reports have emphasized a possible association
between the transmission of the virus in exposed populations and the level of PM in the
atmosphere. However, confounding effects may be present, such as gender, age, smoking
status, and high population density, as potential risk factors for higher morbidity and
mortality due to COVID-19 [40,41]. Therefore, caution has to be taken in translating values
of conventional indicators, such as PM2.5 and PM10 levels, into measures of vulnerability
to COVID-19.

In our study, we observed a relationship between PM concentrations and daily new
cases (DNCs). Figures 2 and 3 present the similarity in the daily course of PM10 and PM2.5
levels and DNCs during the winter season (from November 2020 to February 2021). The
plots are consistent with other results showing a relationship between higher air pollution
levels and COVID-19 cases [4,7,16,42].
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In Poland, just as in many other countries in Central and Eastern Europe, high levels
of two PM fractions (PM10 and PM2.5) are observed every winter season. This is due to
the high share of solid fuels in the primary energy source structure and the large share of
low communal emissions [43,44]. However, what interested us and became an inspiration
for further research was that we observed that the relationship between PM and DNCs
had been weakening since March (spring season, end of the heating season), despite the
continuous increase in the number of cases of SARS-CoV-2. Table 1 presents the means,
medians, and ranges (min–max) of parameters monitored in March 2021.

Following the newest WHO global air quality guidelines [45], the recommended 24 h
concentration of PM2.5 is 15 µg/m3, that of PM10 is 45 µg/m3, that of sulfur dioxide (SO2)
is 40 µg/m3, that of nitrogen dioxide (NO2) is 25 µg/m3, and that of carbon monoxide
(CO) is 4 µg/m3, while, for ozone (O3), the recommended 8 h average concentration is
100 µg/m3. All gaseous pollutants were found to be below the level recommended by the
WHO, while PM fractions exceeded recommended levels. The highest concentrations of
major air pollutants monitored during the selected month were observed for both PM2.5
and PM10. These two fractions determined overall air quality in March 2021.
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Figure 4 shows that the contribution of the air quality index (AQI) during March 2021
was mainly moderate. The correlation matrix (Table 2) for SARS-CoV-2 daily new cases
(DNCs), ambient air pollutant concentrations, and bacterial aerosol concentrations during
March 2021 suggests that, in moderate ambient air conditions, DNCs are significantly
correlated with bacterial aerosols (BAs) and NO2. The correlation coefficients (r) were 0.903
and 0.724, respectively.
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Table 2. Correlation matrix for SARS-CoV-2 daily new cases (DNCs), bacterial aerosol concentrations,
and ambient air pollution levels during March 2021.

Parameters DNCs BAs PM2.5
1 PM10

1 PM10
2 SO2 NO NO2 NOx O3 CO

DNCs 1 0.903 −0.060 0.062 −0.205 0.377 0.477 0.724 0.595 −0.325 0.266
BA

CFU/m3 1 −0.014 <0.01 −0.237 0.384 0.319 0.632 0.479 −0.247 0.207

PM2.5
1

µg/m3 1 0.869 0.891 0.513 0.086 0.072 −0.007 −0.344 0.614

PM10
1

µg/m3 1 0.868 0.708 0.329 0.320 0.245 −0.491 0.828

PM10
2

µg/m3 1 0.527 −0.244 −0.005 −0.324 −0.226 0.602

SO2 1 0.460 0.622 0.556 −0.517 0.776
NO 1 0.853 0.925 −0.809 0.506
NO2 1 0.970 −0.607 0.521
NOx 1 −0.681 0.465
O3 1 −0.637

Correlation coefficients with p < 0.05 are in bold. 1 Monitoring station. 2 Mobile air monitoring lab at the
sampling site.

3.2. Meteorological Conditions and SARS-CoV-2 Daily New Cases (DNCs)

Table 3 shows the results of a correlation analysis of meteorological parameters and
DNCs as well as BAs. Interestingly, the analysis revealed a significant negative correlation
between wind direction and DNCs (r = −0.477), as well as between BAs and atmospheric
pressure. Figure 5 presents a wind rose diagram for March 2021 derived from the monitor-
ing by a mobile air quality station located in Gliwice. The results of the study indicated
that the wind in the studied area dominantly blew towards the south and southwest, and
the wind speed values were low, in a range from 0.5 to 2.8 m/s (Table 1). As can be seen,
the highest numbers of COVID-19 cases correspond to wind directions.
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Table 3. Correlation matrix for SARS-CoV-2 daily new cases (DNCs), bacterial aerosol (BA) concen-
trations, and meteorological conditions during March 2021.

Parameters DNCs BAs Temperature RH Atmospheric
Pressure Wind Speed Wind

Direction

Temperature 0.387 0.251 1 −0.309 0.278 −0.089 −0.024
RH −0.377 −0.386 −0.309 1 0.007 0.194 0.409

Atmospheric pressure −0.148 −0.426 0.278 0.007 1 −0.367 −0.010
Wind speed 0.016 0.041 −0.089 0.194 −0.367 1 0.005

Wind direction −0.477 −0.288 0.024 0.409 −0.010 0.005 1

Correlation coefficients with p < 0.05 are in bold.
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Figure 5. Wind rose vs. daily new cases (DNCs).

3.3. Bacterial Aerosol (BA) Concentrations and SARS-CoV-2 Daily New Cases (DNCs)

To our knowledge, no research has previously been carried out to evaluate the link
between concentrations of bacterial aerosols (BAs) in the outdoor air and numbers of
cases of SARS-CoV-2. These results seem even more interesting given that, for a 10-year
period in Poland, we recorded the maximum average concentration of BAs in the spring
season (the time these analyses were conducted) and the lowest in the winter. During
winter, extreme conditions, such as decreases in temperature and the heaviest rainfall and
snowfall of the year, might contribute to the decrease in BA levels. On the other hand, in
the summer, it would seem that the most favorable conditions for the growth of bacteria
that we observed decreased BA concentrations. The reason for this decline may be the
extremely high temperatures and strong UV radiation from the sun noted at this time.

The median BA concentration was 690 CFU/m3 and varied in a range from 410 to
980 CFU/m3 (Table 1). Figure 6 shows that the BA concentrations were linked to increased
numbers of new SARS-CoV-2 cases. Table 2 presents a matrix of correlation coefficients (r)
for daily new cases (DNCs) and all variables included in the analysis, which suggests that
BA concentrations during March 2021 were highly correlated with DNCs (r = 0.903) and
that the relationship was linear (R2 = 0.758).
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We suggest that bacterial infections may cause increases in the numbers of COVID-
19 patients. However, the collection of respiratory samples from this type of patient is
complicated because of the elevated risks associated with aerosol generation procedures.
Consequently, bacterial respiratory tract infections are likely to be under-detected in pa-
tients hospitalized with COVID-19. There are only a limited number of papers that have
reported species identities or sampling times, making it impossible to determine whether
patients had bacterial infections at the time of hospital admission [46].

A significant correlation (p < 0.05) was found between BA concentrations and SARS-
CoV-2 in a hospital in Iran, where the obtained results implied that contact with bioaerosols
generated through COVID-19 patients’, healthcare workers’, and visitors’ exhalations in
hospital wards may pose a serious health threat, especially to susceptible individuals [47].
Zhou et al. found that bacterial infections (bacteraemia and pneumonia) were more com-
mon in fatal COVID-19 cases compared with recovered cases in Wuhan, China [48].

There is a suspicion that pollen bioaerosols can also affect coronavirus survival [49,50].
Considering the summer incidence of coronavirus during June 2022, under suitable environ-
mental conditions, simultaneous or co-exposure to SARS-CoV-2 (via other infected human
carriers) and airborne aerosols might promote viral infection. Therefore, we must detect
the seasonal patterns of bioaerosols and airborne viruses, including COVID-19, based on
environmental factors.

The most commonly isolated bacterial group in our research was that of the Gram-
positive rods that form endospores, among which Bacillus was the most frequently isolated
genus (Table 4).

Table 4. Bacterial species identifications.

Species of Isolated Bacteria

Bacillus cereus
Bacillus subtilis
Bacillus flexus

Bacillus licheniformis
Paenibacillus barengoltzii

Micrococcus luteus
Macrococcus equipercicus

Macrococcus brunensis
Nocardia alba

Lactobacillus crispatus
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The spores of Bacillus have remarkable resistance to chemical and physical factors.
This genus of bacteria is commonly found in soil and water and is a component of the
normal flora of the skin and mucous membranes of humans and animals [51]. This result
corresponds with our previous findings [26,35] and is common to other studies [52–54].

3.4. Nitrogen Dioxide (NO2) Concentrations and SARS-CoV-2 Daily New Cases (DNCs)

Nitrogen dioxide (NO2) is another important air pollutant toxic to human respiratory
systems when present at higher concentrations in the atmosphere [55]. In our study, the
median NO2 concentration was 9.5 ppb (Table 1). Figure 7 shows that NO2 concentrations
were linked to increased numbers of SARS-CoV-2 cases. The relation was linear (R2 = 0.597),
as shown by regression analysis, and the correlation was high (r = 0.724); on the other
hand, NO and NOx concentrations (0.477 and 0.595, respectively) were linked to increased
numbers of SARS-CoV-2 cases to a lesser extent.

Int. J. Environ. Res. Public Health 2022, 19, x  9 of 12 
 

 

The spores of Bacillus have remarkable resistance to chemical and physical factors. 

This genus of bacteria is commonly found in soil and water and is a component of the 

normal flora of the skin and mucous membranes of humans and animals [51]. This result 

corresponds with our previous findings [26,35] and is common to other studies [52–54]. 

3.4. Nitrogen Dioxide (NO2) Concentrations and SARS-CoV-2 Daily New Cases (DNCs) 

Nitrogen dioxide (NO2) is another important air pollutant toxic to human respiratory 

systems when present at higher concentrations in the atmosphere [55]. In our study, the 

median NO2 concentration was 9.5 ppb (Table 1). Figure 7 shows that NO2 concentrations 

were linked to increased numbers of SARS-CoV-2 cases. The relation was linear (R2 = 

0.597), as shown by regression analysis, and the correlation was high (r = 0.724); on the 

other hand, NO and NOx concentrations (0.477 and 0.595, respectively) were linked to 

increased numbers of SARS-CoV-2 cases to a lesser extent. 

Similar results were found in Wuhan, China, where Li et al. (2020) found a significant 

linear correlation between SARS-CoV-2 DNCs and NO2 concentrations (R2 = 0.329, p < 

0.001) [56]. In Spain, Italy, France, and Germany, it was observed that out of 4443 fatalities 

observed at the beginning of the pandemic of COVID-19, 3487 deaths, accounting for 78% 

of the total deaths, were confined to areas where NO2 pollution was predominant [57]. 

 

Figure 7. (a) NO2 concentrations and SARS-CoV-2 daily new cases (DNCs). (b) Linear regression 

coefficients between NO2 concentrations and SARS-CoV-2 daily new cases (DNCs). 

4. Conclusions 

Understanding the airborne route of SARS-CoV-2 transmission is essential for infec-

tion prevention and control, and improvements in terms of air pollution, lifestyle, and the 

environment will help to prevent future viral pandemics. 

Our study found that the role of ambient air pollution given moderate air quality is 

largely unknown, necessitating further epidemiological studies. Although the current 

study was conducted only in Gliwice, Poland, it points to the as yet unrepresented impli-

cation that bacterial aerosol (BA) concentrations in the period characterized by moderate 

air quality were significantly associated with SARS-CoV-2 daily new cases (DNCs). 

In conclusion, we think that our analyses of the correlations between bacterial aerosol 

(BA) concentrations and new COVID-19 cases are foundations for further, wider research. 

However, the drastic mutational nature of the virus makes it difficult to predict which 

mechanisms and ecological parameters will affect its growth and prevalence. 

Author Contributions: Conceptualization, E.B.; methodology, E.B.; formal analysis, E.B.; investiga-

tion, E.B.; resources, E.B. and A.M.; data curation, A.M.; writing—original draft preparation, E.B. 

and A.M.; writing—review and editing, E.B. and A.M.; visualization, A.M.; supervision, E.B.; project 

administration, E.B.; funding acquisition, A.M. and E.B. All authors have read and agreed to the 

published version of the manuscript. 

Figure 7. (a) NO2 concentrations and SARS-CoV-2 daily new cases (DNCs). (b) Linear regression
coefficients between NO2 concentrations and SARS-CoV-2 daily new cases (DNCs).

Similar results were found in Wuhan, China, where Li et al. (2020) found a signifi-
cant linear correlation between SARS-CoV-2 DNCs and NO2 concentrations (R2 = 0.329,
p < 0.001) [56]. In Spain, Italy, France, and Germany, it was observed that out of 4443 fatali-
ties observed at the beginning of the pandemic of COVID-19, 3487 deaths, accounting for
78% of the total deaths, were confined to areas where NO2 pollution was predominant [57].

4. Conclusions

Understanding the airborne route of SARS-CoV-2 transmission is essential for infection
prevention and control, and improvements in terms of air pollution, lifestyle, and the
environment will help to prevent future viral pandemics.

Our study found that the role of ambient air pollution given moderate air quality is
largely unknown, necessitating further epidemiological studies. Although the current study
was conducted only in Gliwice, Poland, it points to the as yet unrepresented implication
that bacterial aerosol (BA) concentrations in the period characterized by moderate air
quality were significantly associated with SARS-CoV-2 daily new cases (DNCs).

In conclusion, we think that our analyses of the correlations between bacterial aerosol
(BA) concentrations and new COVID-19 cases are foundations for further, wider research.
However, the drastic mutational nature of the virus makes it difficult to predict which
mechanisms and ecological parameters will affect its growth and prevalence.
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on Lung Function among Preadolescent Children in Two Cities in Poland. J. Clin. Med. 2021, 10, 2375. [CrossRef] [PubMed]

33. GIOS. Chief Inspectorate for Environmental Protection. Available online: https://www.cleanenergywire.org/experts/chief-
inspectorate-environmental-protection-gios-poland (accessed on 15 September 2022).
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Abstract: This study focuses on the analysis of the distribution, both spatial and temporal, of the
PM10 (particulate matter with a diameter of 10 µm or less) concentrations recorded in nine EMEP
(European Monitoring and Evaluation Programme) background stations distributed throughout
mainland Spain between 2001 and 2019. A study of hierarchical clusters was used to classify the
stations into three main groups with similarities in yearly concentrations: GC (coastal location), GNC
(north–central location), and GSE (southeastern location). The highest PM10 concentrations were
registered in summer. Annual evolution showed statistically significant decreasing trends in PM10

concentration in all the stations covering a range from −0.21 to −0.50 µg m−3/year for Barcarrota
and Víznar, respectively. Through the Lamb classification, the weather types were defined during
the study period, and those associated with high levels of pollution were identified. Finally, the
values exceeding the limits established by the legislation were analyzed for every station assessed in
the study.

Keywords: atmospheric pollution; EMEP; PM10; trends; weather types

1. Introduction

The World Health Organization (WHO) states that suspended particulate matter (PM)
is one of the atmospheric pollutants that produce the greatest effect on human health [1].
The concentration of aerosols depends on different variables, including weather conditions
and atmospheric stability [2]. There are air quality studies based on meteorological condi-
tions that show that the levels of the different pollutants vary depending on the weather
types [3,4].

The transport of atmospheric pollutants acquires great relevance in air pollution stud-
ies, since the important role of meteorological phenomena comes into play. This transport is
particularly evident in remote stations, located far from sources of anthropogenic pollution.
The importance of these sampling points is highlighted through the creation of different
programs focused on solving transboundary air pollution problems, among other tasks.
Thus, in 1979, European authorities created the Convention on Long-Range Transboundary
Air Pollution (LRTAP) [5]. This agreement addresses problems related to eutrophication
and acidification, tropospheric ozone, heavy metals, persistent organic compounds, and
PM. In Spain, the network with this mission is known as EMEP/VAG/CAMP related
to AEMET (National Agency for Meteorology, in its Spanish acronym). The network is
integrated by various programs: EMEP (European Monitoring and Evaluation Programme),
VAG program (Vigilancia Atmosférica Global), and CAMP (Comprehensive Atmospheric
Monitoring Programme).

Because fluctuations in atmospheric pollutant concentrations are closely related to
meteorological parameters [6], the movement of air masses is a crucial aspect for the study
of air pollution. Weather type classifications constitute an important approach for dealing
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with atmospheric circulation [7]. For this reason, including these classifications in the
studies of atmospheric pollution transport is crucial. In recent years, several authors have
published different automatic classification models for the Iberian Peninsula [8–12].

The circulation of the atmosphere can be studied from several approaches. One of
them is the analysis of the weather types that affect a specific place at a specific time.
The classification into weather types was initially based on the daily synoptic situation,
using the shape of the isobars (which entails a certain level of subjectivity). However,
currently, circulation is classified according to sea level pressure at several points close to
the study area [10,13,14]. This type of classification has also been applied to the Iberian
Peninsula [7–9,12,15–17], mostly in studies on precipitation.

In addition to purely meteorological studies, the classification into weather types has
more recently been used to search for the contribution of atmospheric circulation to some
pollution episodes [18], such as the Saharan dust intrusions in the Iberian Peninsula [4].
More recently, this classification has also been used, along with other techniques, for
the control of aerosol pollution [19], for the search for sources and sinks of atmospheric
aerosol [2,20,21] and for analyzing the influence of weather on health [22,23].

Long-term studies are of particular interest when continuous pollution data are avail-
able for long periods of time. With these studies, the effectiveness of national and interna-
tional policies and regulations carried out to reduce levels of air pollution can be verified.
So far, there are several studies that show a progressive decreasing trend in atmospheric
pollutants, such as CO, NOx, SO2, O3, and PM. Most of those studies are focused on urban
areas: Guerreiro et al. [24] focus on 38 European cities during the period 2002–2011, and
Gualtieri et al. [25] study the trends of different pollutants in the city of Florence, Italy,
between 1993 and 2012. Querol et al. [26] focus on different Spanish cities between the
years 2001 and 2012. However, studies related to background regions are still scarce [27,28].
Two different PMs are usually studied, PM10 (PM with a diameter of 10 µm or less) and
PM2.5 (PM with a diameter of 2.5 µm or less). Both of them are pollutants that can lead to
major environmental and public health problems. The European directives and regulations
indicate that a daily PM10 concentration of 50 µg m−3 (European Union Official Diary, Di-
rective 2008/50/EC of the European Parliament and of the Council of 21 May 2008) should
not be surpassed more than 35 days a year. The threshold applied in the PM2.5 case makes
reference to a mean annual value of these concentrations instead of daily value. Although
both pollutants have great relevance in air quality and atmospheric contamination studies,
the analysis of PM10 concentrations is more suitable when the daily exceedances or the
relationship between PM10 values and (daily) weather types needs to be studied since
the threshold set by regulations includes also a daily value. In the context of the actual
climatic situation, the mentioned long-term studies, as the one described here, are of great
importance in the evaluation of pollution levels in areas far from emission sources in order
to verify the real decrease in the concentrations of the main pollutants, particularly PM10,
as a result of the application of European emission reduction policies and plans of regional
and local proposals by public environmental authorities.

Therefore, the present study focuses on the analysis of the daily PM10 values as a
means of finding the relationship between weather types and PM10 concentration in several
background stations located in mainland Spain from 2001 to 2019. The temporal trend of
PM10 has been analyzed during this period, and a cluster analysis has been carried out
to group air quality stations with similar PM10 concentrations. Finally, the relationship
between PM10 exceedances and weather types has also been evaluated.

2. Study Site

The study area covers the whole of mainland Spain through nine air quality sta-
tions [29] belonging to the Spanish network EMEP/VAG/CAMP between 2001 and 2019.
All the stations analyzed in the study are background stations located far away from any
possible anthropogenic source of pollution (Table 1, Figure 1). The geographic distribution
of the stations is rather different. Four of them are not far from the Mediterranean coast
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(Cabo de Creus, Els Torms, Zarra, and Víznar), two of them in the north (Cabo de Creus
and Els Torms) and the other ones in the south. Niembro is located in the Cantabrian coast,
while the remaining four stations (O Saviñao, Peñausende, Campisábalos, and Barcarrota)
could be considered inland stations. In mainland Spain, most of the time, the effects of the
North Atlantic anticyclone cause local thermal circulations to appear, such as coastal or
mountain breezes [30]. On the other hand, the proximity with the north of Africa and Cen-
tral and Eastern Europe makes particle-laden air masses come into the peninsula through
these areas, which could be considered a potential source of anthropogenic pollution, par-
ticularly in the cases of Central and Eastern Europe [31], or natural pollution as in the case
of Saharan dust intrusions from Northern Africa [32]. In addition, in the Mediterranean
coast, where four stations are located (Figure 1), breeze episodes could favor the dispersion
of pollutants during most of the year [33].

Table 1. Features of the background stations belonging to the network EMEP/VAG/CAMP and used
in the study.

No. National Cod. International Cod. Name Region Latitude (deg.) Longitude (deg.) Altitude (m a.s.l)

1 33036999 ES0008R Niembro Asturias 43.439 −4.850 134
2 27058999 ES0016R O Saviñao Lugo 42.635 −7.705 506
3 17032999 ES0010R Cabo de Creus Girona 42.319 3.316 23
4 25224999 ES0014R Els Torms Lleida 41.394 0.735 470
5 19061999 ES0009R Campisábalos Guadalajara 41.274 −3.143 1360
6 49149999 ES0013R Peñausende Zamora 41.239 −5.898 985
7 46263999 ES0012R Zarra Valencia 39.083 −1.101 885
8 06016999 ES0011R Barcarrota Badajoz 38.473 −6.924 393
9 18189999 ES0007R Víznar Granada 37.237 −3.534 1230
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3. Materials and Methods
3.1. Databases

Daily PM10 data were obtained from the EBAS website (http://ebas.nilu.no/
(accessed on 2 September 2022)), developed and operated by the Norwegian Institute
for Air Research (NILU). Information related to European stations used in the study (lo-
cation, instrumentation, etc.) is retrieved from the EMEP website. All the stations are
equipped with the same instrumentation, and the data are collected and analyzed fol-
lowing the same protocol established by the EMEP [34]. Daily data were collected at
0700 UTC and sent once a week to the Carlos III Health Institute, to the Atmospheric
Pollution Department. A high-volume collector was used for PM10 samplings, and its
concentration determined by the gravimetric method.

The daily data of sea level pressure used to determine the weather types have been
obtained from the website of the National Center for Atmospheric Research, available at
https://ncar.ucar.edu/ (accessed on 2 September 2022).

3.2. Data Analysis

Two different statistical analyses were applied. First, a univariate analysis for describ-
ing the data and their distribution by calculating kurtosis, standard deviation, skewness,
minimum, maximum, median, and variance (based on daily data). Second, a multivariate
analysis to find similarities between stations by grouping them according to similar PM10
values. This analysis was carried out using MATLAB to obtain a dendrogram, following the
Ward aggregation method jointly with the Euclidean distance [35]. The smaller distances
indicate a greater relationship between stations grouped in the same cluster [36,37].

3.3. Lamb Classification in Weather Types

The Lamb classification evaluates the daily circulation patterns in a way to find a
method able to classify them. The methodology followed by Jenkinson and Collinson [38]
and Jones et al. [13] to objectively define different weather types in the British Isles, and
based on the Lamb classification, has been applied in mainland Spain. In this area, the
application of this classification was developed by Spellman [10] and Trigo and DaCa-
mara [11], who established the location of the network of points in the Iberian Peninsula.
The application relies on the determination of several indices associated with the direction
and vorticity of the geostrophic flux [39], resulting in a classification into 26 weather types,
as shown in Table 2. For the whole study period, every single day was characterized by a
specific weather type. This classification of the synoptic conditions was then used to find a
possible relationship between PM10 concentrations and weather types.

Table 2. Lamb classification of weather types.

Weather Types

Anticyclonic Directional Cyclonic

A Anticyclonic C Cyclonic

ANE Anticyclonic northeasterly NE Northeasterly CNE Cyclonic northeasterly

AE Anticyclonic easterly E Easterly CE Cyclonic easterly

ASE Anticyclonic southeasterly S Southerly CSE Cyclonic southeasterly

AS Anticyclonic southerly SE Southeasterly CS Cyclonic southerly

ASW Anticyclonic southwesterly SW Southwesterly CSW Cyclonic southwesterly

AW Anticyclonic westerly W Westerly CW Cyclonic westerly

ANW Anticyclonic northwesterly NW Northwesterly CNW Cyclonic northwesterly

AN Anticyclonic northerly N Northerly CN Cyclonic northerly
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3.4. Regulations, Limit Values, and Intrusions

For each station, daily values of PM10 concentration exceeding the daily limit value of
50 µg m−3 established by European directives were identified. Thanks to the information
included in the annual reports provided by the Ministry for Ecological Transition and Demo-
graphic Challenge regarding to the identification of natural episodes of transboundary con-
tributions of particles (African episodes), and other types of natural episodes, the previously
identified days exceeding the daily PM10 limit value have been linked or not to Saharan
intrusion episodes. The methodology followed in those reports to identify days related to in-
trusion episodes coming from the Sahara desert, applying the HYSPLIT model together with
other tools, is widely described at https://www.miteco.gob.es/es/calidad-y-evaluacion-
ambiental/temas/atmosfera-y-calidad-del-aire/metodologiaparaepisodiosnaturales-revab
ril2013_tcm30-186522.pdf (accessed on 18 October 2022).

4. Results and Discussion
4.1. Analysis of the Representative Values for Each Station

Results for the univariate statistical analysis of PM10 data are shown in Table 3.
Víznar was the station with the lowest missing data for the whole period in contrast
to Campisábalos, which presented almost 20% of missing data. Among all the stations
included in the study, Cabo de Creus, Niembro, and Víznar stood out for presenting high
PM10 mean concentrations, with around 17 µg m−3 or higher. Minimum averaged values
were obtained for most of the stations located inland, such as Campisábalos, O Saviñao, and
Peñausende. The highest daily PM10 concentration was reached in Zarra, with 320 µg m−3.
However, this station was not the one presenting the highest mean concentration, which
was recorded in Víznar. This fact proves that maximum values can greatly differ from mean
values due to isolated episodes of high concentrations. Mean values are also affected by
those isolated episodes of high concentrations, something that is corroborated by the high
values of the standard deviation shown in Table 3. Therefore, median values better repre-
sent characteristic concentration values for each station. Stations presenting high maximum
values were all located in the southern area of the peninsula (Zarra, Víznar, and Barcarrota).
All stations present similar positive skewness values, which means all distributions are
right-skewed. Similarly, all stations present positive kurtosis values (Table 3). This means
that the concentrations registered are closely grouped together around a narrow interval
close to the median.

Table 3. Averaged concentration (±standard deviation), maximum, minimum, median, kurtosis,
skewness, and variance values of the data series covering the period from 2001 to 2019 for each
weather station. Percentages of missing data per station are also shown.

POLLUTANT
STATION BARCAR-

ROTA
CABO DE

CREUS
CAMPISÁ-

BALOS
ELS

TORMS NIEMBRO O SAVIÑAO PEÑAUSENDE VÍZNAR ZARRA

PM10 (µg m−3) 15.47 ± 11.48 17.54 ± 8.20 10.11 ± 10.09 14.89 ± 9.75 16.90 ± 9.27 11.35 ± 8.16 10.13 ± 8.75 18.31 ± 15.32 13.39 ± 10.75
Maximum 246 133 200 169 104 157 197 309 320
Minimum 0 0 0.5 2.0 1.0 1.0 1.0 1.0 1.0

Median 12 16 8 13 15 9 8 15 11
Kurtosis 52.38 18.46 51.86 23.35 6.76 33.48 61.85 44.29 126.45
Skewness 4.64 2.56 4.90 3.16 1.84 3.78 5.11 4.33 6.62
Variance 131.80 67.28 101.82 95.15 85.94 66.61 76.48 234.96 115.64

% Missing Values 13.3% 9.6% 18.5% 12.6% 10.5% 14.8% 12.7% 7.2% 9.5%

Results of the multivariate statistical analysis led to the clustering shown in the dendro-
gram in Figure 2. Average values for each month and station were taken into consideration
in the dendrogram. Finally, three main groups of stations located in the coastal (Cabo
de Creus and Niembro), north–central (Campisábalos, O Saviñao, and Peñausende), and
southeastern (Barcarrota, Els Torms, Víznar, and Zarra) areas were obtained. For later
references, these groups were named as GC (coastal), GNC (north–central), and GSE (south-
eastern). The results of the dendrogram vary considerably, depending on the input values
that are used for the calculation. Results for dendrogram tests with different input values
are not shown in this paper. However, there are three stations that always remain in the
same cluster regardless of whether the input values were monthly or yearly or included
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other types of pollutants. These stations are Campisábalos, O Saviñao, and Peñausende.
As seen in Table 1 and Figure 1, Niembro and Cabo de Creus are the stations nearest to the
coast and characterized by the minimum altitude, their location being almost at sea level.
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4.2. Monthly and Annual Evolution

Figure 3 shows the monthly and yearly evolution of PM10 for the different groups
established. This evolution is markedly different between the different groups of stations.
Figure 3b, where GC is represented, shows a practically constant value during all the
months with a slight decrease in winter. In contrast, GNC (Figure 3a) and GSE (Figure 3c)
present a monthly evolution with a slight increase in the concentrations from January to
March, followed by a slight decrease in April, which gives way to a continuous increase
from May to July/August when the maximum value is reached. The slight decrease in
April can be explained by the increasing frequencies of the advections of Atlantic air masses
associated with high rates of precipitation [30] during this month.
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Figure 3. Monthly (a–c) and yearly (d–f) evolution of PM10 for the clustering group and station for
the study period 2001–2019.

Considering a common range for all the groups (Figure 3) covering from 3 to 30 µg m−3,
for the monthly evolution, GNC (Figure 3a) maintains its values practically within the
first third range, GC (Figure 3b) presents almost a constant monthly evolution with values
corresponding to the second third, and GSE (Figure 3c) covers the entire range of values.
GNC and GSE present minimum values in winter and maximum ones in summer. There is
a clear difference between them, the maximum value (with the exceptions of O Saviñao
and Barcarrota) is reached in August for GNC and in July for GSE, reaching maximum
values greater than those stations belonging to GSE, particularly Víznar with a value of
28.97 µg m−3 in July.

PM10 concentrations are closely related to meteorological conditions. During summer,
when the maximum concentration is reached, anticyclonic situations are frequent with
a low capacity of air mass renewal, and consequently, a low dispersion of pollutants is
registered. These conditions also favor the resuspension of soil particles. During winter,
these conditions are much less frequent, and therefore, the mean concentrations are much
lower [30]. Besides, the intrusions of Saharan dust notably affect the stations located in the
south and east of the Iberian Peninsula. There is a special incidence of intrusions during
summer [40,41], and this must be taken into account when analyzing the results obtained
and presented in Figure 3.

Annual averaged PM10 values were calculated for each station and the whole study
period, and the results are shown in Figure 3d–f. The differences between groups rely
on the concentration levels, GNC being the one with a lower level, as mentioned above
(Figure 3a–c). Although the trend has been downward, some stations have increased their
concentrations in the past few years, particularly the stations in GSE. The quantification of
these downward trends has been computed using a linear regression (Figure 4). Decreasing
rates seem not to be related to the established groups, and differences could be found
between stations even in the same group. All stations have shown a statistically significant
decreasing trend in their PM10 concentrations with values for the determination coefficient
(R2) from 0.35 to 0.78 for Cabo de Creus and Peñausende, respectively.
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Figure 4. Annual trends by clustering group and station for the study period 2001–2019.

Figure 4 presents the stations alphabetically ordered within their group. Even within
the same group, not all stations show the same trend in magnitude, and it should be noted
that a common behavior cannot be found when analyzing decreasing trends. The values
show that the station with the strongest trend is Víznar with a decrease of approximately
0.5 µg m−3 per year, followed by Els Torms and Zarra, all of them in the same group (GSE).
Similar results were obtained by Querol et al. [26] in the same EMEP stations for a study
period between 2001 and 2012.

In the Iberian Peninsula, PM10 is generally more affected by African intrusions, while
PM2.5 is more affected by anthropogenic emissions into the atmosphere [26]. Therefore, the
application of European strategies to reduce pollution, as well as the impact of the financial
crisis on southern Europe that has originated a sharp decrease in pollutant emissions [42,43],
could have more impact on PM2.5 concentrations than on PM10 concentrations, even when
the decreasing rates for PM10 are quite high (Figure 4).

4.3. PM10 and Regulations

Taking into consideration the threshold set by the European directives and regulations,
for the study period of 19 years, none of the nine stations surpassed the value of 35 days a
year in the PM10 concentration case. The maximum number of days surpassing that value
was around 10 for almost half the stations, with the exception of Peñausende and O Saviñao
(both in GSE) with lower values. Only two stations, Els Torms and Víznar, registered more
days with values over 50 µg m−3, 15 and 25 days, respectively, in 2003. When considering
the whole study period, Víznar stood out as the station with the highest number of days
surpassing the threshold value (196 days), far from the ones registered in the other stations.
However, its mean concentration during these days remains similar to the ones registered
in the other stations with a value of 73.9 µg m−3. On the other hand, the station with the
smallest number of exceedances was O Saviñao with 25 days in the total study period and
a mean concentration of 71.9 µg m−3, followed by Cabo de Creus, with 38 days surpassing
the daily threshold value, and with a mean concentration of 66.9 µg m−3.

In the background stations used for this study, the anthropogenic influence is minimal,
so the isolated cases when the daily PM10 concentration threshold was surpassed could
be related to Saharan dust intrusions [32] or to the presence of PM coming from Central
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Europe [44]. Consequently, the episodes of Saharan dust intrusions were studied, as they
constitute one of the main causes of the exceedances in the daily threshold value. Figure 5
presents the percentage of exceedances related to intrusions in each station for the period
2005–2019. Only this period has been analyzed due to the lack of data from 2001 to 2004.
For the 2005–2019 period, both exceedances and intrusions data were available in the URL
of the Spanish Ministry for Ecological Transition and Demographic Challenge [45].
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Figure 5. Relationship between the percentage of days exceeding the daily threshold value related
(gray column) or not (orange column) with Saharan dust intrusions for the period 2005–2019. Mean
PM10 concentrations for the days exceeding the daily threshold value for the whole measuring period
(blue line) and for the values related to intrusions (red line) are also shown.

The mean PM10 concentrations computed for the total sampling period or only for
the days exceeding the daily threshold value greatly differ, and results are also shown
in Figure 5. For the total period, mean PM10 ranged between 9.3 and 17.2 µg m−3, with
small differences among stations. However, in the case of exceedances, PM10 concentration
soared, reaching values of 66.2 to 82.1 µg m−3. Complementarily, the analysis of the
exceedances of the threshold value combined with the episodes of intrusions has been
carried out. Except in the case of the stations belonging to GC, in the rest of the cases,
it has been observed that the exceedances are highly linked to episodes of Saharan dust
intrusions (Figure 5). Particularly, stations located in the south of mainland Spain, such
as Víznar and Zarra (Figure 5), were greatly affected by those Saharan intrusions [46].
Two clear exceptions can be seen, Cabo de Creus and Niembro, both in GC, for which over
50% of the exceedances were not related to episodes of Saharan dust intrusions (Figure 5).
It is in these two stations where the average values (with daily PM10 over 50 µg m−3) were
also lower than in the rest of the stations (red line in Figure 5).

4.4. Relationship between PM10 and Weather Types

Figure 6 shows the total frequency of the Lamb weather types for the period 2001–2019
in the study area. The different types are classified into three main groups: anticyclonic,
directional, and cyclonic. The prevalent type is A, accounting 22% of the total for the whole
study period, followed by NE and N types, with 12% and 8%, respectively. The most
dominant weather type in the area is, thus, the A type, followed by almost all directional
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types. Cyclonic types are less frequent, with frequencies below 2%, with the exception of
the C type.

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 11 of 17 
 

 

4.4. Relationship between PM10 and Weather Types 

Figure 6 shows the total frequency of the Lamb weather types for the period 2001–

2019 in the study area. The different types are classified into three main groups: anticy-

clonic, directional, and cyclonic. The prevalent type is A, accounting 22% of the total for 

the whole study period, followed by NE and N types, with 12% and 8%, respectively. The 

most dominant weather type in the area is, thus, the A type, followed by almost all direc-

tional types. Cyclonic types are less frequent, with frequencies below 2%, with the excep-

tion of the C type. 

 

Figure 6. Frequency of each weather type for the period 2001–2019. 

In this study, the three most frequent weather types (A, NE, and N) are characterized 

by atmospheric stability. A similar result was obtained by Grimalt et al. [47], who studied 

the distribution of the weather types in the Mediterranean basin, where several of the 

stations studied in this paper are located, finding out as a result that the most frequent 

type was A, followed by C. The weather types depend on various meteorological param-

eters and help us study their influence on the concentration of pollutants. Among all those 

types, for example, the anticyclonic is the one that originates the most relevant pollution 

scenarios [48], being the weather type prevailing in the Iberian Peninsula during the study 

period (Figure 6). 

The results of the analysis of the relationship between PM10 concentrations and 

weather types are shown in Figure 7. This figure shows the maximum and minimum av-

eraged concentration values for each station and weather type. Mean PM10 values were 

calculated for every weather type and station for the period 2005–2019, and maximum 

and minimum mean PM10 values were identified for every station. Only weather types 

corresponding to some maximum or minimum value are presented in the graphs (Figure 

7). Almost half of the highest concentrations were measured under CE conditions, with 

the remaining ones a bit more dispersed between different weather types, depending on 

the station. The weather type that presents the minimum PM10 mean concentration is the 

CW type for more than half of the stations except for those in GC: Niembro (NW type) 

and Cabo de Creus (ANW). The other two exceptions are Campisábalos (W) and Víznar 

(CSW). This result shows that minimum and maximum mean concentrations tend to con-

centrate around the same weather type. 
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In this study, the three most frequent weather types (A, NE, and N) are characterized
by atmospheric stability. A similar result was obtained by Grimalt et al. [47], who studied
the distribution of the weather types in the Mediterranean basin, where several of the
stations studied in this paper are located, finding out as a result that the most frequent type
was A, followed by C. The weather types depend on various meteorological parameters
and help us study their influence on the concentration of pollutants. Among all those
types, for example, the anticyclonic is the one that originates the most relevant pollution
scenarios [48], being the weather type prevailing in the Iberian Peninsula during the study
period (Figure 6).

The results of the analysis of the relationship between PM10 concentrations and
weather types are shown in Figure 7. This figure shows the maximum and minimum
averaged concentration values for each station and weather type. Mean PM10 values were
calculated for every weather type and station for the period 2005–2019, and maximum
and minimum mean PM10 values were identified for every station. Only weather types
corresponding to some maximum or minimum value are presented in the graphs (Figure 7).
Almost half of the highest concentrations were measured under CE conditions, with the
remaining ones a bit more dispersed between different weather types, depending on the
station. The weather type that presents the minimum PM10 mean concentration is the CW
type for more than half of the stations except for those in GC: Niembro (NW type) and
Cabo de Creus (ANW). The other two exceptions are Campisábalos (W) and Víznar (CSW).
This result shows that minimum and maximum mean concentrations tend to concentrate
around the same weather type.

Spellman [10] states that the C-type during summer is related to low pressure systems
coming from central Sahara. However, the results presented in Figure 7 show that the
C type does not stand out in any station as one of the types where maximum or minimum
concentrations were measured.
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Figure 7. Distribution of the weather types related to maximum (a) and minimum (b) mean PM10 for
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A detailed analysis of the exceedances in the daily PM10 concentration (>50 µg m−3)
has also been carried out, considering the relationship between those exceedances and the
weather types. The cases where the exceedances are linked to Saharan dust intrusions have
also been investigated. Figure 8 shows the relationship between the number of episodes
for each weather type and the total number of PM10 exceedances during the whole study
period. As in the results shown in Figure 6, the weather type with the highest number
of episodes is A, followed by the NE, C, SW, and N types with values of 53, 41, 41, 32,
and 32, respectively. Since the number of episodes related to each weather type is not the
same, the fact that the A type is the one that presents the greatest number of exceedances
is not indicative of a strong linkage to PM10 exceedances. Because A is the most frequent
type, it was expected to present the highest number of exceedances. For this reason, an
intercomparison of the weight of each weather type against the number of exceedances
and the PM10 concentration must be performed.

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 13 of 17 
 

 

 

Figure 8. Total number of exceedances (PM10 > 50 µg m−3) for each weather type in the period 2005–

2019, and ratio (in percentage) between the number of exceedances and the total number of episodes 

for each weather type. 

Taking into consideration the real weight of each weather type in the exceedance ep-

isodes, a more real representativeness of each weather type related to PM10 exceedances 

can be obtained. Figure 8 shows the ratio between the exceedances and the frequency of 

weather types (blue area). The type with the highest normalized number of exceedances 

is SE, stating that 20.2% of the episodes of this weather type were associated with exceed-

ances of the daily PM10. The A type is very far from this value, with less than 5% of the 

episodes of this weather type related to PM10 exceedances. It should be noted that there 

are three weather types that have presented one or no exceedance at all during the whole 

study period: ASE, CSW, and CW. There are other weather types that present similar 

characteristics, but still present exceedances and a high ratio when the normalized values 

are analyzed, as shown in Figure 8 (CNW, AS, CS, and CSE). Similar results for the 

weather types related to C have been obtained by other authors when the relationship 

between this type and rainfall has been studied [11]. Fernández-González et al. [7] also 

studied the relationship between weather and precipitation, stating that the C, W, and SW 

types provide more rainfall than the remaining types. 

4.5. Relationship between PM10 and Other Variables 

First, an analysis seeking a possible relationship between PM10 and altitude, longi-

tude, and latitude was carried out. For the period 2005–2019, the number of PM10 exceed-

ances of the daily threshold value was counted, and the mean PM10 concentrations above 

that limit were computed for each air quality station, only for episodes of Saharan dust 

intrusions. In the case of longitude, no correlation was found between these variables (R2 

< 0.03). However, latitude and altitude presented a correlation with the number of days 

of exceedances (R2 = 0.68) and with the average PM10 (without intrusion) concentrations 

(R2 = 0.44), respectively, both statistically significant for a significance level of 0.05. The 

correlation found is positive in the case of altitude (slope = +0.01 µg m−3/m.a.s.l.) and neg-

ative in the case of latitude (slope = −14.73 number of exceedances with intrusion/deg.), 

Figure 8. Total number of exceedances (PM10 > 50 µg m−3) for each weather type in the period
2005–2019, and ratio (in percentage) between the number of exceedances and the total number of
episodes for each weather type.

100



Int. J. Environ. Res. Public Health 2023, 20, 2977

Taking into consideration the real weight of each weather type in the exceedance
episodes, a more real representativeness of each weather type related to PM10 exceedances
can be obtained. Figure 8 shows the ratio between the exceedances and the frequency of
weather types (blue area). The type with the highest normalized number of exceedances is
SE, stating that 20.2% of the episodes of this weather type were associated with exceedances
of the daily PM10. The A type is very far from this value, with less than 5% of the episodes
of this weather type related to PM10 exceedances. It should be noted that there are three
weather types that have presented one or no exceedance at all during the whole study pe-
riod: ASE, CSW, and CW. There are other weather types that present similar characteristics,
but still present exceedances and a high ratio when the normalized values are analyzed, as
shown in Figure 8 (CNW, AS, CS, and CSE). Similar results for the weather types related to
C have been obtained by other authors when the relationship between this type and rainfall
has been studied [11]. Fernández-González et al. [7] also studied the relationship between
weather and precipitation, stating that the C, W, and SW types provide more rainfall than
the remaining types.

4.5. Relationship between PM10 and Other Variables

First, an analysis seeking a possible relationship between PM10 and altitude, lon-
gitude, and latitude was carried out. For the period 2005–2019, the number of PM10
exceedances of the daily threshold value was counted, and the mean PM10 concentrations
above that limit were computed for each air quality station, only for episodes of Saharan
dust intrusions. In the case of longitude, no correlation was found between these variables
(R2 < 0.03). However, latitude and altitude presented a correlation with the number of days
of exceedances (R2 = 0.68) and with the average PM10 (without intrusion) concentrations
(R2 = 0.44), respectively, both statistically significant for a significance level of 0.05. The
correlation found is positive in the case of altitude (slope = +0.01 µg m−3/m.a.s.l.) and
negative in the case of latitude (slope = −14.73 number of exceedances with intrusion/deg.),
which seems coherent: the greater the distance from the Sahara, the lower the frequency
of intrusions.

Second, the relationship between wind direction and PM10 was analyzed. The various
weather types classified in Table 2 were grouped according to the prevailing wind direction
into eight categories, excluding the A and C types. The number of exceedances under the
presence of an intrusion episode was related to those categories, and the results are shown
in Figure 9. For the stations belonging to GC, there is no common prevailing direction
related to exceedances of the PM10 daily threshold value. However, for GSE and GNC, the
NE–SW direction seems to be the prevailing direction, although for GSE, also the weather
types characterized by a north component are related to exceedance episodes, especially
in Víznar.
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5. Conclusions

A full analysis of PM10 has been made for nine background EMEP stations covering
the whole of mainland Spain. Three groups have been established, clustering the stations
with similar characteristics and pollutant concentrations using a dendrogram: GC (coastal
location), GNC (north–central location), and GSE (south–eastern location).

The lowest mean concentrations were registered for stations in GNC, and the highest
concentrations were registered in stations belonging to the GSE group. Maximum values
for PM10 were reached during summer, mainly influenced by meteorological conditions
and Saharan dust intrusion episodes. In addition, a constant negative trend was found for
each station analyzed from the beginning of the data series in 2001 until 2019.

The two stations that stand out for presenting the highest number of exceedances
related to intrusions were Campisábalos and Víznar. In contrast, the two stations with the
highest number of exceedances without direct relation to an intrusion were Cabo de Creus
and Niembro.

The prevailing weather type in mainland Spain is anticyclonic; as a result, this is
the weather type presenting the highest number of exceedances. Since it is the dominant
weather type, it is logical to expect that it will be the type that also presents the highest
number of exceedances. Despite this, the anticyclonic weather type is not the one character-
ized by most exceedances. When taking into consideration the weight of every weather
type regarding the total of measurements, it is the southeasterly directional type, the one for
which every episode is related to exceedances, followed by the cyclonic northeasterly type.

When computing mean PM10 concentrations for every weather type and station,
results state that minimum and maximum mean concentrations tend to concentrate around
the same weather type, cyclonic westerly and cyclonic easterly, respectively.
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Abstract: The present work studies a severe smog event that occurred in Delhi (India) in 2017,
targeting the characterization of PM2.5 and its deposition potential in human respiratory tract of
different population groups in which the PM2.5 levels raised from 124.0 µg/m3 (pre-smog period) to
717.2 µg/m3 (during smog period). Higher concentration of elements such as C, N, O, Na, Mg, Al, Si,
S, Fe, Cl, Ca, Ti, Cr, Pb, Fe, K, Cu, Cl, P, and F were observed during the smog along with dominant
organic functional groups (aldehyde, ketones, alkyl halides (R-F; R-Br; R-Cl), ether, etc.), which
supported potential contribution from transboundary biomass-burning activities along with local
pollution sources and favorable meteorological conditions. The morphology of individual particles
were found mostly as non-spherical, including carbon fractals, aggregates, sharp-edged, rod-shaped,
and flaky structures. A multiple path particle dosimetry (MPPD) model showed significant deposition
potential of PM2.5 in terms of deposition fraction, mass rate, and mass flux during smog conditions in
all age groups. The highest PM2.5 deposition fraction and mass rate were found for the head region
followed by the alveolar region of the human respiratory tract. The highest mass flux was reported
for 21-month-old (4.7 × 102 µg/min/m2), followed by 3-month-old (49.2 µg/min/m2) children,
whereas it was lowest for 21-year-old adults (6.8 µg/min/m2), indicating babies and children were
more vulnerable to PM2.5 pollution than adults during smog. Deposition doses of toxic elements
such as Cr, Fe, Zn, Pb, Cu, Mn, and Ni were also found to be higher (up to 1 × 10−7 µg/kg/day) for
children than adults.

Keywords: PM2.5; chemical composition; morphology; deposition potential; smog; health effects

1. Introduction

The presence of primary and secondary anthropogenic PM together with favorable
meteorological conditions can form a thick layer of haze/smog. Major European cities
have suffered from severe smog conditions due to high PM concentrations [1]. During
autumn and winter seasons, various Hungarian cities have witnessed smog conditions
due to the combined effect of higher PM concentrations, favorable weather conditions,
and geographical location [2]. In the Czech Republic, smog episodes were characterized
by the highest PM2.5 concentrations and organic compounds, poor dispersion conditions,
lower temperature, and temperature inversion conditions [3]. The northern parts of In-
dia have also experienced severe haze/smog conditions due to increased PM emissions
from a variety of emission sources, including transportation, industrial, residential en-
ergy usage, and biomass burning [4]. The variations in meteorological conditions during
post-monsoon and winter seasons in north India are favorable for PM build-up due to
lower temperature, higher relative humidity, lower wind speeds, and significant changes
in wind directions, leading to lower visibility conditions during smog episodes [5]. Due
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to frequent crop-residue-burning activities taking place in the northwest Indian states
such as Punjab and Haryana, air quality degrades in Delhi and nearby areas, which also
extends up to other Indo-Gangetic Plains (IGP) regions of India such as Uttar Pradesh,
Bihar, and West Bengal [5,6]. Higher concentrations of PM2.5 cause serious respiratory and
cardiopulmonary diseases such as asthma, bronchitis, etc., in the residents of Delhi [7].
During episodic cases, these particles consist of a different chemical composition which
leads to haze/smog conditions increasing these illnesses and allergic diseases [8]. Each
year smog conditions in Delhi lead to emergency shut-down of schools and large open
gatherings, interruptions/cancellation of transportation services such as flight/train/road
traffic, cancellation of games such as cricket matches, and heavy losses to the economic
sector [9]. During 2017, a severe smog event was observed in Delhi during the month
of November (post-monsoon) due to major crop-burning activities which took place in
agricultural areas of nearby states such as Punjab, Haryana, and Uttar Pradesh [10]. During
Smog-2017, air quality degraded to severe condition marked by poor air visibility, which
badly affected daily life of Delhiites.

Since chemical constituents of PM play a major role in determining its source iden-
tification, it is necessary to study variations in chemical signature of PM during episodic
cases such as smog formation. Anthropogenic PM contains different constituents, in-
cluding sulfates, nitrates, mineral dust, metals, organics, black carbon, fly ash, etc. [11].
Inorganic constituents cover up to ~70% of PM mass, whereas organic compounds con-
stitute almost 30% of the fine particulate mass [12]. Smog is mainly contributed by fine
PM such as PM2.5, and ~70% mass of PM2.5 is composed of carbon (C), nitrogen (N),
and sulphur (S) [13]. In Delhi, higher PM2.5 concentrations with increased N and S con-
stituents were observed during winter/post-monsoon seasons as a result of fossil fuels
combustion and increased biomass-burning activities. Moreover, higher N and S species
formation gives rise to increased PM2.5 concentrations by the process of gas-to-particle
conversions/oxidation/destruction of the primary aerosol particles during transboundary
pollutant transfer in IGP regions such as Delhi [14]. During smog conditions, various PM
bound metals were found in increased concentrations such as N, S, Cl, K, Si, Al, Zn, Pb,
Fe, Mn, and Na [15], which may cause airway injury and inflammation through Fenton
reaction [16]. In addition, the presence of transition metals such as Cr, Fe, Zn, Ni, Cu,
Cd, etc., increase the production of reactive oxygen species (ROS) which cause oxidative
stress as a result of which cells and tissues are damaged, leading to inflammation [17].
Moreover, these transition metals also cause genotoxic effects [18]. Fine particles (PM2.5)
consisting of Cu, Fe, and elemental carbon (soot) are found strongly associated with death
from heart attack and Chronic Obstructive Pulmonary Disease (COPD) [19], whereas the
presence of heavy metals such as Pd, Cd, and Hg in aerosol particles may adversely affect
the central nervous system [20]. Chemical compositions of inhaled PM may also cause
pro-inflammatory response in nervous tissues that lead to neurodegenerative diseases [21].

In addition, morphological parameters of PM also play a major role in aggravating
the adverse health effects due to their fine sizes and non-spherical shapes [22]. When
sharp-edged fine particles enter into our lungs, they reach the alveoli and get retained in
the lung parenchyma [23]. The chemical composition of these fine-sized deposited particles
may adversely affect the physiological and biochemical processes within our body once
they reach the cell system of our body. After inhalation, PM gets deposited in various parts
of the human lungs depending on their size ranges. PM with diameter <2.5 µm may reach
the respiratory bronchioles and finally the alveoli, which are common sites for gaseous
exchange within our body [24]. These particles can penetrate the alveoli and affect gaseous
exchange processes, and due to their fine sizes, they may even reach the bloodstream
and adversely affect human health [25]. Particles with diameter <1 µm with transition
metals behave similarly to gas molecules, and, therefore, by the process of diffusion, they
penetrate deep down to the alveoli and through systematic circulation processes, reach
cells/tissues and get translocated there [26]. In addition, along with the bloodstream, they
may even become a part of the circulation system [23] and cause damage to other organs,
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such as the brain [27]. Deposition potential of various sizes of particles including PM1,
PM2.5, and PM10 are found variable in different parts of human respiratory tract such as the
head, trachea–bronchial, and pulmonary regions. Studies on deposition potential of PM for
different regions of human lungs were carried out at Dehradun city, India [28], Chennai,
India [29], and Xi’an City, China [30], whereas studies on deposition doses of different
elements were studied at Kanpur [31], Dhanbad [32], and Delhi, India [33], showing the
significance of PM deposition in human lungs during inhalation.

Worldwide limited studies are available on variations in PM concentrations, chemical
compositions [1–3,15], and adverse health effects of PM [8,34] during smog episodes. In
addition, very few studies are available on morphology of particles during smog conditions
around the globe [35,36]. Since, limited studies are available for smog episodes in different
parts of India [4,6,37], and extremely limited studies are available in Delhi for variations
in PM concentrations [38] and inorganic components of PM (C, N, S components only) [5]
during smog, this study is very useful for providing detailed variations in PM’s elemental
and organic compositions along with morphological variations during smog episodes in
Delhi. In addition, we found no such study on exposure assessment for deposition doses of
PM (using the MPPD model) and associated elements during smog episodes available in
Delhi and other parts of India. Therefore, the present study will provide new insights for a
holistic approach towards study of physico-chemical parameters of PM and health effects
in terms of its deposition potential during smog conditions.

The present study addresses the following objectives:

i. Variations in PM2.5 concentration and meteorological parameters pre-, during, and
post-Smog Event-2017.

ii. PM2.5 analysis for elemental composition, organic functional groups, and morphol-
ogy during Smog Event-2017.

iii. Variations in PM2.5 deposition potential and elemental deposition doses for different
age groups pre-, during, and post- Smog Event-2017.

2. Study Area and Methodology

Delhi is a part of the IGP belt with an area of approx. 1485 km2 (latitude: 28◦24′17′′ N
to 28◦53′00′′ N; longitude: 76◦50′24′′ E to 77◦20′37′′ E), predominantly surrounded by two
Indian states, namely Uttar Pradesh and Haryana, where the former lies in the East, and
the latter covers other directions sharing their boundaries with Delhi, together known
as National Capital Territory (NCT) regions. As per the 2011 census, Delhi’s population
was estimated to be more than 11 million [39]. Delhi lies in a semi-arid zone of India
where meteorological conditions, including temperature, relative humidity, and rainfall
greatly vary. Delhi has a typical humid subtropical IGP climate with hot summers generally
affected by a frequent number of dust storms and dry and mild winter seasons, having
significant smog/fog conditions.

2.1. Sample Collection

The sampling site selected for the study is CSIR-National Physical Laboratory (CSIR-
NPL), which is situated in the central part of Delhi (Figure 1). The site characteristics include
thick vegetation cover from one side and busy road from another side where heavy traffic
can be seen every day. PM2.5 samples were collected every 24 h for pre-, during, and post-
smog events during the year 2017 starting from 1 November 2017 to 15 November 2017;
details are provided in Table 1. PM2.5 aerosol particles samples were collected using a
high-volume (~16.67 L/min flow rate) air sampler (Model-APM-550; Envirotech®, New
Delhi, India) placed on a rooftop at a height of 10 m from the ground, away from any other
interferences, which is in accordance with an earlier study [40]. The samples were collected
on Polytetrafluoroethylene (PTFE) filter paper (47 mm diameter; Pall®, New York, NY,
USA) which were desiccated for 24 h to remove moisture and weighed before and after
each sampling to obtain gravimetric data.
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Table 1. Details of sampling duration for PM2.5 samples collected during Smog-2017.

Sr. No. Sampling Dates Details

1 1 November 2017 Pre-smog

2 8 November 2017 Smog

3 9 November 2017 Post-smog

4 10 November 2017 Post-smog

5 11 November 2017 Post-smog

6 13 November 2017 Post-smog

7 14 November 2017 Post-smog

8 15 November 2017 Post-smog

2.2. Individual Particles Collection and Measurement

To collect individual particles for morphological analysis, tin substrates (purity: >99%;
size: 1 × 1 mm2; thickness: ~0.1 mm) with marked exposure sides were placed on PTFE
filters during sampling, as discussed in Section 2.1. The collected individual particles were
further characterized for physico-chemical properties. The scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM-EDS) imaging technique (SEM Model:
ZEISS; EDS Model: Oxford Link ISIS 300; facility present at CSIR-NPL, New Delhi, India)
was used to obtain SEM micrographs for morphological and chemical signatures of indi-
vidual particles collected on tin substrates. SEM technique provides high resolution images
(~3 nm) of individual particles, whereas EDS gives elemental composition (beryllium (Be)
to uranium (U)) present in the sample. Similar methodology for individual particles sample
collection were followed in other studies in Delhi [40,42], but to the best of our knowledge,
we found very limited studies on morphology of particles in Delhi and other parts of India,
especially during episodic cases such as smog.
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2.3. Quantitative and Qualitative Measurement of Bulk PM2.5 Samples

The PTFE filters of PM2.5 samples were analyzed for inorganic and organic signatures
using wavelength-dispersive X-ray fluorescence (WD-XRF) and open path-Fourier trans-
form infrared spectroscopy (OP-FTIR), respectively. Since, OP-FTIR is a non-destructive
technique, filter samples were first analyzed for organic functional groups using this tech-
nique, followed by WD-XRF for obtaining inorganic chemical signatures present in the
filter samples.

Organic functional groups present in PM2.5 aerosol were analyzed using OP-FTIR
(Model: Bruker IFS 125M; facility present at CSIR-NPL, New Delhi, India). The mid infrared
band (MIR) used as a light source and the transmitted radiation were detected using a
wide-band mercury cadmium telluride (MCT) detector continuously cooled with liquid
nitrogen. Nitrogen purging was performed in the sample chamber during each analysis to
remove moisture and CO2 interference in the samples. Organic functional groups in the
wavenumber range of 500–4700 cm−1 were detected in the sample.

PM2.5 filter papers were analyzed using WD-XRF (Model: Rigaku ZSX primus; facility
present at CSIR-NPL, New Delhi, India). During sample analysis, filter samples were
exposed to the X-ray tube of XRF, which excites atoms present in the sample and produces
photons of characteristic wavelength, which were detected by detectors providing elemental
composition of the samples. Data of blank filters were subtracted as a background during
inorganic and organic analysis of filter samples. To the best of our knowledge, limited
studies [5] are available related to inorganic and organic composition of PM during smog
episodes in Delhi.

2.4. Secondary Data Collection

The meteorological parameters (temperature, relative humidity, wind speed, and air
visibility) data were provided by India Meteorological Department (IMD), New Delhi.
The backward wind trajectories were used for studying probable source contributions
from transboundary pollution transfer using a NOAA HYSPLIT trajectory model [43].
The sources of fire count data that confirmed biomass-burning activities include NASA’s
FIRMS data [44] published in the Indian newspaper, The Hindustan Times, published on
09 November 2017 [45].

2.5. Deposition Potential Calculation

The deposition potential of PM2.5 was calculated using the multiple path particle
dosimetry model (MPPD)-Version 3.04 [46]. The MPPD model gives output data for
particle deposition in different regions of the human respiratory tract (HRT), e.g., head,
trachea–bronchial (TB) region, pulmonary (P) region, and total (Head + TB + P) deposition.
This model considers three types of particle deposition processes, including diffusion,
impaction, and sedimentation for the calculation of deposition fraction with three principal
input sections described as follows:

(i) Airway morphometry: Out of eight different airway morphometry models, we se-
lected “Yeh-Schum age-specific model”, which considers the different structure of
lungs in relation to respective age groups. As asymmetric branching structure of
human lungs greatly causes bias in both airflow and particle deposition in HRT, we
selected this model, as it provides multiple path (all airways) particle deposition.
Age groups (children and adults) that were selected for the study included 3-month,
21-month, 28-month, 3-year, 8-year, 14-year, 18-year, 21-year, and 30-year. Values
for other input parameters in the airway morphometry category were set as default
specific to the respective age category (e.g., functional residual capacity (FRC) and
upper respiratory tract (URT) volume).

(ii) Inhalation properties: This included input parameters such as aspect ratio, particle
diameter, density, etc. The value of aspect ratio for PM2.5 were set as 1.3 [42,47],
particle diameter for PM2.5 was set as 2.5 µm, and particle density for PM2.5 was set
as 1.5 g/cm3 for the calculations [48].
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(iii) Exposure conditions: Two types of exposure conditions can be chosen in the model as
constant and variable. For our study we selected ‘constant exposure’ for estimating
24-h PM depositions of a given concentration (mg/m3) at a constant rate. Other input
parameters included acceleration of gravity (981.0 cm/s2); body orientation (upright);
breathing frequency (per min); tidal volume (in mL); inspiratory fraction (0.5); pause
fraction (0); and breathing scenario (nasal) for each age group.

Deposition potential parameters studies included deposition fraction; deposited mass
rate (µg/min); and deposited mass flux (µg/min/m2) of PM2.5 for all age groups pre-,
during, and post-Smog Event-2017. The MPPD model was used in previous reported
studies [28,29]. However, we could not find many studies incorporating the MPPD model
for PM deposition potential, especially during smog episodes in Delhi and other parts of
India, which provides novelty to the present study.

2.6. Exposure Assessment Calculation for PM2.5 Associated Elements

Health risk associated with the exposure of elements present in ambient PM2.5 were
calculated for 18 elements using the USEPA numerical model [49]. Average daily dose
(µg/kg/day) of different elements present in PM2.5 were calculated for children and adults
during different days of sampling for Smog Event-2017 using Equation (1) as given below:

(ADDinh, µg/kg/day) = C × InhR × EF × ED/BW × AT × PEF (1)

Here,

C = Metal concentrations in PM2.5 (µg/m3);
InhR = Inhalation rate (m3/day) (7.63 for adults and 20 for children);
EF = Exposure frequency (365 days/year);
ED = Exposure duration (24 year for adults and 6 year for children);
BW = Body weight (70 kg for adults and 15 kg for children);
PEF = Particle emission factor (1.36 × 109 m3/kg);
AT = Averaging time for non-carcinogens (365 days/year).

Exposure assessment studies using the above USEPA numerical model have been
carried out in earlier studies in Delhi [33] and other parts of India [31,32]. However, we
could not find many detailed studies on exposure assessment of different elements during
smog events in Delhi.

3. Results & Discussion

PM2.5 samples were collected every 24 h for pre- (1 November 2017), during
(8 November 2017), and post- (9 to 15 November 2017) Smog-2017, which were further
analyzed for gravimetric, inorganic, organic, and morphological parameters as follows:

3.1. Variations in PM2.5 Concentrations and Meteorological Parameters during Smog Event-2017

The variations in PM2.5 concentration pre-, during, and post- Smog-2017 are shown
in Figure 2. During pre-smog sampling (1 November 2017) the PM2.5 concentration was
reported as 124.0 µg/m3, which drastically increased up to 717.2 µg/m3 on the first day
of Smog Event-2017 (8 November 2017) which was ~6 times higher than that of pre-smog
PM2.5 concentration (Figure 2). The previous study over Delhi reported the average PM2.5
concentration during Smog Event-2016 as 793 (±27.8) µg/m3 [5]. The increased PM2.5
concentration during Smog-2017 was reported ~29 times and ~12 times higher than the
24 h average PM2.5 permissible limit set by World Health Organization (WHO) and Na-
tional Ambient Air Quality Standards (NAAQS), India, which are 25 µg/m3 and 60 µg/m3,
respectively. Such a higher concentration of PM2.5 may cause adverse health effects even
in the short-term and aggravate respiratory diseases such as asthma, severely affecting
sensitive communities such as children and older persons. Although, PM2.5 concentrations
decreased on consecutive days after the smog event (9/10 November 2017) but were still
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higher than the pre-smog PM2.5 concentrations due to post-smog effects. The post-smog ef-
fects included pollution build-up coupled with favorable meteorological conditions, such as
lower temperature, lower wind speed, and higher relative humidity (Table 2). Similar find-
ings were reported for Smog-2016 where post-smog PM2.5 concentrations increased with
the dominance of secondary formed particulate ammonium sulphate via gas-to-particle
conversion along with favorable meteorological conditions [5]. On the post-smog day
(11 November 2017), higher PM2.5 concentration of 459.0 µg/m3 was observed which de-
creased on further consecutive days of post-smog event period (13/14/15 November 2017)
(Figure 2). The increase in PM2.5 concentration on 11 November 2017 may be due to sec-
ondary particle formation leading to increase in fine PM concentration. It has been reported
that secondary PM2.5 formation takes places due to photochemical reactions among mul-
tiple emitted pollutants, which causes severe haze conditions as reported in many cities
around the world [50,51]. In addition, increases in N and S species on 11 November 2017
(Table 3) confirm the formation of secondary particles, such as ammonium sulphate, as
reported during Smog-2016 [5].
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Table 2. Day-wise variations in meteorological parameters during Smog Event-2017.

Sampling Date WS
(m/s)

Visibility
(m)

T
(◦C)

RH
(%)

1 November 2017 2.36 1942 23.3 75.9

8 November 2017 0.71 385 19.8 81.9

9 November 2017 0.86 709 20.0 76.3

10 November 2017 0.60 940 19.8 76.1

11 November 2017 0.79 795 19.7 77.3

13 November 2017 2.07 942 19.1 79.9

14 November 2017 3.00 1123 20.0 75.5

15 November 2017 2.48 1806 19.4 75.0
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Table 3. Variations in PM2.5 associated elements (µg/m3) during Smog-2017.

Sr. No. Elements
01

November
2017

08
November

2017

09
November

2017

10
November

2017

11
November

2017

13
November

2017

14
November

2017

15
November

2017

1 N 10.0 58.0 38.4 21.8 37.2 29.6 19.3 19.1

3 Na 0.2 1.0 0.7 0.4 0.7 0.5 0.3 0.3

4 Mg 0.2 1.1 0.7 0.4 0.7 0.6 0.4 0.4

5 Al 0.8 4.8 3.2 1.8 3.1 2.4 1.6 1.6

6 Si 2.1 12.3 8.1 4.6 7.9 6.3 4.1 4.0

7 P 0.2 1.1 0.7 0.4 0.7 0.6 0.4 0.4

8 S 16.3 94.2 62.3 35.4 60.4 48.1 31.4 31.0

9 Cl 0.7 3.9 2.6 1.5 2.5 2.0 1.3 1.3

10 K - 10.5 6.9 3.9 6.7 5.3 3.5 1.8

11 Ca 1.1 6.1 4.0 2.3 3.9 3.1 2.0 2.0

12 Cr 2.9 17.0 11.3 6.4 10.9 8.7 5.7 5.6

13 Mn 0.2 0.9 0.6 0.3 0.6 0.5 0.3 0.3

14 Fe 2.4 13.8 9.1 5.2 8.8 7.0 4.6 4.5

15 Ni 0.1 0.7 0.5 0.3 0.4 0.4 0.2 0.2

16 Zn 1.6 9.3 6.2 3.5 6.0 4.8 3.1 3.1

17 Pb 0.5 2.9 1.9 1.1 1.9 1.5 1.0 1.0

18 Cu 0.2 1.2 0.8 0.4 0.7 0.6 0.4 0.4

19 Br - 0.8 0.6 0.3 0.5 0.4 0.3 0.3

20 Ti 0.2 1.1 0.7 0.4 0.7 0.5 0.4 0.4

The variations in meteorological parameters, such as temperature, relative humidity
(RH), wind speed, and air visibility conditions in pre-, during, and post-Smog-2017 are
shown in Table 2. On the pre-smog day, wind speed and temperature were found to
be higher, 2.36 m/s and 23.3 ◦C, respectively. Higher wind speed leads to dispersion of
pollutants, whereas higher temperature causes breakdown of pollutants in the presence
of sunlight, leading to lower PM2.5 concentration [52,53], as also found in the present
study. On the contrary, during Smog Event-2017, both wind speed and temperature were
comparatively lower and RH was higher (Table 2), favoring the accumulation of particulate
matter. In the presence of higher RH, PM acts as a nucleus for the condensation of water
vapor present in the air, forming a dense mass known as fog. When this fog is mixed
with other pollutants, such as S and N species from burning, it leads to the formation
of smog [5]. During the severe haze period, heterogeneous reactions become the major
formation pathway of secondary aerosol particles under high RH conditions [51]. The
presence of lower PM2.5 concentration on pre-smog day also instigated good atmospheric
visibility of 1942 m, whereas during smog conditions, visibility greatly reduced up to
385 m, which was lowest among all days of sampling. This signifies that meteorological
parameters also played a significant role in PM pollution build up during Smog Event-2017.

Fire count data on 09 November 2017 [45] and backward air mass trajectory on smog
day, i.e., 08 November 2017 (Figure 3) revealed that biomass-burning activities took place
in the last week of October and the first week of November, 2017, during which air parcels
moved from these areas to Delhi. This trans-boundary PM transport along with favorable
meteorological conditions contributed to the severe smog event during the year 2017. In
addition, the Punjab Pollution Control Board reported 39,686 burning events that took
place in Punjab after 15 October 2017 [53]. The estimated total biomass burnt during 2017
until the Smog Event-2017 was reported as 23 million tons altogether from adjoining areas
of Delhi, including Punjab, Haryana, and Uttar Pradesh [10]. Every year biomass-burning
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events take place during October-November months in these areas to make room for winter
crops, causing severe smog conditions during post-monsoon/winter season.
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3.2. Variations in PM2.5 Associated Elements, Organic Functional Groups, and Morphology
during Smog Event-2017
3.2.1. Elemental Composition

The variations in PM2.5 associated elements during Smog Event-2017 are shown in Table 3.
On pre-smog day, the higher PM2.5 associated elemental concentration (>1 µg/m3) were re-
ported for N (10.0 µg/m3), Si (2.1 µg/m3), S (16.3 µg/m3), Ca (1.1 µg/m3), Cr (2.9 µg/m3), and
Zn (1.6 µg/m3), whose concentrations drastically increased during the smog event (Table 3).
During the smog period, the PM2.5-associated elemental concentrations were reported much
higher for elements such as N (58.0 µg/m3), Na (1.0 µg/m3), Mg (1.1 µg/m3), Al (4.8 µg/m3),
Si (12.3 µg/m3), P (1.1µg/m3), S (94.2µg/m3), K (10.5µg/m3), Ca (6.1 µg/m3), Cr (17.0 µg/m3),
Fe (13.8 µg/m3), Zn (9.3 µg/m3), Pb (2.9 µg/m3), Cu (1.2 µg/m3), Br (0.9 µg/m3), and
Ti (1.1 µg/m3) (Table 3). Higher concentrations of elements such as N, S, Cl, K, Cr, Fe, Zn,
Pb, Cu, and Br during the smog event showed the signature of biomass-burning activities [2].
The presence of higher Al and Si during the smog event may be attributed to dust transport
from the Punjab area along with air parcel movement to Delhi, as well as local road dust sus-
pension contribution. During the smog episode, higher Cu and Zn concentrations found may
be associated with brake/tire abrasion or emitted from lubricating oil [54]. In addition, higher
concentrations of Zn and Pb in the droplet mode may be emitted from traffic and industrial
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sources [55]. Major elements found during the smog episode are S and N, which basically form
smog. These elements greatly contribute to secondary gas-to-particle conversion processes,
such as conversion of particulate NO3

− and SO4
2− from gaseous NOx and SOx in the presence

of high humidity and low photochemical activity, increasing fine PM concentrations [5]. PM-
bound S contributes to the formation of secondary inorganic aerosols containing NH4NO3 and
(NH4)2SO4 under smog conditions [56]. In addition, sulfate formation via oxidation of SO2 is
catalyzed by the presence PM metal ions such as Fe during the smog phase, increasing haziness
and thus reducing visibility [5]. Higher concentrations of the elements in the present study may
also be attributed to lower wind speed along with higher source contribution during the smog
episode (Table 2). Typically, three constituents were found contributing to haze conditions in
Shanghai, including secondary inorganic pollution, dust, and biomass-burning constituents [57].

3.2.2. Organic Functional Groups

The qualitative variations in PM2.5-associated organic functional groups during Smog
Event-2017 are shown in Table 4. FTIR analysis (qualitative) of PM2.5 provided variations
in 17 organic functional groups present in pre-, during, and post-Smog Event-2017 which
were identified by using the National Institute of Standards and Technology (NIST) library.
On the basis of the source/mechanism of formation, organic functional groups have been
categorized as [58]:

• Biogenic functional groups (ether, carbohydrates, hydroxyl groups, amino acids, and
amines functional groups);

• Oxygenated functional groups (carboxylic acid, aldehydes, ketones, esters, lactone,
and acid anhydride);

• Aliphatic hydrocarbon functional groups (aliphatic CH, alkenes, methyl, and methy-
lene functional groups), and,

• Aromatic hydrocarbon functional groups, etc.

Table 4. Variations in PM2.5-associated organic functional groups (in absorbance units) during Smog
Event-2017.

Sr. No. Functional
Groups

01
November

2017

08
November

2017

09
November

2017

10
November

2017

11
November

2017

13
November

2017

14
November

2017

15
November

2017

1 Alkyl halides
(R-I) 0.49 0.66 0.87 0.79 0.44 0.98 0.98 0.78

2 Alkyl halides
(R-Br) 0.48 1.01 0.87 0.72 0.525 0.85 0.67 0.73

3 Alkyl halides
(R-F) 0.06 0.24 0.41 0.28 0.46 0.22 0.39 0.14

4 Alkyl halides
(R-Cl) - 0.3 - - - - - -

5 Alcohol 0.06 0.24 0.41 0.52 0.46 0.41 0.26 0.49

6 Ethers 0.21 0.24 0.41 0.28 0.46 0.16 0.26 0.14

7 Esters 0.41 0.42 0.44 0.45 0.54 0.41 0.52 0.37

8 Organonitrates 0.31 0.42 0.44 0.45 0.54 0.41 - 0.37

9 Phenol 0.41 0.42 0.302 0.45 0.54 0.41 0.52 0.37

10 Amino
acids/Amines 0.41 0.42 0.44 0.45 0.54 0.41 0.52 0.37

11 Aldehydes 0.079 0.41 0.501 0.36 0.22 0.365 0.26 0.25

12 Ketones 0.079 0.41 0.501 0.36 0.22 0.365 0.26 0.25

13 Carbonyl carbon 0.079 0.41 0.501 0.36 0.22 0.365 0.26 0.25

14 Alkanes and
Alkyls 0.36 0.54 0.47 0.62 0.1 0.55 0.52 0.53

15 Carboxylic acids 0.39 0.54 0.52 0.62 0.14 0.55 0.64 0.53

16 Amides - 0.39 0.53 0.67 0.11 - 0.67 0.62

17 Alkenes - - - 0.64 0.34 - 0.62 -
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Table 4 shows lowest absorbance of organic functional groups on pre-smog day,
whereas increased concentration during smog conditions. Dominant organic functional
groups (absorbance > 0.10) on pre-smog day included alkyl halides (R-I) > alkyl halides
(R-Br) > esters ≥ phenol ≥ amino acids/amines > carboxylic acid > alkane and alkyls >
organonitrates > ether (Table 4). Dominant organic functional groups (absorbance > 0.10)
during smog conditions included alkyl halides (R-Br) > alkyl halides (R-I) > alkane and
alkyls ≥ carboxylic acids > esters ≥ phenol ≥ amino acids/amines ≥ organonitrates >
aldehydes ≥ ketones ≥ carbonyl groups > amide > alcohol ≥ ethers ≥ alkyl halides (R-F)
(Table 4). The presence of dominant species during smog showed their contribution from
fossil fuel combustion including gasoline- and diesel-powered vehicles (alkyne, alcohols,
nitro-compounds), burning activities (alkyl halides (R-F), alkyl halides (R-Br)), biogenic
emission (ether), and oxidation processes (esters) [58]. In addition, aldehyde and ketones
found to be originated from biomass burning, and ketones may also be formed from
alkane oxidation processes [59]. Amine and amide groups found are mostly biogenic in
emissions [60]. The percentage (%) contribution of different organic functional groups
are presented in Figure 4. Higher % contribution of species, such as alkyl halides (R-I),
alkyl halides (R-Cl), amines, amides, aldehydes, and ketones, confirm biomass-burning
and biogenic emissions are dominant sources during Smog Event-2017. The presence of
dominant organic functional groups during smog are found to be similar to those found
in the ambient PM samples affected by wildfires and wood-burning activities [36]. Even
after the smog event, significant absorbance of organic functional groups was found during
the post-smog period (08/09/10 November 2017). This may due to the fact that biomass
burning produces a significant number of organic compounds (VOCs and carbonaceous
matter), which after oxidation with hydroxyl (OH) radical, become further increased in
concentration during transboundary pollution transfer [61]. In addition, during haze
conditions, organic compounds contribute to particle growth processes which are driven
by secondary aerosol formation processes and air mass origin [62]. The organic compounds
also contributed from moderate to severe haze conditions reducing visibility conditions in
northeast China [15].
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3.2.3. Morphology

SEM-EDS micrographs shows the presence of individual particles in both spherical and
non-spherical shapes during Smog Event-2017 (Figure 5). During the studied smog episode,
non-spherical particles were abundantly dominant, followed by some spherical/nearly
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spherical particles. Round, flaky structures, solid and irregular-shaped particles, carbon
fractals, sticky aggregates, sharp-edged particles, and rod-shaped and rectangular particles
were abundantly found during the smog event. A variety of elements with variable mass
% were found associated with these particles, such as C, N, O, Na, Mg, Al, Si, S, Fe, Cl,
Ca, Ti, Cr, Pb, Fe, K, Cu, Cl, P, and F. The presence of elements such as C, N, S, Mg, Cl,
K, F, Cr, Pb, Cu, etc., shows signatures from biomass-burning activities. The chained
and branched structures (carbon fractals) rich in elements such as C, N, O, Na, and Fe
were found, which may have originated from combustion processes. Aggregated and
agglomerated particles rich in elements such as C, N, O, Na, S, Pb, Cl, Fe, K, and Cu were
found in dominance showing biomass burning signatures. The irregular and sharp-edged
particles with C, O, Na, P, S, and K were also found which may cause injury to inner tissues
of lungs after inhalation. In addition, during smog, higher mass % of toxic elements in
some individual particles such as Cu (up to 70%), Pb (up to 32%), and Cr (up to 25%) shows
greater concern in terms of human health during smog conditions in Delhi. Metals such
as Cr and Cu are common toxicants to lungs, and Pb causes neurological disorders while
present in PM [63]. Similar studies for morphology and chemical composition of individual
particles were conducted at Delhi, India [42], Haryana, India [64], Jaipur, India [65], Kanpur,
India [66], Los Angeles, USA [67], and New Mexico [68], but limited studies on morphology
of particles are available for episodic cases such as dust storms [40] and smog in Delhi.

3.3. Variations in PM2.5 Deposition Potential during Smog Event-2017

The variations in PM2.5 deposition potential for different age groups including children
and adults, pre- during, and post-Smog Event-2017 using MPPD model are shown in
Tables 5 and 6. The MPPD model provides output data for deposition of particles in
different regions of human respiratory tract (HRT), e.g., the head, TB, P, and total deposition.
Deposition fraction is the ratio of the number of aerosol particles of a specific size (e.g., for
PM2.5 particle diameter = 2.5 µm) deposited in a specific respiratory airway to the number
of the same size entering the overall respiratory tract. Deposition rate determines the
number of particles deposited in HRT per unit time and is represented in units as µg/min,
whereas deposition flux determines the number of particles deposited in HRT per unit time
per unit area of human lungs and is represented in units as µg/min/m2.

Table 5. Comparative analysis of PM2.5 deposition fraction for different age groups.

Present Study Age Groups

Sr. No. Deposition Fraction 3-Month 21-Month 28-Month 3-Year 8-Year 14-Year 18-Year 21-Year 30-Year

1 Head deposition fraction 0.24 0.25 0.29 0.28 0.27 0.26 0.42 0.41 0.47

2 TB deposition fraction 0.12 0.14 0.06 0.05 0.06 0.06 0.05 0.05 0.06

3 Pulmonary deposition fraction 0.30 0.29 0.21 0.28 0.40 0.33 0.28 0.31 0.20

4 Total deposition fraction 0.66 0.69 0.57 0.62 0.73 0.66 0.75 0.77 0.73

Manojkumar et al., 2019 [29]

5 Head deposition fraction 0.23 - 0.29 0.28 0.27 0.26 0.42 0.41 -

6 TB deposition fraction 0.12 - 0.06 0.05 0.06 0.06 0.05 0.05 -

7 Pulmonary deposition fraction 0.30 - 0.21 0.28 0.40 0.33 0.28 0.31 -

8 Total deposition fraction 0.65 - 0.56 0.61 0.73 0.65 0.74 0.77 -
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Figure 5. Morphology and chemical composition of individual particles during Smog Event-2017.
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Table 6. PM2.5 deposited mass rate (µg/min) for different age groups during pre-, during, and post-
Smog-2017.

Pre-smog Age Groups

Sr.
No. Deposition Potential 3-Month 21-Month 28-Month 3-Year 8-Year 14-Year 18-Year 21-Year 30-Year

1 Head deposited mass rate
(µg/min) 0.04 0.07 0.09 0.10 0.16 0.20 0.35 0.34 0.44

2 TB deposited mass rate
(µg/min) 0.02 0.04 0.02 0.02 0.03 0.05 0.04 0.04 0.06

3 Pulmonary deposited mass rate
(µg/min) 0.04 0.08 0.07 0.10 0.24 0.26 0.23 0.26 0.18

4 Total deposited mass rate
(µg/min) 0.10 0.19 0.18 0.22 0.43 0.51 0.62 0.64 0.67

Smog

5 Head deposited mass rate
(µg/min) 0.20 0.41 0.55 0.59 0.92 1.18 2.02 1.97 2.51

6 TB deposited mass rate
(µg/min) 0.11 0.23 0.11 0.11 0.19 0.27 0.24 0.22 0.34

7 Pulmonary deposited mass rate
(µg/min) 0.26 0.48 0.40 0.59 1.36 1.49 1.34 1.47 1.05

8 Total deposited mass rate
(µg/min) 0.56 1.12 1.05 1.29 2.47 2.93 3.60 3.67 3.90

Post-smog

9 Head deposited mass rate
(µg/min) 0.07 0.14 0.18 0.19 0.30 0.39 0.66 0.65 0.82

10 TB deposited mass rate
(µg/min) 0.03 0.08 0.04 0.04 0.06 0.09 0.08 0.07 0.11

11 Pulmonary deposited mass rate
(µg/min) 0.08 0.16 0.13 0.19 0.45 0.49 0.44 0.48 0.34

12 Total deposited mass rate
(µg/min) 0.18 0.37 0.35 0.42 0.81 0.96 1.18 1.20 1.28

The variations in PM2.5 deposition fractions for different age groups are provided
in Table 5. Deposition fractions in the pulmonary region were found highest, followed
by the head region for the 3-month, 21-month, 8-year, and 14-year age groups, which
signify more deposition of fine particles in the alveolar region for these age groups (Table 5).
Deposition fractions in the head region were found highest, followed by pulmonary region
for the 28-month, 3-year, 18-year, 21-year, and 30-year age groups, which signify more
deposition of PM2.5 particles in the outer respiratory tract region than the alveolar region
for these age groups (Table 5). Lowest deposition fractions were found in TB region for
all age groups (Table 5). This signifies that babies (3-month and 21-month) and growing
age children (8-year and 14-year) are more susceptible to fine particles deposition in inner
parts of human lungs, e.g., alveolar region with potential health effects. The values of
deposition fraction in our study are found to be in accordance with another study carried
out in Chennai city, India, as shown in comparative Table 5 [29].

The MPPD model outputs suggested that on pre-smog day, lower deposited mass rate
and mass flux for PM2.5 were observed, which drastically increased during smog conditions
and later decreased on the last day of post-smog (15 November 2017) (Tables 6 and 7).
Increase/decrease in deposited mass rate and mass flux were observed due to respective
increase/decrease in PM2.5 concentrations. Similar to the deposition fraction, deposited
mass rate (µg/min) was found to be highest for the pulmonary region followed by the
head region in specific age groups (3-month, 21-month, 8-year, and 14-year), whereas
found highest for the head region followed by pulmonary region for remainder of the
age groups studied (28-month, 3-year, 18-year, 21-year, and 30-year) (Table 6). Lowest
deposited mass rate was found in TB region for all age groups during pre-, during, and
post-Smog Event-2017 but with different values (Table 6). In addition, much higher values
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of deposited mass rate (µg/min) and mass flux (µg/min/m2) during smog conditions for
all age groups showed the higher extent of PM2.5 deposition during pollution episodes in
Delhi (Tables 6 and 7). In the present study (Delhi, India), the highest total PM2.5 deposited
mass rates (µg/min) in different age groups were reported during the smog event as
0.10 (3-month), 0.19 (21-month), 0.18 (28-month), 0.22 (3-year), 0.43 (8-year), 0.51 (14-year),
0.62 (18-year), 0.64 (21-year), and 0.67 (30-year) (Table 6). Among all age groups, the highest
total deposited mass rate (µg/min) was observed for 30-year-old followed by 21-year-old
adults throughout pre-, during, and post-Smog Event-2017 (Table 6). The highest value
of total deposited mass rate for 30-year-old adults during pre-smog event was observed
as 0.67 µg/min, which drastically increased up to ~6 times as 3.90 µg/min during smog
event, which shows quite higher deposition of PM2.5 during episodic cases such as smog
(Table 6). This higher rate of PM deposition may cause blocking of the upper respiratory
tract or head region when individual particles with higher surface area are inhaled and get
deposited because in this study, highest deposited mass rates are found for the head region
for specific age groups (28-month, 3-year, 18-year, 21-year, and 30-year). On the other
hand, smaller particles may reach the alveoli and bloodstreams and become deposited
in internal organs of our body such as mitochondria, cytoplasm, and cytoplasm-bound
vesicles [25] because in this study, highest deposited mass rate are found for pulmonary
region for some age groups (3-month, 21-month, 8-year, and 14-year). When deposited
inside cell organelles, PM causes oxidative stress, inflammation, mitochondria-induced
apoptosis, and can interfere with intracellular proteins, organelles, and DNA present inside
the cell [69]. The present values of deposited mass rate during smog were found to be
quite a lot higher than the previously reported MPPD model outputs in India. For example,
highest PM2.5 deposited mass rate (µg/hr) in Chennai, India, were found as 4.7 × 10−6

(3-month), 1.2 × 10−5 (28-month), 1.4 × 10−5 (3-year), 2.8 × 10−5 (8-year), 4.3 × 10−5

(9-year), 4.8 × 10−5 (14-year), 4.7 × 10−5 (18-year), and 6.0 × 10−5 (21-year) [29]. Highest
PM2.5 deposited mass rate (µg/hr) in Dehradun, India, were found as 9.1× 10−3 (3-month),
0.09 (21-month), 0.03 (3-year), 0.08 (9-year), 0.09 (18-year), and 0.12 (21-year) [28].

Table 7. Mass flux maps (µg/min/m2) for different age groups during pre-, during, and post-Smog-2017.
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Mass flux maps are shown for different age groups pre-, during, and post-Smog Event-
2017 in Table 7. Highest mass flux (µg/min/m2) values were reported for 21-month-old,
followed by 3-month-old children, whereas lowest values were reported for 21-year-old
adults, which highlights that PM2.5 exposure effects in terms of mass flux are higher for
children than for adults (Table 7). This is due mainly to the fact that 21-month-old and
3-month-old babies have lowest lung surface area, whereas 21-year-old adults have largest
lung surface area among all the age groups studied (Table 7). Highest mass flux during
smog conditions were reported for 21-month-olds as 4.7 × 102 µg/min/m2, followed by
3-month-olds as 49.2 µg/min/m2,whereas lowest as 6.8 µg/min/m2 for 21-year-old adults,
which signify ~69 times and ~7 times more mass flux deposition in 21-month-old children,
compared with 21-year-old adults (Table 6). This showed newborn baby and young child
groups are more vulnerable than adults to PM2.5 mass flux, especially under episodic cases
such as smog, which raises serious concern for pollution management strategies to avoid
pollution episodes. Highest PM2.5 mass flux (µg/h/m2) values in Chennai city, India, were
reported as 0.12 (3-month), 0.05 (28-month), 0.08 (3-year), 0.11 (8-year), 0.43 (9-year), 0.06
(14-year), 0.06 (18-year), and 0.05 (21-years) (Table 6) [29].

3.4. Variations in Average Daily Dose of PM2.5 Associated Elements during Smog Event-2017

Variations in average daily dose (ADD; in µg/kg/day) of 18 PM2.5-associated elements
for children and adults on different days of sampling during Smog Event-2017 are shown
in Tables 8 and 9. Higher ADD were found for children than adults during smog conditions
and lowest on pre-smog day, showing more elemental deposition in children lungs during
smog events than adults (Tables 8 and 9). During smog, highest ADD (µg/kg/day) was
reported for different elements such as S (1.81 × 10−7), K (2.01 × 10−8), Ca (1.17 × 10−8),
Cr (3.27× 10−8), Fe (2.65 × 10−8), Zn (1.79× 10−8), and Si (2.37 × 10−8) for adults (Table 8).
For children, highest ADD (µg/kg/day) during smog was observed as S (5.54 × 10−7),
Al (2.81 × 10−8), Cl (2.28 × 10−8), K (6.15 × 10−8), Ca (3.57 × 10−8), Cr (1.0 × 10−7),
Fe (8.09 × 10−8), Zn (5.48 × 10−8), Pb (1.71 × 10−8), and Si (7.24 × 10−8) (Table 9). These
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highest ADD values during smog conditions show potential health effects of these elements
after lung deposition in children and adults (Tables 8 and 9). ADD for potential toxic
elements were reported in the order of Cr > Fe > Zn > Pb > Cu > Mn > Ni with their
highest ADD concentrations during Smog Event-2017 having potential toxicity after lung
deposition (Tables 8 and 9). In addition, values of ADD for toxic elements for children
during post-smog condition (15 November 2017) were found comparable to those of ADD
for adults during smog conditions. This signify that even after the smog episode was over
in Delhi, children were still vulnerable to the post-effects of episodic cases such as smog
in terms of PM2.5 lung deposition and associated health effects. The ADD for children is
found to be higher than ADD for adults in other studies, which shows more exposure of
children to the elements than adults [70]. According to a study conducted in Delhi, in the
case of human exposure to metals, individuals were found exposed most to Fe, Zn, and Co
and least exposed to Cd, Cr, and Pb during normal (non-episodic) days [33].

Table 8. Average daily dose (µg/kg/day) of different elements present in PM2.5 for adults during
different days of sampling.

Adult 01 November
2017

08 November
2017

09 November
2017

10 November
2017

11 November
2017

13 November
2017

14 November
2017

15 November
2017

Na (µg/kg/day) 3.46 × 10−10 1.96 × 10−9 1.31 × 10−9 7.31 × 10−10 1.27 × 10−9 1.00 × 10−9 6.54 × 10−10 6.54 × 10−10

Mg (µg/kg/day) 3.46 × 10−10 2.06 × 10−9 1.37 × 10−9 7.69 × 10−10 1.31 × 10−9 1.06 × 10−9 6.93 × 10−10 6.73 × 10−10

Al (µg/kg/day) 1.6 × 10−9 9.19 × 10−9 6.08 × 10−9 3.46 × 10−9 5.89 × 10−9 4.69 × 10−9 3.06 × 10−9 3.02 × 10−9

P (µg/kg/day) 3.65 × 10−10 2.14 × 10−9 1.40 × 10−9 8.08 × 10−10 1.37 × 10−9 1.10 × 10−9 7.12 × 10−10 6.93 × 10−10

S (µg/kg/day) 3.13 × 10−8 1.81 × 10−7 1.20 × 10−7 6.81 × 10−8 1.16 × 10−7 9.25 × 10−8 6.03 × 10−8 5.96 × 10−8

Cl (µg/kg/day) 1.29 × 10−9 7.46 × 10−9 4.92 × 10−9 2.81 × 10−9 4.79 × 10−9 3.81 × 10−9 2.48 × 10−9 2.44 × 10−9

K (µg/kg/day) - 2.01 × 10−8 1.33 × 10−8 7.56 × 10−9 1.29 × 10−8 1.03 × 10−8 6.69 × 10−9 3.48 × 10−9

Ca (µg/kg/day) 2.02 × 10−9 1.17 × 10−8 7.73 × 10−9 4.39 × 10−9 7.48 × 10−9 5.96 × 10−9 3.89 × 10−9 3.85 × 10−9

Cr (µg/kg/day) 5.66 × 10−9 3.27 × 10−8 2.16 × 10−8 1.23 × 10−8 2.10 × 10−8 1.67 × 10−8 1.09 × 10−8 1.08 × 10−8

Fe (µg/kg/day) 4.58 × 10−9 2.65 × 10−8 1.75 × 10−8 9.95 × 10−9 1.70 × 10−8 1.35 × 10−8 8.81 × 10−9 8.69 × 10−9

Ni (µg/kg/day) 2.31 × 10−10 1.33 × 10−9 8.85 × 10−10 5.00 × 10−10 8.46 × 10−10 6.73 × 10−10 4.42 × 10−10 4.42 × 10−10

Zn (µg/kg/day) 3.1 × 10−9 1.79 × 10−8 1.18 × 10−8 6.73 × 10−9 1.15 × 10−8 9.14 × 10−9 5.96 × 10−9 5.89 × 10−9

Mn (µg/kg/day) 3.08 × 10−10 1.75 × 10−9 1.15 × 10−9 6.54 × 10−10 1.12 × 10−9 8.85 × 10−10 5.77 × 10−10 5.77 × 10−10

Pb (µg/kg/day) 9.62 × 10−10 5.58 × 10−9 3.69 × 10−9 2.10 × 10−9 3.58 × 10−9 2.85 × 10−9 1.87 × 10−9 1.83 × 10−9

Cu (µg/kg/day) 3.85 × 10−10 2.21 × 10−9 1.46 × 10−9 8.27 × 10−10 1.42 × 10−9 1.14 × 10−9 7.31 × 10−10 7.31 × 10−10

Br (µg/kg/day) - 1.62 × 10−9 1.08 × 10−9 6.16 × 10−10 1.04 × 10−9 8.27× 10−10 5.39 × 10−10 5.39 × 10−10

Si (µg/kg/day) 4.1 × 10−9 2.37 × 10−8 1.56 × 10−8 8.89 × 10−9 1.52 × 10−8 1.21 × 10−8 7.89 × 10−9 7.77 × 10−9

Ti (µg/kg/day) 3.46 × 10−10 2.02 × 10−9 1.33 × 10−9 7.50 × 10−10 1.29 × 10−9 1.04 × 10−9 6.73 × 10−10 6.73 × 10−10

Table 9. Average daily dose (µg/kg/day) of different elements present in PM2.5 for children during
different days of sampling.

Children 01 November
2017

08 November
2017

09 November
2017

10 November
2017

11 November
2017

13 November
2017

14 November
2017

15 November
2017

Na (µg/kg/day) 1.06 × 10−9 6.00 × 10−9 4.00 × 10−9 2.24 × 10−9 3.88 × 10−9 3.06 × 10−9 2.00 × 10−9 2.00 × 10−9

Mg (µg/kg/day) 1.06 × 10−9 6.29 × 10−9 4.18 × 10−9 2.35 × 10−9 4.00 × 10−9 3.24 × 10−9 2.12 × 10−9 2.06 × 10−9

Al (µg/kg/day) 4.88 × 10−9 2.81 × 10−8 1.86 × 10−8 1.06 × 10−8 1.80 × 10−8 1.44 × 10−8 9.35 × 10−9 9.24 × 10−9

P (µg/kg/day) 1.12 × 10−9 6.53 × 10−9 4.29 × 10−9 2.47 × 10−9 4.18 × 10−9 3.35 × 10−9 2.18 × 10−9 2.12 × 10−9

S (µg/kg/day) 9.58 × 10−8 5.54 × 10−7 3.66 × 10−7 2.08 × 10−7 3.55 × 10−7 2.83 × 10−7 1.85 × 10−7 1.82 × 10−7

Cl (µg/kg/day) 3.94 × 10−9 2.28 × 10−8 1.51 × 10−8 8.59 × 10−9 1.47 × 10−8 1.17 × 10−8 7.59 × 10−9 7.47 × 10−9
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Table 9. Cont.

Children 01 November
2017

08 November
2017

09 November
2017

10 November
2017

11 November
2017

13 November
2017

14 November
2017

15 November
2017

K (µg/kg/day) - 6.15 × 10−8 4.07 × 10−8 2.31 × 10−8 3.94 × 10−8 3.14 × 10−8 2.05 × 10−8 1.07 × 10−8

Ca (µg/kg/day) 6.18 × 10−9 3.57 × 10−8 2.37 × 10−8 1.34 × 10−8 2.29 × 10−8 1.82 × 10−8 1.19 × 10−8 1.18 × 10−8

Cr (µg/kg/day) 1.73 × 10−8 1.00 × 10−7 6.62 × 10−8 3.76 × 10−8 6.42 × 10−8 5.11 × 10−8 3.34 × 10−8 3.29 × 10−8

Fe (µg/kg/day) 1.4 × 10−8 8.09 × 10−8 5.35 × 10−8 3.04 × 10−8 5.19 × 10−8 4.14 × 10−8 2.69 × 10−8 2.66 × 10−8

Ni (µg/kg/day) 7.06 × 10−10 4.06 × 10−9 2.71 × 10−9 1.53 × 10−9 2.59 × 10−9 2.06 × 10−9 1.35 × 10−9 1.35 × 10−9

Zn (µg/kg/day) 9.47 × 10−9 5.48 × 10−8 3.62 × 10−8 2.06 × 10−8 3.51 × 10−8 2.79 × 10−8 1.82 × 10−8 1.80 × 10−8

Mn (µg/kg/day) 9.41 × 10−10 5.35 × 10−9 3.53 × 10−9 2.00 × 10−9 3.41 × 10−9 2.71 × 10−9 1.77 × 10−9 1.77 × 10−9

Pb (µg/kg/day) 2.94 × 10−9 1.71 × 10−8 1.13 × 10−8 6.41 × 10−9 1.09 × 10−8 8.71 × 10−9 5.71 × 10−9 5.59 × 10−9

Cu (µg/kg/day) 1.18 × 10−9 6.76 × 10−9 4.47 × 10−9 2.53 × 10−9 4.35 × 10−9 3.47 × 10−9 2.24 × 10−9 2.24 × 10−9

Br (µg/kg/day) - 4.94 × 10−9 3.29 × 10−9 1.88 × 10−9 3.18 × 10−9 2.53 × 10−9 1.65 × 10−9 1.65 × 10−9

Si (µg/kg/day) 1.25 × 10−8 7.24 × 10−8 4.78 × 10−8 2.72 × 10−8 4.64 × 10−8 3.69 × 10−8 2.41 × 10−8 2.38 × 10−8

Ti (µg/kg/day) 1.06 × 10−9 6.18 × 10−9 4.06 × 10−9 2.29 × 10−9 3.94 × 10−9 3.18 × 10−9 2.06 × 10−9 2.06 × 10−9

4. Conclusions

In the present study, lower concentrations of PM2.5, elemental composition, and
organic functional groups were observed during pre-smog conditions which drastically
increased during Smog Event-2017 in Delhi. Pre-smog PM2.5 concentration was reported
as 124.0 µg/m3 which drastically increased up to 717.2 µg/m3 (~6 times higher) during
the studied smog episode. The meteorological conditions, such as lower temperature,
low wind speed, and higher RH played a crucial role in PM2.5 accumulation, thereby,
reducing the air visibility to a greater extent in Delhi during the smog. During smog
conditions, significantly higher concentration of elements such as N, S, Cl, K, Cr, Fe, Zn, Pb,
Cu, and Br and the presence of dominant organic functional groups in PM2.5 confirmed
biomass-burning signatures along with local emission sources in Delhi. Non-spherical-
shaped individual particles dominated, followed by some spherical/nearly spherical-
shaped particles with round, flaky structures, solid and irregular-shaped particles, carbon
fractals, sticky aggregates, sharp-edged particles, and rod-shaped and rectangular particles
during Smog Event-2017.

The MPPD model outputs suggested that during Smog Event-2017 much higher rate
of PM2.5 deposition potential (mass rate and mass flux) were reported than that of pre- or
post-smog days. The highest deposition fraction and mass rate (µg/min) were reported for
the alveolar region of the lungs, followed by the head region in some age groups of babies
and children, whereas, for the head region, followed by alveolar region in the remainder
of the age groups, including adults. This shows that mostly the baby and child groups
were affected by particle deposition in the alveolar region, causing adverse health effects,
whereas in adults and other age groups, most of the particle deposition took place in the
head region, affecting upper respiratory tract more than the alveolar region. Mass flux
(µg/min/m2) in 3-month-old babies was found to be highest, followed by 21-month-old
children, which shows babies and children were the most vulnerable to PM2.5 mass flux
during the smog period due to lower lung surface area. In addition, ADD (µg/kg/h) for
PM2.5-associated elements were found higher for children than adults. ADD for elements
with potential toxicity, such as Cr, Fe, Zn, Pb, Cu, Mn, and Ni, were also found higher for
children during smog conditions followed by the post-smog period, showing potential
adverse effects of these toxic elements to children, even after the smog event was over. On
the basis of this study, it can be suggested that there is an urgent need for atmospheric
scientists, meteorologists, and policy makers to contemplate more stringent mitigation
policies to combat pollution episodes such as smog to minimize the adverse health effects
to the sensitive population, such as babies and children, in Delhi.
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Abbreviations

MPPD Multiple path particle dosimetry
PM Particulate matter
PM2.5 Particulate matter with aerodynamic diameter less than 2.5
IGP Indo-Gangetic Plains
COPD Chronic Obstructive Pulmonary Disease
NCT National Capital Territory
CSIR-NPL CSIR-National Physical Laboratory
PTFE Polytetrafluoroethylene
SEM Scanning Electron Microscopy
EDS Energy Dispersive X-ray spectroscopy
WD-XRF Wavelength Dispersive-X-ray Fluorescence
OP-FTIR Open Path-Fourier Transform Infrared Spectroscopy
MIR Mid-infrared
MCT Mercury Cadmium Telluride
IMD India Meteorological Department
HRT Human respiratory tract
TB Trachea-bronchial
P Pulmonary
FRC Functional residual capacity
URT Upper respiratory tract
USEPA United States Environment Protection Agency
ADD Average daily dose
WHO World Health Organization
NAAQS National Ambient air Quality Standards
RH Relative humidity
% Percentage
NIST National Institute of Standards and Technology
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Abstract: This study aimed to understand the influence of industries (including steelworks, lime
factories, and industry of metal waste management and treatment) on the air quality of the urban-
industrial area of Seixal (Portugal), where the local population has often expressed concerns regarding
the air quality. The adopted strategy was based on biomonitoring of air pollution using transplanted
lichens distributed over a grid to cover the study area. Moreover, the study was conducted during
the first period of national lockdown due to COVID-19, whereas local industries kept their normal
working schedule. Using a set of different statistical analysis approaches (such as enrichment and
contamination factors, Spearman correlations, and evaluation of spatial patterns) to the chemical
content of the exposed transplanted lichens, it was possible to assess hotspots of air pollution and to
identify five sources affecting the local air quality: (i) a soil source of natural origin (based on Al, Si,
and Ti), (ii) a soil source of natural and anthropogenic origins (based on Fe and Mg), (iii) a source
from the local industrial activity, namely steelworks (based on Co, Cr, Mn, Pb, and Zn); (iv) a source
from the road traffic (based on Cr, Cu, and Zn), and (v) a source of biomass burning (based on Br
and K). The impact of the industries located in the study area on the local air quality was identified
(namely, the steelworks), confirming the concerns of the local population. This valuable information
is essential to improve future planning and optimize the assessment of particulate matter levels
by reference methods, which will allow a quantitative analysis of the issue, based on national and
European legislation, and to define the quantitative contribution of pollution sources and to design
target mitigation measures to improve local air quality.

Keywords: air pollution; biomonitoring; transplanted lichens; spatial analysis; urban-industrial area;
steelworks; source apportionment

1. Introduction

Industrial emissions have an important contribution to particulate matter (PM) in
urban-industrial areas [1,2]. To solve environmental problems in this type of areas it is
crucial to understand and identify prevailing emission sources to promote targeted and
successful mitigation measures.

It is known that particulate matter may have adverse health effects, since PM may
contain potentially toxic elements (PTEs) [3–5]. Thus, the determination of the chemical
composition of PM aims not only to determine the sources of the PM sampled at receptor
sites but also to identify its potential health hazards.
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In the last years, the episodic deposition of airborne particulates onto homes and
properties was a common complaint from the residents of Aldeia de Paio Pires-Seixal (mu-
nicipality of Seixal of the Lisbon metropolitan area), an urban-industrial area in Portugal [6].
To answer the concerns raised by the population, the local Council of Seixal promoted a
set of actions, such as the assessment of the chemical composition of the settled dust to
determine its sources and potential health hazards [7]. In this previous study, the settled
dust was collected in January 2019, characterized by micro-PIXE, and the influence of the
steel industries was identified due to the content of Fe, Cr, and Mn, along with a minor
traffic influence.

PM emissions from steelworks are a complex mixture of stationary and diffuse emis-
sions, associated with the process and with operations such as stocking and transportation
of raw materials and slags [1,8,9]. Atmospheric PM from iron and steel industries have
high concentrations of As, Cd, Cr, Cu, Fe, Mn, Ni, Se, V, and Zn [10–12]. Moreover, steel-
works are often close to other industries and traffic zones, making it difficult to distinguish
between the contributions of the processes.

Traditionally, air pollution studies are performed through instrumental techniques
that are limited to a small number of sampling stations [13]. Biomonitoring offers several
advantages over standard sampling methods since biomonitors can be used in vast areas
with many monitoring points while requiring little maintenance and are low cost [14].
Biomonitors can be native organisms in the ecosystem or they can be collected in an
unpolluted site and transplanted to the area of interest [15,16].

Lichens have the ability to accumulate elements, in correlation with atmospheric
levels. In fact, since lichens have no roots, they are dependent on the atmosphere for the
uptake of water and mineral substances [17]. Lichens are extensively used in biomonitoring
studies [13,18–22] and for spatial mapping of air contaminants [14,23,24], allowing the
identification of pollution hotspots.

Continuing the set of actions promoted by the local Council of Seixal to understand the
population exposure and the associated health risks of the settled dust events, the present
study was conducted for the Council of Seixal and it aimed to assess the spatial distribution
of air pollution, to identify its hotspots and its sources, by the use of the biomonitoring
technique of air pollution using transplanted lichens in the Aldeia de Paio Pires-Seixal.
The elemental characterization of the transplanted lichens was performed to assess the
potential pollution sources, through the analysis of their chemical tracers. The Micro-X-ray
Fluorescence technique was applied since it has been previously used to quantify metals
in lichens and has several advantages: it is nondestructive, presents no need for sample
digestion, and accuracy and reproducibility are at least equal to spectroscopic methods [25].

2. Materials and Methods
2.1. Study Area

This study was carried out in the parish of União das Freguesias do Seixal, Arrentela e
Aldeia de Paio Pires (UFSAAPP), in the municipality of Seixal (Portugal), which is located
in the peninsula of Setúbal and it is a part of the Lisbon Metropolitan Area (Portugal),
next to the Nature Reserve of the Tagus Estuary (Figure 1). The municipality of Seixal is
one of the most densely populated municipalities in Portugal, with 167,294 inhabitants in
95.5 Km2 [26] (PORDATA, 2021).

Besides including a significant network of highways and national roads (A2-IP7, A33,
and EN10), the study area (UFSAAPP) comprises small and medium-sized industries and
an industrial park where the following facilities are located (as shown in Figure 1): industry
A–that is a steelwork that manufactures galvanized sheet metal (with Cr passivation) and
cold rolled sheet, with an installed capacity of 800,000 tons per year [27]; industry B–that is
steelwork with an installed capacity of 215 tons per hour for the production of steel, where
the main processes consist of an Electric Arc Furnace for steelmaking and hot rolling [28];
industry C–that it is a lime factory, which manufactures lime by calcination of limestone in
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a coke kiln [29]; and industry D that is a company focused on metal waste (such as iron and
aluminum) management and treatment (recovered iron is a raw material for industry B).

Figure 1. Location of the study area: (left) Framework of the study area (black rectangle) and the
clean area (black dot, Montargil) in Portugal mainland; (center) Seixal municipality location; (right)
location of industries A, B, C and D within the study area (geographical data obtained from Google
Earth Pro [30]).

2.2. Transplantation and Sampling

Samples of the lichen Flavoparmelia caperata (L.) Hale were collected from olive trees at
about 1.5 m above the soil, in Montargil (39◦03′24′′ N, 8◦10′36′′ W) (as shown in Figure 1),
on 22 January 2020. Montargil is a rural area considered clean from an air pollution point of
view [31]. Lichens were collected using powderless gloves and stored temporarily in paper
envelopes to be transported to the laboratory. In the laboratory, four lichen samples were
separated randomly, as reference base levels. Lichens were placed in nylon mesh bags and
exposed in the study area, fixed to an appropriate substrate using nylon string, at about
1.8 m above the soil (Figure 2). The exposure period of the samples was approximately four
and a half months (total of 137 days), from 1 February to 17 June 2020.

Figure 2. Exposed transplanted Flavoparmelia caperata lichens in nylon bags (right) that were placed
in the study area (left).
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A georeferenced grid of 4.55 km× 6.82 km, with 77 cells of 650 m× 620 m, was drawn
for the lichens exposure, between the coordinates −9.11, 38.65 and −9.05, 38.59 (upper left
and lower right corner of the grid), corresponding to the extremes of UFSAAPP (Figure 3).

Figure 3. Grid of the spatial distribution of the transplanted and retrieved lichens after the exposure
period (green dots) in the study area (left), with identification of the industrial area described before
(black rectangle) (geographical data obtained from Google Earth Pro [30]), and (right) wind rose of
the prevailing winds monitored in the weather station described in Section 2.3 (data obtained from
the Portuguese Institute of Sea and Atmosphere, IPMA), during the exposure period.

Lichens samples were distributed over the study area based on two strategies: (1) par-
ticipation of the local population by exposing the transplanted lichens in outdoor of their
dwellings, and (2) to have good coverage of the study area, lichen samples were exposed in
selected sites to cover the established grid cells that were not covered by the strategy 1. For
the population engagement, a public presentation session was held on 1 February 2020, to
explain the study and to identify volunteers. A total of 88 lichen samples were exposed but
only 63 could be retrieved at the end of the exposure period and subsequently analyzed
(retrieved lichen samples are shown in Figure 3, left).

2.3. Meteorological Data

Meteorological data for the exposure period were obtained from the Barreiro-Lavradio
weather station next to the study area (38◦40′28′′ N, 9◦2′51′′ W, it is the nearest weather
station, and it is located at 5.5 km from the study area) and it was supplied by the Portuguese
Institute of Sea and Atmosphere (Instituto Português do Mar e da Atmosfera-IPMA).

During the exposure period, the average temperature in the study area was 16.9± 3.2 ◦C
(ranging from 9.7 to 25.1 ◦C) and the average relative humidity was 80 ± 8% (ranging from
63 to 98%), with a total of 36 rainy days registered.

The wind rose for the exposure period is presented in Figure 3, where a predominance
of winds from North (N), Northwest (NW), and West (W) was registered.

2.4. Chemical Analysis

At the laboratory, lichens were cleaned and cleared of extraneous material (such as
dust, bark remaining, leaf debris, fungus contamination, and degraded material), and
rinsed for 5 s with demineralized water, freeze-dried, and ground into powder in a ball mill
with PTFE capsules under liquid nitrogen, for homogenization [32]. Pellets with an average
thickness of 12 mm, were then prepared for elemental characterization by micro-X-ray
Fluorescence [33]. For each lichen sample, a total of three pellet replicates were done. Figure
S1 provides an overview of the procedure for the preparation of pellets.

Micro-X-ray Fluorescence (micro-XRF) analysis was conducted in the Laboratory for
Heritage Science (Debrecen, Hungary), ATOMKI, Debrecen, Hungary using a Bruker M4
Tornado micro-XRF equipment (Bruker Corporation, Billerica, MA, USA). All measure-
ments were made in a vacuum (~20 mbar). Rh excitation source set to 50 kV with 300 µA
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current was applied. The beam was focused down to 25 µm using polycapillary optics.
To set the optimal measurement conditions, different filter combinations were applied
on selected samples: (1) no filter, (2) 12.5 µm Al, (3) 100 µm Al + 25 µm Ti [34]. Test
measurements to detect elements like Cd, Sn, Sb were carried out with W (50 kV, 700 µA)
excitation source. Since Cd, Sn, Sb were under detection limit even with the W tube, an Rh
excitation source was applied for the measurements. To achieve the result for the widest
possible elemental range (Na-U), measurements were performed without a filter.

X-ray spectra were collected simultaneously with 2 detectors (XFlash® SDD with
30 mm2 active surfaces, Be window). Spectra and maps of ~6 mm × 7 mm areas were
acquired to get the best estimate of the average composition of the samples and to eliminate
the possible fluctuations in concentrations due to sampling inhomogeneity. For each lichen
sample, only one of the three replicate pellets was measured. Regarding the quality control
of the measurements, randomly selected pellets were re-measured 2 more times on different
days with the same settings. In the case of 5 random pellets, both sides were measured,
and in the case of 6 samples, all of their replicate prepared pellets were analyzed (three
replicates per sample). In all cases, the resulting concentration data were within 2 sigmas.

For the quantification, the fundamental parameter (FA) method [35] was applied using
the MQuant built-in software [36]. The composition of cellulose (C6H10O5)n was set as an
“unknown” matrix.

The elemental composition of exposed and unexposed biomonitors was assessed for a
total of 20 elements (Al, As, Br, Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Pb, Rb, S, Se, Si, Sr, Ti, Zn,
and Zr).

2.5. Statistical Analysis

Statistical analysis was performed using STATISTICA software version 13. The vari-
ables in the data set exhibited a non-normal distribution, and so the Mann-Whitney U
nonparametric statistics was applied [37], at a significance level of 0.05, for independent
groups, to suggest whether samples come from the same population or not. One Sample
Wilcoxon nonparametric test was also applied, at a significance level of 0.05, to indicate
if there is a significant difference between the median of a sample group and an hypoth-
esized value [37]. Spearman correlations [37] were used to understand the associations
between parameters.

The enrichment factor (EF) is used for identifying the crustal and non-crustal ori-
gin of elements [38], and it is applied to particulate matter collected in filters [14,39],
plants/lichens [32,40], and sediments [41]. The enrichment factor of the element was deter-
mined for each sample, using the reference values of soil composition (Table S1) [42] and
taking Si as the crustal reference element [43], according to Equation (1):

EFX =

(
[X]
[Si]

)
Lichen(

[X]
[Si]

)
Soil

(1)

where
(
[X]
[Si]

)
Lichen

is the ratio between the concentrations of element X and Si in the lichen

and
(
[X]
[Si]

)
Soil

is the ratio between the reference concentrations of the element X and Si
in Soil. To account for the local variation in the soil composition in the EF calculations,
elements with EF values between 1 and 10 are considered to be of a crustal origin [32],
while elements with EF values greater than 10 were considered to be enriched by other
sources rather than the crust [44].

To compare the mean elemental concentrations assessed in the exposed lichens with
the unexposed lichens, the calculation of the Contamination Factor (CF) was conducted,
where CF for a specific element is the ratio between the exposed and the unexposed
lichen [45]. CF is also known as Exposure to Control ratio, which has been divided in
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five classes [46], namely (i) 0–0.25: severe loss, (ii) 0.25–0.75: loss, (iii) 0.75–1.25: normal,
(iv) 1.25–1.75: accumulation, and (v) >1.75: severe accumulation.

Geostatistical modeling maps were built using ArcGIS 10.1 software (ESRI, 2020, Red-
lands, CA, USA), for studying the geospatial distribution of the elemental concentrations
in the study area. The mapping was performed using the IDW (Inverse Distance Weighted)
tool, which has been applied in similar studies [45]. IDW calculates the cell value for the
unmeasured location, averaging the sampled data around each processing cell; the closer a
measured point is to the center of the prediction cell, the more weight it will have [47]. In
the overall equation for IDW, v0 represents the estimated value at point 0 (Equation (2)), vi
the value in the known point I, di is the distance to point I, S is the number of known points
applied in the estimate, and k is assumed to equal to 2. A set of 12 neighboring samples
was chosen to represent the spatial variation of the elements under study.

v0 =
∑S

i = 1 vi

(
1
dk

i

)

∑S
i = 1

(
1
dk

i

) (2)

The range between the maximum and minimum concentrations obtained for each
element was subdivided into five bands, corresponding to 0–20, 20–40, 40–60, 60–80, and
80–100 percentiles.

3. Results and Discussion
3.1. Elemental Characterisation

Table 1 presents the mean elemental concentrations in unexposed lichens and in
the transplanted lichens after the exposure period. The major elements assessed in the
exposed lichens were (by decreasing order): Ca (22.6%) > Fe (1.18%) > K (0.79%) > Si
(0.62%) > Al (0.26%) > S (0.16%) > Mg (0.12%) > Ti (0.12%), with the remaining ele-
ments contributing with less than 0.10% to the total mass of the lichen samples (namely,
Zn > Sr > Mn > Br > Cu > Pb > Zr > Se > Rb > Co > Cr > As).

Table 1. Mean elemental mass fractions (in mg·Kg−1, dry weight) in unexposed and exposed lichens
samples and comparison with values from other studies.

Present Study (Godinho et al., 2009)
[48]

(Pacheco et al., 2008)
[49]

Unexposed Lichens Exposed Lichens Industrial Area,
Sines 1

Industrial Area,
Sines 1

Element Mean ± SD Min Max Mean ± SD Min Max Mean ± SD Mean ± SD
Al 2310 ± 190 2140 2550 2590 ± 450 1770 3790 1040 ± 146 3170
As 58.5 ± 24.8 36.0 88.0 30.0 ± 28.4 1 125 0.33 ± 0.11 1.33
Br 192 ± 17 170 211 180 ± 16 143 221 14.6 ± 1.8 13.7
Ca 208,000± 23,000 180,000 232,000 226,000± 15,000 187,000 257,000 8890 ± 1690 4390
Co 47.0 ± 10.5 32.0 56.0 54.9 ± 16.2 24 130 0.68 ± 0.16 1.33
Cr 7.33 ± 0.58 7.00 8.00 52.1 ± 90.8 3 607 6.4 ± 0.4 7.1
Cu 140 ± 16 122 158 163 ± 90 102 654 n.d. n.d.
Fe 9860 ± 1480 8430 11,700 11,800 ± 3800 6500 30,600 651 ± 137 3190
K 8910 ± 690 8200 9710 7900 ± 1120 4410 11,750 3877 ± 737 4170

Mg 1130 ± 90 1020 1220 1230 ± 270 830 2670 992 ± 79 1320
Mn 274 ± 33 246 314 406 ± 297 225 2303 24.0 ± 0.5 28.2
Pb 101 ± 15 82 117 130 ± 111 81 967 n.d. n.d.
Rb 69.8 ± 17.0 48.0 86.0 69.7 ± 15.1 45 142 4.4 ± 1.3 23.4
S 1390 ± 120 1280 1560 1580 ± 410 1070 3950 n.d. n.d.
Se 77.5 ± 6.0 58.0 86.0 74.7 ± 5.7 58 86 n.d. 0.49
Si 5460 ± 370 5010 5790 6240 ± 1280 3810 11,220 n.d. n.d.
Sr 553 ± 36 508 586 565 ± 74 415 737 n.d. n.d.
Ti 1010 ± 100 910 1140 1150 ± 230 690 1840 102 ± 1 274
Zn 347 ± 16 333 365 608 ± 454 280 2270 140 ± 34 134
Zr 83.8 ± 17.1 59.0 98.0 78.5 ± 19.7 43 156 n.d. n.d.

1 after 4-month exposure; SD—standard deviation; n.d.—not determined.
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Compared with studies reported in the literature that used the same lichen species
in industrial environments, it is possible to conclude that the concentrations found in our
study area were always higher than in Sines (Portugal), an industrial area, with heavy
chemical industry, a coal power plant and a deep water harbor [48,49].

It is important to highlight that the exposure period of the transplanted lichens in the
present study was between February and June 2020, a period when the COVID-19 pandemic
situation reached Europe. In fact, due to the global COVID-19 pandemic situation, on 19
March 2020, Portugal decreed the state of national emergency, which included mandatory
confinement, movement restriction of citizens, and closure of non-essential business. As
a consequence of the nationwide lockdown that occurred from 19 March to 31 May 2020,
concentrations in mainland Portugal presented a mean reduction of 41% for NO2 and 18%
for PM10, considering the 20 air quality monitoring stations analyzed [50], following a
tendency observed all over the world [51].

In the present study area, a drastic decrease of concentrations of PM10 and NO2 was
registered in April 2020 (−40.3% and −44.0%, respectively), compared to the previous six
years (a significant difference, with p-value = 0.000) [52]. In May 2020, a lower but still sig-
nificant decrease of PM10 (−16.7%, p-value = 0.000) and NO2 (−17.4%, p-value = 0.048) was
also registered. These reductions were accentuated again in June 2020 for both pollutants:
PM10 (−38.0%, p-value = 0.000) and NO2 (−29.0%, p-value = 0.000). Despite the reduction
of emissions from anthropogenic activities (such as traffic) due to the national lockdown
(which reflects in pollutants, such as PM10 and NO2), the industries (namely, steelworks)
that exist in the study area never stopped operating during this period. Therefore, the
present biomonitoring study has the potential to assess and evaluate the contribution of
these specific industries since they were the main sources of air pollution in the area during
the exposure period of the transplanted lichens.

3.2. Enrichment and Contamination Factors

Figure 4 presents the mean EFs assessed for each element in the exposed lichens.

Figure 4. Mean EFs (and standard deviation) of the elements assessed in the exposed lichens. The
red line represents the threshold of 10, the accepted minimum for the enrichment from a non-crustal
source. Regarding the box plot, the square represents the mean, upper and lower times sign (×)
shows the maximum and minimum values, the box provides the 25 percentile, the median and the
75% percentile, and the lower and upper minus sign (−) shows the 5 and 95 percentiles, respectively.
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The elements Al and Mg were found to have a predominantly crustal origin (with EFs
always below 10), while the remaining elements showed the contribution of non-crustal
emissions to their levels. The elements Fe, Ti, and K, typically associated with a soil
source [43], presented EFs slightly above 10 (with means of 10.5 ± 2.3, 11.7 ± 1.6, and
14.0 ± 2.9, respectively), indicating also anthropogenic contributions to their levels. A mix
of different anthropogenic sources may have contributed to lichens enrichments, given the
urban-industrial location of the study area.

Figure 5 provides the contamination factors regarding all the studied elements and it
is observed a severe accumulation for Cr (CF = 7.11 ± 0.25) and an accumulation for Zn
(CF = 1.75 ± 0.43), Mn (CF = 1.48 ± 0.50) and Pb (CF = 1.29 ± 0.67). However, a significant
difference between exposed and unexposed elemental contents of lichens was only found
for Cr (p-value = 0.034) and Zn (p-value = 0.022), but not for Mn (p-value = 0.064) neither
Pb (p-value = 0.190). However, a significant difference between the medians of elemental
contents of exposed and unexposed lichens was found for all the elements, except for
Cu and Sr, as ascertained by the One Sample Wilcoxon test (at 0.05 significance level).
Arsenic showed a loss (CF = 0.51 ± 2.02), with significant difference between exposed and
unexposed levels (p-value = 0.031), as well as K (CF = 0.89 ± 0.18, p-value = 0.033). There is
evidence that metals (both mineral and PTEs) may be lost due to leaching under certain
meteorological conditions [48].

Figure 5. Average CFs of the elements present in the exposed samples. *–Significant statistical
differences between exposed and unexposed elemental contents of lichens by a Mann-Whitney U test,
at 0.05 significance level. +—Not significant statistical difference between exposed and unexposed
elemental contents of lichens by the One Sample Wilcoxon test, at 0.05 significance level. Regarding
the box plot, the square represents the mean, upper and lower times sign (×) shows the maximum
and minimum values, the box provides the 25 percentile, the median and the 75% percentile, and the
lower and upper minus sign (−) shows the 5 and 95 percentiles, respectively.

The CF ratios found in the present study are within the same intervals of loss/accumulation
when compared to CF ratios for lichens exposed in the urban outdoor environment [31],
except for Cr and Zn, which presented higher CF ratios in the present study.
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3.3. Identification of Emission Sources
3.3.1. Spearman Correlations

Table 2 presents the positive significant Spearman correlations between the elements
assessed in the exposed lichens, where values in bold represent the strongest correlations.
The possible emission sources which contribute to the atmospheric PM in the study area
can be qualitatively identified from the correlation matrix.

Table 2. Spearman correlations between elements in the exposed lichens, significant at the 0.05 level.
Values in bold represent strong correlations (correlation coefficient above 0.70), while weak and
medium correlations refer to correlation coefficients between 0.30–0.49 and 0.50–0.70, respectively.

Elements Al As Br Ca Co Cr Cu Fe K Mg Mn Pb Rb S Se Si Ti Zn Zr

Al 0.33 0.71 0.62 0.87 0.29 0.50 0.56 0.66 0.56 0.97 0.84 0.42 0.67
As 0.52
Br 0.43 0.32 0.54 0.42 0.25 0.46 0.49 0.35 0.39 0.37 0.38
Ca
Co 0.64 0.27 0.86 0.28 0.41 0.59 0.34 0.62 0.49 0.72 0.64 0.44 0.60
Cr 0.54 0.81 0.39 0.92 0.37 0.32 0.62 0.62 0.64 0.73 0.42
Cu 0.39 0.35 0.57 0.32 0.52 0.32 0.37 0.50 0.34
Fe 0.51 0.77 0.38 0.67 0.62 0.87 0.84 0.60 0.65
K 0.44 0.61 0.36 0.35 0.33 0.34

Mg 0.44 0.46 0.48 0.48 0.50 0.29 0.57
Mn 0.41 0.33 0.62 0.58 0.62 0.81 0.43
Pb 0.27 0.48
Rb 0.48 0.66 0.73 0.27 0.58
S 0.61 0.61 0.58 0.41
Si 0.84 0.42 0.68
Ti 0.55 0.66
Zn 0.29

Given the significant positive correlations between Al-Si (r = 0.97), Al-Fe (r = 0.87), Al-
Ti (r = 0.84), Si-Fe (r = 0.87), Si-Ti (r = 0.84), Ti-Fe (r = 0.84), it is concluded that these elements
come from a same source, namely soil, since Al, Si, and Ti are typical soil elements [53,54].
In fact, Al, Fe, Si, and trace elements, such as Rb, are associated with feldspars, quartz,
micas and Ti is associated with the titanite silicate [43].

In South European regions, such as Portugal, it is known that atmospheric PM can
have a contribution to dust transport episodes from the interior of the Iberian Peninsula
and the Saharan desert [55]. It was already found that Fe could reach high concentrations
during these episodes of long-transportation of dust [56]. In fact, during the exposure
period of the lichens, some Saharan dust events were identified (e.g., from 18 to 21 March
2020) [50].

An important amount of Al, Si, Mg, and Ti was also found in sinter plant emissions
(fugitive and emissions coming from the cooling area) [1], consisting of internally mixed
aluminosilicates/metallic particles, suggesting also an association between these elements
and sinter plant emissions [12,53]. However, the steelworks installed in the study area do
not include sintering in their processes, since scrap is used as raw material and not iron ore,
and, therefore, this specific source is excluded in the study area.

Strong correlations were found between Fe-Mn (r = 0.77), Fe-Cr (r = 0.81), Cr-Mn
(r = 0.92), Cr-Zn (r = 0.73), and Mn-Zn (r = 0.81) in the exposed lichens, which may indicate
the existence of a common emission source, assigned to the steelworks in the study area,
considering that previous studies also found strong correlations between Fe-Mn-Zn near
iron and steel industry [8,57]. Typically, Fe, Cr, and Mn are considered tracers of the iron
and steel industry [43]. Therefore, in the present study, despite a natural origin (soil), Fe
also has the contribution of this industrial activity. This influence of different sources on Fe
was found in other studies [58].
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In fact, especially when scrap is employed as a raw material in the steel industry, levels
of Cr and Mn can be higher [1]. Zn is also considered a tracer of the steel industry [43,59],
being especially related to the use of galvanized scrap [60].

Finally, the association of Pb with the steel industry has been reported by several
authors [1,61]. In the present study, significant but weak correlations between Pb-Fe
(r = 0.38), Pb-Cr (r = 0.37), Pb-Mn (r = 0.41), and Pb-Zn (r = 0.48) were found, which may
suggest some association of Pb emissions with the steelworks, but also the existence of
other sources.

A high correlation was found for Fe and Co (r = 0.86), which suggests that Co probably
is originated from the steelworks, as already found in previous studies [8].

The Electric Arc Furnace (EAF) steelmaking plants, as the one installed in the study
area, typically present fugitive emissions from raw materials and slag handling and storage
piles, in addition to the emission from the furnace and rolling [8].

According to the Best Available Techniques (BAT) for Iron and Steel Production [62],
emissions from EAF steelmaking plants include the following metals, after abatement: Hg,
Pb, Cr, Ni, Zn, Cd, and Cu (where Cr and Ni are, naturally, higher in the production of
stainless steel). Typical emissions have concentrations of 0.5–50 mg dust/Nm3. Emissions
from the secondary metallurgy (ladle metallurgy, ingot and continuous casting, oxygen
blow unit) include the following metals, after abatement: Pb, Co, Ni, Se, Te, Sb, Cr, Cu, Mn,
V, Sn [62].

The primary constituents of the slag produced in the EAF process are Ca, Fe, Al, Mg,
Mn, Si, and Cr, where calcium and magnesium oxides are added as fluxing agents [63]. In
the present study, no correlation was found between Ca-Fe, Ca-Al, Ca-Mg, Ca-Mn, Ca-Si,
or Ca-Cr, and, therefore, EAF slag is not identified as a probable source.

A moderate correlation has been found between Cu-Cr (r = 0.54) and Cu-Zn (r = 0.50),
which may suggest multiple emission sources. These elements are usually associated with
emissions from road traffic, namely through tire (Cr, Zn) and brake wear (Zn, Cu, Ba) and
motor oil (Zn) [38,43,64]. Moderate correlations between Cu, Cd, and Zn were also found
regarding car traffic [65].

USEPA-SPECIATE and SPECIEUROPE databases were used to identify emission
sources, selecting source profiles from the steel industry (general and specific processes)
and traffic (break and tire wearing, highway vehicles) [54]. Additionally, a comparison
was also done with the elemental ratios determined in the settled dust collected in the
study area in 2019 [7]. Figure 6A shows a visible high correlation between Fe and Mn
concentrations assessed in the exposed lichens (r2 = 0.80) and a notable association to the
steelmaking processes according to the databases of source profiles. It is also verified some
similarity between the Fe/Mn ratio in the exposed lichens and the settled dust collected
previously in the study area (11.5 and 7.0, respectively).

Figure 6B shows a very high correlation between Cr and Mn measured in lichens
(r2 = 0.97) and a notable similarity between the Cr/Mn ratio in the exposed lichens and the
settled dust (0.30 and 0.36, respectively), supporting that both elements are associated with
the steelworks emissions.

Furthermore, Figure 6C,D evidence the association of Cr, Zn, and Cu to traffic emis-
sions. Concurrently it is verified that Cr/Zn ratios in the exposed lichens and in the settled
dust (0.1 and 3.6, respectively) are substantially different, suggesting that Zn emissions in
the study area are substantially affected by traffic and not only by the steelworks.

3.3.2. Concentrations versus Distance to Steelworks

The mean elemental concentrations were calculated for the lichens exposed in a circle
with center in industry B, which is the biggest steelwork, and with 1 km radius (“(0–1)”),
and in consecutive concentric crowns of 1 or 2 km radius, namely, “(1–2)”, “(2–3)”, “(3–4)”
and “(4–6)”, where the edges of each interval are the distance (in km) from the established
center in industry B. Figure 7 shows the mean concentrations of selected elements regarding
the distance from industry B. It should be mentioned that there is a distance of around 2 km
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from both steelworks in the study area (namely, industries A and B), and thus both facilities
are included (and are expected to directly influence the samples) in the 2 km radius (namely
the samples located in “(0–1)” and “(1–2)”).

Figure 6. Relation between elements in the exposed lichens, in the settled dust and according to
USEPA-SPECIATE and SPECIEUROPE profiles for iron and steel industry and traffic: (A) Mn vs. Fe,
(B) Mn vs. Cr, (C) Cu vs. Zn, and (D) Zn vs. Cr. The red line presents the linear regression regarding
the data of the exposed lichens.

As expected, elements associated with the steel industry (Fe, Cr, Mn, Zn, and Pb)
registered the highest concentrations in the lichens exposed near the steelworks, within
a 1 or 2 km radius from industry B, and with concentrations decreasing with distance, as
shown by Figure 7. Mean Zn levels showed a peak at 4 km from industry B, and this may
reflect the traffic influence since it is in the distance range of the nearby highway.

Comparing the mean concentrations of exposed lichens in the 1 km radius circle, to
the control sample exposed at a 6580 m distance from industry B, levels decreased more
sharply for Cr (6.1 times), than for Zn (2.5), Pb (1.9), Mn (1.7), and Fe (1.5).

The same analysis regarding the variability of EFs with the distance to industry B was
also conducted, as shown by Figure 8. The same trend was observed, namely, the EFs of
Mn and Fe decrease on a regular basis with the distance; in the case of Zn and Cr, there is
an increase in the EF at a distance of 3–4 km from the industry B, consistent with the traffic
highway influence.
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Figure 7. Mean elemental concentration versus distance to the steelworks.

Figure 8. Mean Enrichment Factors (EFs) versus distance to the steelworks. The blue line represents
the threshold of 10, the accepted minimum for the enrichment from a non-crustal source.

The ratio between the EFs for samples exposed at a distance less than and more than
1 km from the steelworks’ area is shown in Figure 9. This ratio is higher for Cr (1.77), Zn
(1.50), and Pb (1.45), i.e., close to steelworks there was an increase in EF for these elements,
as well as for Mn and Fe. Nevertheless, only the EFs of the elements Cr (p = 0.015), Mn
(p = 0.035), and Fe (p = 0.031) presented significant differences, between the samples located
at less than and more than 1 km from the steelworks.
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Figure 9. Ratio between EF in samples located at less than and more than 1 km from steelworks.
* Significant statistical difference between the EF in the two groups by a Mann-Whitney U test, at
0.05 significance level.

3.3.3. Spatial Distribution Patterns

As a final step in the identification of emission sources, the spatial distribution of ele-
mental concentrations in the exposed lichens was mapped (Figures 10–12). The similarities
of the spatial distributions obtained between elements and the correlations found above,
support the grouping of elements by types of emission source: natural origin from the soil
(Al, Si, and Ti—Figure 10, top); a mixture of soil with natural and anthropogenic origins (Fe
and Mg—Figure 10, bottom); anthropogenic resulting from the industrial activity, namely
steelworks (Co, Cr, Mn, Pb, and Zn—Figure 11); anthropogenic from road traffic (Cu and
Zn—Figure 12, top) and biomass burning (Br and K—Figure 12, bottom).

There is a close resemblance of the spatial distributions of soil origin elements Al, Si,
and Ti, as expected from the high correlation coefficients obtained for these elements. The
relatively high concentrations of these elements nearby the steelworks is certainly due to
the resuspension of particles of geological origin, by the wind and heavy duty traffic [66].

In the studied area, Fe and Mg concentrations may result from the natural emission of
soil and the activity of the steelworks, which may provide these elements from fugitive
emissions. This hypothesis is supported by the similarity of the spatial distribution of these
elements compared to Co, Cr, Mn, Cr, and Zn, associated with the steelworks. Regarding Pb,
an additional hot spot can be observed in the north of the study area, but no industry could
be identified. Additionally, the spatial distribution of Cu evidences high concentrations
near roads due to the influence of traffic [43].

As the wind blew predominantly from the north (N), northwest (NW), and west (W)
(Figure 3) during the exposure period, the highest concentrations of the elements related to
the steelworks would be expected downwind of this emission source, that is in the south-
southeast sector of the sampling grid, as is indeed apparent from the spatial distribution in
Figure 11.

The S enrichment in the industrial area may be associated with metal smelting [43]
and, in fact, good correlations were obtained above for S-Fe (r = 0.62), S-Cr (r = 0.62), and
S-Mn (r = 0.62); but may also derive from local emissions of SOx related to coal/coke
burning [43], since there is a coke kiln at a lime company located in the steelworks park-
industry C. The significant correlation S-Cu (r = 0.52) also suggests some association
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with traffic emissions [12], which may be due to heavy-duty traffic in the steelworks area
(Figure 12).

Figure 10. Spatial distribution of soil-related elements in the study area: (top) natural origin and
(bottom) a mixture of natural and anthropogenic origins.

Elements Br and K present a spatial distribution with some similarities (and a signif-
icant correlation, r = 0.54), indicating a common anthropogenic source, such as biomass
burning [43]. This is in accordance with the analysis of the national inventory of emissions
for the municipality of Seixal, which identified residential combustion as one of the main
emission sources in the region, concerning both PM10 and PM2.5, besides industry and road
transport [67].

Figure S2 provides the spatial distribution in the study area of the chemical elements
that were not associated with an identified source, such as Ca. Lime and calcium carbide
are mineral additions used in the production process of industry B [28], and industry C is
a factory of lime products and derivatives, with both industries located in the steelworks
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park. Nevertheless, high levels of Ca were not obtained in the steelworks area, but in the
southeast of the grid (Figure S2). Since there is no cement industry or quarry in the study
area, Ca enrichment is probably due to the physiological characteristics of the lichens [32],
as granules with calcium oxalate may occur in lichens due to environmental factors [68].

Figure 11. Spatial distribution of elements related with anthropogenic origin, namely industry.

The spatial distribution of the elements discussed previously is in accordance with
the Air Quality Map of Seixal, according to which the highest values of particulate matter
(PM10 and PM2.5) were registered in the industrial areas and main roads of the munici-
pality [67]. The authors concluded that the air quality index regarding PM10 is “average”
generically throughout the municipality, except in the industrial area where it is “weak” or
“bad”; for PM2.5, the air quality index varies from generically “weak” to “very bad” in the
industrial area.
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Figure 12. Spatial distribution of elements related to an anthropogenic origin, namely from road
traffic (top) and biomass burning (bottom).

4. Conclusions

The present study aimed to perform a biomonitoring study of air pollution using
lichens in an urban-industrial area where the local population has expressed several con-
cerns regarding air quality in recent years. The methodology applied in this study allowed
to involve the local population and to obtain a spatial distribution of the chemical elements
absorbed by the lichens during a period where the activities in the area were mainly the
industries, due to the COVID-19 national lockdown.

Using a set of different analysis approaches to the chemical content of the exposed
transplanted lichens in the study area, it was possible to identify hotspots of air pollution in
the area (taking advantage of the possibility to assess the spatial variability due to the use
of a grid of biomonitors) and to define the potential sources affecting the local air quality.

A total of five different sources were identified as contributing to the local air quality:
(i) a soil source of natural origin (based on Al, Si, and Ti), (ii) a soil source of natural and
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anthropogenic origins (based on Fe and Mg), (iii) a source from the local industrial activity,
namely steelworks (based on Co, Cr, Mn, Pb, and Zn); (iv) a source from the road traffic
(based on Cr, Cu, and Zn), and (v) a source of biomass burning (based on Br and K).

The impact of the industries located in the study area on the local air quality was
identified (namely, the steelworks). To identify the quantitative contribution of such sources
and to design targeted mitigation measures, future efforts should be conducted to assess
particulate matter levels by reference methods, which will allow a more comprehensive and
quantitative analysis of the issue, taking into account the national and European legislation.

Despite biomonitoring being a technique known for decades, this study showed again
the potentialities and advantages of such an approach (used as a complementary strategy to
reference methodologies), providing spatial information of air pollution. This information
is crucial to define future strategies, based on knowledge: understand exposure levels of
the population to air pollution, their potential health impacts, and to define mitigation
measures to improve air quality.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijerph19031364/s1, Figure S1: Procedure for preparation of pellets:
(A) used ball mill RETSCH, (B) homogeneised powder of lichen sample, (C) used Pelletiser SPECAC,
and (D) pellet of a lichen sample. Figure S2. Spatial distribution of elements without a specific
identified source. Table S1. Reference values of soil composition (in mg·Kg−1) defined by Mason and
Moore [42], used for the calculation of the Enrichment factors.
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Abstract: In this study we investigated the effectiveness of air purifiers and in-line filters in ventilation
systems working simultaneously inside various classrooms at the University of Southern California
(USC) main campus. We conducted real-time measurements of particle mass (PM), particle number
(PN), and carbon dioxide (CO2) concentrations in nine classrooms from September 2021 to January
2022. The measurement campaign was carried out with different configurations of the purifier (i.e.,
different flow rates) while the ventilation system was continuously working. Our results showed
that the ventilation systems in the classrooms were adequate in providing sufficient outdoor air to
dilute indoor CO2 concentrations due to the high air exchange rates (2.63–8.63 h−1). The particle
penetration coefficients (P) of the investigated classrooms were very low for PM (<0.2) and PN (<0.1),
with the exception of one classroom, corroborating the effectiveness of in-line filters in the ventilation
systems. Additionally, the results showed that the efficiency of the air purifier exceeded 95% in
capturing ultrafine and coarse particles and ranged between 82–88% for particles in the accumulation
range (0.3–2 µm). The findings of this study underline the effectiveness of air purifiers and ventilation
systems equipped with efficient in-line filters in substantially reducing indoor air pollution.

Keywords: air pollution; indoor air quality; particulate matter (PM); ventilation; ultrafine particles;
portable air purifier

1. Introduction

Improving indoor air quality using air filtration technologies is essential since people
spend most of their time in closed environments [1–4]. Indoor air pollution leads to adverse
health outcomes and almost 3.8 million premature deaths annually [5]. Occupants’ exposure
to indoor particle pollutants can cause a number of adverse health effects, including
respiratory illnesses, lung cancer, strokes, heart failure, asthma, and eye problems [6–10].
In addition to the health drawbacks, indoor pollution in working environments can lead to
fatigue and a decline in focus and productivity [11].

In addition to ambient particles infiltrating indoors and particles emitted by indoor
sources, human-generated particles (i.e., airborne aerosol particles released by the exhaled
breath of humans) are major routes of airborne transmission of bacteria and viruses, includ-
ing SARS-CoV-2, especially in confined environments with high population density, such
as classrooms [12–15]. The exhaled particles generally have an aerodynamic diameter of
less than 1 µm, mostly in the range of 0.1 to 0.5 µm [16–18]. The larger exhaled droplets
settle on the ground within seconds due to the gravitational force and/or evaporate to
smaller particles in a few seconds [19]. The smaller particles remain suspended in the
indoor environment for several hours and can be carried by air currents as far as several
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meters from their source [15,20]. These smaller particles have a greater capacity to increase
the infection potential than large particles since they can travel longer distances [21].

Given the health impacts caused by indoor airborne pollutants, employing air purifi-
cation means in indoor spaces is essential for decreasing pollutant concentrations [15,18].
There are two main methods used to enhance indoor air quality and remove indoor particle
pollutants, including in-line filters in ventilation systems and portable air purifiers [22].
Portable air purification units have been widely used in recent years due to their efficient
removal of indoor pollutants [23–25]. They have been placed in approximately 30% of
private residential buildings in developed countries, and a steady growth in the use of
these cleaning devices is expected in the upcoming years [1,24]. The existence of in-line
filtration in mechanical ventilation systems reduces the infiltration of outdoor particles to
indoor spaces to a certain level depending on the filter’s characteristics, filter efficiency,
and particle size [26–28]. The effectiveness of these in-line filters in capturing ambient par-
ticles is assessed by the penetration coefficient (P), which describes the fraction of outdoor
particles that successfully penetrate the building into the indoor environment [26,29,30].
Moreover, the adequacy of the ventilation systems in bringing sufficient outdoor air to the
indoor environment is assessed by the air exchange rate value [31,32]. Air exchange rate
(AER) is the rate at which indoor air is entirely replaced by outdoor air in a specific closed
environment (e.g., classrooms). The replacement of indoor air with outdoor air occurs by
various means, such as natural ventilation (e.g., doors and windows) and forced ventilation
(e.g., mechanical ventilation systems). Indoor air quality can be improved by increasing the
air exchange rate, since allowing more air to enter the space will dilute indoor pollution,
except in cases where outdoor pollution is substantially high [31,33] in which the outdoor
air needs to be purified by some sort of in-line filter.

The main objective of this study was to explore the effectiveness of air purifiers and
mechanical ventilation systems equipped with in-line filters in removing indoor airborne
particles originating from outdoor and indoor sources in university classrooms. Several
studies supported the effective work of the air purifier inside classrooms in improving
indoor air quality and mitigating the transmission of bacteria and viruses [34–37]. However,
this study provided additional insights by examining the performance of both air purifiers
and in-line filters in the ventilation systems working simultaneously inside various univer-
sity classrooms with different characteristics. In addition, we investigated the adequacy
of the ventilation systems in bringing sufficient outdoor air to the indoor environment.
The findings of this work provide significant insights for public health officials, especially
in educational institutions, to implement air pollution control systems and enhance the
quality of air in indoor environments.

2. Methods
2.1. Measurement Sites and Protocol

The measurements were conducted inside classrooms in the University of Southern
California (USC) main campus area over a 5-month period from September 2021 to January
2022. Table 1 shows the details of the selected classrooms, including volume, floor area, and
the total number of students. These classrooms were solely dependent on forced ventilation
(i.e., mechanical ventilation systems) as the means of air exchange between outdoor and
indoor environments. Natural ventilation was minimized in all classrooms by closing all
doors and windows. The indoor monitoring was performed in two separate campaigns;
the first campaign was held in all selected classrooms with students attending classes,
while the second campaign was conducted in an empty classroom (i.e., classroom 3). In the
first measurement campaign, indoor air quality measurements were conducted in three
phases in 9 classrooms located in 7 different buildings; each phase had a different setting
of an air purifier (Model Trio PlusTM, Field Controls, Kinston, NC, USA) equipped with
H13 HEPA filters. The first phase was carried out without the presence of the portable air
purifier to evaluate the effectiveness of ventilation systems equipped with in-line filters
in reducing indoor pollutant levels without the interference of additional air-cleaning
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devices. In the second phase, we conducted the measurements while both the classroom’s
ventilation system and the air purifier (with flow rate of 267 m3/h) were active. In the third
phase, the air purifier was set at the highest possible flow rate (i.e., 748 m3/h) while the
ventilation system was operating simultaneously. We performed real-time measurements
for indoor and outdoor PM2.5 mass concentrations (PM), particle number concentrations
(PN), and CO2 levels during active 2-hour lectures in the presence of students. It should be
noted that strong indoor particle generation sources (e.g., chalkboard dust and cleaning
activities) were not present in the classrooms during the lectures. Pollutants’ monitoring
in each classroom started 15 min before the beginning of the lecture and continued until
15 min after the end of the lecture. On the same day, we also monitored the outdoor
pollutant concentrations for 15 min before and after the lecture to ensure that the outdoor
concentration had not changed considerably while the lecture was ongoing. For each
classroom, we repeated the previous procedure on three different days by changing the
configuration of the purifier according to the three phases discussed earlier. Moreover,
the location of the monitoring devices in the classrooms could affect the readings of the
indoor pollutant concentrations. Therefore, we investigated the spatial variance in the
pollutant concentrations by placing the monitoring devices in the middle and corners of
the classrooms, the results of which are shown in Figure 1 for two different classrooms as
an example (the rest of the classrooms yielded similar results). The results indicate overall
spatial homogeneity for PM, PN, and CO2 concentrations inside the classrooms. This
observation shows that the particle and gas pollutants are well mixed due to the overall
high air exchange rates in the classrooms; thus, the location of the measuring devices in
different spots within the classroom should not result in notable differences between the
readings. According to the findings of Küpper et al. (2019) [22] regarding the possible
spatial variance in the purifier’s removal efficacy, changing the location of the purifier will
provide almost identical removal efficiencies and lead to the same distribution of clean air
in the space. Therefore, we positioned the purifier in a fixed location (i.e., the center of the
classroom) during the entire campaign.

Table 1. Characteristics of the investigated classrooms.

No. Classroom Building Name Number of
Students

Room Height
(m)

Floor Area
(m2) Volume (m3)

1 OHE136 Olin Hall (OHE) 21 3.05 86.12 262.50
2 RTH 105 Tutor Hall (RTH) 7 3.05 97.73 297.89
3 SGM 226 Seeley G. Mudd Building (SGM) 8 3.05 63.64 193.97
4 GFS 221 Grace Ford Salvatori Hall (GFS) 20 3.05 36.42 111.00
5 GFS 205 Grace Ford Salvatori Hall (GFS) 12 3.05 36.51 111.29
6 KAP159 Kaprielian Hall (KAP) 20 3.05 37.63 114.68
7 OHE 120 Olin Hall (OHE) 6 3.05 56.49 172.17

8 KDC 236 Glorya Kaufman International Dance
Center (KDC) 26 3.05 89.00 271.28

9 THH 118 Taper Hall (THH) 22 3.05 76.83 234.18

The second measurement campaign was carried out in classroom 3 in the presence
of an indoor pollution source (i.e., sodium chloride aerosols) to simulate exhaled particles
of humans. Particles can be generated by humans through various activities, including
breathing, speaking, coughing, and sneezing. The particle size that is generally produced by
breathing ranges between 0.1 and 1.0 µm [17,38–40]. On the other hand, coughing, sneezing,
and speaking generate larger particles compared to breathing; these particles are typically
larger than 5 µm and will either settle gravitationally or evaporate to smaller particles (<1
µm) [19,34,41,42]. To corroborate the use of sodium chloride (NaCl) as a representative for
human exhaled particles, we measured the size distribution of NaCl particles by means
of an optical particle sizer (OPS) (Model 3330, TSI, Shoreview, MN, USA) and a scanning
mobility particle sizer (SMPS) (Model 3936, TSI, Shoreview, MN, USA). At first, we prepared
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a suspension by dissolving 50 mg of sodium chloride in 100 mL of ultrapure Milli-Q water
to reach a concentration of 500 µg/mL. The suspension was sonicated in an ultrasonic
bath for 30 min to achieve a homogenous solution. NaCl suspension was subsequently
aerosolized using a commercially available nebulizer (Model 11310 HOPETM nebulizer,
B&B Medical Technologies, Carlsbad, CA, USA) that was connected to a compressor pump
(Model VP0625-V1014-P2-0511, Medo Inc., Roselle, IL, USA) equipped with a HEPA capsule
(Model 12144, Pall Corporation, USA) to supply compressed filtered air to the nebulizer.
The nebulizer was connected to both the SMPS and OPS by a clear vinyl tube to obtain the
number-based particle size distribution. The particle size distribution is shown in Figure S1
and indicates that NaCl particles mostly fall in the range of 0.071 to 1.13 µm with a peak at
0.51 µm, which supports the use of NaCl as a representative of the particles generated by
humans. A number of previously published studies used NaCl as the aerosol test agent to
assess the effectiveness of air filtration means [18,43–46]. In addition, the National Institute
for Occupational Safety and Health (NIOSH) considered NaCl as a standard test aerosol
for measuring the effectiveness of respiratory protective equipment (e.g., N95 masks) [47].
Following the same setup and sample preparation discussed earlier, NaCl suspension was
aerosolized in classroom 3 to act as an indoor source of aerosols.
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2.2. Instrumentation

Various air quality monitors were used in this study to measure different pollutant
concentrations. We employed the DiSCmini nanoparticle counter (Model Testo DiSCmini,
Testo, West Chester, PA, USA) in our experiments to measure particle number concentra-
tions. The TSI DustTrak monitor (Model 8520, TSI, Shoreview, MN, USA) was used to
obtain real-time PM2.5 particle mass concentrations. In addition, we employed a Q-track
device (Model 8551, TSI, Shoreview, MN, USA) to measure indoor and outdoor CO2 levels.
One of the objectives of the second measurement campaign in the empty classroom was
to estimate the purifier’s efficiency for each particle size. This was done using the optical
particle sizer (OPS) (Model 3330, TSI, Shoreview, MN, USA) to obtain particle concentra-
tions and size distributions. The OPS measures particle sizes from 0.3 to 10 µm, which are
particles in the coarse and accumulation size ranges. Further details about the calibration
of the monitoring instruments are available in the supplementary material.
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2.3. Additional Calculations
2.3.1. Indoor Particle Penetration (P) in the Set of Classrooms

The indoor particle penetration (P) was calculated based on the steady-state approach,
which is similar to that of Chao et al. (2003) [48]. Treating the classroom as a closed system
allows for the application of the mass balance equation. Equation (1) illustrates the mass
balance applied in the tested classrooms:

dCin
dt

=
S
V

+ Cout AER (P)− Cin AER − Cink (1)

where dCin/dt is the change of indoor particle concentration with time, S represents the
indoor particle production rate, V is the volume of the classroom (m3), k is the deposition
rate of particles (h−1), and Cin and Cout are the indoor and outdoor particle concentrations,
respectively. The indoor particle production rate in Equation (1) was neglected (i.e., S = 0)
since there was no indoor source for particles in the studied classrooms during the active
lectures. The presence of students inside the classrooms did not result in noticeable
increases in the indoor particle concentrations since the particle emission rate by humans is
negligible compared to the particles infiltrating from outdoor sources [49–51]. The indoor
particle concentration in the classrooms reached a steady-state condition after 5–8 min from
the beginning of the lecture (i.e., dCin/dt = 0), which means Equation (1) can be rearranged
to the following equation:

P =
Cin(AER + k)

Cout AER
(2)

The above expression has been widely used for the calculation of effective penetration
or the steady-state indoor concentration (Cin) in numerous previous studies [52–54]. The cal-
culation of particle penetration indoors was carried out in the first phase of measurements
when the air purifier was switched off. The particle penetration should not be affected by
using the air purifier in the second and third phases of measurements. However, to show
the agreement of penetration coefficients in the three phases, the following equation was
used when the air purifier was active:

P =
Cin

(
AER + k + CADR

V

)

Cout AER
(3)

where CADR is the clean air delivery rate of the purifier (m3/h), and V is the volume of the
classroom (m3). Although the operation of an air purifier does not affect the penetration
coefficient, it significantly affects the indoor-to-outdoor ratio. Equation (3) demonstrates
that the addition of the (CADR/V) term will decrease the (Cin/Cout) ratio. Moreover,
increasing the purifier’s flow rate leads to a further reduction in the indoor-to-outdoor ratio.

The penetration coefficient in the studied classrooms was used as a metric for assessing
the effectiveness of the in-line filters of the ventilation systems in capturing particles
penetrating the building from the outdoor space. The air handling units in all tested
classrooms, except classroom 3, were equipped with a dual direction 12-inch MERV 14
filter with a fiberglass media (Model Aerostar FP Mini-Pleat, Filtration Group, Santa Rosa,
CA, USA). MERV 14 efficiently filters the outside air and the air returning from the indoor
space. The air handling unit of classroom 3 had a 2-inch MERV 13 filter with a synthetic air
media (Model Aerostar Green Pleat, Filtration Group, Santa Rosa, CA, USA). According to
the manual of Aerostar filters, MERV 13 filters have lower particle removal efficiency than
MERV 14 filters.

2.3.2. Air Purifier’s Efficiency in Classroom 3

The second measurement campaign consisted of three stages leading to the deter-
mination of the purifier’s efficiency. In the first stage, the background indoor pollutant
concentrations were measured without operating the pollution source and the purifier. The
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second stage started when the indoor pollutant generator was switched on until a stabilized
particle concentration was reached. In the third and last stage, the indoor pollutant source
was switched off, and the air purifier was switched on. The purpose of the third stage was
to investigate the particle decay rate (Kpurifier) in the presence of the air purifier. The experi-
ment was repeated three times by changing the third-stage scenario. In the first scenario,
the purifier was switched off in order to measure the natural decay rate of particles (Knatural)
when the ventilation system was only switched on. In the second scenario, the purifier was
operated at a flow rate of 267 m3/h to obtain the particle decay rate (Kpurifier (low)). The last
scenario was conducted while operating the purifier at a flow rate of 748 m3/h to measure
the decay rate at the purifier’s maximum fan speed (Kpurifier (high)). In order to calculate the
particle decay rate after switching off the NaCl source, we treated the classroom as a closed
system and applied the mass balance equation below:

dCin
dt

= Cout AER (P)− Cin(K) (4)

where dCin/dt is the change of the indoor particle concentration with time, K is the particle
decay rate (h−1), AER is the air exchange rate (h−1), P is the particle penetration coefficient,
and Cin and Cout are the indoor and outdoor particle concentrations, respectively. Based
on the integration of Equation (4), the general equation for the indoor concentration is
expressed as follows:

Cin(t) =
Cout AER (P)

K
(1 − e−(K)t) + Cin(o)e

−(K)t (5)

where Cin(t) is the concentration of the particles at time t and Cin(o) represents the con-
centration of the particles at time 0. In order to analyze the decay of the particles (i.e.,
reduction in particle concentration) with time, we subtracted the concentration of the parti-
cles continuously infiltrating indoors (i.e., the first term of Equation (5)) from the measured
concentrations during the decay period. This allowed us to use the exponential equation
below to obtain the decay rate of the particles:

Cin(t) = Cin(o)e
−(K) t (6)

The particle decay rate is a function of the air exchange rate, particle deposition rate,
and particle removal rate by the purifier. Thus, Equations (7) and (8) were used to express
the decay rate in the natural condition (i.e., without the purifier) and in the presence of the
purifier, respectively:

KNatural = AER + k (7)

KPuri f ier = AER + k + η
Q
V

(8)

where AER is the air exchange rate (h−1), k is the particle deposition rate (h−1), η represents
the purifier efficiency, Q is the air volumetric flow rate of the purifier (m3/h), and V
represents the volume of the classroom (m3). By combining Equations (7) and (8), we can
calculate the purifier’s efficiency, as shown in Equation (9):

η =
(KPuri f ier − KNatural)V

Q
(9)

The decay in the particle mass and number concentrations was plotted as a function
of time after switching off the aerosol source. Decay curves were obtained for a range of
particle sizes (0.3–10 µm) to estimate the purifier’s efficiency in removing different particle
sizes. In addition, the purifier removal efficiency for ultrafine particles was estimated using
PN data obtained from the DiSCmini since it mainly detected particles with diameters
below 0.3 µm.
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3. Results and Discussion
3.1. Indoor Monitoring of PM, PN, and CO2 Concentrations in the Set of Classrooms
3.1.1. Indoor CO2 Levels

Figure 2 demonstrates the actual air exchange rates (AER) in the selected classrooms,
which were measured and showed a very good agreement with the AER received from
the USC facilities and the management department as shown in Figure S2. The detailed
methodology of calculating the AER inside the classrooms is described in the supplemen-
tary material. AER is the metric for assessing the adequacy of the applied ventilation (i.e.,
mechanical ventilation system) in bringing in sufficient outdoor air and diluting indoor CO2
concentrations. However, high air exchange rates will also increase the infiltration of out-
door particulate pollutants, especially if the ventilation system operates without an in-line
filtration system that removes a fraction of outdoor particle pollutants [26,31]. As shown in
Figure 2, the classrooms’ AER values ranged from 2.63 h−1 (Classroom 7) to 8.63 h−1 (Class-
room 4). The American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) standard 62.1 (2016) recommended a minimum ventilation rate of 7.5 L/sec
(27 m3/h) per person in closed environments [55]. Figure 2 shows the alignment of the AER
values with the ASHRAE’s recommendation in all investigated classrooms. Therefore, these
AER values indicate sufficient outdoor-to-indoor air circulation and adequate ventilation.
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Figure 2. Air exchange rate (AER) values for the tested classrooms. The error bars indicate standard
deviations of the values measured on three different days.

After approximately 10 min from the beginning of each lecture, the indoor CO2
concentration reached a well-mixed steady-state condition when the production of CO2
by the students was equal to the losses of CO2 due to air circulation in the ventilation
system. The ASHRAE standard 62.1 (2016) recommended that the indoor steady-state CO2
concentration should not exceed the outdoor CO2 level by more than 700 ppm [55]. Figure 3
presents the average outdoor and indoor CO2 concentrations during the three phases of
measurements in the studied classrooms. The comparable indoor CO2 levels in the three
phases confirm that the indoor CO2 concentrations are not affected by the use of air purifiers
since the latter remove particulate and not gaseous air pollutants. Elevated concentrations
of CO2 can impact productivity [56–58] and lead to headaches, tiredness [59,60], and sick
building syndrome (SBS) symptoms (e.g., difficulty in concentration, dizziness) [61–64].
According to the recommended indoor CO2 level by ASHRAE (not exceeding the outdoor
level by 700 ppm) and the measured outdoor CO2 level (400–500 ppm), the indoor CO2
levels in the tested classrooms should not exceed 1100–1200 ppm. This is consistent
with our measurements inside the classrooms which showed values ranging between
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500 ppm and 900 ppm. This observation corroborates that the ventilation systems in all
the tested classrooms are adequate and provide sufficient outdoor air to dilute indoor CO2
concentrations as a result of the generally high air exchange rates (2.63–8.63 h−1) in each
classroom [32,65,66].
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3.1.2. Particle Mass and Number Concentrations and Indoor-to-Outdoor Ratios inside
the Classrooms

Table 2 summarizes the ambient, indoor, and indoor-to-outdoor (I/O) ratios of PM2.5
mass concentrations and particle number concentrations in the occupied classrooms for the
first, second, and third measurement phases. During the first phase, classroom 3 exhibited
the highest indoor PM2.5 mass concentration (8.62 µg/m3), followed by classroom 9 with
an indoor mass concentration of 2.43 µg/m3. The indoor mass concentration during
the three phases does not accurately reflect the effectiveness of the air purification unit
in reducing indoor pollution because the ambient pollution has a significant influence
on the indoor concentration. For example, classroom 9 showed a higher PM indoor
concentration (2.43 µg/m3) compared to classroom 8 (0.95 µg/m3) in the first phase, while
the corresponding outdoor levels were 21.67 and 5.69 µg/m3, respectively. Therefore, we
used the indoor-to-outdoor ratio as a metric for measuring the effectiveness of ventilation
and air purifiers in reducing indoor pollutant levels. Excluding classroom 3, all classrooms
had PM and PN I/O ratios below 0.2 in the first phase without using the purification unit.
This observation indicates that the ambient PM and PN were initially reduced by 80% or
more in most classrooms by just the in-line filters of the ventilation system. In classroom 3,
the ambient PM and PN concentrations in the first phase were reduced by 56 % and 65%,
respectively. The low I/O values in the first phase did not allow for a proper investigation
of the purifier’s efficiency in removing particles in the subsequent phases. For example, the
PN I/O ratio in classroom 4 decreased from 0.05 in the first phase to 0.04 in the third phase
when the purifier was operated at the maximum volumetric flow rate (748 m3/h). Starting
with a low I/O value did not allow the purifier to reduce the I/O ratio substantially and,
more importantly, the indoor PM levels approached the limit of detection of the DustTrak,
such as classrooms 2 and 7.
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Table 2. Indoor, ambient, and indoor-to-outdoor (I/O) ratios of PM and PN in the three measurement
phases. LOD refers to the limit of detection of the employed instrument.

PM2.5 Mass Concentration (PM) (µg/m3)

First Phase Second Phase Third Phase

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

Classroom 1 1.19 7.90 0.15 0.07 2.04 0.03 0.21 9.00 0.02
Classroom 2 0.31 8.2 0.04 0.48 46.01 0.01 <LOD 24.33 NA
Classroom 3 8.62 19.55 0.44 1.25 3.04 0.41 10.97 42.39 0.26
Classroom 4 1.29 10.60 0.12 0.61 9.56 0.06 2.03 28.22 0.07
Classroom 5 1.24 13.44 0.09 1.04 10.31 0.10 0.73 6.60 0.11
Classroom 6 1.00 5.63 0.18 0.15 2.75 0.05 0.77 22.93 0.03
Classroom 7 0.27 7.83 0.03 <LOD 4.08 NA <LOD 11.67 NA
Classroom 8 0.95 5.69 0.17 2.99 33.91 0.09 2.20 60.25 0.04
Classroom 9 2.43 21.67 0.11 1.92 18.71 0.10 0.87 11.85 0.07

Particle Number Concentration (PN) (particles/cm3)

First Phase Second Phase Third Phase

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

Classroom 1 207.4 8523.5 0.02 90.6 4798.5 0.02 84.0 2972.8 0.03
Classroom 2 113.73 2290.07 0.05 165.87 5285.31 0.03 42.76 3672.92 0.01
Classroom 3 2328.7 6693.6 0.35 1800.0 5557.3 0.32 1917.8 7050.2 0.27
Classroom 4 258.6 5537.9 0.05 306.2 6704.9 0.05 253.8 6944.3 0.04
Classroom 5 345.6 8453.6 0.04 151.0 8414.1 0.02 363.1 17704.5 0.02
Classroom 6 1389.0 14338.6 0.10 299.1 12158.4 0.02 89.4 10312.7 0.01
Classroom 7 76.36 6215.27 0.01 52.33 4425.42 0.01 53.41 5573.16 0.01
Classroom 8 388.0 13783.6 0.03 220.0 7050.2 0.03 90.4 5807.8 0.02
Classroom 9 1100.2 17763.5 0.06 673.5 14862.2 0.05 543.5 15294.1 0.04

The effective indoor penetration was measured for each classroom to assess the effec-
tiveness of the in-line filtration in the air handling units. Figure 4 shows the penetration
coefficients for PM and PN during each phase, as well as the average values throughout all
three phases. Unlike the I/O ratio, the penetration coefficient values are independent of
the purifier as corroborated by the comparable values in the three phases. The penetration
coefficients for PM were higher than PN as the latter primarily consists of ultrafine particles
(i.e., size < 0.3 µm), which are easier to remove by filters due to their diffusivity. The
P values in the majority of classrooms were low for both PM (<0.2) and PN (<0.1), which
can be attributed to the presence of efficient in-line filters (i.e., MERV 14) in the ventilation
systems of almost all classrooms. Higher penetration coefficient values for PM (0.51) and
PN (0.45) were observed in classroom 3 due to the less efficient in-line filter (i.e., MERV 13)
used in its mechanical ventilation system. Based on the penetration values in classroom 3,
the in-line filtration system could only reduce ambient PM and PN by approximately 49%
and 55%, respectively. Therefore, we selected classroom 3 to conduct our experiments for
the second measurement campaign.

3.2. Indoor Monitoring of PM, PN, and CO2 Concentrations in Classroom 3 in the Presence of
Indoor Particle Pollution Source

Real-time monitoring of PM, PN, and CO2 was conducted in the presence of an aerosol-
generating source emitting sodium chloride in classroom 3. As discussed earlier, classroom
3 was selected for the second measurement campaign due to its higher penetration coef-
ficient compared to the other classrooms. The measured indoor CO2 level in classroom
3 was constant during the three stages due to the absence of indoor CO2 sources (e.g.,
students). Indoor CO2 levels were not affected by the generation of aerosols or the change
of the purifier setting, as we would expect; however, PN and PM concentrations were
heavily affected.
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3.2.1. PM and PN Decay Rates with and without the Use of Air Purifier at Different
Volumetric Flow Rates

Figure S3 presents the real-time measurements of PM and PN concentrations during
the three stages: (i) background condition, (ii) NaCl indoor source is switched on, (iii)
purifier is switched on and the source is switched off. It also shows the PM and PN
measurements for different configurations of the third stage (i.e., without the purifier, the
purifier at a low flow rate of 267 m3/hr, and the purifier at a high flow rate of 748 m3/h).
Figure 5 shows the PM and PN particle decay curves in classroom 3, which were obtained
and analyzed based on the third-stage data. The natural decay rates of the particles without
the application of the air purifier were in the range of 3.9 to 4.8 h−1, where the K values
were 4.74 h−1 and 3.95 h−1 for PM and PN, respectively. When the purifier was switched
on at a low flow rate (267 m3/h), the decay rates increased to 5.0–5.3 h−1, with K values
of 5.09 h−1 for PM and 5.26 h−1 for PN. Operating the purifier at the maximum air flow
rate (748 m3/h) resulted in a significant increase in the particle decay rates (6.5–6.7 h−1),
with decay values of 6.70 h−1 and 6.58 h−1 for PM and PN, respectively. The theoretical
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values of the decay rates were calculated using Equations (7) and (8). According to Long
et al. (2001) [54], the deposition rate is dependent on the particle size and ranges between
0.10–0.25 h−1 for PM2.5 particles. Table 3 shows a good agreement between the theoretical
and experimental decay rates for PM.
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Table 3. Theoretical versus experimental decay rates for particle mass (PM) with and without the use
of purifier at different settings in classroom 3.

Theoretical K (h−1) Experimental K (h−1)

Without purifier (Knatural) 4.32 4.74 ± 0.15
Purifier at low setting (Kpurifier (low)) 5.22 5.09 ± 0.13

Purifier at high setting (Kpurifier (high)) 6.90 6.70 ± 0.33
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The quick reduction in particle concentrations clearly demonstrates the effectiveness
of the air purifier. In the first stage, the initial PM and PN concentrations at the beginning
of the decay period reached a 50% reduction after 35–40 min when only mechanical
ventilation was on. Using the purifier at a low flow rate of 267 m3/h and a high flow
rate of 748 m3/h reduced the particle number concentrations by 50% after 25–30 min and
10–15 min, respectively. According to Szabadi et al. (2022) [18], operating the purifier
at the maximum flow rate caused a 50% reduction in the particle number concentration
after 20 min of switching off the aerosol source, which is consistent with our study. Lower
decay rates will result in longer particle residence times indoors and, if these aerosols
contain viruses (e.g., SARS-CoV-2), the probability of transmission and infection will
increase [35,36,44,67]. Zuraimi et al. (2011) [44] reported that using an air purifier at its
maximum fan setting reduced the residence time of coughing and sneezing particles from
4–6 h to 30–40 min. All the aforementioned studies support the use of an air purifier at the
maximum flow rate to increase the particle decay, which will decrease the risk of viruses’
transmission in case an infectious person is present in the classroom.

3.2.2. Removal Efficiency as a Function of Particle Size

The measurements of the particle number concentration at the purifier’s flow rate of
267 m3/h were used to determine the purifier’s removal efficiency as a function of particle
size in classroom 3. Figure 6 presents different particle decay rates based on various particle
size ranges. As shown in the figure, the increase in particle size is associated with a higher
value of particle decay rate. The efficiencies for each particle size range were calculated
and shown in Figure 7. The particle removal efficiencies of the purifier for the size ranges
(0.3–0.5 µm), (0.5–1 µm), (1–2 µm), (2–5 µm), and (5–10 µm) were 82.8%, 85.3%, 87.7%,
95.0%, and 99.4%, respectively. Higher efficiencies were achieved for coarse particles, which
indicates the efficient performance of HEPA filters in capturing coarse particles. HEPA
filters are less efficient in removing particles in the accumulation mode (0.3–2 µm), with
removal efficiencies between 82% and 88%.
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The measurements of the particle number concentration in Figure 5b were used
to assess the removal efficiency of ultrafine particles since PN data were dominated by
particles with a size range of less than 0.3 µm. The decay rate at the purifier’s flow rate
of 267 m3/h was calculated as 5.26 h−1, corresponding to a removal efficiency value of
95.2%. These results lead to the conclusion that the air purifier equipped with HEPA filters
is more efficient in removing both ultrafine particles (<0.3 µm) and coarse particles (2–10
µm). However, particles in the intermediate size range (0.3–2 µm) were somewhat less
efficiently removed compared to those in the coarse and ultrafine ranges, although the
removal efficiency even in that particle range was between 82 and 88%. These results are
consistent with various previously published studies and are a result of the fact that smaller
particles are easily removed by filters due to their high diffusivity, and larger particles are
primarily removed because of their high interception and inertia impaction [68,69].

4. Summary and Conclusions

This work investigated the effectiveness of air purifiers working in conjunction with
in-line filters of mechanical ventilation systems inside different classrooms and their role in
improving air quality and capturing pollutants originating from both indoor and outdoor
sources. The mechanical ventilation systems in all classrooms, except one, were equipped
with 12-inch MERV 14 filters that significantly reduced ambient PM and PN concentrations
by more than 80%. The less efficient in-line filter (MERV 13) in the ventilation system of
classroom 3 reduced ambient PM and PN by 49% and 55%, respectively. The indoor CO2
levels in the analyzed classrooms (500–900 ppm) were below the ASHRAE 62.1 standard,
indicating adequate ventilation and sufficient outdoor-to-indoor air circulation due to the
high air exchange rates (2.63–8.63 h−1). Moreover, operating the purifier at the maximum
flow rate (748 m3/h) in classroom 3 resulted in increasing the particle decay rate from
3.9–4.8 h−1 (without the purifier) to 6.5–6.7 h−1, corresponding to a 50% reduction in
indoor PM and PN after 10–15 min of switching off the aerosol source. The efficiency
of the HEPA air purifier exceeded 95% in capturing ultrafine and coarse particles and
ranged between 82–88% for particles in the accumulation range. This study highlighted the
significance of mitigating indoor pollution in closed environments, especially in densely
seated classrooms where the infection risk of viruses’ transmission is high. The findings
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of this study recommend the use of HEPA air purifiers in closed environments, especially
when the ventilation system is not equipped with an efficient in-line filter.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijerph192114558/s1. Figure S1: Number-based size distribution
curve of NaCl particles; Figure S2: Actual AER measured in the selected classrooms in comparison
with the AER received from USC facilities and management (FM) department; Figure S3: PM and
PN measurements in classroom 3 (a) without using purifier, (b) with purifier at low flow rate (267
m3/h), and (c) with purifier at maximum flow rate (748 m3/h). References [70,71] are cited in
Supplementary Materials.
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Abstract: Liquid products applied on material surfaces and human skin, including many household
cleaning products and personal care products, can lead to intermittent emissions of chemicals and
peak concentrations in indoor air. The existing case-based models do not allow inter-comparison
of different use scenarios and emission mechanisms. In this context, the present work developed
a mechanistic model based on mass transfer theories, which allowed emissions into the air from
the liquid product to be characterized. It also allowed for diffusion into the applied surface during
product use and re-emission from the applied surface after the depletion of the liquid product.
The model was validated using literature data on chemical emissions following floor cleaning and
personal care product use. A sensitivity analysis of the model was then conducted. The percentage of
the chemical mass emitted from the liquid to the air varied from 45% (applied on porous material) to
99% (applied on human skin), and the rest was absorbed into the applied material/skin. The peak
gas-phase concentration, the time to reach the peak concentration, and the percentage of the liquid-
to-air emission depended significantly on the chemical’s octanol/gas and material/gas partition
coefficients and the diffusion coefficient of the chemical in the applied material/skin.

Keywords: volatile organic compounds; consumer exposure; household cleaning products; personal
care products; intermittent source

1. Introduction

Chemicals in indoor environments, including aldehydes, volatile organic compounds
(VOCs), and semi-volatile organic compounds (SVOCs), come from various sources. Com-
mon indoor sources include (1) porous solid/soft materials, such as building materials,
furniture, and children’s toys; (2) applied and sprayed liquids, such as surface cleaning
products, air fresheners, body lotion, and household pesticides; and (3) heating and com-
bustion products, such as incense, gas stoves, and candles [1]. According to the emission
characteristics, these indoor sources can be classified into (1) continuous regular sources,
such as furniture, which have constant source strength; (2) continuous irregular sources,
such as wet paints, which have variable source strength during curing; (3) intermittent
regular sources, such as gas stoves, which have a regular time-pattern of use; and (4) in-
termittent irregular sources, such as household cleaning products, which have variable
time-pattern of use [2].

Most of the studies in the past decades focused on characterizing chemical emissions
from continuous sources. They include many materials that can emit chemicals contin-
uously to the indoor environment, from when the source materials are placed indoors
to when they are removed, resulting in long-term emissions. A pioneering mechanistic
model was developed in 1994 to predict the diffusion of VOCs contained in carpets through
the source material to a ventilated environment [3]. The model has been improved and
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extended, forming a series of models that address chemical emissions from continuous
regular and irregular sources. The improvements include (1) extending the model to ad-
dress emissions from other materials, such as multi-layer dry porous materials [4–7] and
paint film coating that transforms from wet to dry states [8–13]; (2) extending the model to
address the emissions of other chemicals, such as formaldehyde [14–16] and SVOCs [17–23];
(3) considering other mechanisms for chemical emission and transport, such as convective
mass transfer in the boundary layer adjacent to the source material [24,25], VOC adsorption
on sink surfaces [26–31], and SVOC partitioning between the different phases [32–35]; and
(4) considering the influence of environmental factors, such as temperature and relative
humidity, on the emission rate [36–39].

Whereas continuous sources lead to long-term emissions, intermittent sources can
cause peak chemical concentrations in the environment when they are used, leading to
intense short-term occupant exposure [2]. For intermittent sources, fewer emission models
have been developed compared to continuous sources. A possible reason is that the
emission mechanism of an intermittent source is dependent on the form of the source,
e.g., spray, film, and combustion; the use scenario, i.e., the chemical mass of the emission
source that is used, the dimension of the emission source, and the emission period; and
the associated environment, e.g., office, living room and bathroom [40]. Among indoor
intermittent sources, liquid products applied on material surfaces or human skin for
cleaning or personal care purposes can be characterized by surface emission [40]. Three
types of models have been developed, i.e., models based on convective mass transfer,
diffusion, and evaporation. Models based on convective mass transfer aim to characterize
the emission of liquid products during product use [41,42]. Models based on diffusion aim
to characterize the re-emission of adsorbed products from permeable surfaces after product
use [43–45]. Models based on evaporation aim to provide a simplified estimation of the
average emission rate [46–50]. Despite the different scope of applications, the case-based
models do not allow inter-comparison of different use scenarios and emission mechanisms,
and there is a lack of a comprehensive understanding of the emission profiles and exposure
characteristics for these liquid products.

Since intermittent chemical sources include household cleaning and personal care
products that are commonly used in indoor environments and on human skin, chemicals
emitted from these products contribute to the aggregated exposure of occupants to indoor
pollutants via multiple pathways. Due to the lack of a holistic modeling framework to
address the mass transfer of indoor intermittent sources, the objective of the present work
was to develop a mechanistic model to characterize different chemical transfer phenomena
following the use of liquid products on material surfaces and human skin. The present
work focused on primary emissions of the initial product ingredients. The decomposition of
some product ingredients may lead to the formation of other VOCs, such as formaldehyde
formation from bronopol decomposition [51]. However, the formation of decomposed
chemicals is not discussed in the present work. Once the product ingredients are emitted
into the air, they can react with oxidants leading to emissions of secondary chemicals [52].
This chemical reaction process can be characterized using indoor chemistry models [53], but
the formation of secondary chemicals after emission is not discussed in the present work.

2. Materials and Methods
2.1. Model Development

The model considers two emission stages for products used on surfaces (Figure 1),
i.e., when a product liquid layer exists (stage 1) and after the product liquid layer is depleted
(stage 2). During product use (stage 1), a product liquid layer exists on the applied surface,
and the model considers three zones, i.e., the product liquid layer as the chemical emission
source, the surface material below the liquid where the product ingredients can diffuse
through if it is permeable, and the air above the liquid where the chemicals emitted to the
air can be characterized by convective mass transfer. After the product application (stage 2),
the liquid layer is depleted progressively (the thickness of the liquid layer reduces to zero),
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and the model considers two zones, i.e., the surface material and the air. If the surface
material is permeable and contains adsorbed product ingredients, it re-emits the chemicals
to the air as the emission source. If the surface material is impermeable, no more emission
source exists in stage 2. Mathematical equations based on diffusion and convective mass
transfer theories to characterize the two emission stages are as follows.

Figure 1. Schematic representation of the model to predict the primary emission of chemicals
associated with the use of a liquid product.

The chemical concentration in the surface material or skin is:

∂Cs

∂t
= Ds

∂2Cs

∂x2 (1)

where Cs is the chemical concentration in the material (µg/m3), t is time (s), Ds is the
chemical diffusion coefficient in the material (m2/s), and x is the distance below the surface
of the material (m). The surface material or skin is considered to be clean before product
use, thus, the initial condition is:

Cs = 0, if t = 0 (2)

The current model does not consider chemical degradation in the human body if the
product is applied to the skin, thus the boundary conditions are:

Cs =
Cl
Kls

, if x = 0, for stage 1 (3)

Ds
∂Cs

∂x
= h

(
Cs

Ksa
− Ca

)
, if x = 0, for stage 2 (4)

∂Cs

∂x
= 0, if x = Ls (5)

where Cl is the concentration of the target chemical in the product liquid (µg/m3), Ls is the
thickness of the material (m), Kls is the liquid/material partition coefficient (-), Ksa is the
material/air partition coefficient (-), and h is the convective mass transfer coefficient in the
air (m/s).

Due to the diversity of product formulae that are often not accessible, the model cannot
consider the emission rate for each product ingredient. Therefore, the mass percentage
of the target chemical in the product liquid is considered to be constant, so that the con-
centration of the target chemical (Cl) in the liquid is constant before the liquid is depleted.
This is a mathematical simplification of the multi-ingredient emission process, nevertheless,
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complete knowledge of the product formulae should be acquired to conduct more complex
modeling of multi-ingredient emissions. The chemical mass in the liquid is:

ml = m0 −
∫ t

0

[
hA
(

Cl
Koa

− Ca

)
+
∫ Ls

0
A

∂Cs

∂t
dx
]

dt (6)

where ml is the chemical mass in the liquid (µg), m0 is the initial chemical mass in the liquid
(µg), Koa is chemical octanol/air partition coefficient (-), A is the surface area (m2), Ca is the
chemical concentration in the air (µg/m3). The chemical concentration in the air is:

dCa

dt
= Q(Cout − Ca) + hA

(
Cl

Koa
− Ca

)
, for stage 1 (7)

V
dCa

dt
= Q(Cout − Ca) + hA

(
Cs

Ksa
− Ca

)
, for stage 2 (8)

where V is the air volume (m3), Q is the air flow rate in the indoor environment (m3/s),
Cout is the chemical concentration in the outdoor air that enters the environment (µg/m3),
and Ksa is the material/air partition coefficient (-). The indoor air is considered to be clean
before product use, thus, the initial condition is:

Ca = 0, if t = 0 (9)

The model implies the following assumptions for its current development: (1) the
surface material or skin and the indoor air are considered to be clean before product
use, thus the current model should be used independently and is not to be coupled with
other emission models; (2) chemical diffusion into and out of the surface material or
skin is considered a one-dimensional diffusion driven by the concentration gradient of
the chemical; (3) chemical degradation in the human body is neglected if the product is
applied to the skin, thus it may underestimate the chemical mass that enters the skin in
stage 1 and overestimate the chemical mass that exists the skin in stage 2; and (4) the
mass percentage of the target chemical in the product liquid is constant during the liquid
emission process, thus the prediction error in the emission profile depends on the product
formulae and may be significant if the product contains ingredients that have diverse
volatilities. The four assumptions could be relaxed, but this would lead to models that are
more complex mathematically, requiring detailed information on product formulation and
human physiological parameters.

Numerical solutions of the differential equations were obtained by the finite-difference
method applying the central difference approximation. After conducting simulations
with different numbers of layers, the material or skin was divided into 10 layers along its
thickness, thus the spacing is 1/10 of the thickness because more simulation layers did not
improve the results. The time step for the calculation varied with materials and chemicals
and was changed for each calculation to ensure that the results would converge.

The model requires 13 input parameters (Table 1). Nine parameters are associated with
indoor/outdoor environments, i.e., the chemical’s initial concentration in the material/skin,
chemical concentration in the liquid, material/skin thickness and area, liquid mass applied,
convective mass transfer coefficient, indoor volume, indoor air flow rate, and the chemical’s
initial concentrations in indoor and outdoor air. Only four parameters are associated
with chemical and material properties, i.e., the chemical’s diffusion coefficient in the
material/skin, the chemical’s octanol/gas partition coefficient, the chemical’s material/gas
partition coefficient, and the chemical’s liquid/material partition coefficient, which needs
to be obtained from theoretical or experimental studies.

2.2. Model Validation Using Measured Data

The model was validated using experimental data from two studies obtained from the
literature. The first study measured acetic acid (a common ingredient in cleaning products)
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concentration profiles in indoor air in a house following the use of an all-purpose cleaner
on hardwood flooring [46]. The study conducted measurements for only 6 min following
product use, thus the results were used to validate only stage 1 of the present model.
The second study measured decamethylcyclopentasiloxane (D5, a common ingredient in
cosmetic products) concentration profiles in indoor air in a university classroom following
the use of personal care products on human skin [45]. The study determined the initial
D5 concentration in human skin after the depletion of the product liquid, thus the results
were used to validate only stage 2 of the present model. The two stages of the model were
validated using experimental data from two different studies because no study was found
to measure both liquid emission and surface re-emission of the product ingredients. The
input data for the model prediction were obtained mainly from the two studies and are
shown in Table 1. The chemical’s octanol/gas partition coefficient was obtained using the
EPI Suite calculator developed by the U.S. Environmental Protection Agency [54].

Table 1. Input data for modeling indoor concentrations associated with product use.

Parameter Acetic Acid Emission from Floor
Cleaning [46]

Decamethylcyclopentasiloxane (D5)
Emission from Human Skin [45]

Diffusion coefficient in the
material/skin (m2/s) 5.05 × 10−10 [55] 1.46 × 10−16 [45]

Initial chemical concentration in the
material/skin (µg/m3) 0 (Assumed) 8.80 × 1010 [45]

Octanol/gas partition coefficient, Koa (-) 1.66 × 105 (Calculated using EPI Suite) 8.57 × 106 (Calculated using EPI Suite)
Material/gas partition coefficient, Ksa (-) 6.27 × 102 [55] 3.27 × 104 [45]

Liquid/material partition coefficient,
Kls (-) 2.65 × 102 (Estimated as Koa/Ksa) 2.65 × 102 (Estimated as Koa/Ksa)

Chemical concentration in the
liquid (µg/m3) 4.2 × 1010 [46] Not needed for the model in stage 2

Material/skin thickness 1.9 cm [55] 1 µm [45]
Material/skin area (m2) 5.6 × 10−1 [46] 2.28 (24 students) [45]

Liquid mass applied (µg) 2.52 × 106 [46] Not needed for the model in stage 2
Convective mass transfer

coefficient (m/s) 9 × 10−4 [45] 9 × 10−4 [45]

Indoor volume (m3) 2.45 × 101 [46] 670 [45]
Air flow rate (m3/s) 8.33 × 10−3 [46] 0.93 [45]

Initial chemical concentration in indoor
air (µg/m3) 0 [46] 0 [45]

3. Results and Discussion
3.1. Predicted Indoor Concentrations Following Product Use

Following the use of all-purpose cleaner on hardwood flooring [46] and personal care
products [45] respectively in two indoor environments, the gas-phase concentrations of
acetic acid and D5 were predicted using the present model and compared to the measured
data in the literature. Figure 2a shows the predicted gas-phase concentration profile of
acetic acid in indoor air during the entire emission process. The acetic acid in the air
reached the peak gas-phase concentration 5 h after the use of 60 mL of a cleaning product
containing 2.52 g of acetic acid on a hardwood floor of 0.56 m2 in a room of 24.5 m3 with
an air change rate of 0.5 h−1. During this liquid emission period (stage 1), 90.7% of the
initial acetic acid mass was emitted from the liquid to the air. After the liquid depletion,
the acetic acid diffused into the wood was re-emitted into the air. The wood re-emission
period (stage 2) lasted 5 h, and 9.3% of the initial acetic mass was re-emitted from the floor.
The predicted acetic acid concentrations were compared with the measured concentrations
for 6 min after the use of the product, and the differences were within a factor of two. A
possible explanation of the difference is that the measurement study did not provide data
on the diffusion coefficient and partition coefficient of acetic acid in the hardwood floor, as
well as the thickness of the floor. These three input parameters were obtained from another
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emission measurement of acetic acid from wood furniture [55], and the differences in the
material properties may lead to bias in the prediction.

Figure 2. Indoor gas-phase concentrations of (a) acetic acid and (b) decamethylcyclopentasiloxane (D5).

Figure 2b shows the comparison of the predicted and measured gas-phase concentra-
tions of D5 in the air of a classroom of 670 m3 with an air change rate of 5 h−1. Since the D5
was re-emitted from human skin according to the measurement study, the prediction did
not consider liquid emission. The D5 in the air reached the peak gas-phase concentration
10 min after emission according to the predictions, and 20 min according to the measure-
ments. Then the D5 concentrations decreased for 1 h to reach the background concentration
in the classroom. The predicted and measured concentrations were well correlated, and the
differences were less than 30% for each sampling point.

Measurements of the two above-mentioned studies in the literature allowed the present
model to be partially validated. Due to the lack of existing experimental data measuring
both liquid-to-air and liquid-to-surface mass transfers in stage 1 and surface-to-air emission
in stage 2, full validation of the present model can be challenging. The lack of experimental
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data and the need to design a complete experimental study in the future highlights the ne-
cessity of conducting a sensitivity analysis at the current stage to characterize the influence
of the chemical and surface material properties on the emission profile.

3.2. Sensitivity Analysis of Parameters Influencing the Emission

The present model requires 13 input parameters, as shown in Table 1. Depending
on whether the liquid product was used on a wood floor or human skin, significant
differences were observed in five parameters, i.e., the chemical’s diffusion coefficient in
the material/skin, the chemical’s octanol/gas, and material/gas partition coefficients, the
material/skin thickness, and the indoor air flow rate (Table 1). A sensitivity analysis of
these 5 parameters was conducted to study their influences on the emission profile.

3.2.1. Chemical Diffusion Coefficient in the Material/Skin

Figure 3 shows the indoor gas-phase concentration profiles of acetic acid, for which
the chemical’s diffusion coefficient in the material/skin varied between 5.05 × 10−7 and
5.05 × 10−16 m2/s (the orders of magnitude can cover indoor materials and skin), and
the other input parameters had the same values as in the study of acetic acid emission
from floor cleaning (Table 1). The sensitivity analysis of the diffusion coefficient aimed to
characterize the influence of the material’s permeability on the emission profile. During
the liquid emission period (stage 1), the concentration profiles were identical regardless
of the material’s diffusion coefficient until the product liquid was depleted and the peak
gas-phase concentration was reached. The time to reach the peak concentration depended
on the diffusion coefficient and varied between 159 and 346 min (Figure 3a). The increased
diffusion coefficient resulted in a higher rate of chemical diffusion through the material,
thus faster depletion of the chemical in the liquid product. The peak concentration value in
the gas phase was hardly influenced by the diffusion coefficient since the chemical emission
from the liquid to the air during stage 1 was due to airflow on the surface of the product
liquid. The percentage of the total chemical mass emitted from the product liquid to the
air was also dependent on the diffusion coefficient and varied between 46.4% and 99.9%
(Figure 3b). The rest of the chemical mass was absorbed into the material/skin and was
re-emitted from the material/skin to the air during stage 2. When the diffusion coefficient
was less than 10−11 m2/s, the percentage of the liquid-to-air emission reached 99.7% and
was hardly influenced by the decreased diffusion coefficient. Since many building materials
are porous and have diffusion coefficients higher than 10−11 m2/s, a non-neglectable
proportion of the chemical applied on indoor material surfaces can be absorbed into the
materials and re-emitted to the air after the liquid depletion. However, when the product
liquid is applied to human skin, most of the chemical is emitted into the air from the liquid,
as human skin has low permeability and low diffusion coefficients between 10−14 and
10−16 m2/s [42]. During the material re-emission period (stage 2), materials with high
diffusion coefficients contained more absorbed chemical mass compared to materials with
low diffusion coefficients, leading to a higher material re-emission and a slower decrease of
the indoor gas-phase concentrations.

3.2.2. Chemical’s Octanol/Gas and Material/Gas Partition Coefficients

Figure 4 shows the indoor chemical gas-phase concentration profiles, for which the
chemical’s octanol/gas partition coefficient varied between 1.66 × 103 and 1.66 × 107, and
the material/gas partition coefficient varied between 6.27 and 6.27 × 104. The two partition
coefficients had large ranges to cover volatile chemicals and were varied together to main-
tain a constant ratio so that the liquid/material partition coefficient remained unchanged
for the analysis. The other input parameters had the same values as in the study of acetic
acid emission from floor cleaning (Table 1). The two partition coefficients can significantly
affect the peak gas-phase concentrations, the time to reach the peak concentration, and the
percentage of the chemical mass emitted from the product liquid to the air (Figure 4). This
is because chemicals with low partition coefficients are more volatile than those with high
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partition coefficients and tend to be emitted from the liquid to the air. During the liquid
emission period (stage 1), decreased octanol/gas and material/gas partition coefficients led
to a shorter time for the liquid to be depleted (from 4.5 days to 3 min) and higher chemical
peak concentrations in the gas phase (from 1.44 × 102 to 9.92 × 104 µg/m3) (Figure 4a).
The percentage of the chemical mass emitted from the product liquid to the air decreased
with higher octanol/gas and material/gas partition coefficients and varied between 46.7%
and 99.6% (Figure 4b). During the material re-emission period (stage 2), materials with
higher material/gas partition coefficients contained more absorbed chemical mass com-
pared to materials with low material/gas partition coefficients, leading to a higher material
re-emission and a slower decrease of the indoor gas-phase concentrations.

Figure 3. Influence of diffusion coefficient (D) on the indoor gas-phase concentration of acetic acid:
(a) concentration profile and (b) fraction of mass emitted from the product liquid to air.
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Figure 4. Influence of octanol/gas and material/gas partition coefficients (Koa and Ksa) on the
chemical indoor gas-phase concentration: (a) concentration profile and (b) fraction of mass emitted
from the product liquid to air.

3.2.3. Material/Skin Thickness

The material/skin thickness varied between 1.90 × 103 and 1.90 × 10−1 mm for the
sensitivity analysis, and the other input parameters had the same values as in the study of
acetic acid emission from floor cleaning (Table 1). Changes in the material/skin thickness by
5 orders of magnitude led to less than 1% difference in the peak gas-phase concentrations,
less than 30 min difference in the time to reach the peak concentrations, and less than 10%
difference in the percentage of the chemical mass emitted from the product liquid to the
air. Therefore, the material/skin thickness had much less influence on the liquid-to-air
emission and liquid-to-material diffusion processes, compared to the chemical diffusion
and partition coefficients.
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3.2.4. Indoor Air Flow Rate

Figure 5 shows the indoor gas-phase concentration profiles of acetic acid, for which the
indoor air flow rate varied between 8.33 × 10−5 and 8.33 × 10−1 m3/s (0.0122–122 air change
per hour), and the other input parameters had the same values as in Table 1. The indoor air
flow rate can significantly affect the peak gas-phase concentration value by orders of magnitude
and change the time to reach the peak concentrations by hundreds of minutes. Changes in the
airflow rate by 5 orders of magnitude led to less than a 2% difference in the percentage of the
total chemical mass emitted from the product liquid to the air.

Figure 5. Influence of the airflow rate (Q) on the chemical indoor gas-phase concentration.

4. Conclusions

A mechanistic model was developed to characterize the chemical emission profiles
following the use of liquid products on indoor surfaces and human skin. The model
characterizes the liquid-to-air emission and the liquid-to-surface diffusion during the
product use, as well as the surface-to-air emission after the depletion of the product liquid.
The multiple chemical emission phenomena considered in the model allow it to address
occupants’ exposure via multiple pathways for indoor intermittent sources applied on
surfaces, including household cleaning and personal care products. The simulated indoor
gas-phase chemical concentrations agreed with the measured indoor concentrations of
acetic acid following the use of a cleaning product on hardwood flooring, as well as
the measured indoor concentrations of D5 due to the use of personal care products on
human skin.

Following the product use, the chemical’s emission profile depended significantly on
the chemical’s diffusion coefficient in the material/skin, the chemical’s octanol/gas and
material/gas partition coefficients, and the indoor air flow rate. The partition coefficients
affected the peak gas-phase concentration by orders of magnitude and the time to reach the
peak concentration by hours.

The percentage of the chemical mass emitted from the product liquid to the air in-
creased with decreasing octanol/gas partition coefficients and was higher than 90% for
volatile chemicals whose octanol/gas partition coefficients were lower than 10−5. The
increased diffusion coefficient reduced the time to reach the peak gas-phase concentration
by hundreds of minutes but had a minor influence on the peak concentration value. The
percentage of the chemical mass emitted from the product liquid to the air increased with
decreasing diffusion coefficient and was higher than 90% if the product liquid was applied
on materials whose diffusion coefficients were lower than 10−10 m2/s, e.g., human skin.
The gas-phase concentrations also decreased with increasing air flow rate by orders of
magnitude. The results suggest that when volatile chemicals are applied on surfaces with
low permeability, most of the chemicals may be emitted from the product liquid to the air
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as a primary emission associated with the product use. When chemicals with low volatility
are applied on surfaces with high permeability, the material absorption can be significant,
and the emission can last long after the depletion of the product liquid. The results have
highlighted that the use of cleaning and personal care products can result in exposure via
inhalation and dermal contact, and the percentage of the contribution of the two exposure
pathways is dependent on the chemical and skin properties.
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Abstract: Assessment of indoor air quality is especially important, since people spend substantial
amounts of time indoors, either at home or at work. This study analyzes concentrations of selected
heavy metals in 40 indoor dust samples obtained from houses in the highly-industrialized Asaluyeh
city, south Iran in spring and summer seasons (20 samples each). Furthermore, the health risk due to
exposure to indoor air pollution is investigated for both children and adults, in a city with several
oil refineries and petrochemical industries. The chemical analysis revealed that in both seasons the
concentrations of heavy metals followed the order of Cr > Ni > Pb > As > Co > Cd. A significant
difference was observed in the concentrations of potential toxic elements (PTEs) such as Cr, As and
Ni, since the mean (±stdev) summer levels were at 60.2 ± 9.1 mg kg−1, 5.6 ± 2.7 mg kg−1 and
16.4 ± 1.9 mg kg−1, respectively, while the concentrations were significantly lower in spring
(17.6 ± 9.7 mg kg−1, 3.0 ± 1.7 mg kg−1 and 13.5 ± 2.4 mg kg−1 for Cr, As and Ni, respectively).
Although the hazard index (HI) values, which denote the possibility of non-carcinogenic risk due
to exposure to household heavy metals, were generally low for both children and adults (HI < 1),
the carcinogenic risks of arsenic and chromium were found to be above the safe limit of 1 × 10−4

for children through the ingestion pathway, indicating a high cancer risk due to household dust in
Asaluyeh, especially in summer.

Keywords: potential toxic elements; household dust; petrochemicals; health risk; Asaluyeh;
Persian Gulf

1. Introduction

Particulate matter (PM) is considered a major indicator of air quality, composed of
various particles of different origin, size, chemical composition and toxicity [1]. In the
urban agglomerations and industrialized areas, fossil-fuel combustion from vehicles and
industries is the main source of PM pollution, which is escalated by emissions from residen-
tial heating and cooking, road dust resuspension and long-range transported aerosols [2–4].
Especially in urban areas largely affected by dust storms, PM concentrations can be highly
increased during such episodes causing cardiovascular and respiratory diseases, asthma,
lung cancer, etc. [5,6]. Among PM substances, various chemical compounds, such as poly-
cyclic aromatic hydrocarbons (PAHs) and heavy metal(loid)s (e.g., Arsenic, As; Cadmium,
Cd; Chromium, Cr; Lead, Pb; Nickel, Ni; Zinc, Zn), can adhere to dust surfaces, with
deleterious effects on human health and ecosystems [7–9]. According to the International
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Agency for Research on Cancer (IARC), these substances are considered carcinogenic, and
the World Health Organization (WHO) has defined annual limits for As (6 ng m−3), Cd
(5 ng m−3), Ni (20 ng m−3) and Pb (0.5 ng m−3), in a way to control concentrations and
protect human health.

People spend substantial amounts of time indoors, either in homes, offices or at
schools, and for entertainment; this time was estimated at about 88% of the daily life for
adults and 71–79% for children [10–12]. Therefore, indoor air quality is especially important
for human health, while it depends on outdoor air pollution and human activities indoors
such as cooking, cleaning and smoking [13–15]. Indoor air pollution is an issue concerning
all people due to its deleterious effects on human health, thus attracting the interest of
many researchers [16,17]. Similar to outdoor ambient conditions, household aerosols may
be composed of a heterogeneous mixture of organic and inorganic compounds, including
PAHs and heavy metals [18–20]. Furthermore, indoor dust particle may have considerable
range in size, thus causing different effects on the human respiratory system, with the
smaller and more toxic elements being more hazardous, as they can reach deep into
the alveoli [21]. Other studies have shown that escalated outdoor PM concentrations
from anthropogenic or natural sources (i.e., wildfires) negatively affect the indoor air
quality, with indoor concentrations being even higher than outdoors [22]. Heavy metals
and potentially toxic elements (PTEs) may originate from various sources in urban areas
such as combustion emissions from vehicles, industrial zones, power plants, refineries
and municipal waste disposal [23–25]. Heavy metals can enter the human organism via
inhalation, corresponding to the airborne dust fraction, via ingestion due to contamination
in food and via dermal contact [26,27].

Iran has been facing serious air pollution issues during the last decades due to rapid
industrialization, urbanization and an increase in energy demands [28], which contribute
highly to a background turbid atmosphere due to natural aerosols such as dust [29]. The
Iranian economy is largely based on combustion of fossil fuels for energy production,
exports of oil, natural gas and petrochemical products, which further deteriorate the urban
environments [30,31]. The industrial sector is a major source of ambient air pollution,
which may also highly contribute to indoor air quality, although this effect has not been
well quantified [32]. Asaluyeh, located on the northern shore of the Persian Gulf, is one of
the most highly industrialized cities in Iran, due to the operation of several oil refineries,
petrochemical industries and the Pars Special Energy Economic Zone (PSEEZ). The gas
and petrochemical industries release a large amount of pollutants such as volatile organic
compounds (VOCs) and heavy metals [33,34]. Previous study in Asaluyeh examined the
concentrations of PTEs and mineralogy of 43 street dust samples collected from industrial
and urban areas in summer [35]. Statistical analyses revealed the main sources of trace
elements to be the resuspended dust, traffic emissions and industrial sources. Another
study analyzed the concentrations of heavy metals (Cu, Zn, Pb, Co, Cr, Fe, Ni and Mn) in
dust deposited on surface and palm tree leaves at industrial, urban and non-urban areas in
Bushehr and Asaluyeh, and assessed the contamination levels and possible sources [36],
while a recent study evaluated the Hg concentrations of indoor dust samples in Asaluyeh
against those in Ahvaz, southwest Iran and Zabol, southeast Iran [37].

As a measure of warning people for the deleterious effects of excessive indoor pol-
lution, studies analyzing the dispersed pollutants and heavy metals indoors are very
important, and also help in mitigation strategies for their reduction [17,38]. Although
extensive analysis has been performed on PTEs in soil and airborne outdoor dust in
Asaluyeh county [39–41], there are limited data related to heavy metal concentrations
indoors. This study analyzes dust samples obtained indoors in the spring and summer
seasons in Asaluyeh city, south Iran. The main objectives are (i) to determine the levels
and distribution of selected heavy metal(oid)s of indoor dust in a highly-industrialized
area, (ii) to compare the concentrations between different homes, areas and seasons, (iii) to
estimate the health risk (carcinogenic and non-carcinogenic) posed by exposure to PTEs for
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children and adults via inhalation, ingestion and dermal contact pathways for the first time
in Asaluyeh.

2. Material and Methods
2.1. Heavy Metal Concentrations

Asaluyeh county, with an area of about 30,000 hectares, is situated in the Bushehr
province, southwest Iran, between 27◦14′–30◦16′ N, and 50◦6′–52◦58′ E, limited by the
Persian Gulf in the south and the Zagros Mountains in the north (Figure 1). The area
experiences a hot and arid climate with annual temperatures ranging between 5 ◦C and
50 ◦C, relative humidity between 50% and 88% and average annual rainfall of 100 mm [36].
The prevailing wind direction is from northwest to southeast (Figure 1). The region has
experienced remarkable industrial and economic activity due to the establishment of the
Pars Special Energy Economic Zone (PSEEZ) in 1998 near Asaluyeh city, which covers a
total area of 14,000 ha. This zone includes the world’s second-largest natural gas reserve
and the largest oil and gas resources in Iran (16 gas processing plants and 15 petrochemical
complexes), with a standard capacity for natural gas of 3.4 × 1012 m3, releasing a large
amount of pollutants into the atmosphere [42–44]. The area also experiences a high fre-
quency of dust storms, especially during summer [45]. The increased industrialization and
fossil-fuel combustion escalated the levels of fine particulate matter, organic compounds
and heavy metals in Asaluyeh, and studies examined the health risk of exposure to ambient
conditions for local residents and people working in the industrial zones [32,44].
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Figure 1. District distribution map of the Bushehr province in south Iran and the Asaluyeh county
(top left) and the locations of the sampling points (houses) in Asaluyeh (bottom), along with wind
rose diagram during the sampling days (top right).

2.2. Indoor Sampling Measurements

In this study, we analyzed the concentrations of selected heavy metals via chemi-
cal analysis of 40 samples obtained indoors in spring and summer 2021 (20 samples of
household dust in each season). These samples were collected at random district zones in
Asaluyeh city, as shown in Figure 1. The surveyed residences were private dwelling units
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selected based on the willingness of landlords to participate in this study. Dust samples
were collected from vacuum cleaner bags, using volunteers living in governmental houses
in Asaluyeh city. In all the sampling days, the meteorological conditions were fair without
strong winds or dust storms.

All the houses had an area of 90 m2, with two bedrooms and were 15 years old.
All were built in the same way by the government for employees working in the South
Pars zone. There were two to four people living in, and all the houses had only one air
conditioner in the kitchen. Vacuum sampling of house dust was performed with a vacuum
cleaner 9 times per season (three times per month). Sampling was performed (in three bags)
and each bag contained 30 to 50 g of soil. All three bags were passed through a sieve after
the sample was obtained. The soil that passed through the sieve was kept in plastic bags
until the sample was transported to the laboratory and stored in the refrigerator.

Sampling of all parts of the house (bedrooms, living room, kitchen, etc.) was per-
formed. The last cleaning time at each house was not accurately known, but it was assumed
to occur within one week from the sampling time and likely contributes to the range of
the heavy metal concentrations between the houses. About 30 to 50 g of soil was generally
collected in each vacuum cleaner bag. All of these houses have the same architectural form
and equipment in terms of construction. Dust samples were limited only to homes with
non-smoking residents in order to eliminate the bias from smoke contamination in the
concentrations of trace metals. Furthermore, during the sampling period in spring and
summer, due to very hot conditions (35–40 ◦C), the domestic cooling via air conditions was
at its maximum.

The content in the vacuum cleaner compartment was placed in plastic resealable bags,
labeled and returned to the laboratory where they were kept in the fridge at 4 ◦C until
chemical analysis. For chemical preparation and digestion of the samples, the following ma-
terials and tools were used: (i) 63-micron mesh sieve, (ii) PTFE Teflon tubes for digestion of
samples, (iii) nitric acid 65%, (iv) hydrofluoric acid 40%, (v) perchloric acid 70% suprapure
with very high purity, all provided by Merck, Germany. Polyethylene funnel, Whatman
42 filter paper and 25 mL bellows for filtering digested samples were also used. The dust
samples were initially dried in an oven at 105 ◦C for 24 h and then sieved [17,46]. After
drying the samples, approximately 0.25 g of soft sifted dust was weighed with a digital
microbalance with an accuracy of 0.0001 g, and using polyethylene pipes for digestion and
7 mL of a mixture of HClO4-HF-HNO3 acids in 1:2:4 ratios, the samples were placed on a
hot plate until the white vapor rose and the digestion process was complete. After steaming
and drying the acid, the residue was dissolved in 2% nitric acid to a volume of 25 mL.
Control samples were also prepared by repeating all digestion steps without the presence
of samples [47]. Inductively Coupled Plasma Mass Spectrometry (ICP-MS; 7800 Series) was
used to determine the concentrations of selected heavy metal(loid)s (As, Cd, Cr, Co, Ni
and Pb). In order to increase the accuracy of the test and reduce the error rate, the quality
control method was performed as follows: (i) all containers used in sampling, digestion
and storage of samples were pre-soaked in dilute nitric acid (20%) for 24 h, then washed
with distilled water and dried; (ii) during digestion, a blank sample was prepared for each
group of samples and analyzed against other samples; the calibration curve was drawn
using a blank sample and four standard samples and its accuracy was then confirmed
using a control solution and a standard sample close to the middle concentration range
(approximately once every 10 samples); (iii) the controls for all stages of the work should
not differ by more than 2% from the initial curve; for every 15 samples, one sample was
re-measured randomly and a standard sample was also selected and re-measured to ensure
that the device was working properly. Soil standards (CRM: NIST 2710) for elements were
also used to evaluate the accuracy of the measurement method and the recovery percentage.
The recovery for the studied elements was 79% to 115%. Moreover, the concentration of
elements in the control samples was between 0.004 and 1 µg mL−1, which was much lower
than the amount of these contaminants in the dust samples. Replicate soil standards (CRM:
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NIST 2710) and dust sample measurements (repeat five times) had a relative standard
deviation (RSD) < 5%.

The geochemical results were analyzed for descriptive statistics using Microsoft Excel
and SPSS 23.0 software. The Shapiro–Wilk test was carried out to control the normality
assumption of data and revealed non-normal distribution (p value ≤ 0.05) for all analyzed
elements. Based on this result, the non-parametric Mann–Whitney U test was used to
examine the difference in the concentrations of elements for indoor dust between spring
and summer samples.

2.3. Health Risk Assessment

Similar to many studies examining the exposure to ambient outdoor dust, the health
effects of PTEs in indoor dust were considered via the three major pathways of chemical
ingestion, inhalation and dermal contact. The health risk assessment model introduced
by the U.S. Environmental Protection Agency was applied to estimate the cancer and
non-cancer risks associated with heavy metals in household dust samples in Asaluyeh.
This model takes into account three major pathways of adult and children exposure to
heavy metals: (i) intake by direct ingestion of dust particles, (ii) intake through mouth
and nose breathing of resuspended particles (inhalation), (iii) intake via absorption from
skin adhered dust particles (dermal contact). The average daily intakes of heavy metals
(mg kg−1 BW d−1) received through the ingestion (ADIing), inhalation (ADIinh) and dermal
contact (ADIdrm) pathways are calculated using the below formulas [3]:

ADIing = Cs ×
IngR× EF× ED

BW×AT
× 10−6 (1)

ADIinh = Cs ×
InhR× EF× ED
PEF× BW×AT

(2)

ADIdrm = Cs ×
ESA× SAF×DAF× EF× ED

BW×AT
× 10−6 (3)

The hazard quotient (HQ) represents the non-carcinogenic risk of a single element and
was calculated by dividing the average daily intake (ADI) for each element and exposure
pathway to a specific reference dose (Equation (4)). The overall non-carcinogenic hazards
caused by multiple metals are accounted for by the hazard index (HI) [48] and calculated
by summing the HQ values of the measured metals (Equation (5)).

HQe =
ADIe

RfD
(4)

HI = ∑ HQe = ∑
ADIe

RfD
(5)

where RfD stands for the reference dose (mg/kg/day), established by the USEPA, as an
estimation of the maximum allowable rate, and e represents the route of exposure (ingestion,
inhalation, dermal contact). The occurrence of non-carcinogenic effects is more likely when
HI value is greater than 1, whereas a value of HI lower than 1 indicates no significant risk.

The carcinogenic or cancer risk (CR) for each metal indicates the probability of devel-
oping cancer over a person’s lifetime due to exposure to that pollutant [24], and according
to USEPA [49], the acceptable limits are in the range of 1 × 10−6 to 1 × 10−4. TCR is the
sum of obtained carcinogenic risks from various exposure pathways. CR and TCR were
calculated using the following equations (Equations (6) and (7)):

CRe = ADIe × SFe (6)

TCR = ∑ CRe (7)

SFe represents the carcinogenic slope factor from Regional Screening Levels for each
pathway. The CR related to skin contact was calculated only for As, because the dermal
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slope factor has not been established for the rest of the examined elements. Ingestion
and dermal contact slope factors for Cd and Ni were also not provided, while Co is not
considered as a carcinogenic element, and therefore, no CR values were estimated. The
CR values surpassing 1.00 × 10−4 are considered to be unacceptable with the potential
for causing cancer during the individual’s lifetime, while the values below 1.00 × 10−6

are considered to be safe, without causing significant health effects. The values between
1.00 × 10−6 and 1.00 × 10−4 indicate tolerable risk [50].

3. Results
3.1. Heavy Metal Concentrations

The present study focuses on analyzing the concentrations of arsenic, cadmium, cobalt,
chromium, nickel and lead, which are among the most dangerous types of trace element
pollutants [51]. Metalloids such as arsenic (As) often fall into the category of heavy metals
due to their similarity in chemical properties and environmental behavior [52]. Figure 2
shows the concentrations of the 6 examined heavy metals of household dust in Asaluyeh
during spring and summer in a box–whisker chart view.

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 6 of 21 
 

 

SFe represents the carcinogenic slope factor from Regional Screening Levels for each 

pathway. The CR related to skin contact was calculated only for As, because the dermal 

slope factor has not been established for the rest of the examined elements. Ingestion and 

dermal contact slope factors for Cd and Ni were also not provided, while Co is not con-

sidered as a carcinogenic element, and therefore, no CR values were estimated. The CR 

values surpassing 1.00 × 10−4 are considered to be unacceptable with the potential for caus-

ing cancer during the individual’s lifetime, while the values below 1.00 × 10−6 are consid-

ered to be safe, without causing significant health effects. The values between 1.00 × 10−6 

and 1.00 × 10−4 indicate tolerable risk [50]. 

3. Results 

3.1. Heavy Metal Concentrations 

The present study focuses on analyzing the concentrations of arsenic, cadmium, co-

balt, chromium, nickel and lead, which are among the most dangerous types of trace ele-

ment pollutants [51]. Metalloids such as arsenic (As) often fall into the category of heavy 

metals due to their similarity in chemical properties and environmental behavior [52]. Fig-

ure 2 shows the concentrations of the 6 examined heavy metals of household dust in 

Asaluyeh during spring and summer in a box–whisker chart view. 

  

Figure 2. Box plots of the concentrations of heavy metals from indoor dust samples in Asaluyeh in 

spring (a) and summer (b). The bottom and top of the box are the first and third quartiles, respec-

tively, while the mean is denoted by circle and the median by line within the boxes. Whiskers (the 

vertical lines) are the 1.5 interquartile ranges of the lower and upper quartiles. 

In both seasons, the highest concentrations occurred for Cr, followed by Ni, while in 

spring, concentrations of these elements were similar, although Cr exhibited a wider var-

iability. In summer, Co concentrations were highly variable, while the mean was similar 

to that of Ni. For the collected household dust in summer, Cr exhibited the highest median 

concentration (59.3 mg kg−1), followed by Ni (12.6 mg kg−1), As (6.41 mg kg−1), Co (6.25 mg 

kg−1), Pb (4.91 mg kg−1) and Cd (0.24 mg kg−1). This pattern is slightly different in the spring 

collected samples, so that after Cr (17.3 mg kg−1) and Ni (16.5 mg kg−1), Pb exhibited higher 

concentrations (7 mg kg−1) than As (2.76 mg kg−1), Co (1.55 mg kg−1) and Cd (0.49 mg kg−1). 

Amongst the analyzed elements, Cr and Cd revealed the highest and the lowest concen-

trations, respectively, considering all available dust samples. Although Pb has been 

stopped as an additive in petrol and gasoline in Iran, Pb concentrations are likely due to 

the industrial sector, but also due to traffic emissions, as also shown in European urban 

sites [24,53]. 

The influence of seasonal effect on the concentrations of trace elements was statisti-

cally evaluated by applying the Mann–Whitney U test. As can be seen in Figure 3, con-

centrations of As, Cd, Co, Cr and Ni significantly differ between spring and summer (p 

value < 0.01). This difference was not identified for Pb, which presented a p value larger 

0

10

20

30

40

50

60

70

80

90

PbNiCrCoCd

C
o
n

ce
n

tr
a
ti

o
n

 (
m

g
 k

g


1
)

As

(a) spring

0

10

20

30

40

50

60

70

80

90

PbNiCrCoCd

C
o
n

ce
n

tr
a
ti

o
n

 (
m

g
 k

g


1
)

As

(b) summer

Figure 2. Box plots of the concentrations of heavy metals from indoor dust samples in Asaluyeh in
spring (a) and summer (b). The bottom and top of the box are the first and third quartiles, respectively,
while the mean is denoted by circle and the median by line within the boxes. Whiskers (the vertical
lines) are the 1.5 interquartile ranges of the lower and upper quartiles.

In both seasons, the highest concentrations occurred for Cr, followed by Ni, while
in spring, concentrations of these elements were similar, although Cr exhibited a wider
variability. In summer, Co concentrations were highly variable, while the mean was similar
to that of Ni. For the collected household dust in summer, Cr exhibited the highest median
concentration (59.3 mg kg−1), followed by Ni (12.6 mg kg−1), As (6.41 mg kg−1), Co
(6.25 mg kg−1), Pb (4.91 mg kg−1) and Cd (0.24 mg kg−1). This pattern is slightly different
in the spring collected samples, so that after Cr (17.3 mg kg−1) and Ni (16.5 mg kg−1), Pb
exhibited higher concentrations (7 mg kg−1) than As (2.76 mg kg−1), Co (1.55 mg kg−1) and
Cd (0.49 mg kg−1). Amongst the analyzed elements, Cr and Cd revealed the highest and
the lowest concentrations, respectively, considering all available dust samples. Although Pb
has been stopped as an additive in petrol and gasoline in Iran, Pb concentrations are likely
due to the industrial sector, but also due to traffic emissions, as also shown in European
urban sites [24,53].

The influence of seasonal effect on the concentrations of trace elements was statistically
evaluated by applying the Mann–Whitney U test. As can be seen in Figure 3, concentrations
of As, Cd, Co, Cr and Ni significantly differ between spring and summer (p value < 0.01).
This difference was not identified for Pb, which presented a p value larger than 0.05
(p value: 0.08). It should be noted that the concentration distributions for heavy metals
were far from normality (Figure 3), so small changes in initial assumptions or data could
lead to significant changes in p value. Especially for Cd, removing one outlier measurement
from the summer dataset could significantly increase the p value.
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U test for examining the difference of the concentrations between spring and summer samples.

Indoor air quality is highly affected by outdoor air conditions (infiltration of aerosols
and pollutants) and indoor human activities, while the fine particles such as carbonaceous
aerosols and heavy metals from urban/industrial emissions have higher infiltration rates
than coarse desert-dust particles due to their smaller sizes [54,55]. The current results
showed a general slight variation in PTE concentrations between the sampling homes in
both seasons, except for Cr (in both seasons) and Co (in summer) where a larger variability
was observed (Figure 2). In spring, the ratios between the highest and lowest concentrations
were for Cr (~55), followed by As (~9), Cd (~4), Pb (~3), Co (~2) and Ni (~1). In summer, this
ratio was Cd (~32), Co (~21), Pb (~11), As (~5), Cr and Ni (~2). In general, variation between
the concentration of elements can be attributed to different sources of household dust
particles, as well as different sources of metals introduced to each house [56]. Furthermore,
the correlations between the PTEs were generally low, supporting the large heterogeneity
in the indoor air pollution sources between the houses, while moderate correlations were
found only between As and Cd (r = 0.31) and Cr (r = 0.51).

Descriptive statistics of heavy metal concentrations (in mg kg−1) for the analyzed
indoor dust in Asaluyeh are shown in Table 1. Compared to the respective concentrations
presented in studies of indoor dust samples from other regions in the world (Table 1), the
obtained median values in this study, both from spring and summer samples, are either in
the same range or significantly lower. Median concentrations of heavy metals in Asaluyeh
were also below the limits defined for average global soils [57], except for As, which seems
to be marginally higher in summer. Analysis of Asaluyeh surface sediments demonstrated
a noticeable amount of arsenic released by diagenesis [58], while high concentrations of As
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in sediments from the Persian Gulf have also been mentioned in previous studies [59,60].
Previous work showed that Cr, Ni and Fe concentrations in street dust were lower in
the industrial area of Asaluyeh compared to urban and non-urban areas in Bushehr [36].
Furthermore, the concentrations of Co, Cr and Ni can also be attributed to geogenic
parameters, such as atmospheric inputs and the weathering of crustal materials [58]. The
non-normal distribution of elements indicates the influence of multiple factors on the
composition of indoor dust particles. Apart from the industrial and traffic emissions,
increased dust activity and influence from Shamal dust storms increase the outside dust
during summer, which may highly affect the concentrations of PTEs in indoor air samples.

Table 1. Total concentrations of heavy metals (mg kg−1, dry weight) from indoor dust samples in
Asaluyeh and other urban areas, and for average global soils.

Locations As Cd Co Cr Ni Pb Reference

Asaluyeh
(Spring)

Min 0.65 0.25 0.99 0.81 13.4 4.05

This study

Max 6.02 0.98 2.17 44.7 19.1 10.6
Mean 2.98 0.49 1.54 17.6 16.4 6.87
Med 2.76 0.49 1.55 17.3 16.5 7.00

Std. Dev 1.66 0.18 0.29 9.66 1.85 1.80
Skew 0.19 1.16 0.44 0.91 −0.13 0.32
Kurt −0.98 1.92 0.84 2.21 −1.44 -0.43

Asaluyeh
(Summer)

Min 2.10 0.15 1.12 43.9 11.4 1.24

This study

Max 9.96 4.80 23.22 86.5 20.9 13.4
Mean 5.62 0.50 9.83 60.2 13.5 5.79
Med 6.41 0.24 6.25 59.3 12.6 4.91

Std. Dev 2.68 1.02 8.17 9.09 2.37 2.89
Skew 0.06 4.38 0.48 1.20 1.98 0.92
Kurt −1.63 19.4 −1.37 3.01 4.27 1.02

Ahvaz, Iran n.a 0.25–0.65 5.8–11.8 10–26 5–20 39.6–124 Neisi, et al. [61]
Neyshabur, Iran n.a 0.5–12.9 1.3–21.4 28.1–190 24.7–162 13.7–5345 Naimabadi, et al. [62]

Giza and Cairo, Egypt n.a 2.23 n.a 68.1 39.2 222 Hassan [63]
Istanbul, Turkey n.a 0.8 5 54.9 263 28.1 Kurt-Karakus [17]

Ilorin, North central Nigeria 0.08 0.12 3.35 1.92 1.35 5.55 Abdulraheem, et al. [64]
Chengdu, China n.a 2.37 n.a 82.7 52.6 123 Cheng, et al. [65]

Kwun Tong, China n.a 39 n.a n.a n.a 308 Tong and Lam [66]
Selangor, Malaysia n.a 190 n.a n.a 830 850 Latif, et al. [18]

Warsaw, Poland n.a n.a n.a 90 30 124 Lisiewicz, et al. [67]
United Kingdom n.a 1.3 n.a n.a. 56.5 181 Turner and Simmonds [68]
Toronto, Canada n.a 1.7 n.a 42 23 36 Al Hejami, et al. [56]
Ottawa, Canada 4.1 4.3 8.8 69 52 222 Rasmussen, et al. [69]

Tokyo and Hiroshima, Japan n.a 1.02 n.a 67.8 59.6 57.9 Yoshinaga, et al. [70]
Christchurch, New Zealand n.a 5.2 n.a n.a n.a 724 Kim and Fergusson [71]

Sydney, Australia n.a 1.6 n.a 65 15 76 Chattopadhyay, et al. [72]
Average World Soils 6.83 0.41 60 18 27 Kabata-Pendias [57]

The arid surroundings in Asaluyeh may highly affect the pollution levels, thus con-
tributing to an already degraded urban environment due to refineries, petrochemical
industries and large fossil-fuel combustion [32]. Furthermore, the high frequency of cal-
cium carbonate in street dust in Asaluyeh can cause high arsenic immobilization [32]. This
suggests that a large fraction of As, Cr, Fe and Ni is from local soil sources, while Pb is
attributed to anthropogenic emissions. On the other hand, fine dust particles are more
efficient in carrying heavy metals due to their higher specific surface area, and presence of
clay minerals and organic matter in the soil [73]. A previous study in Asaluyeh showed
that the mean concentrations of heavy metals in outdoor dust and soil samples decreased
in the order of Fe (~11 g kg−1) > Mn (365 mg kg−1) > Zn (170 mg kg−1) > Ni (79 mg kg−1) >
Pb (68.1 mg kg−1) > Cu (54 mg kg−1) > Cr (35.7 mg kg−1) > Co (11.7 mg kg−1) [36], which
presented notable differences from the decreasing order of the heavy-metal concentrations
of household dust, indicating large influence from human intervention and/or significant
limitation of outdoor dust indoors. Similar results regarding the heavy metal concentrations
from street dust samples in Asaluyeh were reported by Abbasi et al. [36]. This large differ-
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ence between outdoor and indoor concentrations of heavy metals should be examined in
more detail with new sampling strategies of concurrent outdoor and indoor measurements.

Although traffic is not considered as a major influential factor in Asaluyeh, proximity
to the main roads, especially those driving to the PARS industrial zone, as well as to oil
refineries and petrochemical plants may influence the variations in heavy-metal concen-
trations between the houses [74,75]. However, differences in human activities indoors is
likely the most influential factor for the changes between concentrations of heavy metals in
Asaluyeh. Compared to indoor heavy metal concentrations in other urban/industrialized
areas around the world (Table 1), it is seen that the petrochemical industries in Asaluyeh
have a small effect on indoor air quality. Higher heavy metal concentrations occur in cities
larger than Asaluyeh (i.e., Istanbul, Cairo, Sydney, Toronto, Tokyo), where the traffic effect
is especially high. Low traffic emissions in Asaluyeh is also a reason for the much lower
PTEs concentrations in this city compared to other urban/industrial areas in Iran [32,36,37].
Continuous monitoring of indoor air pollution in Asaluyeh using gravimetric analysis of
airborne PM2.5 samples, which is more health relevant to the citizens, is necessary and will
allow apportionment of the sources affecting indoor air pollution.

Analysis of indoor air quality in two churches in Faisalabad, Pakistan revealed high
concentrations of PM2.5 (69 ± 28 µg m−3), CO2 (1459 ± 714 ppm), NO2 (216 ± 37 ppm)
and SO2 (125 ± 65 ppm), attributed to a crowded population and poor ventilation systems,
as well as to high outdoor pollution [76]. Coal and biomass combustion was identified
as the highest contributing source to measured polycyclic aromatic hydrocarbons (PAHs)
in indoor dust in Kocaeli, Turkey [77]. On the other hand, indoor black carbon (BC) con-
centrations at households in rural areas across the Ganges valley, north India, were about
6–7 times higher when traditional cookstoves were used instead of liquefied petroleum gas
for cooking, thus highlighting the importance of using new clean technologies for reducing
indoor air pollution [78]. Recently, the lockdown intervention due to the COVID-19 pan-
demic significantly reduced the outdoor air pollution, but the longer stay and working at
home resulted in an increase in indoor PM concentrations [79,80].

A previous study in Denver, Colorado during wildfire seasons revealed that indoor
BC levels were about 2.4 times higher at homes that kept windows open for more than 12 h
a day than homes with closed windows, while similar features were observed for PM2.5
and NOx [22]. This indicates that different times of natural ventilation in homes by opening
windows may highly differentiate the PM and PTE levels. Beyond open windows and doors,
outdoor air pollutants can also enter indoors through mechanical air-ventilation systems
and unintentional openings in the buildings. The construction rules for naturally ventilated
buildings, the materials and the building air tightness are important factors determining
the indoor air pollution levels [81,82]. Furthermore, the number of residents in each
house may be an important determining factor for the levels of heavy metals indoors [17],
although other studies have reported higher concentrations of Fe and Zn in houses with only
1–2 residents [72]. Another reason for the variation in heavy-metal concentrations between
different houses may be the operation of air conditioning systems, which was found to
be associated with increased levels of Cu, Cr, Cd and Mn in Istanbul [17]. On the other
hand, recent studies have shown that paint walls are a significant source of heavy metals,
since green is mostly associated with higher concentrations of Cu, purple with Zn and Pb
and yellow with Cd, Cu, Pb and Zn [17,66,72]. Consequently, the time passed from the last
wall painting and the quality of the paints used, may be a regulatory factor for the levels of
heavy metals and the variability in concentrations between the houses.

3.2. Health Risk Assessment
3.2.1. Average Daily Intake of HEAVY Metals from Indoor Dust

The average daily intakes of heavy metals through the ingestion (ADIing), inhalation
(ADIinh) and dermal contact (ADIdrm) pathways in Asaluyeh, were calculated using the
Equations (1)–(3). The results showed that ADIing was found to be the main pathway of
heavy metal intake from indoor dust followed by skin contact and inhalation. The results
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showed that the average daily intake of all of the investigated heavy metals are higher in
children than adults. The highest ADIing values were found for Cr (7.70× 10−4 for summer
and 2.24 × 10−4 for spring) and Ni (2.09 × 10−4 for spring and 1.73 × 10−4 for summer) in
children (Table 2). Similarly, Cr and Ni showed the highest degree of average daily intake
for ingestion in adults (5.33× 10−5 and 2.04 × 10−5, respectively). Regarding the minimum
ADIing, Cd revealed the lowest probability of intake by adults and children. The ADIdrm

values were in the order of 10−6–10−7 for children and 10−7–10−8 for adults, while ADIinh
values were two orders of magnitudes lower (Table 2).

Table 2. Reference dose values of heavy metals for the ingestion, inhalation and dermal contact
pathways used in this study.

Population ADIing ADIinh ADDder

Spring Summer Spring Summer Spring Summer

As Adult 4.08 × 10−6 7.70 × 10−6 6.00 × 10−10 1.13 × 10−9 1.63 × 10−8 3.07 × 10−8

Children 3.81 × 10−5 7.18 × 10−5 1.06 × 10−9 2.01 × 10−9 1.07 × 10−7 2.01 × 10−7

Cd Adult 6.75 × 10−7 6.89 × 10−7 9.93 × 10−11 1.01 × 10−10 2.69 × 10−9 2.75 × 10−9

Children 6.30 × 10−6 6.43 × 10−6 1.76 × 10−10 1.80 × 10−10 1.76 × 10−8 1.80 × 10−8

Co Adult 2.11 × 10−6 1.35 × 10−5 3.10 × 10−10 1.98 × 10−9 8.40 × 10−9 5.37 × 10−8

Children 1.97 × 10−5 1.26 × 10−4 5.49 × 10−10 3.51 × 10−9 5.50 × 10−8 3.52 × 10−7

Cr Adult 2.40 × 10−5 8.25 × 10−5 3.54 × 10−9 1.21 × 10−8 9.59 × 10−8 3.29 × 10−7

Children 2.24 × 10−4 7.70 × 10−4 6.27 × 10−9 2.15 × 10−8 6.28 × 10−7 2.16 × 10−6

Ni Adult 2.24 × 10−5 1.86 × 10−5 3.30 × 10−9 2.73 × 10−9 8.95 × 10−8 7.40 × 10−8

Children 2.09 × 10−4 1.73 × 10−4 5.85 × 10−9 4.84 × 10−9 5.86 × 10−7 4.85 × 10−7

Pb Adult 9.42 × 10−6 7.93 × 10−6 1.38 × 10−9 1.17 × 10−9 3.76 × 10−8 3.16 × 10−8

Children 8.79 × 10−5 7.40 × 10−5 2.46 × 10−9 2.07 × 10−9 2.46 × 10−7 2.07 × 10−7

3.2.2. Non-Carcinogenic Risk Assessment

Regarding the non-carcinogenic risk, the estimates showed that the ingestion of dust
particles was found to be the predominant pathway triggering non-carcinogenic risk in both
adults and children, while inhalation was the lowest harmful pathway for all examined
heavy metals except for Co (Figure 4).

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 12 of 21 
 

 

  

Figure 4. Hazard Quotient (HQ) values for non-carcinogenic health risk of selected heavy metals 

in household dust in Asaluyeh for adults (a) and children (b), and for the three pathways (inges-

tion, inhalation and dermal contact). 

The larger HQ values for children compared to adults revealed their higher vulnera-

bility to heavy metals [27,83,84]. The highest HQing was obtained for As in summer dust 

(4.25 × 10−1 for children and 4.55 × 10−2 for adults). However, As has still low potential to 

cause non-carcinogenic risk (0.1 < HQ < 1 for children and 0.01 < HQ < 0.1 for adults). The 

obtained HQing values were also relatively high for Cr, revealing an average of 3.95 × 10−2 

for adults and 3.69 × 10−1 for children. Regarding the HQinh and HQdrm, Cr was also recog-

nized as the most hazardous element for indoor dust samples in Asaluyeh (Figure 4). The 

possible non-carcinogenic risk in case of long exposure through inhalation and dermal 

contact was the least for Cd and Co, respectively. The average HQ values for children 

showed to be one order of magnitude higher compared to adults. 

The overall cumulative non-carcinogenic risks of heavy metals from household dust 

was found in the safe allowable limit of HI ≤ 1 for both sub-population groups (Figure 5). 

Due to lower pollution levels in spring, the exposure to PTEs reduced, and consequently, 

the risk to human health was lower via all the examined pathways. The median HI values 

decreased in the order of As >Cr >Pb >Ni >Cd >Co for the spring and Cr >As >Pb >Ni >Co 

>Cd for the summer samples. These orders are similar for adults and children though the 

trend of higher levels for children than adults was consistent for all of the elements, indi-

cating that children are at higher risk by PTEs during their lifetime [85]. 

 

Figure 5. Hazard index (HI) values of selected heavy metals for non-carcinogenic health risk in 

Asaluyeh for adults and children. 

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

0.1

1

PbNiCrCoCd  

H
a

za
rd

 Q
u

o
ti

en
t

 Ingestion

 Inhalation

 Dermal contact

As

(a) Adults

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

0.1

1

PbNiCrCoCd  

H
a

za
rd

 Q
u

o
ti

en
t

 Ingestion

 Inhalation

 Dermal contact

As

(b) Children

As Cd Co Cr Ni Pb
0.00

0.05

0.10

0.15

0.20

0.25

0.30

H
a

za
rd

 I
n

d
ex

Trace element

 Adults (spring)

 Children (spring)

 Adults (summer)

 Children (summer)

Figure 4. Hazard Quotient (HQ) values for non-carcinogenic health risk of selected heavy metals in
household dust in Asaluyeh for adults (a) and children (b), and for the three pathways (ingestion,
inhalation and dermal contact).

The larger HQ values for children compared to adults revealed their higher vulnera-
bility to heavy metals [27,83,84]. The highest HQing was obtained for As in summer dust
(4.25 × 10−1 for children and 4.55 × 10−2 for adults). However, As has still low potential to
cause non-carcinogenic risk (0.1 < HQ < 1 for children and 0.01 < HQ < 0.1 for adults). The
obtained HQing values were also relatively high for Cr, revealing an average of 3.95 × 10−2

for adults and 3.69 × 10−1 for children. Regarding the HQinh and HQdrm, Cr was also
recognized as the most hazardous element for indoor dust samples in Asaluyeh (Figure 4).
The possible non-carcinogenic risk in case of long exposure through inhalation and dermal
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contact was the least for Cd and Co, respectively. The average HQ values for children
showed to be one order of magnitude higher compared to adults.

The overall cumulative non-carcinogenic risks of heavy metals from household dust
was found in the safe allowable limit of HI ≤ 1 for both sub-population groups (Figure 5).
Due to lower pollution levels in spring, the exposure to PTEs reduced, and consequently,
the risk to human health was lower via all the examined pathways. The median HI values
decreased in the order of As > Cr > Pb > Ni > Cd > Co for the spring and Cr > As > Pb > Ni >
Co > Cd for the summer samples. These orders are similar for adults and children though
the trend of higher levels for children than adults was consistent for all of the elements,
indicating that children are at higher risk by PTEs during their lifetime [85].
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Figure 5. Hazard index (HI) values of selected heavy metals for non-carcinogenic health risk in
Asaluyeh for adults and children.

3.2.3. Carcinogenic Risk Assessment

Regarding the carcinogenic health risk (CR), ingestion of indoor dust particles was
again estimated to be the foremost pathway threatening the health of Asaluyeh residents
(Figure 6). The CR values for children were significantly higher than those for adults, while
the main factors affecting this difference are the higher ingestion rate and the lower body
weight of children [3]. The carcinogenic risks associated with oral intake of As and Cr were
found to be within the tolerable thresholds for adults and at high risk (>10−4) for children.
The cancer effect associated with the inhalation pathway was found to be insignificant
for both adults and children (CRinh < 10–6), except for Cr in children, while CR values
above 10−6 were also found for Pb via ingestion and for As via dermal contact, but only for
children (Figure 6).
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Figure 6. Cancer risk (CR) values of selected heavy metals in household dust in Asaluyeh for adults
(a) and children (b), and for the three pathways (ingestion, inhalation and dermal contact). The
orange and red lines denote the lower and upper safe limits, respectively.

The results of total cancer risk (TCR) suggested that As and Cr are the elements of
major concern, with the potential for causing a lifetime risk of developing cancer (Figure 7).
The TCR values for Cr ranged from 5.20× 10−6 to 5.55 × 10−4 for children and 5.63 × 10−7
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to 6.00 × 10−5 for adults, representing a moderate-to-high risk. Similar results were
obtained for As, with the TCR values ranging from 1.26 × 10−5 to 1.92 × 10−4 for children
and 1.35 × 10−6 to 2.07 × 10−5 for adults. Hence, the mean TCR values for children
exceeded the safe threshold level of 10−4 for Cr in spring and summer, while the TCR for
As was close to this level (10−4). For adults, TCR values for Cr and As were within the
tolerable limits, while the carcinogenic risks posed by Cd, Ni and Pb were assessed to be
very low (CR < 10−6) in both age groups. Men et al. [4] also reported higher CR for As, Cr
and Ni in road dust in Beijing. Spring and summer dust samples followed the same trend
of health risk; however, the TCR appeared to be higher in summer dust due to much higher
concentrations of heavy metals (Figure 2).
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Figure 7. Total cancer risk values of selected heavy metals in Asaluyeh for adults and children. The
orange and red lines denote the lower and upper safe limits, respectively.

4. Discussion

In residential areas located close to large industrial sectors, excessive accumulation of
heavy metals in street and airborne dust can cause chronic respiratory diseases for local
inhabitants through ingestion, inhalation and dermal contact routes [86,87]. Household
dust plays a dual role in health exposure to PTEs, combining the transfer of outdoor
dust and pollutants indoors [88,89]. The current results revealed that household dust in
Asaluyeh industrial city can cause a cancer risk to the local population, mainly in children,
through exposure to As and Cr, while ingestion was the riskiest pathway. Children are at the
highest risk of exposure to PTEs, due to their physiological and behavioral characteristics
(physical activity, playing in playgrounds, etc.) [90,91]. Furthermore, children are also more
sensitive than adults to indoor air pollution, especially for the inhalation and ingestion
pathways, as they breathe in a higher volume of polluted air relative to their body weight
and have more frequent hand-to-mouth activities [92].

Heavy metals are of high concern for health-related issues due to their toxicity, bio-
accumulation in human body and low degradation potential [93,94]. Cd and Pb were
characteristic tracers of traffic emissions from engines and brake wear, while As, Cr and
Ni are highly released from fuel combustion, among other sources [95,96]. Arsenic may
cause deleterious effects on the human organism by negatively affecting the digestive,
cardiovascular and DNA systems [97], and this is especially important in Asaluyeh due
to increased CR values of As. Furthermore, Pb can negatively affect the kidneys, the
soil pH and its absorption capacity, while high quantities of Pb can cause neurological
disorders [8,98,99], although the indoor concentrations of Pb in Asaluyeh were not at
such alarming levels. Exposure to excess Ni levels can be associated with increased
carcinogenic risk and heart attack, as it can be bio-accumulated in the bones, liver, kidneys
and aorta [100]. However, it should be noted that CR values for each element were mostly
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sensitive to the ingestion rate and skin adherence factor, which control the human health
risk assessment [3].

Studies examining the health risk for indoor dust are few compared to those related
to outdoor ambient or street dust. Similar to the current results, the HI values for eight
PTEs in indoor dust in Istanbul were below the safe limit of 1 for both children and adults,
indicating less potential health risk [17]. Ingestion was found to be the major pathway
of exposure to indoor dust for non-cancer effects in homes and offices in Istanbul, fol-
lowed by dermal contact and inhalation [17]. Our results showed highest CR for Cr in
Asaluyeh, especially in summer, which was above the safe limit for children (Figure 5).
The CR values of Cr for children in indoor dust in Istanbul was estimated at 3.7 × 10−5,
3.4 × 10−10 and 3.9 × 10−5 for ingestion, inhalation and dermal contact, respectively,
which were within the acceptable limits of EPA. The respective CR values for adults
were 2.7 × 10−5, 1.3 × 10−9 and 1.1 × 10−4, indicating significant risk for dermal con-
tact [17]. On the other hand, a study in Vilnius, Lithuania showed that despite the
much lower fine PM1 concentration indoors than outdoors (8.8 ± 2.7 µg m−3 against
43.2 ± 22.3 µg m−3) during forest fire events, the highly acidic indoor PM1 could have
harmful health effects [101], thus highlighting the importance of aerosol PH in health-
related studies. Furthermore, it should be noted that apart from the PTEs that are examined
in this work, many other components of PM, such as VOCs, formaldehyde and carbon
monoxide (CO), may negatively affect air quality and human health indoors [102,103].

Previous estimates of the health risk based on street dust samples in Asaluyeh revealed
HI values below 1 and less health risk to residents, with ingestion being the dominant
pathway for both children and adult [32], in accordance with the current results. It is worth
mentioning that although the examined PTEs do not seem to cause non-carcinogenic risk
for adults (HI < 1), the population of Asaluyeh is predicted to be exposed to morbidity and
mortality risk due to long-term exposure to fine particulate matter generated by intense
dust storms over the adjacent arid and semi-arid regions [104]. So, the combination of
dust and heavy metals from oil refineries and petrochemical industries deteriorates air
quality, leading to unhealthy conditions at least for sensitive population groups such as
children and elderly. A recent study regarding the health effects of indoor mercury (Hg)
in Asaluyeh showed moderate-to-low health risk and lower levels than those observed in
the larger city of Ahvaz, southwest Iran [37]. A recent study in Zabol, southeast Iran [84]
reported high non-carcinogenic and carcinogenic risks (HI > 1; CRs > 10−4) for children
and adults due to exposure to outdoor dust. In developing countries of south Asia, despite
awareness of the strong relationship between environmental degradation and human
health, diseases and deaths related to atmospheric pollution have been increasing during
the last decades [105,106].

Although widely used, the EPA model for health risk assessment is subjected to some
biases, since the input variables (i.e., concentrations of heavy metals, ingestion rates, body
weight, skin adherence factor) may not accurately represent the population groups at any
time, and may vary among different people and even for the same person [3]. Evaluation
of these uncertainties and sensitivity of each input variable to the health risk assessment
were not considered in most studies, while Men et al. [3] provided such sensitivity analysis
based on Monte Carlo simulations. They found that the cancer risk was more sensitive to
heavy metal concentrations rather than other input variables, while the skin adherence
factor and the ingestion rate were the most sensitive input variables for CR assessment.

5. Mitigation Strategies and Future Projections

In the hot environment of the Middle East, operation of cooling devices for avoiding
opening windows under highly polluted atmospheres would be a good strategy to protect
outdoor pollution from coming indoors, and this is recommended by public authorities
during dust storms. This practice is also necessary during pollution events caused by
accumulation of pollutants due to excess emissions and/or unfavorable meteorological
conditions, such as calms, shallow boundary layer and temperature inversions. On the other
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hand, air filtering systems could be especially efficient in removing fine particulate from
indoor air [101,107]. For new energy-conserving buildings in Asaluyeh, special treatment
should be given to the ventilation options and in reducing exchanges between outdoor and
indoor air in a way to limit health risk [108–110]. Therefore, improving air tightness of a
building is an important pathway to limit the incoming of outdoor air pollutants, while
mechanical ventilation with efficient air purification systems, such as HEPA, should be
followed for highly polluted conditions [14,15,111].

This study provided first results concerning heavy metal concentrations and potential
health risks due to exposure to indoor dust in Asaluyeh. Indoor and outdoor sampling will
be continued in Asaluyeh city to assess possible changes in PTE concentrations and the
effect of petrochemical industries and meteorology. More samples and chemical analysis
will also allow for the determination of pollution sources in the city via statistical techniques,
in order to evaluate the contribution of each source and to propose solutions. On the other
hand, continuous sampling and assessment of the pollution sources and health risk will
allow for warning strategies for the local population to be aware of the effects of short
and long-term exposure to PTEs. Future research in Asaluyeh county in a way to prevent
human health from exposure to petrochemicals and PTEs should emphasize (i) low-cost
sensors that can provide real-time measurements of PM concentrations [112], (ii) analysis
of PAHs and other organic compounds such as formaldehyde [113], both in outdoor and
indoor air, (iii) dissemination of the pollution levels to local population via apps in smart
phones or in public walls. Furthermore, more studies are recommended to be undertaken
on spatial distribution patterns and source identification of PTEs in Asaluyeh and other
highly-industrialized areas along the Persian Gulf due to highly turbid atmospheres from
the combination of traffic and industrial emissions and dust storms. Continuous recordings
of hospital admissions and statistics for morbidity and mortality in Asaluyeh county
will further help in associating pollution levels and potential health risk assessment with
hospitalization and morbidity rates.

6. Conclusions

This study analyzed the concentrations of selected heavy metal(oid)s (As, Cd, Co, Cr,
Ni and Pb) of household dust in the industrial city of Asaluyeh in south Iran. The key
objectives were to assess the indoor air quality and health risk for children and adults
due to exposure to heavy metals via three pathways, i.e., ingestion, inhalation and dermal
contact. The dust samples were collected at houses in Asaluyeh during spring and summer
(20 samples in each season) and analyzed for heavy metals through Inductively Coupled
Plasma Mass Spectrometry (ICP-MS).

The mean concentrations of heavy metals in the analyzed household dust samples
followed the order of Cr > Ni > Pb > As > Co > Cd in both seasons, while significant
differences were observed from spring to summer, with a large increase in mean Cr concen-
trations (60.3 mg kg−1 against 17.6 mg kg−1 in spring), as well as in As (5.62 mg kg−1 vs.
2.98 mg kg−1) and Co (9.85 vs. 1.54 mg kg−1).

Estimates of the health risk for the local residents due to exposure to household
dust revealed generally low and acceptable levels for non-carcinogenic effects, since HI
values were below 1 for both children and adults. The highest health risk was through the
ingestion pathway, followed by dermal contact and inhalation, while As and Cr were the
most hazardous elements for human health. Regarding the cancer risk (CR), the ingestion
pathway for children presented values above the safe threshold of 10−4, while for adults
the CR for ingestion was in the order of 10−5. Cr and As exhibited the highest CR values,
while As through dermal contact, Cr through inhalation and Pb through ingestion also
presented tolerable CR values for children, but lower than 10−6 for adults. Although in
most of the cases the HI and CR values were within the acceptable limits of EPA (HI < 1;
CR: < 10−6), the bioaccumulation of heavy metals to the tissues and other organs of the
human body can cause chronic deleterious effects that could not be overlooked, especially
in highly industrialized areas with several oil refineries and petrochemical industries.
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Abstract: Climate change can affect the indoor environment due to heat and mass transfers between
indoor and outdoor environments. To mitigate climate change impacts and adapt buildings to the
changing environment, changes in building characteristics and occupants’ behavior may occur. To
characterize the effects of climate change on indoor air quality (IAQ), the present review focused
on four aspects: (1) experimental and modeling studies that relate IAQ to future environmental
conditions, (2) evolution of indoor and outdoor air concentrations in the coming years with regard
to temperature rise, (3) climate change mitigation and adaptation actions in the building sector,
and (4) evolution of human behavior in the context of climate change. In the indoor environment,
experimental and modeling studies on indoor air pollutants highlighted a combined effect of temper-
ature and relative humidity on pollutant emissions from indoor sources. Five IAQ models developed
for future climate data were identified in the literature. In the outdoor environment, the increas-
ing ambient temperature may lead directly or indirectly to changes in ozone, particle, nitrogen
oxides, and volatile organic compound concentrations in some regions of the world depending on
the assumptions made about temperature evolution, anthropogenic emissions, and regional regu-
lation. Infiltration into buildings of outdoor air pollutants is governed by many factors, including
temperature difference between indoors and outdoors, and might increase in the years to come
during summer and decrease during other seasons. On the other hand, building codes in some
countries require a higher airtightness for new and retrofitted buildings. The building adaptation
actions include the reinforcement of insulation, implementation of new materials and smart building
technologies, and a more systematic and possibly longer use of air conditioning systems in summer
compared to nowadays. Moreover, warmer winters, springs, and autumns may induce an increasing
duration of open windows in these seasons, while the use of air conditioning in summer may reduce
the duration of open windows.

Keywords: global warming; temperature; humidity; air pollutants; IAQ

1. Introduction

The mean global surface temperature in 2020 was 1.02 ◦C warmer than the baseline
1951–1980 mean [1]. This temperature rise has several direct health effects on humans, such
as risks of hyperthermia due to exposure to high temperatures, and indirect health effects
due to bad air quality [2]. Vardoulakis et al. [2] indicated that the increase in temperature
may lead to higher indoor concentrations of airborne pollutants causing higher risks of
allergy, cancer, and endocrine disruption.

Nazaroff [3] classified the factors influencing indoor air quality (IAQ) in response to
climate change into three categories: (1) factors related to pollutants such as the transfer of
outdoor pollutants into the indoor environment, the pollutant emission from indoor mate-
rials and products, and pollutant partitioning between the gas and the adsorbed/absorbed
phases; (2) factors related to the building properties, such as insulation, materials, heating

198



Int. J. Environ. Res. Public Health 2022, 19, 15616

and cooling systems, and availability of indoor air cleaners; (3) factors related to occupants’
activities and behaviors.

Regarding pollutant-related factors, outdoor hygrothermal conditions can influence
temperature and relative humidity indoors due to heat transfer through the building
envelope. Changes in indoor thermal conditions can affect the mass transfer parameters,
pollutant emissions from building materials, chemical reactivity, and pollutant partitioning
between the gas and the adsorbed/absorbed phases (in materials, settled dust, airborne
particles) [4]. Concerning building-related factors, energy issues and adaptation to climate
change have already driven changes in the way of construction and designing heating,
ventilation, and air conditioning (HVAC) systems in buildings [5]. These include changes
in insulation materials, solar protection, and wider use of air conditioning systems to avoid
overheating and promote thermal comfort, among others [5]. Yang et al. [6] found that the
cooling demand would increase under future climate scenarios, and consequently the use of
cooling systems. Outdoor-originated pollutants, such as polycyclic aromatic hydrocarbons
(PAHs), benzene, and ozone, enter the indoor environment via the ventilation system,
windows, and/or air infiltrations through cracks, as highlighted by Cheng et al. [7]. The
indoor/outdoor pollutants transport can vary because of changes in building characteristics.
The rise in outdoor temperatures may also change human behaviors. Weschler [8] showed
that to handle hot weather, occupants of air-conditioned homes tended to operate their air
conditioning systems and close windows rather than open windows and operate fans.

To address the influencing factors of IAQ facing climate change, the present work
aimed to conduct a literature review on the pollutant-, building-, and human-related
factors, with a specific focus on modeling studies, which were never reviewed before.
The review aimed to retrieve answers from the literature to the four following questions:
(1) How did experimental and theoretical work characterize IAQ under future environ-
mental conditions? (2) How would indoor and outdoor air concentrations evolve in the
coming years with regard to climate change? (3) How may building characteristics evolve
to mitigate the effects of climate change and adapt to the future climate, and how will these
changes affect IAQ? (4) How may human behavior evolve in the context of climate change
and influence IAQ?

The impact on IAQ of extreme events generated by climate change, such as floods
(development of mold in flooded buildings), hurricanes (carbon monoxide poisoning due
to the temporary use of portable generators in the absence of electricity), or wildfires (huge
increase in outdoor air particle concentrations) is also important [9] but is not addressed
in this review. In a first attempt to model IAQ under global warming conditions, extreme
events are not prioritized, as their predictions remain a challenge to date.

2. Materials and Methods

The literature review was conducted with ScienceDirect and Google Scholar search
engines using the following keywords: (“climate change”) AND (“building”) AND ((“air
temperature”) OR (“relative humidity”) OR (“volatile organic compound”) OR (“alde-
hyde”) OR (“particle”) OR (“SVOC”) OR (“indoor air quality”)), without year limitation. A
total of 615 results were obtained. In addition, 6 papers identified from grey literature, in-
cluding international guidelines and regulations for indoor air and health, were considered.
After duplicate removal, 618 articles were screened, among which 432 were excluded by
title screening because they were not relevant to the topic of the review. Finally, 186 articles
were investigated in detail. After reading the full text, 61 articles were included in this
paper (Figure 1).

The 61 selected articles were published between 1998 and 2022. Figure 2 shows the
distribution of these articles over the total period. A growing interest can clearly be noticed.
The studies were conducted in Australia, Chile, China, France, Germany, Japan, Malaysia,
South Korea, Spain, Taiwan, the UK, and the US. Pollutants that were studied experimen-
tally or numerically included volatile organic compounds (VOCs), semi-volatile organic
compounds (SVOCs), ozone, nitrogen dioxide (NO2), radon, and airborne particles. Among
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the 61 articles, 15 addressed the experimental and theoretical work that characterized IAQ
under future environmental conditions, 15 addressed the indoor/outdoor air concentration
evolution with regard to climate change, 19 addressed the building characteristics evolu-
tion for climate change mitigation or adaptation, and 14 addressed the human behavior
evolution in the context of climate change.
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3. Results and Discussion
3.1. Models to Predict Indoor Pollutant Concentrations in the Context of Climate Change

Five models that were developed or used to predict IAQ under future climate condi-
tions were identified. The corresponding equations and scope of application of each model
are summarized in Table 1. A mechanistic model was developed by Chang et al. [10] to as-
sess climate change impacts on indoor air concentrations of chemical pollutants. The model
only applies to VOCs. It was used to predict the VOC concentrations in Korean houses for
the period of 2011–2100. This model calculates indoor VOC concentrations with a 1 min
time step based on inputs including the meteorological data, the room and window sizes,
the outdoor VOC concentrations, the indoor VOC concentrations in the adjoining room,
the building crack sizes, the air handling system, the recirculation filter characteristics,
and the chemical properties of the target pollutants. Temperature-dependent parameters
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such as the discharge coefficient for window opening, the pollutant diffusion coefficients
in indoor source materials, the air density, and the pollutant vapor pressure, as well as
the effect of the indoor and outdoor temperatures on the window opening patterns and
the heat transfer through the building envelope (and thus on indoor emissions and air
transfer), were considered as the main inputs. The seasonal duration of open windows
and the seasonal average of formaldehyde concentrations were predicted in South Korea
for three periods, 30 years each, from 2011 to 2100, under three VOC emission scenarios:
(1) no emission from indoor sources, (2) low and continuous emissions from vinyl flooring,
and (3) high and periodic emissions to designate cooking activities. The first scenario is
not realistic, but it allows us to identify the trend in concentration variations of pollutants
originated outdoors. Occupants were not considered as a source in any of the three sce-
narios. The predicted formaldehyde concentrations showed a slight increase in the annual
average concentration by approximately 12% in the 2071–2100 period due to the increase in
its outdoor concentrations, assuming no emission from indoor sources or low emissions
from vinyl flooring (scenarios 1 and 2). In the case of strong indoor emissions, the annual
formaldehyde concentration would decrease by 3% due to pollutant removal by natural
ventilation. On a seasonal scale, the simulation under the high and periodic emission
scenario (scenario 3) showed that the average formaldehyde concentration would increase
in summer and decrease in the other seasons, because of a lower air change and a higher
air change in the future compared to buildings of nowadays.

Ilacqua et al. [11] used a steady-state single-compartment model to predict the indoor
air concentration of pollutants under future environmental conditions. The model only
considers pollutant transports from outdoors to indoors by infiltrations through the build-
ing envelope. The infiltration in the paper of Ilacqua et al. [11] referred to the uncontrolled
air flow through cracks and leaks in the building envelope and did not consider air change
through mechanical ventilations or open windows. The infiltration rates were calculated
based on the stack effect caused by the temperature difference between indoors and out-
doors and the wind effect. The investigated pollutants were radon, PM2.5, ultrafine particles
(UFP), carbonyls, ozone, NO2, and nitric acid (HNO3). The simulations did not consider
any change in the building envelope’s airtightness in the future. The results suggested
that the monthly mean infiltration rates in the 2040–2070 period would decrease in some
American cities compared to the 1970–2000 period, except in summertime. Therefore,
exposures to pollutants of outdoor origin would decrease while exposures to pollutants
emitted by indoor sources would increase. The study showed that changes in buildings’
air infiltration in the future affected occupants’ pollutant exposure level. The decrease in
infiltrations by 5% would increase the exposure to pollutants of indoor origin by 2 to 23%
and decrease the exposure to pollutants of outdoor origin by 2 to 18%.

Salthammer et al. [12] developed a dynamic model for a single compartment to
calculate indoor concentrations of ozone and particles in the 2040 in eight German cities
located in different geographic zones. The model focuses on only outdoor sources and
does not consider ozone and particle emissions from indoor sources. The indoor ozone
concentration was calculated for a summer day with peak outdoor ozone concentrations.
The diurnal indoor concentration did not exceed 100 µg·m−3, the WHO air quality guideline
value [13], with an air exchange rate ranging from 0.5 to 3 h−1 depending on the period
of the day. The model also predicted a decrease in indoor PM2.5 and PM10 concentrations,
primarily due to lower outdoor particle concentrations in future emission scenarios.

In 2022, Salthammer et al. [14] developed a comprehensive modeling framework
considering two compartments (gas and particulate phases) to better estimate the effect
of climate change on IAQ. The target chemical pollutants were 12 VOCs and SVOCs:
limonene, isoprene, formaldehyde, n-butyl acetate, n-decane, acetic acid, acetaldehyde,
toluene, benzophenone, triethyl phosphate (TEP), 2,2,4-trimethyl-1,3-pentanediol diisobu-
tyrate (TXIB), and di-1-ethylhexyl adipate (DEHA). The model includes five submodels to
estimate the heat and moisture transport in buildings, indoor emissions, physicochemical
processes, mold growth, and human exposure, respectively. The inputs of the model are the
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thermal boundary conditions, building materials, and occupants’ activities. The modeling
framework has not been applied to future climates yet but the submodels were tested on
existing data and past meteorological conditions. The thermal submodel was validated
using indoor temperature and relative measured humidity in July and August 2020 in
a house in Braunschweig, Germany. The outdoor temperature, relative humidity, and
ozone concentration used in the simulations to validate the model were obtained from a
monitoring station in the same city. The equations related to the chemical emissions and
reactions were tested for limonene on 14 August 2020, and the emission rate of limonene
was strongly and positively associated with indoor temperature.

Fazli and Stephens [15] developed a dynamic single-compartment model to estimate
indoor air concentrations of PM2.5, UFP, NO2, ozone, VOCs, and aldehydes in 2050. The
specificity of this model is that it considers changes in housing stocks, including the
construction of millions of houses in the US over the 2010–2050 period, the fact that some
existing houses will be renovated or demolished, and the population demography changes.
The home construction and renovation are modeled as a change in their envelope, i.e.,
higher airtightness, and heating/cooling systems. The model takes into consideration
infiltration, ventilation, deposition, reaction, and pollutant removal by HVAC filters. The
results showed that the indoor annual mean concentrations of PM2.5, UFP, and NO2 would
decrease due to the drop from both indoor (substitution of gas stoves by electric stoves)
and outdoor sources (less infiltration and window opening). The indoor concentration of
ozone originated outdoors would increase, thus promoting indoor chemical reactions. The
indoor annual mean concentrations of formaldehyde, acetaldehyde, acrolein, 1,3-butadiene,
benzene, and p-dichlorobenzene would increase due to the decrease in infiltration and
duration of open windows.

Table 1. Models developed for the assessment of the influence of climate change on indoor air quality.
(Note: The definitions of the variables are provided in the nomenclature.).

References Notes

Chang et al. [10]

Equation: V d[CV ]
dt =

(
QmvCV0 + QraCV

)
(1− e) + (Qcf + Qwindow)CV0 + QADJ0

CVADJ0
−[(

Qmv + Qra + Qcf + QADJ0
+ Qwindow

)
CV

]
− (∑i Es,iAi + VkVCV + QrclerclCV) + ∑j EV,j; in the gas phase.

V
d[M(d)Cp(d)]

dt =
[
QmvM0(d)Cp0 (d) + QraM(d)Cp(d)

]
[1− e(d)] + QcfM0(d)Cp0 (d)P + QwindowM0(d)Cp0 (d) +

QADJ0
MADJ0 (d)CPADJ0

(d)−
(
Qmv + Qra + Qcf + QADJ0

+ Qwindow
)
M(d)Cp(d)−[

∑i AivdepM(d)Cp(d) + Qrclercl(d)M(d)Cp(d)
]
+ [∑k Mpk(d)Cpk(d) + RsusMf(d)Cf(d)Adtot]; in the PM phase.

Scope of application: VOCs and SVOCs.
Main features: Two-compartment dynamic model, suggesting that the effect of temperature on mass transfer
parameters, pollutant emission from materials, and window opening behavior are the key factors to be considered in
the context of climate change.

Ilacqua et al. [11]

Equation: Cin = Pλ
λ+ds

Cout +
S

V(λ+ds)

Scope of application: radon, PM2.5, carbonyls, ozone, NO2, HNO3, UFP
Main features: Single-compartment steady-state model considering infiltration as the only airflow path from outdoors
to indoors. The model also considers the emission from indoor sources. However, it does not consider possible
changes in the airtightness of the building envelopes and the interactions between vapor and solid phases (particles
and surfaces).

Salthammer et al. [12]

Equation: dCin
dt = λCout − λCin − λdCin for ozone

dCin
dt = λPCout − λCin − λdCin for particles

Scope of application: ozone, particles
Main features: Single-compartment dynamic model. The model does not consider the evolution of the building
envelope, window opening, or mechanical ventilation systems and the emissions from indoor sources.

Salthammer et al. [14]

Equation: dCin
dt = PλCout −Cin + ∑n

i=1
Es,iAi

V + ∑n
j=1

EV,j
V ± Jcoag ± ξΨgas ± JSVOC

Scope of application: VOCs and SVOCs
Main features: Two-compartment dynamic model, combining 5 submodels to assess the building physics, emissions
from indoor sources, reactions, particle/gas partitioning, mold growth, and human exposure.

Fazli and Stephens [15]
Fazli et al. [16]

Equation: dCin
dt =

(
(Pλinf + λnat)Cout +

s
V − (λinf + λnat

)
)Cin − Qexhaust

V Cin − βCin − ffilt
ηfiltQfilt

V Cin − kCterpCin
Scope of application: PM2.5, UFP, NO2, ozone, VOCs, aldehydes
Main features: Single-compartment dynamic model, that considers changes in building envelope airtightness, use of
HVAC systems, and population demography changes.
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3.2. Pollutant-Related Factors
3.2.1. Effect of Indoor Temperature and Humidity on Pollutant Emissions, Transport, and
Partitioning Indoors

One of the effects of climate change is the increase in temperature and relative humidity
outdoors and consequently indoors, with more frequent overheating periods. Hence,
it is important to characterize the effect of temperature and relative humidity on the
pollutant emission from indoor materials, as well as on other pollutant transport processes.
Fang et al. [17] studied experimentally the impact of indoor temperature and humidity
on the emission of total volatile organic compounds (TVOCs) from 5 types of building
materials: PVC (polyvinyl chloride) flooring, loomed polyamide carpet, acrylic sealant,
acrylic wall paint, and waterborne acrylic floor varnish. The emissions were measured
for 9 combinations of temperature (18, 23, and 28 ◦C) and humidity (30, 50, and 70%).
The results showed that for the wall paint and floor varnish, the one-week mean TVOC
concentrations increased significantly by 1500 µg·m−3 when relative humidity increased
from 30 to 70%; the one-week mean TVOC concentration emitted from the floor varnish
also increased by 700 µg·m−3 when temperature increased from 18 to 28 ◦C. For the carpet,
PVC flooring, and sealant, no clear impact of temperature and humidity on the emission
of TVOCs was observed. Similar results on the same types of materials were reported by
Wolkoff [18]: the effect of temperature and relative humidity is dependent on the building
materials/products and the VOCs emitted. Based on 3675 air samples collected in two
locations in China for 23 months, the combined effect of indoor temperature and humidity
on indoor VOC concentrations was addressed in the model of Zhou et al. [19], where the
estimated daily average concentration of a VOC (mg·m−3) in newly renovated residences
is calculated as follows:

C = k1en1T k2en2RH + C0 (1)

where T (◦C) and RH (%) are the room’s daily average temperature and the relative
humidity, respectively. k1, k2, n1, and n2 are constants related to the pollutant and other
environmental conditions. C0 (mg·m−3) is the concentration under initial temperature and
relative humidity. As the equation indicates, the indoor VOC concentration is exponentially
correlated with temperature and relative humidity. Zhou et al. [19] also showed that k1,
k2, n1, or n2 were correlated with Henry’s law constants (solubility in water) and molecule
polarity for formaldehyde, butyl acetate, styrene, benzene, toluene, xylene, ethylbenzene,
and n-undecane. Nevertheless, the equation has not been validated for long periods, e.g.,
for decades.

Xiong et al. [20] presented another model describing the combined effect of indoor
temperature and relative humidity on emissions of formaldehyde and VOCs from build-
ing materials. The equation, theoretically developed from some physical and chemical
equations, can be written as follows:

E = E1T0.75eE2RH − E3

T
(2)

where E is the steady-state emission rate (µg·m−2·h−1); E1, E2, and E3 are positive constants
related to the physical and chemical characteristics of the pollutant; T (K) and RH (%) are the
indoor temperature and the relative humidity, respectively. This correlation was validated
using experimental data from fiberboard and floor varnish emissions under different
combinations of temperature and relative humidity. The constants were determined with
an acceptable fitting degree.

The effect of temperature on VOC emissions is a widely discussed topic. Salthammer
and Morrison [21] listed 36 articles, published between 1975 and 2021, on the temperature
dependence of VOC emissions from different building materials. The review of the 36 arti-
cles covered various families of pollutants and compiled different methods to study the
dependence of VOC emissions on indoor temperature.
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The diffusion coefficient (diffusivity) of a pollutant from a surface to the air is an
important factor primarily used to calculate the mass transfer coefficient. Guo [22] summa-
rized 3 methods for the estimation of the diffusivity of VOCs in air, among them two are
directly dependent on the temperature and are presented in the following equations:

D =
10−3T1.75√Mr

P0

(
v

1
3
A + v

1
3
B

)2 (3)

D =
BT

2
3
√

Mr

P0σ2
ABγ

(4)

where D is the diffusivity (cm2·s−1), T is the temperature (K), P0 is the atmospheric pressure
(atm), vA and vB are the molar volumes for air and the studied compound (cm3·mol−1),
σAB is the characteristic length (Å), γ is the collision integral for diffusion (dimensionless).

In Equations (3) and (4) Mr and B are defined as:
Mr = Ma+M

Ma M , Ma, and M (mol·g−1) are the molecular weights of air and the stud-
ied compound.

B = 0.0217− 0.0005M
1
2
r

The effect of temperature on the diffusion coefficient is quantified by applying the
previous two equations. The results are shown in Table 2. A temperature increase of 10 ◦C
can increase the diffusion coefficient by around 6%. This variation should not be neglected
when calculating the mass transfer coefficient because it could have an important effect on
the pollutant concentration in the gas phase.

Table 2. Effect of temperature on the diffusion coefficient.

Change in Temperature (◦C)
Increase in Diffusion Coefficient (%)

Equation (3) Equation (4)

15 to 25 6.2 2.3
25 to 35 6 2.2
35 to 45 5.8 2.2

Wei et al. [23] derived theoretically the equations of the particle/gas partition coeffi-
cient Kp of some SVOCs as a function of temperature. Table 3 shows the values of Kp of
some phthalates at 20 ◦C and the percentage of variation of Kp when the temperature rises
from 20 ◦C to 30 ◦C. This percentage may reach 78%, which is an important variation for a
realistic and possible temperature increase.

Table 3. Variation of Kp of some phthalates with changing temperature.

Phthalate Kp at 20 ◦C (m3·µg−1) Variation (%) When T Rises to 30 ◦C

DEHP 4.3 × 10−2 −74
DnBP 3 × 10−4 −71
DiBP 2 × 10−4 −71
DiNP 34.082 −78
BBzP 8 × 10−4 −69
DEP 7.6 × 10−6 −68
DMP 3.3 × 10−6 −62

Fadeyi [24] showed that ozone surface deposition velocity increased when relative
humidity and temperature increased. For some materials such as concrete, the increase in
ozone deposition velocity depended on the range of relative humidity; it appeared more
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clearly at humidity higher than 50% [24]. The ozone deposition velocity can increase by a
factor of 17 when humidity increased from 50% to 90%, depending on the material type [25].

Salthammer and Morrison [21] highlighted the effect of temperature on the reaction
rates of some pollutants with oxidants. They provided eight examples of indoor gas-phase
reactions between ozone and hydroxyl as oxidants and nitrogen monoxide (NO), NO2,
limonene, α-pinene, and β-pinene, along with their first-order reaction rates at 25 ◦C and
the percentages of variation of these rates when the temperature increased to 35 ◦C: the
variation ranged from −5 to 30.6% for these eight reactions.

Beyond their own interest in the characterization of the impact of thermal conditions
on pollutant emission, transport and partitioning, these relationships, when integrated into
an IAQ model, will allow us to characterize the evolution of indoor pollutant concentrations
following the evolution of indoor thermal conditions.

3.2.2. Outdoor Concentration Evolution in the Future Climate Conditions

Outdoor air quality is an important determinant of IAQ since outdoor air is transferred
into the building through ventilation and infiltration. Therefore, it is necessary to know how
outdoor pollutant concentration will evolve under climate change conditions to anticipate
the impact on IAQ.

Ozone is produced essentially outdoors [26] in the presence of ultraviolet light and
precursors such as NOx [27]. High concentrations of ozone are recorded during heat
waves [28] because high temperatures promote its formation [29]. Wang et al. [30] showed
that, over East China, climate change alone, i.e., excluding the evolution of anthropogenic
emissions, might be responsible for 8% of the total increase in annual-mean surface ozone
until 2050. The same study [30] showed that in West China ozone concentration might
decrease by 4% due to climate change. This ozone concentration difference between East
and West China is because the West China region is less-industrialized and is therefore
a low-NOx area [30]. The study by Hong et al. [31] in China showed that ozone concen-
tration will increase in the urban regions in 2046–2050 by 16 µg·m−3, compared to the
2006–2010 years. In Europe, Meleux et al. [32] predicted the increase in ozone concentration
under climate change conditions, i.e., with increased temperature and decreased cloudiness,
considering current anthropogenic emissions, especially for the western and central regions.
The number of days of 90 and 120 ppb ozone exceedance will double or triple in some
European cities depending on the climate scenario [32]. Coelho et al. [33] predicted a
decrease in ozone concentration (up to 30 µg·m−3) over Europe in 2031, compared to 2013,
considering the effect of climate change and assuming constant anthropogenic emissions.
Zhong et al. [34] studied the impact of climate change on ozone production from VOCs,
methane, and carbon monoxide outdoors, and showed the effect of high temperatures
on ozone formation. A higher temperature fosters photochemical reactions, VOC emis-
sion from vegetation, and evaporation, suggesting more humidity and OH radicals in the
atmosphere, which leads to a higher outdoor ozone concentration [34].

By applying two climate models, Coelho et al. [33] predicted an increase in the annual
mean NO2 concentrations (up to 5 µg·m−3) in some European regions and a decrease
in other European regions (up to 5 µg·m−3). Globally, atmospheric NO2 concentrations
are expected to increase in the 21st century despite the decreased cloudiness due to the
increasing boundary layer height [33]. Giorgi and Meleux [35] showed that the NOx
concentration should increase in most European regions in the 2071–2100 period by 0–1
ppb compared to the 1961–1990 period, under the high CO2 emission scenario, due to lower
mixing and dispersion over Europe and lower total deposition specifically in the capital
cities, such as Paris, London, and Brussels.

Coelho et al. [33] predicted an increase in PM2.5 and PM10 concentrations (up to
30 µg·m−3) in Europe. In China, PM2.5 concentration will increase in the urban regions
in 2046–2050 by 8 µg·m−3 compared to the 2006–2010 years [31]. Particle concentration
is expected to increase under the effect of the lower precipitation that reduces dispersion,
dilution, and wet deposition of particles. Westervelt et al. [36] used a multiple linear
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regression (MLR) model to characterize the correlation between meteorological parameters
and atmospheric PM2.5 concentrations. The temperature and PM2.5 concentrations were
positively and significantly correlated. PM2.5 concentration presented a negative correlation
with wind speed due to the dilution effect. Other meteorological conditions such as pre-
cipitation, cloudiness, pressure, and relative humidity showed a negative poor correlation
with PM2.5 concentrations in most regions of the world. The decrease in heating demand
due to warmer winters and the decrease in fossil fuel combustion could counterbalance the
increase in PM2.5 outdoor concentrations [9]. In addition, outdoor air pollution control reg-
ulation, reduction of sulfur dioxide emissions from coal-fired power plants due to climate
change concerns, and the shift toward electric and hybrid vehicles could reduce particulate
matter in outdoor air. On the other hand, outdoor particulate matter concentrations may
also increase as a result of more frequent drought episodes leading to more windblown
dust and wildfires [3].

Giorgi and Meleux [35] showed that global warming might lead to a higher concentra-
tion of isoprene (a biogenic VOC) in France, by 0–8 ppb from 1961–1990 to 2071–2100 period.
The modeling results of Cao et al. [37] on isoprene showed an increasing global emission in
the 21st century caused by a warming climate. The annual total isoprene emissions will
rise by 100 to 250 million tons of carbon in 2100 compared to the 1850–1950 years.

The trends in the evolution of outdoor pollutant concentrations are summarized
in Table 4. Overall, differences in the tendencies of variation of most of the outdoor
concentrations can be noticed depending on the geographical zone, and the scenarios
considered for their prediction.

Table 4. Predicted trends in outdoor pollutant concentrations under future climate conditions. ↑:
increase, ↓: decrease, ↑ ↓: increase in some geographical zones and decrease in others.

Pollutant References Tendency Region

Ozone

Wang et al. [30] ↑ ↓ China
Hong et al. [31] ↑ China
Meleux et al. [32] ↑ Europe
Coelho et al. [33] ↓ Europe
Giorgi et Meleux [35] ↑ Europe

NO2 Coelho et al. [33] ↑ ↓ Europe
NOx Giorgi et Meleux [35] ↑ Europe
Particles (PM2.5 and PM10) Coelho et al. [33] ↑ Europe
PM2.5 Hong et al. [31] ↑ China

Isoprene Giorgi et Meleux [35] ↑ Europe
Cao et al. [37] ↑ World

3.3. Building-Related Factors
3.3.1. Climate Change Mitigation and Adaptation Actions

Some modifications in the insulation and construction materials can be made to mitigate
the effect of climate change and adapt buildings. Substitution of concrete with wood in
construction is a way to mitigate climate change by reducing carbon emissions [38,39]. How-
ever, the weakness of wood compared to concrete in terms of resistance to high humidity
and fungi is still a major limitation of its use in construction [40]. Furthermore, wood
products emit formaldehyde, terpenes, and BTEX (benzene, toluene, ethylbenzene, and
xylene) [41,42]. The use of natural and bio-based insulating materials, e.g., cellulose, cork,
straw bale, wood wool, and sheep wool, in insulation, has taken off in the last few years,
besides the appearance of new materials [43]. Although straw bale houses are not VOC-free,
they show lower VOC indoor concentrations than regular houses [44]. The integration of
new insulation materials in buildings can impact indoor thermal conditions, and thus air
infiltration and emissions of pollutants from indoor sources. Verichev et al. [45] presented
the results of the energy simulation of an existing house in Chile and calculated the cost-
effective optimum thickness of insulation materials for the period of 2020–2035. They found
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that the geographical area of usage of glass wool as insulation material can be doubled in
2020–2035 in comparison with 2006 in Chile. The different insulation materials do not emit
the same quantity of pollutants, which can vary by two orders of magnitude [46,47].

The buildings will also evolve to counteract the high temperature indoors. Installation
of shading devices could neutralize a proportion of the energy required for cooling in
future years [48]. Techniques to mitigate the intensity of urban heat islands (UHI) and
reduce both outdoor and indoor temperatures are also developed [49]. For instance, the use
of green technologies, e.g., urban green spaces, green roofs, and green walls, can provide a
mitigation potential of outdoor temperature in the range of 0.3–2.5 ◦C [49]. This range can
be greater when these green technologies are mixed with other techniques such as the use
of reflective materials and water technologies. A profound change in the built environment
is foreseen, for which the influence on IAQ remains unknown.

3.3.2. Effect of Outdoor Temperature on Air Infiltration

In many countries, building regulations require airtight envelopes to prevent heat
loss by infiltration and improve the effectiveness of mechanical ventilation systems [2].
This increase in building airtightness might degrade IAQ if mechanical ventilation is
not properly installed or maintained [50], but it may also lower pollutant transport from
outdoors to indoors.

Lee et al. [51] studied the PM2.5 infiltration, aiming to quantify the relationship between
future changes in outdoor temperature and fine particle infiltration in the Greater Boston
area. The study used the indoor-outdoor sulfur ratio as an indicator of PM2.5 infiltration
due to the absence of indoor sulfur sources. An increase in outdoor temperature of 2–3 ◦C
in summer corresponds to up to 0.06 increase in the indoor-outdoor sulfur ratio. A similar
result was obtained by Ilacqua et al. [11], who suggested that infiltration rates could increase
by up to 25% in the summer months in the 2040–2070 period, compared to the reference
period (1970–2000), assuming a constant indoor temperature of 24.9 ◦C. These infiltration
rates were calculated using an equation from the Lawrence Berkeley National Laboratory
model, taking into consideration the indoor-outdoor temperature difference and the wind
effect [11]. However, based on their residential energy and indoor air quality model,
Fazli et al. [16] found that infiltration factors (“the equilibrium proportion of particles
remaining suspended on penetrating indoors” [52]) of PM2.5, UFP, NO2, and ozone in
2050 would be similar to those in 2010 because the effects of climate and building stoke
changes neutralize each other. On the other hand, indoor-outdoor concentration ratios will
be higher in 2050 for PM2.5, ultrafine particles, and NO2 in homes equipped with gas stoves
compared to the same ratios in 2010 due to a lower natural ventilation rate.

3.4. Human-Related Factors

Human activities (e.g., cooking, smoking, etc.) and behavior (e.g., window opening)
can significantly influence IAQ [53]. Changes in window opening can modify the air
change rate and airflow velocities at indoor surfaces, which directly affect indoor pollutant
concentrations. Under future climate conditions, window opening could increase from
autumn to spring because of warmer weather and decrease in summer to protect from
heat waves. Moreover, it is expected that the use of cooling systems will increase; such
an increase has already been observed in the past years all over the world [54,55]. With
the widespread use of cooling systems, the duration of open windows could drastically
decrease. Predicting IAQ in the context of climate change requires being able to model
window opening considering these different aspects.

According to Huang et al. [56], the air change rate is the most influencing factor
on VOC emission rates from source materials: it is associated with the emission rates of
16 VOCs among 43 VOCs studied, while temperature and relative humidity are associated
with 7 and 6 VOCs, respectively. The materials in the test residences were composite and
solid wood for flooring, and paints and wood boards for walls. Window opening may
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become less effective in terms of thermal comfort under climate change conditions and other
ventilation and air conditioning strategies may substitute it or become predominant [57].

Window opening is often modeled using stochastic/probabilistic models. For example,
Rijal et al. [58] developed a stochastic model to predict occupant behavior in Japanese
dwellings, considering cases of heated, cooled, and free-running dwellings. The model
relates the probability of windows being open to indoor and outdoor temperatures based
on adaptive thermal comfort. Andersen et al. suggested including other indoor parameters,
such as indoor illuminance and wind speed, for the determination of window opening
probability [59], and a multivariate regression method was proposed in the following form:

log
p

1− p
= a + b1x1 + b2x2 + . . . + bnxn + c12x1x2 + c13x1x3 + . . . (5)

where p is the probability of window opening/closing, a and b1-n are empirical coefficients,
and x1-n stand for the driving factors for windows changing state. The investigated variables
included indoor and outdoor temperature, indoor and outdoor relative humidity, indoor
illuminance, wind speed, solar radiation, and sunshine hours. Equation (5) was further
simplified by ignoring the interactions between variables. Andersen et al. [59] used the
simplified regression equation, identified the most influential variables, and provided
their coefficients based on measurements conducted in 15 houses in Denmark in 2008.
These stochastic/probabilistic models were commonly developed under current climate
conditions, although some have considered climate change.

Liu et al. [60] applied a statistical method to calculate the variation of the time frac-
tion of open windows in China in 2050 compared to that in 2015. The results showed a
decreasing time fraction in summer by up to −5% depending on the climate scenario due
to the rising use of air conditioning systems, and an increasing time fraction by up to 2.8%
in winter because of a warmer outdoor climate.

Chang et al. [10] considered in their model that the outdoor temperature controls
the heating and cooling system to maintain a comfortable temperature indoors. The
heating and cooling system was turned on if the outdoor temperature was below 10 ◦C
or above 30 ◦C, and windows were closed. Between 10 ◦C and 30 ◦C outdoors, the
indoor temperature was mainly controlled through window opening. The application of
this algorithm to the 2071–2100 climate conditions in South Korea resulted in a increase
in window opening duration by 200% in winter, 50% in spring, and 20% in autumn
compared to the 1976–2005 years. However, window opening duration dropped by up to
55% in summer. A study conducted in China by Du et al. [61] on 10 houses with different
characteristics (area, year of construction, occupancy, floor, etc.) showed that the window
opening probability by human control was governed by the daily and yearly periods, the
indoor-outdoor temperature difference and the occupant perception. Other determinants
of window opening, with different degrees of dependence on climate change, such as
wind speed, solar radiation, age and gender of occupants, smoking activities, orientation,
and size of windows, were described in detail by Fabi et al. [62]. In summary, all the
investigated articles suggest that the duration of window opening will decrease in summer
and increase in other seasons. Consequently, the reduced ventilation rate will increase
exposure to radon and pollutants emitted from indoor sources such as materials, occupants,
and combustions [3].

4. Conclusions

The existing studies provide knowledge about most of the phenomena associated
with climate change and the way they can influence indoor air quality. However, it is still
difficult to get a quantitative evaluation of the combined and possibly antagonistic effects
of climate change on indoor pollutant concentrations. Modeling is a suitable method to
achieve this goal, and the literature review shows that IAQ modeling coupled with heat
and airflow modeling is needed. Across the IAQ models that have been developed and
used to predict indoor pollutant concentrations, those that are the most advanced in terms
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of modeling all physical and chemical processes on a wide range of pollutants, are not yet
applied to future climate scenarios. Moreover, parameters have been disregarded in some
models without prior analysis of their sensitivity to the output, which brings conclusions
to caution.

Measurements of VOC emissions from materials suggest that the VOC emission rate
can increase significantly under increased temperature, thus global warming and heat
waves in summer may lead to higher indoor VOC source emissions in the years to come.
Most studies described only qualitatively the impact of environmental, building, and
human factors on indoor pollutant concentrations. Empirical laws and stochastic models of
window opening were developed and could be used for further in-depth analysis of the
influence of ventilation on IAQ in the context of climate change.

In summary, the influence of climate change on IAQ remains largely unknown and the
evolution of many influencing factors is unpredictable, such as the technological development
in the formulation and manufacturing of building materials or the evolution of building
codes and building stocks in the medium term (2050) and the long term (2100). This influence
is likely to vary across the countries because of the differences in building, socio-economic
and cultural characteristics, public policies, and the local evolution of the climate.
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Nomenclature
Adtot The total area of the downward-facing interior surface (m2)
Ai Area of interior surface i (m2)
Cf(d) Concentration associated with Mf(d) (µg·µg−1 Particulate matter)
Cin Indoor concentration (µg·m−3)
Cout Outdoor concentration (µg·m−3)
Cp (d) Mass concentration sorbed to particulate matter (PM) in the

air compartment (µg·µg−1 PM)
Cp0 (d) Mass concentration sorbed to PM in the outdoor air (µg·µg−1 PM)
CpADJ0 (d) Mass concentration sorbed to PM in the adjoining room (µg·µg−1 PM)
CPk(d) Concentration associated with MPk(d)
Cterp Concentration of a reactant (µg·m−3)
CV Concentration in the vapor phase of the air compartment (µg·m−3)
CV0 Concentration in the vapor phase of the outdoor air (µg·m−3)
CVADJ0 Concentration in the vapor phase of the adjoining room (µg·m−3)
d Aerodynamic diameter of PM (µm)
ds First-order decay rate constant combining all sink processes (h−1)
e Filter efficiency of the mechanical ventilation system (dimensionless)
e(d) Filter efficiency of the mechanical ventilation system of PM (dimensionless)
ercl Efficiency of the indoor filter device (dimensionless)
ercl (d) Filter efficiency of the indoor recirculation device of PM (dimensionless)
Esi Emission rate from the interior surface i (µg·h−1·m−2)
EVj Emission rate from indoor source j other than interior surfaces (µg·h−1)
ffilt Fractional runtime of the HVAC system if applicable (dimensionless, ranging from 0 to 1)
Jcoag Coagulation term for gain or loss of the target size particle (µg·m−3·h−1)
JSVOC SVOC loss as gas phase and gain as particle phase (µg·m−3·h−1)
k Bimolecular reaction rate constant between two gas-phase compounds(m3·µg−1·h−1)
KV First-order reaction rate constant in the gas phase (h−1)
M (d) PMs mass concentration in the air compartment (µg PM·m−3)
M0 (d) PMs mass concentration in the outdoor air (µg PM·m−3)
MADJ0 (d) PMs mass concentration in the air of the adjoining room (µg PM·m−3)
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Mf(d) PMs concentration on the floor surface (µg PM·m−2)
MPk(d) PMs emission rate from indoor source k (µg PM·h−1)
P Penetration factor through cracks (dimensionless, often close to 1)
QADJ0 Volumetric flow rate from the adjoining room (m3·h−1)
Qcf Volumetric flow rate of air through cracks (m3·h−1)
Qexhaust Airflow rate of any mechanical exhaust ventilation system (m3·h−1)
Qfilt Airflow rate through the central HVAC filter if applicable (m3·h−1)
Qmv Volumetric flow rate of air drawn to the mechanical ventilation system (m3·h−1)
Qra Volumetric flow rate of return air to the mechanical ventilation system (m3·h−1)
Qrcl Air recirculation rate of the indoor filter device (m3·h−1)
Qwindow Natural airflow through the window opening (m3·h−1)
Rsus Resuspension rate coefficient from surface to indoor air (h−1)
S Indoor source strength (mass emission rate) (µg·h−1)
t Time (h)
V Volume of the compartment (m3)
vdep Deposition velocity from indoor air to surface (m·h−1)
β The first-order indoor loss rate by deposition to surfaces and/or

surface reactions (h−1)
ηfilt Removal efficiency of a filter installed in the HVAC system

if applicable (dimensionless, ranging from 0 to 1)
ξ Secondary organic aerosols yield
Ψgas The production or removal rate of a species due to

gas-phase reaction (µg·m−3·h−1)
λ Air exchange rate (h−1)
λd Deposition rate of particles or gas species on indoor surfaces (h−1)
λinf Air exchange rate due to infiltration alone (h−1)
λnat Air exchange rate due to the natural ventilation (h−1)
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Abstract: The coronavirus disease 2019 (COVID-19) pandemic has not only brought considerable and
permanent changes to economies and healthcare systems, but it has also greatly changed the habits
of almost the entire society. During the lockdowns, people were forced to stay in their dwellings,
which served as a catalyst for the initiation of a survey on the estimation of the metallic element
content in residential indoor dust in different parts of Latvia. This article presents the study results
obtained through the analysis of collected dust samples from 46 dwellings, both in the capital of
Latvia, Riga, and in smaller cities. Two methods were employed for indoor dust collection: vacuum
sampling and manual sampling with a brush and plastic spatula. After microwave-assisted acid
extraction, the samples were analyzed using inductively coupled plasma mass spectrometry (ICP-MS)
in terms of the major (Na, K, Ca, Mg, Al and Fe) and minor (Mn, Ni, Co, Pb, Cr, As, Ba, Li, Be,
B, V, Cu, Zn, Se, Rb, Sr, Cd, La, Ce and Bi) elements. For the data analysis, principal component
analysis was performed. Among the measured metals, the highest values were determined for the
macro and most abundant elements (Na > K > Ca > Fe > Mg > Al). The concentration ranges of the
persistently detected elements were as follows: Pb, 0.27–1200 mg kg−1; Cd, 0.01–6.37 mg kg−1; Ni,
0.07–513 mg kg−1; As, 0.01–69.2 mg kg−1; Cu, 5.71–1900 mg kg−1; Zn, 53.6–21,100 mg kg−1; and Cr,
4.93–412 mg kg−1. The critical limit values of metallic elements in soil defined by the legislation of
the Republic of Latvia (indicating the level at or above which the functional characteristics of soil are
disrupted, or pollution poses a direct threat to human health or the environment) were exceeded in
the following numbers of dwellings: Pb = 4, Ni = 2, As = 1, Cu = 16, Cr = 1 and Zn = 28.

Keywords: indoor dust; metallic elements; dust sampling; ICP-MS; PCA

1. Introduction

Exposure to indoor air pollutants has a significant impact, firstly, since it has been
reported that people in industrialized countries spend an average of 90% of their time
in enclosed microenvironments [1,2]. Secondly, in accordance with the World Health Or-
ganization (WHO) [3], indoor microenvironment air contamination is one of the main
current environmental health risks, as indoor environments frequently have even higher
levels of air pollutants than the outdoor environment [4,5]. Recent studies [6–9] have
demonstrated the extent of worldwide interest in human exposure to indoor pollutants;
in particular, residential dust may be considered one of the important pathways of hu-
man exposure to toxic trace elements. Turner defined household dust as fine (≤100 µm)
settled or airborne particulate material encountered in the indoor domestic setting [10].
However, it must be pointed out that household dust is a heterogeneous mixture of ma-
terials of different sizes and shapes, organic and inorganic in origin, including different
ultrafine fibers, mold, allergens, soot, animal fur, skin particles, and heating and building
residues [11]. Indoor dust is considered a complex matrix in terms of its numerically
remarkable possible origin sources, including the infiltration of outdoor contaminants,
heating, cooking and household electronic devices, building and reconstruction materials,
consumer products, smoking and incense burning, and other sources, which might be
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closely linked to inhabitants’ activities [12–14]. The ability of indoor dust to act as both a
sink and a transport medium for various persistent chemical contaminants, such as heavy
metals, has been demonstrated in many studies [15–17]. Foremost among the various other
contaminants detected in residential dust, heavy metals are of well-grounded concern due
to long-term exposure, their adverse health effects and such specific features as their high
toxicity, non-biodegradability, persistence, bioaccumulation potential and long biological
half-life [18,19]. It has been suggested that household dust-bound heavy metals accumulate
in humans through inhalation, non-dietary ingestion or dermal contact. The absorption
and penetration of metals into human fatty tissues and circulatory system tissues, as well as
other parts of the body, will probably result in metal-associated diseases later in life [20–22].
Children at a young age are more frequently exposed to interior contaminants than people
in other age groups due to their particular behaviors, such as crawling and hand-to-mouth
practices. The intensive growth and rapid development of children’s organs in the first
years of life and their immature immune system, higher inhalation rates per body mass
and lower tolerance to pollutants make children much more susceptible to heavy metal
exposure than adults [23,24].

This is the first study to describe the analysis results of 120 indoor dust samples
gathered from 46 residential dwellings in Latvia in terms of their metallic element concen-
trations. In this paper, we report the concentrations of 25 metallic elements in milligrams
per kilogram (mg kg−1) of total dust in the particle size range < 0.2 mm, emphasizing the
concentrations of non-carcinogenic elements and carcinogenic elements such as copper (Cu),
nickel (Ni), zinc (Zn), manganese (Mn), arsenic (As), cadmium (Cd), chromium (Cr) and
lead (Pb), as these elements present greater health risks for both adults and children [23].
The objective of this study was to determine the content of 25 major, or most abundant, and
minor, or trace, metallic elements in residential indoor dust in Latvia. Overall, this study
targets to answer the following questions:

• Which are the minor and major metallic elements in residential indoor dust in Latvia?
• Which are the concentration ranges of toxic elements adhered to the investigated

household dust from dwellings located in urban, suburban and rural areas in Latvia?
• Can the results from two non-standardized dust-sampling approaches—dust vacuum-

ing and manual dust sampling with a brush and plastic spatula—be comparable?
• Which trace elements detected in residential indoor dust could be of greater concern

for human health?

2. Materials and Methods
2.1. Study Area

The current study was conducted in Latvia (Figure 1), which is a country in the Baltic
region in the northern part of Europe, covering an area of 64,589 km2 with a population
of 1.9 million. Part of the studied residential indoor dust was collected in the capital
of Latvia, Riga, which is a significantly larger city than the others with a population of
671,000 inhabitants. Riga’s territory covers 307.17 km2 and lies 1–10 m above sea level, on a
flat and sandy plain. The average values of the air quality index (AQI) during the sampling
period in the Riga central area ranged from 76 to 88 (poor air quality in terms of PM10, but
good to very good air quality in terms of SO2, NO2 and O3) with a maximum of 198 [25,26].
The remainder of the dust samples were collected in four smaller Latvian cities (Liepaja,
Jurmala, Ogre and Marupe) and ten rural areas (Dobele, Baldone, Kandava, Krimulda,
Lielvarde, Ropazi, Saulkrasti, Zvejniekciems, Viesite and Velmeri) with a population more
than 10 times less than that of the capital city.
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dots: red dots—urban, orange dots—suburban, and green dots—rural sampling sites [27].

2.2. Sampling Strategy

Sampling was performed between March and May 2022 at 46 sites to cover various
areas in Latvia. One hundred twenty residential indoor dust samples were collected from
28 urban dwellings in a commercial area with heavy city traffic nearby, 8 suburban homes
and 10 rural residences surrounded by less industrial infrastructure and traffic, but a lot
more greenery. The choice of sampling sites, the number of samples per dwelling and
the choice of the room where sampling was performed were based on the inhabitants’
willingness to take part in the current study and their possibilities. The participants
were invited to deliver collected indoor dust samples along with the completed short
questionnaire about their dwelling environment. The aggregated data of the questionnaires
are summarized in Table 1, and they include parameters characterizing housing, the
number of occupants, their hobbies and habits, age of the property and type of construction
materials used, type of fuel used for heating and presence of pets.

Two sampling methods were applied for indoor dust collecting: household vacuum
cleaners with an unused dust container for each sample, and a previously cleaned brush
with a plastic spatula. Both dust sampling methods in parallel were used in 16 dwellings.
In 23 dwellings, dust samples were obtained by manual sweeping, while in the remaining
7 residences, vacuuming was used for dust collection. The numbers of samples collected in
each type of room from the different sampling sites are presented in Table 1, as well as in
the Supplementary Materials Table S1. Residential indoor dust samples were collected from
dwelling floors, carpets, windowsills, tables and shelves, and included lamp covers and
other surfaces that had not been cleaned for some time. Immediately after collection, each
dust sample was transferred to an unused, labeled sealed plastic bag for safe transportation
and storage, avoiding cross-contamination.
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Table 1. The characteristics of the dwellings where the indoor dust sampling was performed.

Parameter Data from Questionnaires (Number of Dwellings * or Samples in Urban (U), Suburban
(S) and Rural (R) Sites)

Sampling site Urban
28 *

Suburban
8 *

Rural
10 *

Structure of the building Bricks
19 *

Concrete
23 *

Wood
4 *

Age of building <5 years
3 *

6–10 years
5 *

>10 years
38 *

Type of heating Central heating
33 *

Wood stove heating
8 *

Briquette or pellet stove heating
5 *

Type of room
Corridor

6
(U2; S2; R2)

Living room
33

(U16; R17)

Living room
and kitchen

21
(S21)

Kitchen
10

(U6; R4)

Bedroom
45

(U24; S10; R11)

All rooms
5

(U5)

Floor cover Hardwood
8

Laminate
42

Parquet
6

Tile
16

Other
48

Smoking No
27 *

Yes
15 *

No information
4 *

Pets in home No
29 *

Yes
17 *

Cleaning
frequency

Several times
per week

5 *

Twice a week
7 *

Once a week
21 *

Once per two
weeks

8 *

Once per
month

3 *

Less often
2 *

* Number of Dwellings.

2.3. Chemical Analysis of Indoor Dust

Prior to chemical analysis, the manual removal of pet and human hair, as well as
larger refuse, was performed. Afterward, the dust samples were sieved through a 0.2 mm
sieve (Rotilabo). An amount of ~0.20 g of each air-dried dust sample was subjected to
conventional microwave-assisted acid digestion (2.00 mL conc. H2O2, for trace analysis,
Fischer Chemical, 30% and 6.00 mL conc. HNO3, trace metal grade, Fisher Chemical,
69%) performed with a microwave oven (Milestone Start E) under pressure conditions.
The maximum pressure at the peak point was approximately 200 psi (13.8 bar). The
heating program was set as follows: heating for 15 min to 160 ◦C and holding at 160 ◦C
for 30 min. Acidic extract solutions of dust samples were diluted to a volume of 15.0 mL
with deionized water (0.055 µS cm−1, Adrona) and measured by inductively coupled
plasma mass spectrometry (ICP-MS, Agilent 8900 Triple Quadrupole). The instrumental
parameters of ICP-MS were set as summarized in Table 2.

For the purpose of elemental quantification, the calibration graph was constructed
using six standard solutions in a concentration range from 0.1 µg L−1 to 100.0 µg L−1,
which contained all the elements of interest (Al, As, Ba, Bi, B, Cd, Ca, Ce, Cr, Co, Cu, Fe,
La, Pb, Rb, Li, Mg, Mn, Ni, K, Se, Na, Sr, V and Zn) dissolved in 2% HNO3. Analytical
standard stock solutions were prepared from a certified reference material (HPS, ICP-MS-
68A, 10 mg L−1, traceable to NIST SRM 3100). The element concentrations in the samples
were calculated using the external calibration graph method, and a blank correction for each
sample was applied. When dust samples were prepared using microwave-assisted acid
digestion performed with a microwave oven, each set consisted of 10 samples, including
one designated as a blank sample. The blank sample solely contained added reagents
(H2O2 and HNO3), and the blank correction was applied to all samples, irrespective of the
sampling method employed. The blank levels in our study for most elements (Li, V, Cr, Mn,
Co, Ni, Cu, Zn, As, Rb, Sr, Cd, Ba, La, Ce, Pb and Bi) were determined to be below the limit
of detection (<0.1 mg/L). However, in the case of B, Na, K, Ca and Fe, some background
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levels could reach up to 100 µg/L. An internal standard solution (10.0 µg L−1, Agilent)
was used for system stability control during the measurements. Two standard solutions
(10.0 µg L−1) were used between every ten samples to verify system stability. Two standard
reference materials were used to verify the accuracy of the sample preparation and the
elemental quantification methods: the standard reference material A2 (LGC, Elements on
Filter Media/Work-room Air, Filter No. A2-1365) and the standard reference material B4
(LGC, Elements on Filter Media/Work-room Air, Filter No. B148).

Table 2. The instrumental parameters of inductively coupled plasma mass spectrometry (ICP-MS).

Parameter Setting Parameter Setting

RF power (W) 1550 Extraction 1 lens (V) −5.0

Sampling depth (mm) 8.0 Extraction 2 lens (V) 7.0

Plasma gas flow rate (L min−1) 15.0 Omega lens (V) 7.0 −200

Nebulizer gas flow rate (mL min−1) 0.90 Omega bias lens (V) −110

Makeup gas flow rate (mL min−1) 0.0 Octopole bias (V) −3.0

He cell gas flow (mL min−1) 5.0 Cell gas flow rate (% of full
scale) 20

2.4. Statistical Analysis

Statistical analysis was performed using Microsoft Excel version 2304 and SPSS soft-
ware version 29.0. Metallic element concentration data were initially explored by descrip-
tive statistics (arithmetic mean, median, standard deviation and coefficient of variation).
Further, the Kruskal–Wallis test, which is a non-parametric statistical test, was used to
determine the statistically significant differences between the medians of metallic element
concentrations of the different dust sample groups. These dust sample groups were di-
vided based on the sampling sites (urban, suburban and rural) and different premises
within the dwellings. Statistically significant differences between dust samples divided
based on indoor smoking habit were assessed using the Mann–Whitney U test, which is a
non-parametric test used to compare two independent samples. To evaluate the statistically
significant differences between concentrations of metallic elements of the dust samples
collected by two sampling techniques, the Mann–Whitney U test was performed. Besides
that, for the mutual comparison of the results of the samples collected using in parallel both
sampling techniques, the relative differences in the determined concentrations of metallic
elements were calculated. The relative differences for each of the selected 16 dwellings were
obtained using the mathematical equation 1, where CM is the concentration of a metallic
element in a manually collected dust sample and CV is the concentration of a metallic
element in a sample obtained by vacuuming.

∆D =
CM − CV

Cmean(M,V)
(1)

In the current study, principal component analysis (PCA), which is a well-established
tool for the statistical treatment of multivariate datasets, was also performed. For the
evaluation of the obtained indoor dust data, the chemometric (Chemometric Agile Tool
(PCA (R-based Chemometric Agile Tool (CAT software), R version 3.1.2 (31 October 2014),
University of Genoa, Italia)) approach was used with the aim to determine a collection of
linear combinations of the original variables, also known as principal components, which
can capture the most variation in the data. During ICP-MS analysis, data processing and
collection and calculation of results were carried out using the MassHunter Workstation
program, including its subprograms—Instrument control and Offline data analysis.
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3. Results
3.1. Concentrations of Major and Minor Elements in Residential Dust

The metal contents of 120 residential dust samples from 46 dwellings in Latvia are
summarized in Table 3. In general, the concentrations of metals in the residential dust varied
significantly across the indoor locations, as determined by the coefficients of variation
(CVs) and the arithmetic mean and median concentrations. Ca had the highest mean
concentration, followed by Na > Mg > K > Fe > Al > Zn. From those, the most studied
elements in household dust are Fe, Al and Zn, as they are more closely associated with
anthropogenic sources, in contrast to Na, K, Mg and Ca, which are mostly of natural origin.
For example, Ca is the major element of the mineral calcite, which is often detected in indoor
dust [28]. Regarding the concentration ranges of Al and Fe, only results from Malaysia [29]
reported a lower mean concentration of Al at 1230 (mg kg−1), compared with the current
study, but data obtained from other studies were even one order higher [7,30,31]. The mean
values for Zn from this study compare well with published data from Turkey [23] and
Poland [32], but are several times higher than the concentrations found in Saudi Arabia [20]
and Malaysia [29]. Higher concentrations of Al and Zn in Latvia could be attributed to the
fact that the sampling took place in the spring when the resuspension of street dust is more
pronounced. This could also be a significant reason for Al contributing to the composition
of indoor dust, together with Zn from automobile emissions, i.e., the wear and tear of
rubber tires and galvanized vehicular parts [8,12].

Table 3. Arithmetic mean concentrations (mg kg−1) and other descriptive parameters of metallic
elements from indoor dust (n = 120 samples).

Arithmetic
Mean Min Max Median Standard

Deviation CV, %

Li 3.43 0.01 15.7 2.60 3.00 87.1

B 68.7 2.94 406 41.7 71.7 104

Na 5580 692 52,000 4270 6090 109

Mg 4250 500 15,900 3590 2690 63.2

Al 2160 8.20 10,620 1660 1930 89.0

K 4210 122 12,800 3980 2030 48.3

Ca 17,970 851 57,000 14,740 12,300 68.4

V 4.95 27.0 0.01 3.93 4.60 93.1

Cr 53.1 4.93 412 41.6 48.4 91.1

Mn 117 6.82 865 74.5 133 114

Fe 3890 187 19,380 2690 3500 90.0

Co 3.35 0.26 26.6 2.53 3.65 110

Ni 21.5 0.07 513 12.4 55.2 256

Cu 117 5.71 1880 69.3 214 182

Zn 1010 53.6 21,100 372 2430 240

As 2.19 0.01 69.2 0.78 7.33 334

Se 0.44 0.01 1.61 0.29 0.41 92.7

Rb 7.07 0.20 34.9 5.92 4.80 67.9

Sr 47.6 11.1 309 35.1 43.2 90.8

Cd 0.99 0.01 6.37 0.53 1.26 127
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Table 3. Cont.

Arithmetic
Mean Min Max Median Standard

Deviation CV, %

Ba 209 7.01 1800 109 283 136

La 4.95 0.07 23.4 3.36 4.97 101

Ce 9.25 0.33 44.6 6.18 8.99 97.1

Pb 61.2 0.27 1180 21.4 138 225

Bi 12.2 0.04 421 1.11 56.6 463

Zn is one of those elements to which attention is paid in studies on the toxic compo-
nents in indoor dust, and in this study, Zn has one of the highest coefficients of variation
(CVs), while the concentrations of other previously described elements were more homo-
geneous. In similar studies investigating exposure to toxic contaminants in indoor dust,
besides Zn, which was already highlighted above, attention more often focuses on Pb, Cu,
Cd, Cr, Ni, Mn and As. Among these elements, Mn and Cu had the highest mean concentra-
tion (117 mg kg−1), followed by Pb (61.2 mg kg−1), Cr (53.1 mg kg−1), Ni (21.5 mg kg−1),
As (2.19 mg kg−1) and Cd (0.99 mg kg−1). Pb, Cr and Ni were detected in all collected
120 dust samples, whereas As and Cd were present in 81% and 49% of the residential
dust samples, respectively. In general, compared with data obtained from around the
world, these results were consistent only with reported results from Turkey (except for
Ni (263 mg kg−1) [23]) and results from Australia (except for Pb (386 mg kg−1) and Cd
(4.40 mg kg−1) [33]). It is noteworthy that concentrations of the metallic elements listed
above were lower in Latvia than those reported for other regions of the world [6,13,34,35].
The arithmetic mean concentrations of other less abundant trace elements are presented in
the following descending order: Ba > B > Sr > Bi > Ce > Rb > La > V > Li > Co > Se.

3.2. Different Sampling Approaches

It is well known that the sampling methodology is fundamental in obtaining represen-
tative samples. Variations in indoor dust surface sampling practices should be of special
concern since the sampling process might reflect greatly on measurement uncertainty. If
the chosen sampling method is not standardized, analytical results from different studies
might not be comparable. A standardized indoor dust collection method [36,37] is not
always available. In order to cover a sufficient number of indoor areas, studies have used
the following indoor dust collection techniques most frequently:

• Filters from heating, ventilation and air conditioning systems [20,38];
• Dust collection from the dust bags of domestic vacuum cleaners and electrical

brooms [6,8,23,31–34,39,40];
• Usage of high-volume small-surface vacuum samplers, mini-volume samplers and

fine particulate dust samplers [7,12,21,41];
• Settled dust collection with wet wipes [42];
• Dust collection by gently sweeping with a brush and plastic spatula [9], soft paint-

brush [5] and fingers [43].

As one of the objectives of this study was to evaluate whether the concentrations of
metallic elements in indoor dust collected using two different approaches are compara-
ble, we collected dust samples in 16 dwellings (9 urban, 2 suburban and 5 rural areas)
using both methods—vacuuming and manual collection with a brush and plastic spatula—
simultaneously under the same conditions. The Mann–Whitney U test was performed
to compare determined concentrations of metallic elements of the samples collected by
both sampling techniques. The statistical analysis did not show a statistically significant
difference except for Cd (p < 0.05) (see Table 4). The relative differences in the determined
concentrations of metallic elements in the samples collected using both sampling techniques

219



Int. J. Environ. Res. Public Health 2023, 20, 6207

in parallel were used for the mutual comparison of the results from each dwelling. The
relative differences (∆Ds) for each of the selected 16 dwellings are summarized in Table 4.

Table 4. The relative concentration differences (∆Ds) of some metallic elements determined in indoor
dust collected using vacuuming and manual collection and the corresponding p-values.

p-Values
Zn Mn Cu Pb Cr Ni As Cd

0.66 0.10 0.41 0.31 0.58 0.22 0.12 0.002

Sampling Site ∆D

1-Urb 1.00 −0.37 0.31 0.39 0.67 0.06 −0.48 nd (M) *

2-Urb 1.08 0.28 0.39 0.17 −0.57 0.36 −0.62 nd (M)

3-Urb 0.32 0.22 0.28 0.57 0.63 0.08 0.31 nd (M)

4-Urb −0.39 −0.55 −0.23 −0.97 0.14 −0.59 nd (M,V) nd (M,V) *

5-Urb −0.54 −1.15 −0.88 −1.62 −0.11 −0.86 nd (M) nd (M)

6-Urb −0.20 0.43 0.20 −0.52 0.36 0.76 −0.24 nd (M,V)

7-Urb −0.44 −1.27 −0.06 −0.51 −0.64 −1.98 nd (M) nd (M)

8-Urb 1.44 0.23 0.62 0.30 0.62 0.15 0.97 nd (M)

9-Urb 0.24 −0.18 0.24 −0.97 −0.27 −0.37 0.08 nd (M)

10-Sub −1.12 −0.50 −1.54 0.56 −1.75 −1.66 nd (V) * nd (M,V)

11-Sub 0.13 0.19 −0.15 0.38 0.27 1.10 nd (V) nd (M,V)

12-Rur −0.13 −0.51 −0.15 −0.85 0.09 −1.47 nd (M) nd (M)

13-Rur −0.44 −0.42 −0.32 −1.12 0.05 −0.81 nd (M) nd (M)

14-Rur 0.03 −0.54 −0.22 −0.75 0.13 −0.53 nd (M) nd (M)

15-Rur −0.26 −0.81 −0.76 −1.00 0.44 −0.81 −1.10 nd (M)

16-Rur 1.72 −0.66 1.36 0.32 −0.27 1.23 −0.24 nd (M)

* nd (M)—not detected in manual dust collection. * nd (V)—not detected in dust samples using vacuuming.
* nd (M,V)—not detected in both dust samples.

A distinct trend was observed in the case of Na, K Ca, and Mg, since in all 16 sampling
zones, higher concentrations of these elements were determined in the dust samples
collected with commercial vacuum cleaners (see Supplementary Materials Table S2). Cr
and Cu had the lowest relative concentration differences between the two samples, obtained
in parallel using both sampling approaches. The Mn, Fe, Co, Ni and Pb concentrations
were, on average, 30% higher in the samples collected by vacuuming (see Table S2). In
contrast, higher concentrations of Zn were observed in the swept dust samples. In these
parallel samples, Cd was the only element detected only in the dust samples collected by
the vacuum cleaners. Cd is associated with fine particles [44–46], while Na, K and Ca are
associated with larger particles in both outdoor and indoor dust [47–49]. Therefore, using a
commercial vacuum cleaner might ensure more efficient dust sampling than collection by
dust sweeping.

3.3. Distribution of Elements Depending on the Sampling Site and Zones within the Dwellings

The metallic element concentrations in residential dust vary between the zones of
a given dwelling and among geographical locations. Variations in the concentrations of
metallic elements in different geographical locations are more representative of the impact
of the outdoor sources associated with surrounding industrial sites or with increased vehi-
cle emissions in densely populated areas. In Figure 2, arithmetic mean concentrations with
the relevant standard deviations of selected metallic elements are summarized, depend-
ing on the splitting of indoor dust sampling sites into urban (n = 50 samples), suburban
(n = 23 samples) and rural (n = 31 sample). In the calculation of arithmetic mean concentra-
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tions, the results of 16 dust samples obtained from 15 apartments whose residents smoked
were not included. In addition, data were subjected to the Kruskal–Wallis test, which
showed that statistically significant differences (p < 0.05) were observed only between the
suburban–urban and suburban–rural dust sample groups for Al (p = 0.01 and p = 0.03) and
Sr (p = 0.02 and p = 0.001) (see Supplementary Materials Table S3).
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The concentrations of all the above-listed metallic elements, depending on the dust
sampling location, have the following increasing trend from suburban sampling sites to
rural and urban: Sub < Rur < Urb. Meanwhile, the content of As is quite similar in urban
and rural locations. Comparatively high concentrations of As can manifest in rural sites
due to metal-containing pesticides or soil fertilization. Such agricultural activities are
common in the rural regions of Latvia, and this is evidenced by the fact that the target
values of not only As, but also the Zn, Ni and Cd content in the soil, exceeding which cannot
ensure sustainable soil quality, have been exceeded both in the topsoil and in the deeper
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soil layers [50]. Elevated levels of Zn and Pb in urban sites can be associated with more
intense vehicular traffic and industrial activities in the cities [51]. Latif et al. found that
the concentrations of Pb and Zn decreased as the distance of the houses from major roads
increased in urban areas [39]. In the current study, a similar trend was observed—in dust
samples from dwellings located in the center of Riga, average values of Zn (515 mg kg−1)
and Pb (23.5 mg kg−1) were higher than values of Zn (390 mg kg−1) and Pb (5.36 mg kg−1)
in dwellings located apart from intensive traffic streets.

Dissimilarities in element distribution among different sampling rooms can indicate
various internal pollution sources, which are largely affected by the household customs
of the inhabitants, as well as the age of the particular building and the materials used in
construction or renovation. In Figure 3, the percentages of selected metallic elements in
the indoor dust of samples gathered from different rooms (corridor n = 6 samples; kitchen
n = 10 samples; living room n = 33 samples; bedroom n = 45 samples) within dwellings
are compared, except 5 dust samples collected from whole dwellings and 21 samples
collected in the kitchen and living room together. A more detailed allocation of the metallic
element concentrations obtained from different dwelling zones, in each urban, suburb and
rural location, separating dwellings with smoking inside is summarized in Supplementary
Materials Table S1. For all zones of dwellings, Zn accounted for the highest percentage
of selected metallic elements in the bedroom area, and consequently, the percentages
of the rest of the selected elements in this zone were lower. The use of various zinc-
containing products, such as bed linen detergents or skin care products, which are used
before bedtime, could contribute to increased concentrations of zinc. Looking closer, the
mean concentrations of Zn in bedrooms located in urban, suburban and rural areas were
826 mg kg−1, 754 mg kg−1 and 701 mg kg−1, respectively, while in kitchens and living
rooms, the concentrations of Zn were 2–3 times lower, except one urban corridor area,
which had an increased value (see Table S1). The entry corridor was the area with the
highest average percentages of Pb, Cr and As.

The percentages of Pb and As in the entry areas were around 3 times higher than those
in the bedroom or kitchen areas, although these elements are not typically associated with
predominantly outdoor origin dust, which is tracked indoors by adhering to footwear, con-
taining elements such as Mg, Al, V, Mn and Fe [30]. The results of the Kruskal–Wallis test
demonstrated statistically significant differences between dust samples from bedrooms and
kitchens only for B (p = 0.01), Mg (0.004) and Mn (0.003). Statistically significant differences
in B between samples from living rooms and kitchens (p = 0.01) as well as kitchens and
corridors (p = 0.01) were also observed, probably due to the application of B-containing
bleaches and detergents (see Table S4). Relatively higher concentrations of Cd were ob-
served either in entrance corridors or in living room areas, double those concentrations
found in kitchen and bedroom zones. The kitchen areas had the highest concentrations
of Mn, Cu and Ni (see Table S1). The influence of cooking and smoking activities has
been indicated in indoor dust with regard to the amount of particulate matter and higher
amounts of Cd and Ni [39,52]. In the current study, the smoking effect was observed by
comparing the average concentrations of the metallic elements determined in the dust of
non-smokers’ (104 samples) and smokers’ apartments (16 samples). Elevated mean concen-
trations of V (7.19 mg kg−1), Cu (290 mg kg−1), Zn (1090 mg kg−1), As (1.39 mg kg−1), Cd
(1.52 mg kg−1) and Pb (187 mg kg−1) in indoor dust obtained from dwellings with smoking
inside were observed (see Table S1). The performed Mann–Whitney U test rejected the null
hypothesis only in the case of Cr (p = 0.004) and Pb (0.003) (see Table S5). The literature
review revealed the relationship between house age and dust heavy metal concentrations,
which was significant for Cd, Pb and Zn (p < 0.001), but not for As, Cr, Cu or Ni [34].
Another investigation linked increased concentrations of As, Cu, Pb and Zn in indoor
dust from homes > 50 years old compared with homes < 50 years old [17]. However, in
the current research, the dust results from four old, segregated buildings (without smok-
ing inside) indicated increased values. Elevated concentrations of Cr were observed in
two of the buildings, with a mean concentration of 111 mg kg−1. High concentrations
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of Cu, Cd and Pb were found in three of the buildings at 116 mg kg−1, 2.70 mg kg−1 and
160 mg kg−1, respectively, whereas elevated concentrations of Zn (2610 mg kg−1) and As
(5.63 mg kg−1) were detected in all four houses. Cd-, Pb- and Cr-containing paints or
construction materials with coatings containing trace metals used in older buildings can
contribute to higher levels of these elements [33,53]. Along with this, the combined effect
of other mixed indoor sources (fumes from heaters, cooking, carpets or other textiles)
has a significant impact [54], most notably since the presence of finer particles indoors
creates an additional opportunity for contaminants to chain to dust, resulting in increased
concentrations of trace elements [17].
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Figure 3. Percentages of selected metallic elements in indoor dust gathered from different rooms
within dwellings (corridor n = 6 samples; kitchen n = 10 samples; living room n = 33 samples; bedroom
n = 45 samples).

3.4. Principal Component Analysis

In this study, experimental data from 120 samples were analyzed for 25 elements (Li,
B, Na, Mg, Al, K, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Cd, Ba, La, Ce, Pb and Bi)
across three sampling locations with central heating systems, central heating systems with
a gas stove and wood stove heating, using PCA (CAT software, manufacturer, city and
country). PCA can help to decrease the dimensionality of a dataset while retaining critical
information by detecting and retaining the principal components that capture the most
variation in the data [55]. Concentration of chemical elements is the loading parameter
for this PCA, which shows the influence extent of each element of the PCA score plot
(samples). The further away from the center the element is, the more it affects the resulting
score. Current results of PCA showed that the overall deviances between the samples can
be characterized by component 1 (36.2%) and component 2 (12.3%). The obtained PCA
plot, shown in Figure 4, shows that most differences between the groups can be observed
in component 2, where all studied elements are separated into three groups: Cd, Al, Mn,
V and Fe in the first group; Zn, As and Cu in the second; and Cr, Ni and Co in the third
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group, which had a negative correlation with the first group. In addition, PCA showed that
samples from dwellings with central heating systems operated with gas tended to differ
from the samples from dwellings with wood stove heating. The main differences between
these two groups were in the concentrations of Zn, Cu, Cr, Ni and Co, which were lower
in the dwellings with wood stove heating, where the concentrations of Al, Mn, Fe and As
were higher, as explained by the higher amount of these elements in wood.
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4. Discussion

Even though soil is considered a major contributor to household dust, its characteriza-
tion is a challenge due to the complexity of the many variations and combinations of its
natural and anthropogenic origin, which differ from one residential space to another [56].
In this study, higher than average concentrations were detected for the elements Ca >
Na > Mg > K > Fe > Al in residential dust. These elements are major components of
the Earth’s crust and natural soils, but other additional contributing sources have been
observed. Based on an examination of major element correlation, Zararsiz and Öztürk
reported that Al has a different origin from other crust metals [8]. For the most part, in
the analyzed samples in the current study, the average range of Al concentrations varied
from 1700 to 2200 mg kg−1, but in six dwellings, 3 to 5 times higher concentrations of Al
were observed in the living rooms, bathrooms and kitchens. Additional contributors to Al
sources indoors can be pharmaceuticals, cosmetics, catalysts, pigments, paints, packaging
and building materials [8]. The wide use of Ca in various cosmetic products and food
additives has been reported, and accordingly, Ca, along with Al, could originate from the
use of cosmetic products indoors [57]. Furthermore, the average concentrations of all the
previously mentioned major elements along with Mn tend to be 1.2 to 1.7 times higher in
homes with pets. This could be attributed to outdoor dust tracked indoors by pets, since
traditionally in Latvia it is customary to take off outdoor shoes immediately after entering
the premises of dwellings.

Indoor dust can act as a medium for the deposition of metallic elements. Among
other contaminants, heavy metallic elements are of concern in the context of human health
issues, considering their toxicity, low degradation potential, and ability to enter and ac-
cumulate in the body [18,19]. Considering the above, in combination with the health risk
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evaluation using the hazard index [14], we focused on Pb followed by Zn, Cu, Cd, Cr, Ni,
Mn and As as the elements for exposure research on indoor dust. The highest concen-
trations of these metals were observed in urban areas. Concentrations of Mn, Ni, Cu, Pb
and Cr in urban zones were roughly twice as high as their concentrations in suburban
and rural areas. The exceptions were As, Zn and Cd, with quite similar concentrations
in urban and rural areas. Mn and As indicated the lowest concentration differences in
terms of different geographical locations: 94.0 mg kg−1 (Urb) > 67.7 mg kg−1 (Rur) >
64.6 mg kg−1 (Sub) and 1.08 mg kg−1 (Urb) > 1.05 mg kg−1 (Rur) > 0.73 mg kg−1 (Sub),
respectively. Zn, Cu and Mn were the elements with the highest contribution from among
the above set of metallic elements, i.e., Pb, Zn, Cu, Cd, Cr, Ni, Mn and As. Contrary to
studies postulating that Cu and Zn are linked to industrial and traffic sources, such as
the wear and tear of tires, lubricating oils, and the corrosion of alloys and galvanized
vehicle parts [8,12,58], Dingle et al. [30] reported a higher indoor contribution. This could
be related to the extensive use of both Cu and Zn in household items and in construction
materials [30]. In other research, Mn and Zn, along with Pb and As, were significantly
associated with the concentration levels of residential soil, in contrast with Cu, Cr and
Ni, indicating that indoor sources may be more dominant in the relative contributions [6].
On the other hand, comparing concentrations in different dwelling zones, located in
different areas, the lowest mean concentrations were mostly observed in suburban bed-
rooms: Cr 33.8 ± 17.0 mg kg−1, Mn 57.7 ± 19.1 mg kg−1, Ni 8.91 ± 5.54 mg kg−1 and Cu
59.3 ± 32.0 mg kg−1. Meanwhile, the highest concentrations of Cr and Mn were detected in
urban kitchens at 69.4 ± 60.7 mg kg−1 and 156 ± 135 mg kg−1, respectively. For Cu, higher
concentrations were observed in rural living rooms at 159 ± 354 mg kg−1, (see Table S1).
The effect of smoking amounted to an increase in the mean concentrations of some elements
several times. Specifically, V, Cr, As, Zn and Cd increased around 2 times, but Cu and Pb
increased even more, at 4 and 8 times, respectively (see Table S1).

The most challenging procedure with regard to indoor dust study is sampling to obtain
representative and homogeneous data. Indoor dust sampling can be achieved in several
ways, thus resulting in different units of metallic element concentrations. Besides the more
often used concentration units (mg metal kg−1 dust), metal loadings are expressed in µg
metal m−2 floor [42]. To avoid additional errors in the sampling procedure, measurements
of the surface area to be cleaned or the duration of vacuuming were not required from
the volunteers who provided us with the collected indoor dust. To compare the results of
the metal loadings with the metal concentrations, the metal loading expressed in µg m−2

needed to be combined with the dust deposition value and the dust deposition rate [34].
During the current study, using two approaches—commercial vacuum cleaner and manual
collection with a brush and plastic spatula—parallel dust samples were collected. In general,
the metallic element concentrations in parallel dust samples were mutually comparable,
although the concentrations (mg kg−1) of Na, K, Ca, Mg, Mn, Fe, Co, Ni and Pb were higher
in the dust samples obtained by vacuuming. Cr and Cu showed the lowest concentration
differences between parallel samples, while a higher Zn content was detected in the swept
dust samples. Referring to the research done by Colt et al., household vacuum cleaners
could be considered a reasonable alternative to the high-volume sampler [59]. However,
after testing four types of vacuum cleaners (washable filter bagless, wet, bagged and HEPA
filter-equipped robot), Vicente et al. reported that vacuuming itself is recognized as a
source of indoor particle generation, and since numerous models of vacuuming devices are
available on the market, further investigations are necessary [60].

Pb, Cd, As and Cr are systemic toxicants that are known to induce multiple organ
damage, even at lower levels of exposure [18]. Ni has an extensive range of carcinogenic
mechanisms, among them the controlled expressions of certain genes, while Mn can increase
oxidative stress, thereby contributing to Mn cellular toxicity. The long-term exposure of
a human body to the previously listed trace elements can progressively lead to diseases
such as Parkinson’s disease, multiple sclerosis, muscular dystrophy and Alzheimer’s
disease [19].
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As there are no standard values for heavy metals in residential dust, the Regulations
Regarding Quality Standards for Soil and Ground [61] were used as a reference to assess
the contamination levels of heavy metals in indoor dust in Latvia. In this study, only the
obtained mean concentration of Zn exceeded the critical limit value (700 mg kg−1), while
the arithmetic mean concentrations of other heavy metallic elements were below the defined
critical guidelines (As, 40 mg kg−1; Pb, 500 mg kg−1; Cr, 350 mg kg−1; Ni, 200 mg kg−1;
Cu, 150 mg kg−1; and Cd, 8 mg kg−1). Taking a closer look at the results of each sampling
site, only the Cd concentrations in all sites were below the critical limit value, although
at two locations, the concentrations were close to the critical limit value at 5.23 mg kg−1

and 6.37 mg kg−1, respectively. Corresponding critical limit values were surpassed in the
following numbers of locations: As (Sub 1); Cu (Sub 3, Rur 2, Urb 11); Pb (Rur 2, Urb 2); Zn
(Sub 5, Rur 8, Urb 15); Ni (Rur 1, Urb 1); and Cr (Sub 1). This means that the concentrations
of As, Cu, Pb, Zn, Ni and Cr surpassed the critical limit values in 1%, 13%, 3%, 23%, 2%
and 1% of all studied dwellings, respectively. Since the comparison is between obtained
concentrations and the critical limit values, when remedial measures should be taken (in the
case of soil), perhaps the comparison should be made more correctly with the precautionary
limit values [61], which indicate the maximum level of pollution above which it is likely to
have a negative impact on human health or the environment. If the WHO environmental
quality standards for soils are used for the evaluation of heavy metal contamination in
residential dust, the number of excesses is more critical. The mean concentrations of As,
Cu, Pb, Zn, Ni and Cr exceed the corresponding permissible limits (20 mg kg−1, 3 mg kg−1,
100 mg kg−1, 100 mg kg−1, 50 mg kg−1, 100 mg kg−1 and 300 mg kg−1 [56]) in 1%, 30%,
13%, 60%, 3% and 8% of dwellings in the investigated areas, respectively. Consequently, the
highest risks of exposure from among the selected metallic elements could be applicable to
Zn and Cu, followed by Pb and Ni.

5. Conclusions

The present study provided the first results of metallic element contaminations in
residential indoor dust in Latvia. Indoor dust samples were collected at 46 sites to cover
various areas in Latvia. A total of 120 dust samples from 28 urban dwellings, 8 suburban
homes and 10 rural residences were gathered and subjected to inductively coupled plasma
mass spectrometry (ICP-MS) analysis. The results of the analyzed indoor dust samples
showed the following trends in terms of the major and minor metallic elements:

• High amounts (104–103 mg kg−1) for Ca > Na > Mg > K > Fe > Al > Zn;
• Moderate amounts (102–101 mg kg−1) for Ba > Cu > Mn > B > Pb > Cr > Sr > Ni > Bi;
• Lower concentrations (100–10−1 mg kg−1) for Ce > Rb > La > V > Li > Co > As > Cd > Se.

For the concentrations of the selected metallic elements with regard to dust sampling
location, the trend Sub < Rur < Urb was representative, except for As, which had almost
similar average concentrations in the urban and rural areas.

The two applied non-standardized indoor dust sampling approaches were appropriate,
easy-to-implement dust sampling techniques. However, after the comparison of metallic
concentrations from parallel sampling, a well-grounded conclusion about the most effective
method cannot be made, emphasizing that there is a wide variety of vacuum cleaners
available on the market.

The number of heavy metal limit value exceedances indicated a higher risk for the
inhabitants of urban areas, given that the combined effects of outdoor and interior sources
affected the majority of the metallic elements found in household dust. The higher risks of
exposure to Zn and Cu were observed not only in urban areas, but also in suburban and
rural regions, with the total exceeding the critical limit values in 44 samples. The risks of
exposure to Ni and Pb were observed to a lesser extent in the urban and rural sampling
locations, with the critical limit values exceeded in six samples.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijerph20136207/s1, Table S1: Arithmetic mean concentrations of metallic
elements (mg kg−1) with standard deviations and minimal and maximal values detected in indoor
dust samples obtained from different parts of dwellings in urban (Urb), suburban (Sub) and rural (Rur)
regions of Latvia. Table S2: The determined concentrations of metallic elements in the dust samples
collected using both sampling techniques—vacuuming and manual collection with a brush and
plastic spatula— in parallel. Table S3: Results of the Kruskal–Wallis test and the Mann–Whitney
test for different dust sample groups depending on sampling site. Table S4: Results of the Kruskal–
Wallis test and the Mann–Whitney test for different dust sample groups depending on sampling
location within the dwelling. Table S5: Results of the Mann–Whitney test for two dust sample groups
depending on smoking inside the dwelling.
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Abstract: We applied the AirQ+ model to analyze the 2021 data within our study period (15 December
2020 to 17 June 2022) to quantitatively estimate the number of specific health outcomes from long-
and short-term exposure to atmospheric pollutants that could be avoided by adopting the new
World Health Organization Air Quality Guidelines (WHO AQGs) in São Paulo, Southeastern Brazil.
Based on temporal variations, PM2.5, PM10, NO2, and O3 exceeded the 2021 WHO AQGs on up to
54.4% of the days during sampling, mainly in wintertime (June to September 2021). Reducing PM2.5

values in São Paulo, as recommended by the WHO, could prevent 113 and 24 deaths from lung
cancer (LC) and chronic obstructive pulmonary disease (COPD) annually, respectively. Moreover,
it could avoid 258 and 163 hospitalizations caused by respiratory (RD) and cardiovascular diseases
(CVD) due to PM2.5 exposure. The results for excess deaths by RD and CVD due to O3 were 443 and
228, respectively, and 90 RD hospitalizations due to NO2. Therefore, AirQ+ is a useful tool that
enables further elaboration and implementation of air pollution control strategies to reduce and
prevent hospital admissions, mortality, and economic costs due to exposure to PM2.5, O3, and NO2 in
São Paulo.

Keywords: air pollutants; ambient air quality standards; health outcomes; AirQ+ software

1. Introduction

Air pollution is one of the greatest environmental risks to human health increasing
morbidity and mortality and reducing life expectancy [1,2]. In 2019, air pollution ranked
fourth as the world’s leading risk factor for early death causing 6.7 million deaths world-
wide, of which 4.1 million were due to ambient air pollution [3–6].

According to the World Health Organization (WHO), in 2019, 37% of premature
deaths related to outdoor air pollution occurred due to ischemic heart disease (IHD) and
stroke, while 23 and 18% were caused by acute lower respiratory infections and chronic
obstructive pulmonary disease (COPD), respectively, and 11% due to lung cancer (LC) [2].
Furthermore, global deaths (in millions of people) resulting from exposure to ambient air
pollution have increased by 51% since 1990 and are estimated to double by 2050 if more
relevant interventions do not occur [5,7].

Air pollution consists of both gaseous and particulate primary pollutants released
directly into the atmosphere, such as nitrogen oxides (NOx), carbon monoxide (CO), and
sulfur dioxide (SO2), as well as secondary pollutants formed in the atmosphere, including
fine particulate matter (PM2.5) and ozone (O3). Particulate matter is the most studied
pollutant presenting consistent evidence of adverse health effects [8,9]. Exposure to both
coarse and fine particles (PM10 and PM2.5, respectively) is harmful to health, but the latter
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represents the most robust predictor of mortality from lung cancer, respiratory, cardiovascu-
lar, and other diseases [1,3]. Numerous studies also report a relationship between exposure
to gaseous pollutants, such as O3, and increased morbidity and mortality [5].

In 2019, more than 90% of the world’s population was living in areas, mainly in low-
and middle-income countries (e.g., Brazil), where ambient air pollution concentrations
surpassed the 2005 WHO guideline for PM2.5 (annual mean: 10 µg m−3) [3]. The WHO
Air Quality Guidelines (AQGs) provide evidence-based guidance for air pollutant levels
to reduce exposure and protect public health. In 2021, the AQGs were updated due to
the ongoing risk of air pollution to human health, with more restrictive concentrations for
pollutants such as PM2.5 (annual mean: from 10 to 5 µg m−3), PM10, CO, and nitrogen
dioxide (NO2) [10,11].

In Brazil, despite the reductions in primary pollutant concentrations achieved through
the implementation of air pollution control programs in recent years, several levels remain
above the WHO AQGs. Additionally, although public policies such as the Program for the
Control of Air Pollution Emissions by Motor Vehicles (PROCONVE, established in 1986)
have led to a decrease in vehicular emissions, the growth of the vehicle fleet (as reported
by Nogueira et al. [12]) has offset these gains. The concentrations of secondary pollutants
such as PM2.5 and O3 remain a concern and are not yet effectively controlled, as noted by
Andrade et al. [13]. Further studies on outdoor exposure to mainly secondary pollutants are
necessary to develop or adjust policies, regulate their concentrations, improve air quality,
and potentially reduce adverse health effects.

Moreover, there is a scarcity of studies conducted in Brazil focusing on the quantitative
assessment of air pollution effects on hospitalizations and mortality. Considering existing
research based on data from the 1990s and 2000s, a positive association was observed
between Disability-Adjusted Life Years (DALYs) and air pollution in São Paulo adding
up to 28,212 years annually and more than 5000 deaths that could be prevented if PM2.5
levels were reduced to the 2005 WHO AQG of 10 µg m−3 [14,15]. These studies present
relevant results related to air pollution and health effects in the Metropolitan Area of São
Paulo (MASP), but it is also important to evaluate the outcomes with the new WHO AQGs,
taking into account the reduction in the levels of air pollutants observed recently. To the
best of our knowledge, this is the first study assessing the health risks of air pollutants in
the region using AirQ+, which is a tool for quantifying the health burden and impact of air
pollution developed by the WHO Regional Office for Europe [16].

The progress toward achieving the Sustainable Development Goals (SDG) outlined in
the 2030 Agenda has been insufficient and unequal globally [17]. In Brazil, these inadequa-
cies are apparent in the statistical monitoring of the 2030 Agenda, which fails to report data
on mortality rates caused by household and outdoor air pollution. To address this issue,
we employed the AirQ+ model to quantify the number of health outcomes that could be
prevented by adopting the new WHO AQGs for long- and short-term exposure to PM2.5,
NO2, and O3 in São Paulo, Brazil, based on their temporal variations.

2. Materials and Methods
2.1. Study Site

São Paulo is South America’s largest and most developed and industrialized region. It
has an estimated population of approximately 12.4 million individuals, a territorial unit
area of 1521 km2, a population density of around 7398 inhabitants.km−2, and a Human
Development Index (HDI) of 0.805 [18]. In addition, it has a Gross Domestic Product (GDP)
of around USD 150 billion, corresponding to 33% from the state of São Paulo and 58% from
the MASP [19,20].

According to Köppen’s classification, the region presents a humid subtropical climate
(Cwa) with dry and cool winters (temperatures below 18 ◦C) and wet and warm summers
(temperatures above 22 ◦C) [21]. São Paulo is surrounded by hills of 1200 m and is located
on a plateau at 860 m above sea level. The frequent occurrence of subsidence layers and
thermal inversion makes the dispersion of pollutants difficult, especially during winter [22].
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Furthermore, São Paulo has a fleet of around 8.9 million vehicles responsible for the
emissions of 96% of CO, 73% of hydrocarbons (HC), 65% of NOx, 40% of PM, and 11%
of SOx [23,24]. We carried out measurements with a mobile laboratory at the School of
Medicine of the University of São Paulo (FMUSP) (23◦33′16.2′ ′ S, 46◦40′19.7′ ′ W) (Figure 1),
where the influence of emissions from mobile sources, such as light- and heavy-duty
vehicles (LDVs and HDVs, respectively), is significant.
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Figure 1. Location of Brazil and the state of São Paulo (dashed line rectangle) (a), the Metropolitan
Area of São Paulo (MASP) (dashed line rectangle) within the state (b), the city of São Paulo and the
School of Medicine of the University of São Paulo (FMUSP) (c).

2.2. Data Sampling and Analysis

We performed the sampling campaign of air pollutants with the Mobile Laboratory for
Research and Monitoring of Air Quality (LuMIAR) at the FMUSP continuously between
15 December 2020 and 17 June 2022 (a total of 550 days). LuMIAR is equipped with
monitors for measuring PM2.5, PM10, SO2, CO, NO2, and O3, and the data are reported
on a 1-h average. In Table 1, we present information from the instruments considered for
this study [25]. Concentration units for PM2.5, PM10, SO2, NO2, and O3 are presented in
µg m−3, while CO is presented in mg m−3 to compare with the AQGs. The Weather Station
of the Institute of Astronomy, Geophysics, and Atmospheric Sciences of the University
of São Paulo provided the meteorological variables (air temperature, precipitation, wind
speed, and wind direction).

We performed all the data organization and statistical analyses in the R Software
(version 4.0.3) and used the openair package (version 2.10-0) to plot time series, temporal
variations, and wind rose graphs for the pollutants and meteorological variables [26,27].
We used the AirQ+ software tool (version 2.1.1) to conduct health risk assessments for
long- and short-term effects [16] based on temporal trends for PM2.5, NO2, and O3. It can
be applied for any region to evaluate how much a specific health outcome is attributable
to certain air pollutant concentrations and the health effects if levels change in the fu-
ture compared to the present. AirQ+ calculations were based on methodologies and
concentration-response functions determined by epidemiological studies available up to
2013 and their meta-analysis [28]. Some limitations of the software include the following:
calculations do not consider multiple exposure cases or multi-pollutant scenarios; it uses
ambient data as a proxy indicator of population exposure; and “morbidity estimates present
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low reliability due to difficult conformity in the assessment of health outcomes related to
hospital admissions” [28].

Table 1. Information about the Mobile Laboratory for Research and Monitoring of Air Quality
(LuMIAR) equipment.

Equipment. Parameter Model Manufacturer Unit

TEOM Continuous Ambient Particulate Monitor PM2.5, PM10 1405 Thermo Fisher Scientific µg m−3

SO2 Analyzer SO2 43i Thermo Fisher Scientific µg m−3

Photoacoustic Gas Monitor CO Innova 1512 LumaSense Technologies mg m−3

NOx Analyzer NO2 42i Thermo Fisher Scientific µg m−3

O3 Analyzer O3 49i Thermo Fisher Scientific µg m−3

We obtained population data for the city of São Paulo from the Brazilian Institute
of Geography and Statistics (IBGE) [18], and mortality and hospital admission data from
the Department of Informatics of the Brazilian Unified Health System (DATASUS) [29].
We considered the period from 1 January to 31 December 2021, for the incidence per
100,000 inhabitants at risk per year based on the mortality and hospitalization statistics, as
it was the only complete year available in the dataset. Mortality data included LC, COPD,
IHD, and stroke information for different age groups. On the other hand, hospitalization
and mortality data considered respiratory (RD) and cardiovascular diseases (CVD) for the
total population.

Furthermore, we used 24-h mean values for the entire year, location area size, total
population, the population at risk, incidence per 100,000 inhabitants, and cut-off concentra-
tion as the input data in the software. For long-term exposure, we applied the annual WHO
AQGs that denoted “the lower end of the range in which significant effects on survival have
been observed” [30]. On the other hand, the 24-h mean WHO AQGs were considered for
short-term effects. The AirQ+ software already included default relative risk (RR) values.
We utilized the log-linear and the Global Burden of Disease (GBD) 2015/2016 (integrated
function 2016 vs. 2005 WHO AQG value) methods to estimate the results for the pollutants.
The optional input data included latitude, longitude, and location identification. We as-
sessed different health-related results using this software tool, including the attributable
proportion of cases, the number of attributable cases, the number of attributable cases per
100,000 population at risk, the proportion of cases in the pollutant concentration range,
and the cumulative distribution by air pollutant concentration [16,31,32]. We also used
Origin (version 2020) to plot bar charts for the attributable cases of mortality and hospital
admissions.

3. Results and Discussion
3.1. Pollutant Concentrations and Meteorological Variables Overview

Descriptive statistics and time series for the pollutants measured at the FMUSP are
shown in Table 2 and Figure 2, respectively. Mean values for all pollutants were similar
in 2021, 2022, and throughout the entire sampling period (15 December 2020 to 17 June
2022) (Table 2). Abe and Miraglia [15] reported concentrations of 21 ± 10 µg m−3 for PM2.5,
36 ± 17 µg m−3 for PM10, and 83 ± 36 µg m−3 for O3 between 2009 and 2011 in São Paulo.
Compared with the overall mean values obtained at the FMUSP, these three pollutants
observed significant decreases of 47.1, 47.8, and 55.9% over ten years.
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Table 2. Descriptive statistics of the pollutants sampled at the FMUSP between 15 December 2020
and 17 June 2022. Data uncertainty is expressed as the standard deviation (±values in parenthesis).

Pollutant Overall Mean 2021 Mean 2022 Mean

PM2.5 (µg m−3) 11.1 (±6.8) 11.6 (±7.4) 10.5 (±5.3)

PM10 (µg m−3) 18.8 (±12.1) 19.5 (±13.3) 18.0 (±9.1)

SO2 (µg m−3) 2.8 (±1.0) 2.8 (±1.0) 2.9 (±1.0)

CO (mg m−3) 0.7 (±0.5) 1.2 (±0.4) 1.5 (± 0.4)

NO2 (µg m−3) 32.2 (±15.0) 32.2 (±15.4) 33.8 (±13.9)

O3 (µg m−3) 36.6 (±22.2) 37.9 (±21.8) 33.2 (±22.9)
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time series for O3 (e) during the sampling period. The black horizontal lines indicate the WHO Air
Quality Guidelines. 24-h mean for PM2.5: 15 µg m−3, PM10: 45 µg m−3, NO2: 25 µg m−3; and 8-h
mean for O3: 100 µg m−3.

Nevertheless, PM2.5, PM10, NO2, and O3 still exceeded the 2021 WHO AQGs on
117 (21.3%), 26 (4.7%), 299 (54.4%), and 171 (31.1%) days, mainly during wintertime (June to
September 2021), considering the 550 days of the sampling campaign (Figure 2). For NO2,
54.4% of the data exceeded the AQG for the 24-h mean, while it was not surpassed when
considering the 1-h mean (not shown). The graphs for SO2 and CO do not include black
horizontal lines indicating the WHO AQGs, as the values registered at the FMUSP were
much lower. Over the years, an expressive reduction in SO2 concentrations in São Paulo
has occurred due to the diminished sulfur content in vehicular and industrial fuels [33].
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The WHO AQGs are much more restrictive than the Brazilian National Air Qual-
ity Standards (NAQS) recommended by the Brazilian National Environmental Council
(CONAMA) Resolution 491/2018 [34] (Table 3), which was established considering the
2005 WHO AQGs as a reference. Nonetheless, the implementation criteria consider inter-
mediate NAQS, i.e., standards determined as temporary values to be completed in phases,
although the period of use of each one before reaching the final AQGs (from 2005) has
not been specified. Therefore, the values for intermediate phase 1 are currently in effect.
Comparing our results with the NAQS, none of the pollutants surpassed the limits (not
shown), which highlights the differences between the Brazilian legislation and the WHO
recommendations. Hence, there is a need for monitoring the concentrations of atmospheric
pollutants in the region and for more effective policies to implement restrictive limits
following the WHO guidelines, reducing the delay that is currently observed.

Table 3. Air quality guidelines recommended by the WHO and CONAMA.

Pollutant Averaging Time WHO CONAMA

PM2.5

(µg m−3)

Annual 5 20

24-h 15 60

PM10
Annual 15 40

24-h 45 120

SO2
24-h

40 125

CO
(mg m−3) 4 -

(ppm) 8-h 9 9

NO2
(µg m−3)

Annual 10 60

24-h 25 -

1-h 200 260

O3 8-h 100 140
WHO—World Health Organization; CONAMA—Brazilian National Environmental Council (Conselho Nacional
do Meio Ambiente).

Historically, cities in Brazil (including São Paulo) have suffered from rampant viola-
tions of AQGs, particularly in the 1970s and 1980s, due to a lack of control and regulation
of air pollution sources. However, following international initiatives, governmental or-
ganizations have implemented various measures to address this issue, focusing on the
reduction in emissions from mobile sources in the transport sector [13]. The most successful
initiative was implementing the PROCONVE program, based on CONAMA Resolutions
18/1986 and 297/2002, effectively reducing concentrations of primary pollutants, such as
CO, PM10, and SO2 [35,36]. The program was responsible for decreasing 90% of emissions
from LDVs and 80% from HDVs based on enforceable legislation to promote national tech-
nological development in automobile engineering and methods and equipment for testing
and measuring pollutant emissions, to encourage the large-scale use of biofuels, and to
reduce the sulfur content in fuels [13,33,35,36]. For example, it resulted in the introduction
of flex-fuel LDVs (powered by gasohol, ethanol, or any mixture of both) considering new
exhaust systems and catalytic converters, and the addition of biodiesel to diesel for HDVs.
Since 2012, post-treatment with selective catalytic reduction (SCR) systems for the NOx
emissions of HDVs has also been mandatory [12].

In 1990, CONAMA Resolution 003/1990 established NAQS considering the need
to monitor and control air pollutants in Brazil, which was then repealed by CONAMA
Resolution 491/2018 to follow the 2005 WHO AQGs as mentioned above. Furthermore,
the city of São Paulo implemented driving restrictions in the 1990s based on the last digits
of the license plate of cars on pre-established days during peak hours (from 7 to 10 h and
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from 17 to 20 h). This initiative was introduced to decrease air pollution emissions and
alleviate traffic congestion [13,33].

Regarding industrial emissions in the MASP, currently, there is a small contribution
to the concentrations of air pollutants due to a moving process of point sources to other
cities, which had fewer restrictions to install potentially polluting industries, that occurred
in the 1980s and 1990s. On the other hand, policies have been implemented to reduce
industrial emissions since the 1980s in the state of São Paulo. For example, the change from
oil-fired to electric boilers to generate energy for industries was remarkable in reducing
SO2 ambient concentrations. In 2007, another important action was to institute rules for
new facilities considering the local level of regular pollutants (CO, NO2, O3, PM10, total
particulate matter, SO2, and smoke) [13,33].

Nogueira et al. [12] reported reductions of 4.9 and 5.1% per year for CO and of 5.5 and
4.2% per year for NOx from 2001 to 2018 in São Paulo considering emission factors for
LDVs and HDVs, respectively. The authors discussed that, although overdue, the vehicular
emission regulations adopted in Brazil have significantly improved air quality in the MASP.
From 1996 to 2009, a downward trend was also observed for all pollutants (CO, NOx, SO2,
and PM10) monitored by the Environmental Company of the State of São Paulo (CETESB),
except for O3 [33]. Therefore, despite the reductions in primary pollutants levels achieved
with air pollution regulation programs, controlling the concentrations and emissions of
secondary pollutants such as PM2.5 and O3 is the greatest challenge currently faced by
governmental organizations in São Paulo and Brazil.

The hourly time variations of pollutants are shown in Figure 3 for the entire sampling
period (hours are shown as local time). Except for O3, the pollutants presented similar
hourly profiles, with two peaks (from 8 to 11 h and 19 to 23 h) due to emissions from mobile
sources with increased traffic on the roads close to the sampling site. The peak associated
with the nighttime rush hour indicated larger time variability among the pollutants, mainly
for PM10 and CO, which presented peaks earlier (from 16 to 18 h) and later (between
23 and 1 h) in the day, respectively. In addition, the Planetary Boundary Layer (PBL)
stability in the evening hampers pollutants’ dispersion, maintaining high concentrations
during this period. Moreover, the hourly profiles follow the characteristics already observed
in São Paulo [22,33].

For O3, the highest concentrations occurred between 14 and 16 h, a different behavior
from the other pollutants due to photochemical reactions between O3 precursors (NOx and
volatile organic compounds—VOCs) and solar radiation. The chemistry of NOx at night
differs from that observed during the day, as NO2 photolysis does not occur, i.e., NO present
in the atmosphere at night can rapidly react with O3, and nearly all NOx is converted into
NO2 [37]. As also observed by Carvalho et al. and Massambani and Andrade [33,38],
between 3 and 4 h (Figure 3), a secondary peak appeared due to horizontal and vertical
transport from other regions as there is no O3 formation during the night [33,39].

In Figure S1 of the Supplementary Material, July, August, and September presented
the highest monthly averages for PM2.5, PM10, SO2, and NO2, corresponding to winter in
Brazil, a characteristic period of higher levels of air pollution due to stable atmospheric
conditions and lower precipitation rates. It is possible to observe great variability in
the CO data (Figure S1), with the highest concentrations in January and February at the
FMUSP, which was not expected but probably occurred due to a specific local source still
under investigation.

These results agree with the local meteorological conditions (Figures 4 and S2). The
mean temperature values over the entire sampling period were 19.7 ± 3.4 ◦C, while
precipitation was recorded on 266 days with a maximum of 71.2 mm/day. As expected,
April to September (fall and winter) presented the lowest precipitation rates, since São
Paulo has dry and cool winters [18]. The relative humidity was 79.9 ± 8.1%, and the
wind speed was 1.5 ± 0.5 m s−1 with a maximum of 4.9 m s−1. Wind direction showed
a consistent pattern coming from the southeast and northeast more than 50 and 30% of
the time. These meteorological data follow the climate normal (1991–2020) for São Paulo
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according to information from the Brazilian National Institute of Meteorology (INMET)
(not shown).
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Our analysis revealed a decrease in the concentrations of primary pollutants dur-
ing the weekend, mainly on Sunday (Figure S1), as the number of vehicles in circulation
can decrease up to 70% compared to weekdays, according to data from the Traffic Engi-
neering Company of São Paulo [40]. On the other hand, O3 levels were relatively higher
during the weekends, a trend already documented in the region and associated with
a VOC-limited atmosphere in urban areas [41,42]. This is because the substantial reduction
in NOx emissions from HDVs on weekends leads to an increase in O3 levels [25,37].

3.2. Health Risk Assessment

The main impact assessment results from AirQ+ are relative risk (RR) (and 95%
confidence intervals—CI), attributable cases per 100,000 population at risk (B + c), and
attributable cases (N + c).

3.2.1. Outcomes from PM2.5 Exposure

Regarding long-term health effects, we evaluated the following outcomes: mortal-
ity from LC and COPD. The RR of mortality from LC was 1.4 (95% CI: 0.6–2.1%) and
5.8% (95% CI: 2.6–9.0%) higher for people exposed to the annual 11.6 µg m−3 registered in
São Paulo compared to the annual WHO AQGs of 10 and 5 µg m−3, respectively (Table 4).
In addition, mortality due to LC attributable to long-term exposure to PM2.5 concentrations
above the 2005 WHO AQG scenario was 28 cases. For the 2021 WHO AQG, it was 113 cases
(Figure 5), representing a 300% difference. Therefore, reducing PM2.5 values in São Paulo
from 11.6 to 5 µg m−3, as recommended by the WHO, could prevent 113 deaths from
lung cancer in the region annually. The RR of mortality from COPD in São Paulo was
1.7% (95% CI: 0.9–2.6%) higher for people exposed to the annual 11.6 µg m−3 than
10 µg m−3. Additionally, 24 excess mortality cases for this health outcome were observed
considering long-term exposure to PM2.5 above the 2005 annual WHO AQG (Figure 5).

We estimated the following outcomes concerning short-term health effects: hospital
admissions for RD and CVD. For the former, excess hospitalizations increased from 57 to
258 when comparing the 2005 and 2021 WHO AQGs results (Figure 5 and Table 4). For
the latter, the values were 36 and 163 excess hospital admission cases caused by PM2.5
concentrations over the 2005 and 2021 24-h mean WHO AQGs, respectively. This indicates
an increase of 350% in both health outcomes for the number of excess hospitalizations
when comparing the WHO AQGs (from 2005 and 2021). On the other hand, the results
were diluted in age groups for IHD and stroke; hence, the excess mortality varied from
0.36 (35–39 years old) to 3.65 cases (60–64 years old) and from 0.05 (25–29 years old) to 3.86
cases (80–84 years old), respectively, for long-term effects (Table 5).

Table 4. Impact assessment of health outcomes from long- and short-term exposure to PM2.5 consid-
ering the 2005 and 2021 WHO Air Quality Guidelines.

Health
Endpoint Timeframe Age

2005 WHO AQG 2021 WHO AQG

RR B + c N + c RR B + c N + c

Mortality
from LC

Long-term
30+ 1.0138

(1.0062–1.0210)
0.46

(0.21–0.70)
27.93

(12.76–42.32)
1.0584

(1.0262–1.0902)
1.89

(0.87–2.83)
113.41

(52.42–169.94)

Mortality
from COPD 25+ 1.0166

(1.0087–1.0258)
0.34

(0.18–0.53)
24.37

(12.93–37.53) - - -

Hospital
admissions

for RD
Short-term Total

population

1.0008
(1.0000–1.0016)

0.51
(0.00–1.07)

57.07
(0.00–120.61)

1.0034
(1.0000–1.0073)

2.29
(0.00–4.84)

257.65
(0.00–544.74)

Hospital
admissions

for CVD

1.0004
(1.0001–1.0007)

0.32
(0.06–0.59)

36.20
(6.77–66.03)

1.0017
(1.0003–1.0030)

1.45
(0.27–2.65)

163.42
(30.54–298.01)

LC—lung cancer; COPD—chronic obstructive pulmonary disease; RD—respiratory disease; CVD—cardiovascular
disease; RR—relative risk; B + c—estimated change of incidence (per 100,000) at a certain category of exposure;
N + c—estimated number of cases attributable to a certain level of exposure.

238



Int. J. Environ. Res. Public Health 2023, 20, 5707

Int. J. Environ. Res. Public Health 2023, 20, x    11  of  18 
 

 

65–69 
1.0102 (1.0058–

1.0205) 
1.07 (0.61–2.14) 3.25 (1.84–6.46) 

1.0088 (1.0040–

1.0145) 
0.79 (0.36–1.29) 2.39 (1.08–3.90) 

70–74 
1.0090 (1.0051–

1.0191) 
1.31 (0.74–2.75) 3.11 (1.76–6.53) 

1.0078 (1.0038–

1.0127) 
1.12 (0.55–1.83) 2.67 (1.30–4.35) 

75–79 
1.0077 (1.0048–

1.0158) 
1.56 (0.97–3.18) 2.67 (1.65–5.44) 

1.0066 (1.0034–

1.0111) 
1.33 (0.69–2.23) 2.28 (1.18–3.81) 

80–84 
1.0065 (1.0038–

1.0118) 
2.77 (1.65–5.01) 3.31 (1.97–5.99) 

1.0057 (1.0027–

1.0098) 
3.23 (1.53–5.53) 3.86 (1.83–6.60) 

85–89 
1.0054 (1.0031–

1.0103) 
4.83 (2.80–9.21) 2.76 (1.60–5.27) 

1.0047 (1.0023–

1.0078) 
5.58 (2.70–9.24) 3.19 (1.54–5.29) 

90–94 
1.0043 (1.0026–

1.0081) 

10.30 (6.33–

19.52) 
2.19 (1.35–4.14) 

1.0038 (1.0018–

1.0062) 

12.17 (5.81–

19.58) 
2.58 (1.23–4.16) 

95+ 
1.0031 (1.0019–

1.0056) 

24.65 (14.88–

44.00) 
1.61 (0.97–2.87) 

1.0028 (1.0013–

1.0046) 

29.05 (13.59–

47.15) 
1.90 (0.89–3.08) 

IHD—ischemic heart disease; RR—relative risk; B + c—estimated change of incidence (per 100,000) 

at a certain category of exposure; N + c—estimated number of cases attributable to a certain level of 

exposure. 

 

Figure  5.  Attributable  cases  of  mortality  and  hospital  admissions  caused  by  PM2.5  exposure 

considering  the 2005  and 2021 WHO Air Quality Guidelines. LC—lung  cancer; COPD—chronic 

obstructive pulmonary disease; RD—respiratory disease; CVD—cardiovascular disease. 

3.2.2. Outcomes from O3 and NO2 Exposure 

For O3, we calculated the sum of ozone means over 35 ppb (SOMO35) (or 70 µg m−3), 

and added it as the input concentration, as indicated by the WHO [16]. A decrease in peak 

O3  values  in  several  regions  in  Europe  occurred  during  the  1990s,  but  no  trend was 

observed  in  the  sum  of maximum  8−h O3  levels  over  35  ppb  (70 µg m−3).  Therefore, 

SOMO35 is a metric for health impact assessment with a recommended cut-off value of 70 

µg m−3  due  to  a  statistically  significant  increase  observed  in mortality  risk  estimates 

considering  O3  concentrations  above  50–70  µg  m−3.  In  addition,  more  consistent 

atmospheric model estimates were available for results above 70 µg m−3 [43]. 

RD caused 443 and 93 excess annual mortality cases for long- and short-term effects, 

respectively, while  for  hospital  admissions,  the  result was  404  incidents. O3 was  also 

Figure 5. Attributable cases of mortality and hospital admissions caused by PM2.5 exposure consider-
ing the 2005 and 2021 WHO Air Quality Guidelines. LC—lung cancer; COPD—chronic obstructive
pulmonary disease; RD—respiratory disease; CVD—cardiovascular disease.

Table 5. Impact assessment of health outcomes from long-term exposure to PM2.5 considering the
2005 WHO Air Quality Guideline.

Timeframe Age
IHD Stroke

RR B + c N + c RR B + c N + c

Long-term

25–29 1.0220
(1.0122–1.0453) 0.04 (0.02–0.08) 0.43 (0.24–0.87) 1.0174

(1.0075–1.0274) 0.00 (0.00–0.01) 0.05 (0.02–0.08)

30–34 1.0200
(1.0112–1.0418) 0.04 (0.02–0.08) 0.39 (0.22–0.80) 1.0162

(1.0076–1.0262) 0.02 (0.01–0.04) 0.24 (0.11–0.38)

35–39 1.0185
(1.0100–1.0365) 0.04 (0.02–0.08) 0.36 (0.20–0.70) 1.0153

(1.0074–1.0249) 0.03 (0.01–0.04) 0.23 (0.11–0.37)

40–44 1.0173
(1.0093–1.0377) 0.16 (0.09–0.35) 1.33 (0.72–2.83) 1.0140

(1.0064–1.0231) 0.09 (0.04–0.15) 0.75 (0.34–1.22)

45–49 1.0159
(1.0088–1.0330) 0.16 (0.09–0.34) 1.22 (0.68–2.49) 1.0131

(1.0064–1.0211) 0.09 (0.05–0.15) 0.70 (0.34–1.12)

50–54 1.0142
(1.0075–1.0298) 0.37 (0.20–0.76) 2.45 (1.31–5.07) 1.0119

(1.0055–1.0190) 0.25 (0.12–0.40) 1.68 (0.79–2.67)

55–59 1.0128
(1.0073–1.0262) 0.40 (0.23–0.81) 2.21 (1.27–4.46) 1.0108

(1.0053–1.0178) 0.28 (0.14–0.46) 1.53 (0.76–2.51)

60–64 1.0115
(1.0064–1.0233) 0.86 (0.48–1.73) 3.65 (2.03–7.32) 1.0097

(1.0048–1.0160) 0.62 (0.31–1.02) 2.61 (1.30–4.30)

65–69 1.0102
(1.0058–1.0205) 1.07 (0.61–2.14) 3.25 (1.84–6.46) 1.0088

(1.0040–1.0145) 0.79 (0.36–1.29) 2.39 (1.08–3.90)

70–74 1.0090
(1.0051–1.0191) 1.31 (0.74–2.75) 3.11 (1.76–6.53) 1.0078

(1.0038–1.0127) 1.12 (0.55–1.83) 2.67 (1.30–4.35)

75–79 1.0077
(1.0048–1.0158) 1.56 (0.97–3.18) 2.67 (1.65–5.44) 1.0066

(1.0034–1.0111) 1.33 (0.69–2.23) 2.28 (1.18–3.81)

80–84 1.0065
(1.0038–1.0118) 2.77 (1.65–5.01) 3.31 (1.97–5.99) 1.0057

(1.0027–1.0098) 3.23 (1.53–5.53) 3.86 (1.83–6.60)

85–89 1.0054
(1.0031–1.0103) 4.83 (2.80–9.21) 2.76 (1.60–5.27) 1.0047

(1.0023–1.0078) 5.58 (2.70–9.24) 3.19 (1.54–5.29)

90–94 1.0043
(1.0026–1.0081) 10.30 (6.33–19.52) 2.19 (1.35–4.14) 1.0038

(1.0018–1.0062) 12.17 (5.81–19.58) 2.58 (1.23–4.16)

95+ 1.0031
(1.0019–1.0056) 24.65 (14.88–44.00) 1.61 (0.97–2.87) 1.0028

(1.0013–1.0046) 29.05 (13.59–47.15) 1.90 (0.89–3.08)

IHD—ischemic heart disease; RR—relative risk; B + c—estimated change of incidence (per 100,000) at a certain
category of exposure; N + c—estimated number of cases attributable to a certain level of exposure.
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3.2.2. Outcomes from O3 and NO2 Exposure

For O3, we calculated the sum of ozone means over 35 ppb (SOMO35) (or 70 µg m−3),
and added it as the input concentration, as indicated by the WHO [16]. A decrease in peak
O3 values in several regions in Europe occurred during the 1990s, but no trend was observed
in the sum of maximum 8-h O3 levels over 35 ppb (70 µg m−3). Therefore, SOMO35 is
a metric for health impact assessment with a recommended cut-off value of 70 µg m−3

due to a statistically significant increase observed in mortality risk estimates considering
O3 concentrations above 50–70 µg m−3. In addition, more consistent atmospheric model
estimates were available for results above 70 µg m−3 [43].

RD caused 443 and 93 excess annual mortality cases for long- and short-term effects,
respectively, while for hospital admissions, the result was 404 incidents. O3 was also
attributable to 228 and 995 excess mortality and hospitalization results for CVD, respectively
(Figure 6 and Table 6).

For NO2, there were 90 excess hospital admission incidents due to RD (Figure 6
and Table 7). Thus, compliance with the 2021 WHO AQG for NO2 could prevent
90 hospitalizations derived from respiratory diseases annually in São Paulo. Notably, this
number is probably underestimated since there may be a high rate of non-hospitalization
care due to respiratory symptoms. It was not possible to compare with values from 2005, as
this metric was introduced in 2021. All these results indicate that better public policymaking
for air quality in São Paulo and other large cities in Brazil is necessary to reduce the number
of deaths and hospital admissions due to exposure to air pollutants.
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Figure 6. Attributable cases of mortality and hospital admissions caused by O3 and NO2 exposure
considering the sum of ozone means over 35 ppb (SOMO35) and the 2021 WHO Air Quality Guideline,
respectively. RD—respiratory disease; CVD—cardiovascular disease.

240



Int. J. Environ. Res. Public Health 2023, 20, 5707

Table 6. Impact assessment of health outcomes from long- and short-term exposure to O3 considering
the sum of ozone means over 35 ppb (SOMO35).

Health Endpoint Timeframe Age RR B + c N + c

Mortality
from RD

Long-term

Total population

1.0290 (1.0103–1.0499) 3.94 (1.43–6.65) 443.23 (160.46–748.56)

Short-term

1.0060 (1.0000–1.0144) 0.83 (0.00–1.99) 93.37 (0.00–223.97)

Hospital
admissions

for RD
1.0090 (1.0014–1.0171) 3.59 (0.57–6.73) 403.58 (64.57–756.81)

Mortality
from CVD 1.0101 (1.0027–1.0175) 2.03 (0.54–3.50) 228.18 (60.87–393.67)

Hospital
admissions

for CVD
1.0184 (1.0103–1.0263) 8.84 (5.00–12.54) 994.69 (562.13–1411.28)

RD—respiratory disease; CVD—cardiovascular disease; RR—relative risk; B + c—estimated change of incidence
(per 100,000) at a certain category of exposure; N + c—estimated number of cases attributable to a certain level
of exposure.

Table 7. Impact assessment of health outcomes from short-term exposure to NO2 considering the
2021 WHO Air Quality Guideline.

Health Endpoint Timeframe Age RR B + c N + c

Hospital admissions
for RD Short-term Total population 1.0020

(1.0013–1.0027)
0.80

(0.51–1.08)
89.61

(57.25–121.93)

RD—respiratory disease; RR—relative risk; B + c—estimated change of incidence (per 100,000) at a certain category
of exposure; N + c—estimated number of cases attributable to a certain level of exposure.

3.2.3. Discussion of Health Outcomes Results

The well-known adverse health effects caused by PM2.5 may be aggravated by expo-
sure to O3, which may cause lung epithelial damage and inflammatory response resulting
in susceptibility to various infections [15,44]. Other epidemiologic studies also have shown
significant health outcomes due to exposure to O3, such as toxic effects on pulmonary tis-
sues and mortality from respiratory and cardiovascular diseases [15,45]. For NO2, several
studies suggest that it may increase the risk for all-cause, respiratory, and cardiovascular
mortality, besides asthma [46–49].

Other studies also evaluated the health effects caused by exposure to pollutants in
different parts of the world using AirQ+ [31,50–54]. Kliengchuay et al. [50] reported 125,
27, and 26 deaths caused by COPD, IHD, and stroke due to long-term exposure to PM2.5
in Ratchaburi, Thailand, where the annual mean was 26.9 ± 18.7 µg m−3. The estimated
number of premature deaths in Tehran, Iran, varied from 397 to 419 for IHD and from 86 to
102 for LC between 2016 and 2018, with mean PM2.5 concentrations from 29.4 ± 16.1 to
31.6 ± 16.2 µg m−3 [51]. Therefore, the results differ between studies depending on the
concentrations registered in each region.

To the best of our knowledge, this is the first study assessing the health risks of
air pollutants in São Paulo with AirQ+. However, several epidemiological studies have
been conducted in the area to determine the adverse health effects of air pollution on the
population based on acute effects in terms of hospital admissions, emergency room visits,
and mortality in children and the elderly. According to Miraglia et al. [14], the key results
of these studies showed a positive association even with concentrations below the AQGs.
The life expectancy reduction due to air pollution was four years for RD, ten years for
CVD, and 19 years for children with RD [14]. Health problems also generate high costs
for the public health system. In the same study, Miraglia et al. [14] reported that the total
health cost due to air pollution in São Paulo was more than USD 3.2 million. Nevertheless,
these costs were not estimated in this investigation, which would be relevant to include in
future analyses.
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Abe and Miraglia [15] used the APHEKOM model and air pollutant levels between
2009 and 2011 to estimate that São Paulo could prevent more than 1500 cardiovascular and
respiratory hospitalizations annually if a PM10 concentration of 20 µg m−3 (2005 WHO
AQG) was reached. In addition, more than 5000 deaths could be postponed if PM2.5
levels were reduced to the 2005 WHO AQG of 10 µg m−3. The authors reported that life
expectancy could increase by 15.8 months, corresponding to 266,486 life years gain and
saving USD 15.1 billion annually. For O3, more than 50 respiratory hospital admissions
could be avoided (population≥ 15 years old) following the 2005 WHO AQG (average daily
maximum 8-h mean: 100 µg m−3) [15]. In general, we presented lower results compared to
the ones reported by Abe and Miraglia [15], although both studies were conducted in São
Paulo; however, some significant aspects between the analyses caused this divergence. We
used the WHO’s AirQ+ model (vs. APHEKOM by Abe and Miraglia [15]), which resulted
in variations due to slightly different methodologies. Moreover, average concentrations
between 2009 and 2011 [15] were higher than in 2021 (21 ± 10 vs. 11.6 ± 7.4 µg m−3 for
PM2.5, 36 ± 17 vs. 19.5 ± 13.3 µg m−3 for PM10, and 83 ± 36 vs. 37.9 ± 21.8 µg m−3 for O3)
as downward trends in atmospheric pollutants have been observed in the MASP due to
vehicular emission regulations adopted in Brazil.

In this study, we only investigated PM2.5, O3, and NO2 due to the unavailability of
robust data on the incidence of chronic bronchitis in adults, asthma symptoms in asthmatic
children, and the prevalence of bronchitis in children required for the analysis of PM10 in the
software. Additionally, AirQ+ does not have the option to evaluate CO and SO2. Hence, we
used mortality and hospital admission data, which are less robust and more heterogeneous
than the former. Mortality data are the best option for health risk assessments because
they are accessible from high-quality records in São Paulo, reliable, and not subject to
classification errors [15].

It is noteworthy that we obtained mortality and hospitalization data for São Paulo
from DATASUS, which is a website for collecting, processing, and disseminating health
information [29]. The Brazilian Ministry of Health classified COVID-19 as a severe acute
respiratory syndrome (SARS), with another website for monitoring related cases and deaths
that unfortunately presented remarkable numbers in the country [55]. In addition, the
data for all health outcomes considered in our study did not show significant differences
between 2017, 2018, 2019, 2020, and 2021 [29]. Thus, we believe there is a low probability of
having COVID-19-related data among the information we used in the analyses.

Spatial averaging of the concentrations over an entire city may dampen the values
and lower the mortality rates [51]. Therefore, using data from other monitoring stations in
the city is important to have more robust results and identify trends related to the sources
of air pollution emissions, which we suggest for future work. Nevertheless, monitoring
stations do not correspond to the total exposure to air pollutants for all inhabitants in the
region as it depends on different circumstances, such as indoor and outdoor activities and
occupational exposure, among other factors [52].

This study also does not include other potential contributing factors to the relationship
between air pollutants and hospitalization and mortality, such as body mass index, personal
habits (e.g., smoking and drinking), physical activities, education, income, and medical
history. Nonetheless, this study shows how many deaths and hospital admissions can be
avoided in the area if more restrictive values for air pollutants are adopted, considering the
2021 WHO AQGs compared to those from 2005. It also should be noted that it accurately
assesses health outcomes for different pollutants in the city of São Paulo, which exceed
the 2021 WHO AQGs, and provides evidence to develop effective policies to enhance air
quality and prevent health effects regarding hospitalizations and deaths.

4. Conclusions

In São Paulo, PM2.5, PM10, NO2, and O3 exceeded the new WHO AQGs, mainly
during wintertime as July, August, and September presented the highest monthly averages
for all pollutants, except for O3, which presents a different behavior due to photochemical
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reactions. Winter is a characteristic period of higher levels of air pollution in the region due
to stable atmospheric conditions and lower precipitation rates. Wind speed presented low
values, which also hindered the dispersion of pollutants.

The air pollutants considered in this study present consistent evidence of adverse
health effects, i.e., mortality from lung cancer, stroke, and other respiratory and cardiovas-
cular diseases. Considering pollutant concentrations and health data for the city of São
Paulo, we estimated that reducing PM2.5 values could prevent 113 and 24 deaths from lung
cancer and chronic obstructive pulmonary disease annually, respectively. In addition, it
could avoid 258 and 163 hospitalizations caused by respiratory and cardiovascular diseases
due to PM2.5 exposure. The results for excess respiratory and cardiovascular deaths due
to O3 were 443 and 228, respectively, and 90 hospitalizations from respiratory diseases
due to NO2. These data provide valuable information for local authorities to design and
implement effective policies aimed at promoting a healthy environment.

In this study, we only considered temporal (and not spatial) trends for the concen-
trations of pollutants. Thus, future studies are needed to assess the differences in time
variation, spatial distribution, and attributable proportion of hospitalizations and deaths
in different regions of the city of São Paulo. Calculating the health costs due to air pol-
lution would also add more important information for policymakers to analyze the cost-
effectiveness of interventions.

AirQ+ is a useful tool that enables further elaboration and implementation of air
pollution control strategies to reduce and prevent hospital admissions, mortality, and
economic costs due to exposure to PM2.5, O3, and NO2 in São Paulo. The software is
also helpful for national progress in implementing the 2030 Agenda and efficient public
health regulations.
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Abstract: Numerous epidemiological studies have evaluated the association of fractional exhaled
nitric oxide (FeNO) and indoor air pollutants, but limited information available of the risks between
schools located in suburban and urban areas. We therefore investigated the association of FeNO levels
with indoor particulate matter (PM10 and PM2.5), and nitrogen dioxide (NO2) exposure in suburban
and urban school areas. A comparative cross-sectional study was undertaken among secondary
school students in eight schools located in the suburban and urban areas in the district of Hulu Langat,
Selangor, Malaysia. A total of 470 school children (aged 14 years old) were randomly selected, their
FeNO levels were measured, and allergic skin prick tests were conducted. The PM2.5, PM10, NO2,
and carbon dioxide (CO2), temperature, and relative humidity were measured inside the classrooms.
We found that the median of FeNO in the school children from urban areas (22.0 ppb, IQR = 32.0)
were slightly higher as compared to the suburban group (19.5 ppb, IQR = 24.0). After adjustment of
potential confounders, the two-level hierarchical multiple logistic regression models showed that
the concentrations of PM2.5 were significantly associated with elevated of FeNO (>20 ppb) in school
children from suburban (OR = 1.42, 95% CI = 1.17–1.72) and urban (OR = 1.30, 95% CI = 1.10–1.91)
areas. Despite the concentrations of NO2 being below the local and international recommendation
guidelines, NO2 was found to be significantly associated with the elevated FeNO levels among school
children from suburban areas (OR = 1.11, 95% CI = 1.06–1.17). The findings of this study support the
evidence of indoor pollutants in the school micro-environment associated with FeNO levels among
school children from suburban and urban areas.

Keywords: FeNO; school children; urban; suburban; indoor pollutants

1. Introduction

Many health-related assessments on the indoor air pollutants in the school settings
have been conducted. The evaluations of risk assessment on school children are particularly
critical, because schools represent a distinctive and vital micro-environment. Consistent
results supporting those higher risks of respiratory allergic diseases were significantly
associated with poor indoor air quality setting [1,2]. Asthma is the most common illness of
childhood, affecting 339 million and resulting in the deaths of 13,909 children globally in
2016 [3]. Additionally, Achakulwisut et al. [4] estimated that 4.0 million of new paediatric
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asthma cases at global levels could be linked to annual NO2 pollution and 64.0% of cases
occur in urban centres.

On another note, the concentrations of particulate matter (PM), black carbon, nitrogen
dioxide (NO2) and ozone (O3) have always shown significant variation between urban
(cities and megacities) and nonurban (suburban, rural, remote) areas [5]. For example,
studies have shown that the concentration of O3 is usually higher in suburban areas, while
the concentration of NO2 is generally opposite to O3, which depends heavily on the road
traffic [6,7]. Generally, air pollution in the urban environment can be associated with anthro-
pogenic sources as well as motor vehicle exhaust and industrial emissions [8]. Additionally,
the greater density of road traffic and buildings in urban areas may intensify the generation
of urban heat island and urban pollution island phenomena than in nonurban areas [9].
These variations can have substantial impacts on vulnerable groups, including children
and the elderly. Furthermore, previous research works have focused on urban areas with
high pollution and emission levels. There is little data establishing the differences between
exposure in urban and suburban school environments. Moreover, the exposure effects of
air pollutants exposure in suburban areas cannot be overlooked. Hence, further evidence
from epidemiological studies is needed to obtain more comprehensive knowledge about
the impacts of the major air pollutants (PM10, PM2.5, NO2) in school micro-environments
in both, urban and suburban areas.

In recent years, the evaluation of airway inflammation which is associated with air
pollutants had been made very simplistically and noninvasively with direct measurement
of fractional exhaled nitric oxide concentration in exhaled breath (FeNO) using chemilumi-
nescence analyser [10]. Nitric oxide (NO) is the most widely used biomarker and found
to be directly correlated with the severity of airway inflammation [11]. A growing body
of evidence shows that short term exposure to the major air pollutants, including PM10,
PM2.5, NO2 and O3 are linked to changes in FeNO levels [12–14]. Nevertheless, the results
are inconsistent. For instance, Gong et al. [12] and Prapamontol et al. [15] have demon-
strated that ultrafine particles (UFP) and PM10, respectively, measured in urban school
environments, were negatively associated with FeNO levels, due to other independent
factors including timing of exposure and prevailing weather conditions [16]. Moreover,
due to lack of research in analysing the comparison of effects of these major pollutants on
school children between urban and suburban areas, it is impossible to further characterise
the strategies for air pollution controls by the local authorities.

For these reasons, we conducted the present study to investigate the association of
FeNO with indoor PM2.5, PM10 and NO2 exposure in urban and suburban school areas.
This is critical in order to better understand the significant variations of indoor pollutants
exposure that may contribute to respiratory allergic diseases among school children.

2. Materials and Methods
2.1. Study Population

This comparative cross-sectional study was conducted among school children aged
14 years old from secondary schools in the Hulu Langat district, Selangor, Malaysia. The
Hulu Langat district features an urban sprawl from rapid urbanisation of Kuala Lumpur
and Putrajaya, where there are massive construction development projects for the industrial
and property estates [17]. A stratified random sampling design was followed for selection
of schools. The school areas were classified as urban and suburban based on the locale
classification of ecological measures by the Ministry of Education, Malaysia. The number
of schools selected was defined based on the sample size of school children in relation to
respiratory symptoms [18]. A total of eight schools were used to give satisfactory confidence.
Thus, four single session schools (afternoon) were randomly selected from each school area.
Sample size calculation was adjusted for stratification sampling using a design effect of 1.1
and 0.02 was considered as an anticipated value for inter-cluster correlation (ICC) based
on a comparable study conducted in children [19]. A total of 470 school children were
recruited for this study. They were randomly selected from four classrooms in each school.

248



Int. J. Environ. Res. Public Health 2022, 19, 4580

In the selection process, school children who have been attending the same school since
January 2017 (or more than 18 months) and obtained written consent from parents or legal
guardians with the addition of their own assent were included. On the other hand, school
children with concomitant heart diseases and severe asthma conditions were excluded. We
also excluded school children who had incomplete data and their respective residential
address outside of school area. The clinical assessment and indoor air monitoring were
carried out at the same time from August until November 2018 and in early February 2019.
This study was approved by the Ethics Committee for Research Involving Human Subjects
Universiti Putra Malaysia (JKEUPM) (JKEUPM-2018-189).

2.2. Clinical Assessment

Information on demographic characteristics, doctor’s diagnosed asthma, current
asthma medication and any asthma attack during the last 12 months were collected by self-
administrative questionnaire. The questionnaire was adapted from the International Study
of Asthma and Allergies in Childhood (ISAAC), the European Community Respiratory
Health Survey (ECRHS) and previous studies [20,21]. This information was verified during
face-to-face interviews and telephone calls with the children’s respective guardians.

Airway inflammation was assessed by measuring the fractional exhaled nitric oxide
(FeNO) using chemiluminescence analyser (NIOX VERO, Circassia, Sweden) with a detec-
tion limit and accuracy of 5–300 ppb and ±5 ppb, respectively. This analyser has visual and
audio signals guide the school children to achieve the desired expiratory flow of 50 mL/s in
six to ten seconds. Samples of exhaled breath were taken in accordance with the standard
and as recommended by the manufacturer [22]. A single-breath technique was used, and
this procedure was repeated at least twice to obtain an average value. School children were
instructed to avoid eating and drinking for at least an hour before the FeNO assessment.
To exclude errors related to the time of sampling, all the FeNO assessment was performed
in the afternoon between 1.00 PM and 6.00 PM by trained enumerators.

All school children with guardian consent and own assent underwent skin prick
test with five common allergens purchased from ALK-Abelló, (Madrid, Spain): Der-
matophagoides pteronyssinus, Dermatophagoides farina, Cladosporium herbarum, Alternaria al-
ternate, and Felis domesticus, also Histamine (10 mg/mL) and glycerol-saline were used as
the positive and negative controls, respectively. The procedures of skin prick test were
carried out by trained medical assistants and in accordance with the Australasian Society
of Clinical Immunology and Allergy guidelines. The reaction was measured after 15 min
by measuring the wheal diameter. The allergen’s wheal diameter of 3 mm was considered
as a positive control. Atopy was defined as a significant positive skin prick test to at least
one of the applied allergens [23].

2.3. Assessment of School Environment

Four classrooms in each school were randomly selected and inspected for signs of
dampness or mould growth. Indoor temperature (◦C), relative humidity (%), CO2 (ppm)
were monitored in the classrooms by using Q-TrakTM IAQ monitor (Model 7565 TSI
Incorporated, Shoreview, MN, USA) with the average log interval values over one minute.
The accuracy of this device on temperature, relative humidity, and CO2 are ±0.6 ◦C, ±3%,
and ±50 ppm, respectively. The concentrations of PM10 and PM2.5 (µg/m3) were measured
using two separate units of Dust-Trak monitor (Model 8532 TSI Incorporated, Shoreview,
MN, USA) at a sampling rate of 1.7 L/min and a detection limit of 0.001–150 mg/m3. All of
these samplers were always placed one metre above floor level and one metre away from
the school children in the centre of the classrooms.

In each school, a total of four hours of measurements were collected for all of these
parameters during the learning session between 1.00 PM and 6.00 PM to give more realistic
exposure estimation and has been previously described [14,24–26]. For measurement of
NO2 (µg/m3), the IVL diffusion samplers (IVL, Goteborg, Sweden) were used with the
limit of detection (LOD) of 0.5 µg/m3 and 10.0% of measurement uncertainty [27]. This
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passive diffuser sampler was used to determine the average concentration of NO2 in the air
for a week.

2.4. Statistical Analysis

Descriptive test analysis was performed by the Statistical Package for Social Science
(SPSS) 25.0. We used log transformed data of indoor parameters to improve normality in
the regression analysis. The chi-squared test was used to compare the school children’s
characteristics with respect to school areas, while statistical comparisons for FeNO levels
and indoor pollutant parameters were made using the Mann–Whitney test. The two-level
hierarchical multiple logistic regression (school and school children) was performed using
the Stata/MP 15.1 (StataCorp LLC, College Station, TX, USA) to evaluate the association
between categorised FeNO levels (normal vs. elevated level; >20 ppb) as the dependent
variable and indoor pollutant parameters, controlling for gender, atopy, doctor-diagnosed
asthma, weight, height, smoking status, parental asthma/allergy and family member
smoking status [28,29]. A FeNO level above 20 ppb was considered as an elevated level,
as recommended by the American Thoracic Society (ATS) guidelines for children [30].
We analysed the association models for each school area separately. Additionally, we
incorporated the sampling weights [31] with the formula recommended by Foy [32] in the
multivariate analysis stage to compensate for unequal probability of selection at classroom
and school children levels. All tests were 2-tailed, and a p-value of less than 0.05 was
considered significant.

3. Results
3.1. Personal Characteristic and FeNO Levels

Table 1 summarises the personal characteristics of school children involved in this
study. Two hundred (42.6%) of the school children were from suburban and 270 (57.4%)
from urban school areas, of which 61.3% were female. The overall prevalence of doctor-
diagnosed asthma was 10.6%. Moreover, a total of 57.7% of school children had been
sensitised to at least one of the allergens tested. However, the prevalence of doctor-
diagnosed asthma and atopy did not significantly differ by the school areas. A total of
56.1% of the school children from urban areas were more likely to be exposed to secondhand
tobacco smoke (SHS) at home. The prevalence of allergy and/or asthma was slightly higher
in the parents from urban (52.3%) than suburban (47.7%) areas.

The level of FeNO was nearly the same among school children in suburban
(median = 19.5, IQR = 24.0) and urban areas (median = 22.0, IQR = 32.0) (Figure 1). Never-
theless, comparison analysis revealed that the FeNO levels were significantly different by
gender among school children from urban school areas (p < 0.05). Additionally, there were
statistically significant higher levels of FeNO in doctor-diagnosed asthma and atopy school
children from both urban and suburban school areas (p < 0.001) (Table 2). In particular,
71.4% and 72.4% of school children with doctor-diagnosed asthma conditions from subur-
ban and urban areas, respectively, were significantly recorded with elevated FeNO levels
(p < 0.05). Similarly, a higher proportion of school children with elevated FeNO levels were
observed among atopic groups from both areas (p < 0.001).

Table 1. Characteristics of school children in suburban and urban school areas.

Characteristics Overall
(n = 470)

Suburban
(n = 200)

Urban
(n = 270) p-Value

Gender
Male 182 (38.7) 66 (36.3) 116 (63.7) 0.028 *

Female 288 (61.3) 134 (46.5) 154 (53.5)
Ethnicity

Malay 408 (86.8) 195 (47.8) 213 (52.2) <0.001 **
Non-Malay 62 (13.2) 5 (8.1) 57 (91.9)
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Table 1. Cont.

Characteristics Overall
(n = 470)

Suburban
(n = 200)

Urban
(n = 270) p-Value

Doctor-diagnosed asthma
Yes 50 (10.6) 21 (42.0) 29 (58.0) 0.933
No 420 (89.4) 179 (42.6) 241 (57.4)

Atopic
Yes 271 (57.7) 110 (40.6) 161 (59.4) 0.315
No 199 (42.3) 90 (45.2) 109 (54.8)

Parental allergy/asthma
Yes 155 (33.0) 74 (47.7) 81 (52.3) 0.110
No 315 (67.0) 126 (40.0) 189 (60.0)

Smoking
Yes 30 (6.4) 9 (30.0) 21 (70.0) 0.151
No 440 (93.6) 191 (43.4) 249 (56.6)

Parental/sibling smoking
Yes 285 (60.6) 125 (43.9) 160 (56.1) 0.477
No 185 (39.4) 75 (40.5) 110 (59.5)

* p < 0.05; ** p < 0.001.

Table 2. Difference of FeNO levels (ppb) and prevalence of elevated FeNO levels (>20 ppb) between
school children from suburban and urban areas by their characteristics.

Characteristics
Overall

(N = 470)
Median (IQR)

Suburban Urban
Normal

n (%)
Elevated

n (%) p-Value Normal
n (%)

Elevated
n (%) p-Value

Gender
Male 26 (31) 32 (48.5) 34 (51.5) 0.549 42 (36.2) 74 (63.8) 0.004 *

Female 19 (26) 71 (53.0) 63 (47.0) 83 (53.9) 71 (46.1)
Ethnicity

Malay 21 (28) 99 (50.8) 96 (49.2) 0.402 99 (46.5) 114 (53.5) 0.907
Non-Malay 21 (25) 4 (80.0) 1 (20.0) 26 (45.6) 31 (54.4)

Doctor-diagnosed asthma
Yes 56 (63) 6 (28.6) 15 (71.4) 0.026 * 8 (27.6) 21 (72.4) 0.032 *
No 20 (23) 97 (54.2) 82 (45.8) 117 (48.5) 124 (51.5)

Atopic

Yes 32 (38) 38 (34.5) 72 (65.5) <0.001
** 50 (31.1) 111 (68.9) <0.001

**
No 16 (12) 65 (72.2) 25 (27.8) 75 (68.8) 34 (31.2)

Parental allergy/asthma
Yes 22 (30) 38 (51.4) 36 (48.6) 0.974 34 (42.0) 47 (58.0) 0.351
No 21 (27) 65 (51.6) 61 (48.4) 91 (48.1) 98 (51.9)

Smoking
Yes 19.5 (40) 4 (44.4) 5 (55.6) 0.927 12 (57.1) 9 (42.9) 0.299
No 21 (27) 99 (51.8) 92 (48.2) 113 (45.4) 136 (54.6)

Parental/sibling smoking
Yes 21 (28) 61 (48.8) 64 (51.2) 0.324 78 (48.8) 82 (51.2) 0.329
No 22 (29) 42 (56.0) 33 (44.0) 47 (42.7) 63 (57.3)

* p < 0.05; ** p < 0.001.
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Figure 1. Summary of FeNO levels in school children by school areas, suburban and urban. The
p-value refers to the comparison analysis using Mann–Whitney test. Box plots showing median
values (presented by a horizontal line inside the box) and percentiles ranges (10th, 25th, 75th and
90th) of FeNO levels in school children by school areas. Circles represent outliers.

3.2. Classroom Inspection and Indoor Environmental Parameters

Generally, all classrooms were equipped with three ceiling fans, naturally ventilated
and designed with glass jalousie window panes on both sides of the wall. The floor surface
was finished with concrete. None of the classrooms had signs of dampness or mould growth.
About 25 classrooms were occupied with plastic tables and the rest of the classrooms were
wooden tables. Only four classrooms used wooden chairs, while the others used plastic
chairs. There were bookshelves, whiteboard, and soft boards in every classroom.

From the comparison analysis, there were significant differences (p < 0.001) in all
indoor parameters observed between schools located in urban and suburban areas, except
the concentration of CO2 (p > 0.05). Generally, the temperature level, the concentrations of
NO2, PM10 and PM2.5 recorded in schools located in urban areas were moderately higher
than in suburban areas (Table 3).

Table 3. Comparison of indoor air pollutants between suburban and urban areas.

Parameter Suburban
Median (IQR)

Urban
Median (IQR) p-Value Reference

n = 16 n = 16

Temperature (◦C) 27.0 (1.0) 29.0 (2.0) <0.001 ** 23–26 a

Relative humidity (%) 80.4 (7.5) 74.6 (9.5) <0.001 ** 40–70 a

CO2 (ppm) 456.0 (27.0) 452.0 (33.0) 0.068 <1000 a,b,c,d

NO2 (µg/m3) 20.0 (29.0) 32.0 (5.0) <0.001 ** 200 b, 100 ppb c, 75 d

PM2.5 (µg/m3) 21.9 (2.1) 24.3 (2.5) <0.001 ** 25 b, 35 c, 50 d

PM10 (µg/m3) 36.7 (2.7) 41.0 (7.3) <0.001 ** 50 b, 150 c, 120 d

N = 32. IQR = interquartile range. ** p < 0.001. a Industrial Code of Practice on Indoor Air Quality (ICOP-IAQ)
2010. b World Health Organization (WHO) guideline. c The National Ambient Air Quality Standard by USEPA.
d The new Malaysian Ambient Air Quality Standard 2018 Interim Target-2.
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3.3. Association of Indoor Pollutants with FeNO Levels

The results of two-level hierarchical multiple logistic regression models for school
children from suburban and urban school areas are shown in Table 4. After controlling
gender, atopy, doctor-diagnosed asthma, weight, height, parental asthma/allergy and
smoking status, we found only the concentrations of PM2.5 were significantly associated
(OR = 1.30, 95% CI = 1.10–1.91) with elevated of FeNO levels in school children from
urban areas (p < 0.05). In the second model, the concentration of NO2 was found to be
significantly associated with the elevated FeNO levels with an odd 1.11 (95% CI = 1.06–1.17)
compared with the normal FeNO group in school children from suburban areas. Notably,
the same model also shows that the concentration of PM2.5 was positively associated with
the elevation of FeNO levels with the odd 1.42 (95% CI = 1.17–1.72).

Table 4. Association of elevated FeNO levels (>20 ppb) in school children from suburban and urban
areas with indoor air pollutants.

Parameter
Suburban (n = 200) Urban (n = 270)

OR 95% CI OR 95% CI

Temperature (◦C) 0.84 (0.31–2.27) 0.99 (0.75–1.32)
Relative humidity (%) 0.97 (0.87–1.08) 0.94 (0.89–0.96)

NO2 (µg/m3) 1.11 (1.06–1.17) ** 1.02 (0.97–1.06)
CO2 (ppm) 1.02 (0.99–1.05) 1.00 (0.98–1.03)

PM2.5 (µg/m3) 1.42 (1.17–1.72) * 1.30 (1.10–1.91) *
PM10 (µg/m3) 0.89 (0.75–1.08) 1.09 (0.98–1.20)

* p < 0.05; ** p < 0.001. CI = confidence interval. OR calculated for 10 µg/m3 increase in concentration of NO2,
PM2.5, PM10. OR calculated for 100 ppm increase in concentration of CO2. OR (OR = odds ratio) was calculated
by two-level hierarchical multiple logistic regression.

4. Discussion

This comparative cross-sectional study explored the association of FeNO levels with
indoor air pollutants exposure among 470 school children in urban and suburban school
areas. Further, this study demonstrated significant associations of indoor PM2.5 and NO2
concentrations with FeNO levels among school children in both school areas. To the best
of our knowledge, our study is one of very few studies that provide epidemiological
evidence for the link between FeNO levels and indoor pollutants measured in school’s
micro-environment in suburban and urban areas. Our findings also add to the scant
evidence about the adverse effects of PM2.5 and NO2 in school micro-environment on
airway inflammation in Southeast Asia.

In this current study, we found that the prevalence of doctor-diagnosed asthma and
atopy was 10.6% and 57.7%, respectively. Nevertheless, the latest prevalence of doctor-
diagnosed asthma among children aged 13 to 14 years old reported from local studies in
Terengganu (Malaysia) and Penang (Malaysia) were 8.4% [21] and 10.3% [33], respectively.
Compared to other studies in Southeast Asia, the prevalence of doctor-diagnosed asthma
in Bangkok (Thailand), Singapore, and Surabaya (Indonesia) was 8.8% [34], 10.0% [35] and
6.8% [36], respectively. Therefore, there seems to be an indication that asthma prevalence is
on the rise in Malaysia. Overall, in most countries, an increased prevalence of asthma has
been documented compared to the past century [37]. Moreover, according to Sembajwe
et al. [38], the prevalence of doctor-diagnosed asthma across the world regions was reflected
by the national incomes. Likewise, the prevalence of atopy identified by previous studies
also shows lower percentages than this current study. Previous studies in Terengganu
(Malaysia), Surabaya (Indonesia) and South Korea found that the prevalence of atopy
among similar age group were 40.3% [21], 29.0% [36] and 27.3% [39], respectively.

Furthermore, we observed that the prevalence of doctor-diagnosed asthma and atopy
were more pronounced in school children from urban areas than suburban areas. These
findings were consistent with those of other studies conducted among Chinese children [40]
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and Korean children [41]. This also accords with the extensive body of evidence on the role
of atopy as a major risk factor for asthma, rhinitis and eczema in children [42].

With regard to the comparison analysis between urban and suburban areas, results
from this current study shows that the FeNO levels were not statistically different between
these groups. This result is supported by the previous comparative studies conducted in
Selangor (Malaysia; urban/suburban), Terengganu, (Malaysia; urban/rural) and Bilthoven
(Netherlands; urban/suburban) [43–45]. Thus, this indicates that school children from
urban and suburban areas have a normal FeNO range, 20–35 ppb, as recommended by the
American Thoracic Society (ATS) [30]. However, further comparison analysis provided
additional evidence that the proportion of elevated FeNO levels were significantly higher in
school children who had diagnosed asthma and atopy from both areas, suburban and urban,
that could reflect a higher degree of airway inflammation. These results are consistent with
the other studies and reviews reported [29,46,47]. A possible explanation for this might be
that urban environmental irritants stimulate the development of allergic sensitisation [41].

Overall, we found that the concentrations of PM10, PM2.5, NO2 and CO2 measured
inside the classrooms were below the guideline limits set by the WHO guidelines [3], the
National Ambient Air Quality Standard by USEPA [48], the new Malaysian Ambient Air
Quality Standard 2018 Interim Target-2 [49] and the Industrial Code of Practice on Indoor
Air Quality (ICOP-IAQ) 2010 [50]. This was due to inflow of outdoor air through the
jalousie window panes on both sides of the wall and adequate ceiling fans which could
have made the natural ventilation effective [51,52].

In the multivariate analysis, we found that the PM2.5 exposures were positively asso-
ciated with elevated FeNO levels among school children from both areas, suburban and
urban. In accordance with previous results, Shang et al. [53] reported that the ambient PM2.5
measured in urban areas has strong association with FeNO levels. Another epidemiological
study conducted in Taiyuan City, China also reported that only the concentration of PM2.5
measured inside the classroom was significantly associated with FeNO levels [54]. These
findings were consistent with the review articles by Qibin et al. [55] and Chen et al. [56].
They indicated that PM2.5 can directly produce a significant number of free oxygen radicals,
which lead to activation of inducible NOS (iNOS) expression and prolonged release of high
amounts of NO in the airways. This has been confirmed by Long et al. [57] in their in vitro
study, reported recently.

Another important finding in this current study was the significant association of
the increased NO2 concentration with elevated FeNO levels among school children from
suburban areas. This finding support the results in the previous studies conducted by
Olaniyan et al. [58] and Kamaruddin et al. [11], who also indicated that concentrations of
NO2 were positively associated with a three-fold and five-fold increased risk of elevated
FeNO levels among school children aged 9–11 years old in the Western Cape Province
of South Africa and Terengganu, Malaysia, respectively. Nevertheless, we fail to find a
significant association between elevated FeNO levels with concentration of NO2 in urban
school areas, which is in agreement with those obtained by Gaffin et al. [59] and Carlsen
et al. [60]. This result may be explained by the fact that differences in study design or
characteristics of school children (history of asthma, smoking status) or different methods
of assessing the FeNO levels [61]. The underlying mechanisms of NO2 influences the FeNO
levels are unclear [62]. However, there is some evidence reported that the FeNO may be
modulated by DNA methylation which is involved in the arginase–nitric oxide synthase
pathway [16,56,62]. Interestingly, a longitudinal study conducted by Zhang et al. [54] and
Jiang et al. [62] reported that short-term exposure to NO2 and PM2.5 significantly decreased
the NOS2A and increased the ARG2 methylation. Therefore, their findings provide insights
to enhance our understanding of the NO2 pathophysiology mechanisms, for which further
studies are therefore suggested.

Some limitations of this study should be noted. First, the exposure assessment was
collected over an average of one week for NO2, while the other indoor pollutants were
collected with an average of a four-hour time frame in each school, which might have
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introduced exposure measurement errors in evaluating the multiple-pollutants effects.
Nevertheless, we attempted to specify almost 80% of the exposure time frame during the
school hours. Despite this, we found compelling evidence that linked the PM2.5 and NO2
exposure to FeNO levels. Second, the measurement of air pollutants parameters could be
improved by incorporating outdoor air quality monitoring and at-home indoor settings,
which potentially contribute to the respiratory outcomes. However, the measurements for
indoor and outdoor parameters are expected to be constant throughout the year. This is
supported by several studies conducted across Peninsular Malaysia [63,64]. Third, the other
possible confounding factors in the home environment such as dampness/mould, furry
pets, environmental tobacco smoke (ETS), residential materials and redecoration activities
were not comprehensively addressed in this current study. Furthermore, it should also be
noted that the questionnaire used was based on self-reporting and may have introduced
recall bias. To address this limitation, a face-to-face interview session was conducted
following the completion of the questionnaire and telephone call, with their respective
parents, to verify the self-reporting information. Another limitation of this study is that
the classification of atopy was based on a small number of allergens, which may have
underestimated the prevalence of atopy. Finally, through the nature of the study design,
the cross-sectional study design utilised here preludes establishing causation inferences.

5. Conclusions

In summary, the exposure levels of indoor pollutants in the school environment in this
current study are in accordance with the WHO guidelines, the National Ambient Air Quality
Standard by USEPA, the ICOP-IAQ 2010 and the new Malaysian Ambient Air Quality
Standard 2018 Interim Target-2. Moreover, this study suggested that there is an independent
relationship between PM2.5 and NO2, although less than in the existing guidelines, that
adversely affects the FeNO levels in school children from suburban and urban areas.
Therefore, the results from this current study have provided additional evidence to reinforce
the effects of indoor pollutants in both school environments on the respiratory outcomes
among school children. This is an important finding and indicates that further intervention
studies are needed to identify the most effective mechanisms to comprehensively reduce
the risks of indoor pollutants exposure in school micro-environment settings. Taking
into consideration the school buildings in Malaysia, which are designed with a natural
ventilation system and often situated nearby heavy traffic roads, there is also a need to
formulate policies to control air pollution in urban and suburban areas, and to strengthen
the prevention measures. For example, the implementation of strategies such as locating
buildings away from high density traffic roads and creation of asthma-friendly school
programs are recommended.
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Abstract: This study aimed to investigate the association between particulate PAHs exposure and
DNA damage in Malaysian schoolchildren in heavy traffic (HT) and low traffic (LT) areas. PAH
samples at eight schools were collected using a low volume sampler for 24 h and quantified using Gas
Chromatography-Mass Spectrometry. Two hundred and twenty-eight buccal cells of children were
assessed for DNA damage using Comet Assay. Monte-Carlo simulation was performed to determine
incremental lifetime cancer risk (ILCR) and to check the uncertainty and sensitivity of the estimated
risk. Total PAH concentrations in the schools in HT area were higher than LT area ranging from 4.4 to
5.76 ng m−3 and 1.36 to 3.79 ng m−3, respectively. The source diagnostic ratio showed that PAHs in
the HT area is pyrogenic, mainly from diesel emission. The 95th percentile of the ILCR for children in
HT and LT area were 2.80 × 10−7 and 1.43 × 10−7, respectively. The degree of DNA damage was
significantly more severe in children in the HT group compared to LT group. This study shows that
total indoor PAH exposure was the most significant factor that influenced the DNA damage among
children. Further investigation of the relationship between PAH exposure and genomic integrity in
children is required to shed additional light on potential health risks.

Keywords: polycyclic aromatic hydrocarbons (PAHs); children; urban traffic area; DNA damage

1. Introduction

Urbanisation and economic growth have been strongly associated with increased
transportation demand and the number of road vehicles within cities [1,2]. Pollutants
from traffic emission or known as traffic related air pollution (TRAP), were the major
contributor to air pollution in Malaysia, particularly in urban areas. Particulate matter (PM)
is considered one of the most harmful components of ambient pollutants to humans [3].
Recent studies in the city of Kuala Lumpur, Malaysia demonstrated that PM pollution in
this area is greatly contributed by vehicle emissions [4–8].

Polycyclic aromatic hydrocarbons (PAHs) are one of the most important organic groups
bound to particulate matter in terms of health risk. PAHs are ubiquitous, semi-volatile
and persistent organic pollutants that are formed as by-products from the incomplete
combustion of organic materials [9–11]. Due to their resistance to degradation processes,
especially when bound to particles, they are transported over long distances and could be
identified even in remote areas [12]. Several studies have shown that motor vehicle emis-
sions contribute to PAHs pollution in urban areas [13–17] especially high-molecular weight
particulate PAHs, which are primarily present in PM2.5 [18]. Several studies conducted
in the Klang Valley also indicated the contribution of motor vehicle emissions to PAHs
concentration [10,11,17–19].
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The impact of PAHs on the environment and public health has sparked widespread
concern due to their mutagenic and carcinogenic properties. Exposure to genotoxic sub-
stances such as PAHs can cause oxidative stress, which could lead to DNA damage and
disturbances in DNA replication. Changes in DNA replication may cause mutation and
lead to carcinogenic effects [20,21]. Evidence from previous studies suggests that environ-
mental PAHs exposure may lead to increased DNA damage in children attending schools
within 500 m of busy roads [22,23]. Children have a longer lifespan and are more likely
to develop chronic diseases that can be triggered by early exposure. Chronic diseases and
cancer caused by environmental toxicants are thought to evolve in phases that take years
or even decades to develop from their initiation to clinical manifestation. Carcinogenic
and toxic exposures in early childhood seems more likely to lead to disease than similar
exposures later in life [24,25].

Previous studies that highlighted traffic emission as the primary contributor of PAHs
in the Klang Valley [10,11,18,19] give the concern to assess the chronic health effects of
inhalation PAHs among the susceptible population living in this area, especially children. In
order to estimate the health risks from the exposure to PAHs, it is also essential to quantify
the resultant changes that are effected through the application of biomarkers associated
with the toxicants [23]. Educational buildings such as primary schools are among the most
important buildings where children typically spend up to 1/3 of their time [26]. Therefore,
understanding exposure to health concerned pollutants in these locations has become a
priority for the scientific community [27–30]. To date, there is limited information on PAH
exposure in school settings in Malaysia. Since children attending schools near congested
urban areas are constantly exposed to air pollutants, this study is carried out to fill the
knowledge gap on the association between PAHs from traffic emission and the chronic
health effect concerning DNA damage among Malaysian children in the urban city of the
Klang Valley.

2. Materials and Methods
2.1. Study Location

Klang Valley was selected as the location for this study because it is known as fast
growing area and the most populated area in Malaysia. The cities in the Klang Valley
region have a well-developed road network, with approximately 379,146 vehicles travelling
around daily [31]. The school selection was based on proximity to high and low traffic
areas. High traffic area is defined as areas within 500 m on either side of highways with an
average daily traffic (ADT) volume of ≥18,000 vehicles, or within 100 m on either side of
major roads with an ADT volume of ≥15,000 vehicles [32]. Children from primary schools
in Kuala Lumpur and Gombak, were categorised as high traffic (HT) group. The schools
in HT were designated H1, H2, H3 and H4. Meanwhile, low traffic is defined as area
located 5 km away from nearby highways, major roads and industrial sites. The children
of primary schools in Hulu Langat, were categorised as the low traffic (LT) group, with the
schools on LT designated as L1, L2, L3, and L4. The map of study area is shown in Figure 1.

2.2. Study Population

This study includes a total of 228 school children studying at the selected primary
schools in Klang Valley, specifically age between 7 to 11 years old who met the inclusion and
exclusion criteria. Both genders, which are female and male, were selected among the Malay
population to prevent gender bias of collected data. Only Malaysian citizens and Malay
ethnicity were recruited to homogenize the samples. These criteria have been decided to
control genetic differential factors, which could affect the final outcomes. Children who
had a known history of medical problems were excluded in this study. This criterion has
been decided because it has the potential to impair children’s physiological function and
increase their susceptibility to pollutants [22]. Besides, children who had radiotherapy or
chemotherapy in the previous 12 months or X-rays in the last three months were excluded.
Any radiation exposure can affect DNA structure by inducing DNA strand breaks and
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thus affecting the significance of the results of this study [33]. Children who had a family
history of cancer also were excluded. This criterion has been decided because he or she
have higher risk of getting cancer [34].

Figure 1. Locations of the selected primary schools. Primary schools in Kuala Lumpur and Gombak,
were categorised as high traffic (HT) group with the schools in HT were designated H1, H2, H3 and
H4. Primary schools in Hulu Langat, were categorised as the low traffic (LT) group, with the schools
on LT designated as L1, L2, L3, and L4.

2.3. Questionnaires

A total of 280 questionnaires and consent forms were distributed to eight schools and
228 respondents completed the questionnaire and gave consent for biological sampling,
representing 81.4% of response rate. A validated questionnaire from American Thoracic
Society (ATS-DLD-78-C) and International Study of Asthma and Allergies in Childhood
(ISAAC) translated from English to Malay (Supplementary S1) were distributed to parents
or guardians of children.

2.4. PM2.5 Sampling

Gravimetric sampling of PM2.5 were conducted using a low volume sampler, MiniVol
Air Sampler (Airmetrics, Springfield, OR, USA; model 4.2). The filter paper used was 47 mm
quartz microfiber filter papers (Whatman, Maidstone, Kent, UK; catalogue no. 1851-047).
PAH samples were extracted from the filter paper. MiniVol Air Sampler was set up on the
ground with its stand to sample air at a rate of 5 L/min, indoor and outdoor for 24 h. The
air sampler was located approximately 1.0 m above the floor and placed at the back of the
selected classroom. For outdoor monitoring, the sampling was conducted in a safe area, which
is near the main entrance gate of the school or guard posts. A total of 64 samples and 8 blank
samples (one for each school) were collected during the sampling campaign.

2.5. PAHs Extraction

The filter paper was cut into small pieces (approximately 1 cm× 1 cm) in a 50 mL glass
bottle. 0.1 mL of 1.5 ppm PAHs surrogate internal standards; anthracene-d10, p-terphenyl-
d14, benz[a]anthracene-d12, and perylene-d14 (SUPELCO, St. Louis, MO, USA) were spiked
into all samples for recovery assessment. 10 mL of dichloromethane (DCM) and n-hexane
with ratio 5 mL:5 mL was added into the glass bottle. Next, the mixture was sonicated
using a bath sonicator (Elma, Singen, Germany) for 30 min (2 min run and 1 min rest ×
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15 cycles). This procedure was repeated three times and the extracts were combined. Then,
the extract was concentrated to approximately 0.2 mL under a gentle blow of nitrogen gas
(N2). Silica SPE cartridges (LiChrolut RP-18 1000 mg 6 mL, Merck, Germany; catalogue
no. 1021220001) were used for clean-up process and pre-concentration of samples. The
final step of SPE was elution by DCM:n-hexane (3.5 mL:6.5 mL). The eluent was further
reduced to 0.1 mL via a gentle stream of N2 gas before transferring to a 2 mL autosampler
vial containing a vial insert.

The PAHs were quantified using gas chromatography–mass spectrometry (GC-MS)
instrument (Agilent Technologies, Santa Clara, CA, USA; model 6890N/5975), fitted with
HP-5MS capillary column (30 m × 250 µm). Helium was used as a carrier gas with a flow
rate of 1.0 mL/min. The sample was injected at 200 ◦C using the splitless mode. The
temperature of the GC column was programmed as follows: initial 40 ◦C, followed by a
temperature increase to 150 ◦C (8 ◦C per min), and an increment of 4 ◦C per min to 310 ◦C
for a 6 min hold. Mass spectrometry was acquired using the electron ionization (E.I.) mode.

The concentrations of 16 United States Environmental Protection Agency (US EPA)
priority PAHs were determined in this study including 3-rings PAHs; acenaphthene (ACP),
acenaphthylene (ACY), anthracene (ANT), fluorene (FLR), phenanthrene (PHE), 4-rings
PAHs; fluoranthene (FLT), pyrene (PYR), benzo(a)anthracene (BaA), chrysene (CYR),
5-rings PAHs; benzo(k)fluoranthene (BkF), Benzo[b]fluoranthene (BbF), benzo(a)pyrene
(BaP), dibenzo(a,h)anthracene (DhA) and 6-rings PAHs; indeno(1,2,3-cd)pyrene (IcP) and
benzo(ghi)perylene (BgP); except for 2-rings PAHs, naphthalene (NAP) owing to its high
volatilities. The GC-MS instrument was calibrated with standard mixtures of PAHs (PAH
Calibration Mix, SUPELCO, USA; catalogue no. SA_CRM47940). Five points (0.2, 0.5,
1.0, 1.5, 3.0 ppm) of standard PAHs mixtures were analysed for the establishment of the
calibration curves. The correlation coefficients (R2) for linear regressions of the calibration
curves were >0.99 in all cases. For every sample, procedural blanks were run to ensure
that there were no significant background interferences. Blank filters were extracted and
analysed using the same method with the actual samples. The limit of detection (LOD) of
each PAHs were calculated based on five independent measurements of blank samples
and its standard deviation. The recovery efficiency for the internal standards ranged from
79–113%. The LOD for individual PAHs compounds ranged from 0.01 to 0.17 ng m−3.

2.6. Health Risk Assessment

BaP-equivalent concentration (BaPeq), also known as toxicity equivalent concentration
(TEQ), was used to evaluate the toxicity of PAHs. To calculate TEQ, the reference toxic
equivalent factor (TEFs) of PAHs with respect to BaP were multiplied with the concentration
of PAHs species [35] as shown on the following equation:

TEQ = 0.001 (ACY + ACE + FLR + PHE + FLT + PYR) + 0.01 (ANT + BgP + CYR)
+0.1(BaA + BkF + BbF + IND) + BaP + DhA

(1)

The carcinogenic risk of PAHs by respiratory exposure was estimated using the incre-
mental lifetime cancer risk (ILCR) model [36,37]. The equation is as follows:

ILCR =
C×

(
CSF× 3

√BW
70

)
× IR× ED× EF

BW×AT
× cf (2)

where:
C (ng m−3) = TEQ
CSF (3.85 mg kg−1 day−1) = Inhalation cancer slope factor of BaP
BW (kg) = Body weight (kg)
IR (12 m3 day−1); = Inhalation rate
ED (6 years) = Exposure duration
EF (250 day year−1) = Exposure frequency
AT (70 years × 365 days) = Averaging time of carcinogenic PAHs exposure [38]
cf = Conversion factor
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To reduce the uncertainties in risk assessment models, Monte-Carlo simulation using
Crystal Ball software version 11.1.2.4 (Oracle Corp., Austin, TX, USA) was applied for
probability and sensitivity analysis, where parameters were expressed by a series of data
based on probability distribution. The results of sensitivity analysis were shown as rank
correlation coefficients and the higher coefficient represents the most contributor in the
uncertainty of calculated risk. Table 1 shows the variable distribution types applied in the
Monte Carlo simulation for both schools in HT and LT areas.

Table 1. The variable distribution types applied in the Monte Carlo simulation for both schools in HT
and LT areas.

Parameter Distribution Mode HT Schools LT Schools

TEQ (ng m−3) Logistic * 2.32 1.02
Inhalation rate (m3 day−1) Constant 12 12

Exposure frequency (day year−1) Constant 250 250
Exposure duration (year) Constant 6 6

Averaging time (days) Constant 25, 500 25, 500
Body weight (kg) Log normal * 33.13, 14.54 28.33, 10.86

Cancer slope factor (mg kg−1 day−1) Constant 3.85 3.85
* Logistic data are represented as arithmetic mean, log normal represented as LN (arithmetic mean and stan-
dard deviation).

2.7. Comet Assay

Buccal epithelial cells of children were collected for the analysis of DNA damage using
Comet assay. The assay was conducted following the protocol in Comet assay Kit (Trevigen,
Gaithersburg, MD, USA; catalogue no. 4253-096-K). Firstly, the buccal cells suspension
were washed with 1x PBS, calcium and magnesium free (Thermo Fisher Scientific, Waltham,
MA, USA; catalogue no. 70011-044) and centrifuged at 2500 rpm for 1 min. 10 µL of cells
were combined with 75 µL of low melting agarose and immediately pipetted onto the
comet slide (Trevigen, Gaithersburg, MD, USA; catalogue no. 4250-200-03). The slides
were placed flat in the dark at a 4◦ C chiller. After 30 min, the slides were immersed in a
pre-chilled lysis solution (Trevigen, Gaithersburg, MD, USA; catalogue no. 4250-050-01)
and left for 60 min in 4 ◦C chiller. Next, the excess buffer was discarded from the slides.
The slides were immersed in the freshly prepared alkaline unwinding solution for 60 min
at room temperature. The slides were removed from the alkaline solution and were placed
horizontal onto the electrophoresis slide tray. Then, alkaline electrophoresis solution was
poured in the tray until the level covered over the slides. Electrophoresis was run for
20 min at 21 V constant voltage. The slides were washed twice in deionized water for
5 min and then washed once in 70% ethanol (R&M Chemicals, Birmingham, UK; CAS no.
64-17-5) for 10 min at room temperature. After drying, the slides were stained with 50 µL
SYBR Green (Invitrogen, Carlsbad, CA, USA; catalogue no. S7563). The comet images
were captured using fluorescence microscope (Olympus, Tokyo, Japan; model BX51) under
20× magnification. The images were analysed using OpenComet software version 1.3
(https://www.cometbio.org, accessed on 24 September 2021). The extent of DNA damage
was reported as tail moment (the product of %T and tail length).

2.8. Statistical Analysis

The data collected were analysed using Statistical Package for Social Science (SPSS)
Version 25 (IBM, Armonk, NY, USA). The data were checked for missing values and
outliers. Data normality of continuous variables were determined based on Shapiro-
Wilks. The statistical tests include univariate, bivariate, and multivariate analysis to
prove the relationship between PAHs and DNA damage. Univariate analysis included
descriptive statistics for sociodemographic data, PAHs concentration, and tail moment
(descriptor for DNA damage). Bivariate analysis involved comparison of means or medians
of the variables studied, particularly for continuous data. The mean for tail moment was
log10-transformed to get normal-distributed data prior to statistical analysis. Meanwhile,
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multiple linear regression was performed to assess the main variables that influence the
DNA damage among the respondents.

2.9. Quality Control

The pre-test of the questionnaire was conducted on at least 10% of the total respon-
dents, which was among 28 respondents. The Cronbach’s α value was 0.812 which con-
sidered acceptable (α ≥ 0.7). The buccal samples were kept at 4 ◦C in an icebox with ice
packs until being transported to laboratory. The comet cells were examined in a zig-zag
pattern under fluorescence microscope to prevent over counting or repetition of cells. Filter
papers were pre-baked at 500 ◦C for 4 h using muffle furnace (Carbolite, Sheffield, UK;
model CWF11/23). To avoid photodegradation, the filter papers were wrapped up in
aluminium foil in sealed bags. No plasticware was used for PAHs analysis to avoid any
cross-contamination from other sources. All glassware used during the procedure were
cleaned, rinsed with n-hexane and rinsed with distilled water and acetone (R&M Chemicals,
Birmingham, UK) prior to being baked in a furnace at 500 ◦C for 4 h, to volatilize and
remove any organic contaminants.

3. Results and Discussion
3.1. Distributions of PAHs Species at Schools

Figure 2 shows the concentrations of total PAHs (∑PAHs) in indoor and outdoor
environment at each school. The distributions of PAHs species in indoor and outdoor
PM2.5 samples were shown in Supplementary S2. As portrayed in Figure 2, the trend of
indoor ∑PAHs concentration for HT schools are as follows H1 (5.58 ± 4.72 ng m−3) > H3
(4.86 ± 3.17 ng m−3) > H4 (4.65 ± 1.39 ng m−3) > H2 (4.19 ± 0.91 ng m−3). Meanwhile for
LT schools, L2 demonstrated the highest indoor ∑PAHs concentration (3.69 ± 3.19 ng m−3)
followed by L1 (3.48 ± 3.14 ng m−3), L4 (2.26 ± 1.32 ng m−3) and L3 (1.25 ± 0.83 ng m−3).
The results clearly showed that a higher concentration of outdoor ∑PAHs was seen in
HT schools compared to LT schools with the highest concentration recorded at school
H1 (5.76 ± 2.20 ng m−3), closely followed by school H3 (5.69 ± 3.22 ng m−3), school H4
(4.96 ± 1.96 ng m−3) and school H2 (4.40 ± 1.79 ng m−3). On the other hand, the schools
in LT group portrayed low PAHs concentration, especially school L3 (1.36 ± 0.69 ng m−3)
and L4 (2.63 ± 1.96 ng m−3). H1 is located less than 50 m away from the main road
and 160 m from highways. Meanwhile, L3 recorded the lowest ∑PAHs concentrations,
with 1.25 ± 0.83 ng m−3 for indoor and 1.36 ± 0.69 ng m−3 for outdoor. The low ∑PAHs
obtained were probably due to less traffic densities in that area. Moreover, the school
environment surrounded by forest may act as a natural filter that contributes to removing
air pollutants, thus lowering the concentration of total ∑PAHs [39]. Trees can help minimize
air pollution by absorbing the particulate matter via stoma uptake [40,41].

In this study, BkF was the dominant species presence in particulate PAHs samples for
all HT schools with concentration range from 0.64 to 1.84 ng m−3 for indoor and 0.71 to
1.04 ng m−3 for outdoor. The result is consistent with study by Suradi et al. [18] which
detected BkF out of 13 measured PAHs species, as the dominant species at Kuala Lumpur
City Hall (DBKL) with the mean concentration 0.42 ng m−3. On the other hand, ACP was
the highest species found in the indoor samples of school L1 and L2 with the concentration
of 0.91 ng m−3 and 0.84 ng m−3, respectively.

It was found that the range of the concentration of indoor ∑PAHs obtained in this
study was quite similar with study by Ismail et al. [39] conducted in three primary schools
in Kuala Lumpur, Malaysia with the concentration ranged from 1.6 to 8.0 ng m−3 for
indoor PAHs. BgP was the dominant species found in the study, which indicate the
vehicular emission. Another study conducted by Sopian et al. [42] in school environment
in Terengganu, Malaysia reported a higher concentration than the present study with
concentration ranged from 4.21 to 63.22 ng m−3 and 5.93 to 67.72 ng m−3 for indoor
and outdoor, respectively. Furthermore, the present study reported a much lower PAHs
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concentration than other studies dealing with the school environment in China [37,43],
Portugal [26] and Lithuania [44].

Figure 2. The concentrations of total PAHs in indoor and outdoor environment at each school.

An urban middle school in Beijing China recorded 6 times higher total PAHs con-
centration than the present study with the concentration of 29.8 ng m−3 and 33.7 ng m−3

for indoor and outdoor, respectively [37]. They had identified BbF, CYR, IcP, Flu, BgP
and BaP as the most prominent species and might be emitted from coal combustion, resi-
dential cooking and traffic exhausts. Wang et al. [43] found a higher level of indoor and
outdoor PAHs in school located in commercial and residential area of Xian, China with
concentrations of 79.9 and 92.00 ng m−3, respectively. BbF, IcP, BgP, CYR and BkF were
the most abundant species found in that study, which contributed by biomass burning,
vehicle emissions, and coal combustion activity. PAHs exposure in primary urban schools
in Portugal recorded a higher total PAHs concentration range from 2.8 to 54 ng m−3 for
indoor and 7.1 to 48 ng m−3 for outdoor which are highly dominated by DhA, Acy and
BjF species [26]. Meanwhile, Krugly et al. [44] reported the concentrations of particulate
and gaseous PAHs in indoor and outdoor air from five Lithuanian urban primary schools
with concentration range from 20.3 to 131.1 ng m−3 and 40.7 to 121.2 ng m−3 for indoor
and outdoor, respectively. In that study, naphthalene appeared be the most abundant PAH
species in all sampling sites. Motor vehicle emissions and fuel combustion for heating
purposes were the main sources of PAHs in the study.

3.2. Indoor and Outdoor PAHs

Figure 3 shows the indoor to outdoor (I/O) ratio of PAHs concentrations. The I/O ratio
can be used to explain the relationship between indoor and outdoor pollution states [37]. If the
I/O ratio were >1, indoor sources are stronger than outdoor sources. On the other hand, if it
were <1, the indoor sources are weaker [45]. This study shows that all schools had I/O ratios
below 1, ranging from 0.86 to 0.99, indicating that the indoor sources were relatively weak.
The results of I/O ratio show that among eight schools, school L2 recorded the highest ratio
(0.99). This situation can be explained by a higher penetration of outdoor particles into indoor
classrooms resulting in higher I/O ratios at L2. This phenomenon may be due to the indoor
and outdoor air exchange due to the natural ventilation system, which refers to the opening
of windows and doors in this school. In addition, the windows in school L2 were open most
of the time, which increases the airflow into the classrooms. The pathway of pollutants from
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outdoor air to indoor spaces depends on ventilation and infiltration. Prevailing wind provides
natural ventilation when doors and windows are open [46]. Infiltration can also occur through
cracks and leaks in the building, which can be significant for a poorly sealed building [47].
Because of these mechanisms, outdoor air pollutants can enter indoor spaces and can either
be diluted or accumulated depending on ventilation conditions [47].

Figure 3. Indoor to outdoor (I/O) ratios of PAHs concentration in each school.

Previous work has conducted studies on the I/O ratio in school environments. Wang
et al. [43] reviewed more than 16 studies from different schools around the world and found
that the I/O ratio of PAHs ranged from 0.43 to 0.93. A study in a middle school in Beijing,
China reported almost similar I/O ratio with the present study, with a value of 0.98 [37].
According to Long and Sarnat [48], an indoor source is present when the I/O ratio is greater
than 1.15. The interpretation of the I/O ratios in the present study supports the idea that
indoor PAH concentrations are mainly influenced by the ambient atmosphere. Analysis of the
diagnostic ratios of individual PAHs may provide further insight into the origin of PAHs.

3.3. Distribution of PAHs Based on Number of Rings

The percentage distribution of outdoor and indoor PAHs based on number of rings was
shown in Supplementary S3. In general, the distribution of individual PAHs was mainly
dominated by high molecular weight (HMW) PAHs structured by four to six rings (FLT, PYR,
BaA, CYR, BaP, BbF, BkF, BgP, DhA, IcP), compared to low molecular weight (LMW) PAHs
with three rings (ACY, ACP, FLR, PHE, ANT). However, school L1, L2, and L4 demonstrated
a contra finding as the LMW conquered the total PAHs concentration compared to HMW. The
indoor and outdoor PAHs at school L1, L2 and L4 had higher contribution of three aromatic
ring PAHs, accounting for more than 50% of the total measured PAHs. The 4-ring PAHs
in all schools accounted for 10 to 20% of the total PAHs. The outdoor HT school, H3 had
the highest fraction of 4 ring (20%). The 5 and 6 ring PAHs were vastly abundant (ranges
between 51 to 79%) in all schools except for three schools L1, L2 and L4. The three mentioned
schools had 32.62% (L1), 27.24% (L2) and 37.68% (L3) of HMW PAHs for the outdoor samples.
Furthermore, the indoor samples of 5 and 6 ring PAHs were highly detected in school H3
with a percentage of 78.88% of the total measured PAHs.

In urban areas, pyrogenic sources are the main source of PAHs, especially HMW-PAHs,
which are mainly present in PM2.5. [18]. As suggested by Yunker et al. [49], HMW PAHs
are more likely to be portioned in PM2.5 compared to LMW PAHs. Based on the finding,
a higher distribution of HMW PAHs was seen in all HT schools which consistent with
previous studies in urban traffic areas in the Klang Valley [10,11,19,36,50]. HMW PAHs
that consist of more than 5 ring are an indicator of traffic emission [51]. HMW PAHs are
usually formed during the process involving high temperature such as fuel combustion [39].
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Meanwhile, the formation of LMW PAHs is associated with low-temperature combustion,
such as wood-burning [52].

3.4. Source Diagnostic Ratio

The source diagnostic ratio was used to identify possible PAH sources in each school.
The application of diagnostic ratios involves comparing ratio between specific pairs of
PAHs compounds with the same molar mass and similar physicochemical properties [52].
Bivariate plots of selected PAHs based on source diagnostic ratio are shown in Figure 4. The
ratio ANT/(ANT + PHE) was indicative of an anthropogenic source of PAHs emissions,
with values below 0.1 indicating a petrogenic source. In contrast, any value above 0.1
indicates a pyrogenic source [53]. In this study, the ratio ANT/(ANT + PHE) had a value
greater than 0.1, indicating a strong contribution from the pyrogenic source. In addition,
the ratio of IcP/(IcP + BgP) was greater than 0.2 for all samples, indicating a contribution
from a pyrogenic source such as fossil fuel combustion, grass, wood, or coal.

Figure 4. Result of source diagnostic ratio method. (a) IcP/IcP + BgP and ANT/ANT + PHE
(b) BaA/BaA + CYR and FLR/FLR + PYR.
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The BaA/(BaA + CYR) ratio is reported as an indicator for petrogenic (unburned
petroleum) sources when <0.2 and combustion sources when >0.35. A ratio between 0.2
and 0.35 indicates that it is from mixed sources [49]. Most of the samples had the ratios of
BaA/(BaA + CYR) higher than 0.35 suggesting that the combustion activity is a primary
source. Akyüz and Çabuk [54] also suggested that a ratio greater than 0.35 denotes vehicular
emissions. Two important anthropogenic sources, namely gasoline and diesel emissions,
contribute to traffic-related air pollution. The FLR/(FLR + PYR) ratio can identify diesel
and gasoline vehicle sources with the higher ratio (>0.5) of FLR/(FLR + PYR) indicate
a diesel emission. In contrast, a lower ratio (<0.5) indicates a gasoline emission [55,56].
Majority of schools in this study were impacted by diesel emission, except for H3 and
L3. Interestingly, 100% of samples from H2 and H4 were originated from diesel emission,
which could be contributed by the pass-by of heavy-duty vehicles. Meanwhile, L3 had the
highest number of samples (n = 6, 75%) originated from the exhausts of gasoline engine
vehicles. This study’s findings suggested that PAH sources mainly from vehicular emission
and other pyrogenic contributions such as grass, wood, and coal combustion. A similar
finding was found in a previous study that reported PAHs compound in Kuala Lumpur
may not only originated from urban traffic combustion, but also contributed by coal, grass,
and wood burning activities [18].

3.5. Health Risk Assessment

The obtained values for ΣTEQ–PAHs in outdoor air ranged from 0.67 to 2.77 ng m−3

with an overall average of 1.64 ng m−3 (Supplementary S4). Meanwhile, the obtained
values for ΣTEQ–PAHs in indoor air ranged from 0.86 to 2.87 ng m−3 with an overall
average of 1.62 ng m−3 (Supplementary S5). Generally, the TEQ values reported in this
study, except for school L3 and L4, has exceeded the maximum permissible risk level of
1 ng m−3 of BaP as set by European Guidelines. Oliveira et al. [28] reported that TEQ values
were mainly higher in Asian schools (range: 4.70–49.4 ng m−3) compared to European
school environments (range: 0.04–29.8 ng m−3).

DhA congener exhibited the highest carcinogenic potency of the PAHs in all schools,
and this was most likely due its high toxicity factor (TEF value of 5). On average, DhA
contributed up to 80% and 76% of outdoor and indoor ΣTEQ–PAHs, respectively. In
contrast, BaP, the most known and studied carcinogenic PAHs, was the second-highest
contributor for ΣTEQ–PAHs, accounting for 13.5% at outdoor and 17.5% at indoor air. The
result is consistent with several previous studies [43,57,58], which reported DhA and BaP
as the most influential components in the TEQ values.

The children in the HT group had a significantly higher risk of cancer than the children
in the LT group. It can be arranged in ascending order: L3 (5.41× 10−8) < L4 (6.18 × 10−8) <
L2 (9.39× 10−8) < L1 (9.43× 10−8) < H2 (1.04× 10−7) < H4 (1.27× 10−7) < H3 (1.66× 10−7)
< H1 (1.99 × 10−7). Monte Carlo simulations were performed to make an accurate cancer
risk estimation of PAH inhalation, as shown in Figure 5. The mean value of the probability
cancer risk for the HT and LT groups were 1.54 × 10−7 and 7.59 × 10−8, respectively, and
both means show similarity to the actual ILCR generated in the SPSS software (1.59 × 10−7

and 7.58 × 10−8). The 95th percentiles of the ILCR calculated the risk for the HT and LT
populations were 2.80 × 10−7 and 1.43 × 10−7, respectively. These ILCR values indicate
that the daily inhalation dose of PAHs and cancer risk for children in the HT group is lower
than the acceptable levels of 10−6 to 10−4 as proposed by the USEPA (2011). The estimated
carcinogen risk for the HT group was higher than previous studies in Kuala Lumpur with
a calculated ILCR of 2.64 × 10−8 and 5.51 × 10−8 in 2019 and 2021, respectively [11,18].
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Figure 5. Probabilistic distribution of ILCR for children in HT and LT groups.

A sensitivity analysis was performed to find the parameter with the greatest impact
on the overall risk outcome. In this study, the TEQ value and body weight (BW) were the
most influential parameters for the carcinogenic risk due to PAH inhalation. As shown
in Figure 6, the PAHs concentration in the TEQ value has a greater impact on the ILCR
estimation in HT and LT group, with a correlation coefficient of 0.58 and 0.71, respectively.
In contrast, an inverse relationship appeared between BW and estimated carcinogenic risk
for HT and LT group (correlation coefficient: −0.72 and −0.59) which similarly found by
several previous studies [42,59–61]. A negative correlation value indicates that the increase
in predictor is associated with a decrease in ILCR prediction. The results of the sensitivity
analysis suggest that the values and probability distributions of TEQ and BW should be
correctly determined to increase the accuracy of the estimated risks.

Figure 6. Sensitivity analysis of carcinogenic risk for children in HT and LT groups. TEQ = Toxic
equivalent concentration; BW = Body weight; AT = Averaging time of carcinogenic PAHs expo-
sure; CSF = Inhalation cancer slope factor; ED = exposure duration; EF = Exposure frequency;
IR = Inhalation rate.

3.6. Individual Factors on DNA Damage

The result shows that the tail moment (parameter of DNA damage) of the HT group
(3.13 ± 0.53) were significantly higher than the value recorded in the LT group (2.80 ± 0.81)
with p < 0.05. The individual factors on tail moment were stratified and compared using
independent t-test and one-way ANOVA, as shown in Table 2. Considering all children
together, the present study revealed that children aged 10–11 years old had significantly
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higher tail moment compared to children aged 7 to 9 years old (3.03 ± 0.62 vs. 2.84 ± 0.71).
Several studies have reported an increased DNA damage by older age as assessed by the
comet assay [62,63]; meanwhile there are studies that showed no effect of age on the extent
of DNA damage [64,65].

Table 2. Comparison of Tail Moment according to a different individual factor.

Variables HT (N = 113) LT (N = 115) All Children (N = 228)

GM ± SD p-Value ‡ GM ± SD p-Value ‡ GM ± SD p-Value ‡

Age
7–9 3.15 ± 0.50 0.914 2.74 ± 0.74 0.302 2.84 ± 0.71 0.040 *
10–11 3.13 ± 0.54 2.88 ± 0.71 3.03 ± 0.62

Gender
Boy 3.09 ± 0.53 0.310 2.86 ± 0.66 0.556 2.99 ± 0.60 0.773
Girl 3.19 ± 0.54 2.78 ± 0.77 2.96 ± 0.71

BMI categories
Underweight 3.20 ± 0.59 0.338 2.98 ± 0.62 0.421 3.10 ± 0.60 0.138
Normal 3.19 ± 0.45 2.87 ± 0.64 3.02 ± 0.58
Overweight 2.84 ± 0.61 2.53 ± 1.13 2.68 ± 0.88
Obese 3.07 ± 0.63 2.69 ± 0.85 2.88 ± 0.76
House distance from main road
<500 m 3.13 ± 0.53 0.846 2.85 ± 0.71 0.243 2.99 ± 0.64 0.465
≥500 m 3.16 ± 0.58 2.63 ± 0.82 2.90 ± 0.75
House distance from highway

<500 m 3.16 ± 0.49 0.504 2.59 ± 0.44 0.393 3.11 ± 0.51 0.028 *
≥500 m 3.09 ± 0.59 2.83 ± 0.74 2.91 ± 0.71
Mode of transportation to school
Active mode 3.04 ± 0.59 0.509 2.79 ± 0.98 0.928 2.95 ± 0.73 0.899
Motorized mode 3.15 ± 0.53 2.82 ± 0.71 2.98 ± 0.65

Grilled food
Yes 3.14 ± 0.54 0.990 2.94 ± 0.66 0.387 3.03 ± 0.61 0.554
No 3.13 ± 0.54 2.79 ± 0.74 2.96 ± 0.67

Supplement intake
Yes 3.12 ± 0.49 0.750 2.76 ± 0.69 0.466 2.96 ± 0.61 0.763
No 3.15 ± 0.59 2.86 ± 0.75 2.99 ± 0.70

Fruit consumption
Yes 3.14 ± 0.54 0.617 2.85 ± 0.72 0.274 3.00 ± 0.65 0.123
No 3.06 ± 0.47 2.66 ± 0.73 2.81 ± 0.66

ETS exposure
Yes 3.16 ± 0.52 0.672 2.87 ± 0.58 0.516 3.01 ± 0.57 0.495
No 3.12 ± 0.55 2.78 ± 0.80 2.95 ± 0.70

‡ ANOVA and Independent Sample t-test were computed based on log-transformed DNA damage; * Significant
at p < 0.05.

Gender, age, and BMI are among the important demographic parameters that need
to be emphasized in epidemiological studies because of their influence on genotoxic ef-
fects [66]. In this study, no significant difference in the tail moment were found for gender.
Gajski et al. [65], in a study of healthy children living in an urban area in Croatia, found a
significantly higher mean value of comet assay parameters in female children compared to
male children. In the present study, no significant difference in tail moment measurement
was found for BMI categories, which is in agreement with study by Sopian et al. [42]. It is
well documented that being overweight and obese are associated with an increased DNA
damage [67]. Gandhi [68] reported that DNA damage was almost five folds higher in the
young obese subjects when DNA migration (strand breaks) was compared to the healthy
control. The study speculated that increased oxidative stress and depletion of antioxidant
in obese subjects resulted in increased genetic damage.

The effects of tobacco smoking on DNA damage have been widely investigated
because tobacco contains carcinogenic and genotoxic substances. Therefore, smoking
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is also considered as a confounder [69]. In the present study, children who exposed to
environmental tobacco smoke (ETS) had a higher tail moment (3.01 ± 0.57) than those
children who did not exposed to ETS (2.95 ± 0.70); however, no significant difference
detected from the mean comparison. Studies by Zalata et al. [70] and Beyoglu et al. [71]
demonstrated that exposure to ETS among children was positively proven can increase
DNA damage. School-aged children are particularly more exposed to secondhand smoke
compared with other age groups. School-aged children spend a lot of time at home and
stay close to their parents, suggesting that living with parents who smoke may be a strong
predictor of increased exposure to substances contained in cigarettes [72].

Interestingly, the results showed that children living less than 500 m from main road
and highway had a longer tail moment than the children living more than 500 m from
main road and highway. However, the differences were statistically significant only for
house distance from highway (p = 0.028) but not with house distance from main road
(p = 0.465). Meanwhile, mode of transportation to school, did not exhibit any significant
difference in tail moment measurement. In this study, grilled food consumers had a higher
tail moment than children who consume less frequently (3.03 ± 0.61 vs. 2.96 ± 0.67,
p = 0.554). Children who less frequently consume supplement also were observed had a
slightly higher tail moment (2.99 ± 0.70) than children who frequently take supplement
(2.96 ± 0.61). Fruit consumption, however, showed inverse findings, as children who
frequently eat fruit had a higher tail moment than those who less frequently eat fruit
(3.00 ± 0.65 vs. 2.81 ± 0.66, p = 0.123). High consumption of vegetables, fruits and juices
rich in antioxidant vitamins and phytophenols has been shown to be positively associated
with low levels of endogenous DNA strand breaks and oxidised DNA bases, and protective
against ex vivo generation of DNA damage [69,73].

3.7. Factors That Influence DNA Damage

Simple linear regression was applied to investigate the relationship between DNA
damage (tail moment) with possible predictor factors of DNA damage among children. Tail
moment was used as a dependent variable in the linear regression. Supplementary S6 shows
that the total particulate PAHs and carcinogenic PAHs in indoor and outdoor environment
had significant influence on the occurrence of DNA damage in buccal epithelial cells of
children in this study. In addition, the analysis also revealed a significant association
between house distance from highway and DNA damage. Other individual factors did not
exhibit significant association in the regression model.

The significant variables were further computed into MLR analysis using a stepwise
method to determine the best predictor of the dependent variable. It was revealed that total
indoor PAH exposure was the most significant factor that influenced the DNA damage
among children, as portrayed in equation below:

Log tail moment = 2.734 + 0.063 (Exposure to total indoor PAHs) (3)

As shown in Table 3, the model predicted every unit increase of exposure to total
indoor PAHs will lead to increment of log tail moment by 0.063. For the model, the beta
value was significant at the 0.05 level. VIF value was <5, which suggested that there was no
problem with multicollinearity. There was a significant direct linear relationship between
total indoor PAHs with DNA damage (p < 0.05). Total indoor PAHs explained 4.4% of the
variance in tail moment, adjusted R2 = 0.044, F (1, 226) = 11.54, p < 0.05.

The present study strongly suggests that DNA damage is significantly affected by
indoor particulate PAHs after controlling all possible confounding factors such as age,
gender, BMI, house distance from main road and highway, mode of transportation to
school, dietary habit and ETS exposure. Since all classrooms in this study has natural
ventilation system, the present study provide evidence that children could be subjected to
outdoor PAHs that infiltrate the schools’ indoor environment via open windows and doors,
in which poses a higher risk of genotoxicity. In addition, the indoor-outdoor PAHs ratio in
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all schools ranged from 0.86 to 0.99, indicating a high penetration of outdoor PAHs into
indoor classrooms.

Table 3. Factor that influences DNA damage among children after controlling all confounders.

Variable B (95% CI) β p-Value Adjusted R2

Constant 2.734 (2.572, 2.897) <0.001 * 0.044
Indoor tPAHs 0.063 (0.026, 0.100) 0.220 0.001 *

* Significant at p < 0.05; Method: Stepwise.

The present study is in line with those of Sopian et al. [42], who discovered severe DNA
damage in children living near a petrochemical plant in Terengganu, which exposed them
to high amounts of particulate PAHs. In that study, the total indoor PAHs and open burning
were the significant factor that influence the tail moment (adjusted R2 = 0.127). In other
words, the interaction of indoor PAH emissions and open burning significantly explained a
12.7% variation of the tail moment. In another study by Jasso-Pineda et al. [27], a significant
DNA damage was found in a group of children living in a family that utilised biomass
combustion. The study revealed a significant correlation between internal PAHs exposure
(1-OHP) and DNA damage (r = 0.65, p < 0.01). Similarly, Sanchez Guerra et al. [74] also
found positive associations between internal PAHs exposure (1-OHP) and DNA damage
among Mexican children living near petrochemical industries. In addition, the results of
this study are supported by a study by Ismail et al. [75], which demonstrated a high risk of
DNA damage and respiratory symptoms in children who attended school near busy roads
in Selangor.

A fact that could be considered a limitation of the present study was other toxic
pollutants emitted from motor vehicles were not investigated in this study. DNA damage
could also be induced by numerous environmental pollutants besides PAHs (i.e., Benzene
and 1,3-butadiene) [76,77]. Future research should be conducted on quantification of
other carcinogenic pollutants such as toxic gases (benzene, toluene, ethylbenzene, xylenes)
to evaluate comprehensively the combine effects of exposure to urban air pollutants on
genotoxic effects in children.

4. Conclusions

The findings provided evidence that children living near busy roads are more likely to
be exposed to environmental PAHs and have a higher risk of genotoxicity than children
living in low traffic areas. This study has successfully reduced the knowledge gap on
relationship between urban traffic pollution and genotoxicity in children in the Southeast
Asia region. The results not only contribute to the understanding of the levels, distribution,
and sources of PAHs in educational settings, but also shed light on the governance of
children’s living environments and well-being, especially in urban areas. Although damage
to genetic material is ubiquitous and inevitable for organisms, effective DNA repair systems
can protect against these negative effects and maintain genetic stability. However, if the
rate of DNA damage exceeds the capacity of the cell to repair it, detrimental biological
consequences such as genotoxic damage and carcinogenesis will occur. Further study on
the link between PAH exposure and genomic integrity in children should be investigated
to shed additional light on potential health risks. This study recommends increasing the
distance between future school sites and busy roads to reduce children’s exposure to PAHs
from traffic. Although the location of schools should be further away from busy roads, it is
not easy to relocate existing schools, especially in the Klang Valley where the population is
growing but there is less and less land available. Therefore, traffic density around existing
schools should be reduced.
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Abstract: Studies on adverse health effects associated with air pollution mostly focus on individual
pollutants. However, the air is a complex medium, and thus epidemiological studies face many
challenges and limitations in the multipollutant approach. NO2 and PM2.5 have been selected as
both originating from combustion processes and are considered to be the main pollutants associated
with traffic; moreover, both elicit oxidative stress responses. An answer to the question of whether
synergistic or antagonistic health effects of combined pollutants are demonstrated by pollutants
monitored in ambient air is not explicit. Among the analyzed studies, only a few revealed statistical
significance. Exposure to a single pollutant (PM2.5 or NO2) was mostly associated with a small
increase in non-accidental mortality (HR:1.01–1.03). PM2.5 increase of <10 µg/m3 adjusted for NO2

as well as NO2 adjusted for PM2.5 resulted in a slightly lower health risk than a single pollutant. In
the case of cardiovascular heart disease, mortality evoked by exposure to PM2.5 or NO2 adjusted
for NO2 and PM2.5, respectively, revealed an antagonistic effect on health risk compared to the
single pollutant. Both short- and long-term exposure to PM2.5 or NO2 adjusted for NO2 and PM2.5,
respectively, revealed a synergistic effect appearing as higher mortality from respiratory diseases.

Keywords: air pollutants; NO2; PM2.5; multi-pollutant approach; mortality; morbidity

1. Introduction

Recently, there has been a significant increase in publications on air pollution and
human health [1]. As an example, Sun and Zhu [2] in a scoping review analyzed 361 articles
covering studies on both short- and long-term health consequences of exposure to various
ambient air pollutants. Among ambient air pollutants most commonly investigated are
particulate matter (PM) with diameters < 10 µm and <2.5 µm (PM2.5, PM10), as well as
nitrogen dioxide (NO2). To a lesser extent, studies included general air pollution of gases
such as ozone (O3), sulfur dioxide (SO2), and carbon monoxide (CO), as well as hazardous
air pollutants (HAPs) such as metals and volatile organic compounds (VOC) [3–16]. Health
effects are analyzed in a wide range. Dominski et al. [1] ranked the most frequently studied
health effects, starting with (1) respiratory diseases including asthma, respiratory infections,
respiratory disorders, and chronic obstructive pulmonary disease (COPD). Following
this were (2) cardiovascular diseases including hypertension, heart rate variability, heart
attack, cardiopulmonary disease, ischemic heart disease, blood coagulation, deep vein
thrombosis, and stroke; (3) other diseases such as DNA methylation changes, neuro-
behavioral disfunctions, inflammatory disease, skin disease, and disability; (4) pregnancy
and children characterized by such parameters as birth weight, infant death, infantile
eczema, preterm birth, fertility, pregnancy-induced hypertension, and other diseases;
(5) mental disorders: Alzheimer’s disease, Parkinson’s disease, depression and stress,
annoyance, autism spectrum disorder (ASD), and reduced cognitive function; (6) all causes,
when there are no specific causes of disease, including morbidity, hospital admissions,
outpatient visits, emergency room visits, and mortality; (7) chronic diseases: diabetes and
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chronic respiratory diseases; (8) general health outcomes; and (9) cancer, including bladder
cancer, brain tumor, breast cancer, liver cancer, lung cancer, and unspecified cancer.

Thus far, we have learned much about the relationships between air pollution and
health. In last year’s updated World Health Organization (WHO) air quality guidelines [17],
the limit values were significantly decreased (Table 1). We know that the majority of
health effects present a positive correlation to air pollution levels and that the harmful
outcomes are evident. The plausibility of these associations is supported by results from
experimental exposures to humans, animals, and cells [18]. For some pollutants, the results
are ambiguous, there is more than one interpretation, or only limited evidence is available
for harmful health effects. Moreover, for some pollutants, especially those characterized by
levels below the reference concentration, no health effects are to be expected [19].

There are significant statistical associations between concentrations of individual pol-
lutants and population health outcomes. A single-pollutant approach to air pollution
management and research was partly motivated by the Clean Air Act [20], which identifies
six criteria air pollutants (CO, tropospheric O3, lead—Pb, nitrogen oxides (NOx), PM, and
SO2), that are the motivation of air quality regulations based on monitored air concentra-
tions. WHO air quality guidelines [17] point out that among priorities for policy-relevant
scientific questions such as “how, why and for whom do the health effects of air pollution
exist?” there has been a call to move from a single-pollutant to a multi-pollutant approach.
An amendment from the single-pollutant approach requires a shift in air pollution health
research to provide a sound basis for multi-pollutant air quality management.

Table 1. EU limit values and WHO Air Quality Guidelines (AQG) for considered air pollutants.

Air Pollutant
EU Limit Values [21] WHO AQG [17]

Annual a Annual Daily

PM2.5, µg/m3 25 5 15
NO2, µg/m3 40 10 25

n.a.—not applicable; a daily values are not available.

WHO guidelines [17] point out that studies of multi-pollutant exposures including
the examination of additive, synergistic (greater than additive), or antagonistic (less than
additive) effects play an important role. The Environmental Protection Agency USA pro-
vided definitions for terms that describe various types of toxicologic interactions, including
forms of additivity, antagonism, inhibition, masking, potentiation, synergism, and other
toxicologic phenomena [18,22], defined below:

(1) Additivity is when the “effect” of the combination is estimated by the sum of the
exposure levels or the effects of the individual chemicals. The effect may refer to the
measured response or the incidence of adversely affected animals. The sum may be a
weighted sum (the sum of component doses scaled by their toxic potency relative to
the index chemical) or a conditional sum (when the toxic response from the chemical
mixture is equal to the sum of independent component responses).

(2) Antagonism is when the effect of the combination is less than that suggested by the
component’s toxic effects. Antagonism must be defined in the context of the definition
of “no interaction”, which is usually dose or response addition.

(3) Inhibition is when one substance does not have a toxic effect on a certain organ system,
but when added to a toxic chemical, it makes the latter less toxic.

(4) Masking is when the compounds produce opposite or functionally competing effects
at the same site or sites so that the effects produced by the combination are less than
suggested by the component’s toxic effects.

(5) Potentiation is when one substance does not have a toxic effect on a certain organ or
system, but when added to a toxic chemical, it makes the latter more toxic.

(6) Synergism is when the effect of the combination is greater than that suggested by the
component’s toxic effects. Synergism must be defined in the context of the definition
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of “no interaction”, when neither compound by itself produces an effect, and no effect
is seen when they are administered together.

(7) Confounding is another cause of concern in studies of air pollution. If not adequately
addressed, cofounding may either increase the apparel effect of air pollution. Con-
founding occurs when a confounder, a risk predictor for the outcome of concern,
co-varies with the air pollutant being investigated.

A fundamental aspect of the multi-pollutant approach to air pollution epidemiology
is that the air pollutant concept is being replaced by a common source perspective. To
assess the multi-index analysis of ecological risks from the source perspective, a geographic
information system (GIS) and remote sensing (RS) can be used. Among indicators reflecting
environmental risks, the pressure from urban expansion, land use, and degradation as
well as cropland proportion can be included [23]. One of the sources identified as being
responsible for adverse health effects is transport. For automobile traffic, the characteristic
pollutants are NO2 and PM2.5. Both are derived from combustion processes and increase
oxidative stress [24]. NO2 is often treated as a surrogate for PM [25,26]; on the other hand,
14% to 27% of the measured secondary PM2.5 is generated from NOx set of reactions [27,28].
Nevertheless, NO2 or PM2.5 alone are not sufficient to fully characterize the toxicity of the
atmospheric mixture or to fully explain the risk of mortality and morbidity associated with
exposure to ambient air pollution [6].

Other factors, besides ambient air quality, that determine the length and quality of life
is a healthy lifestyle including both dietary habits [29,30] and physical activity [31].

This paper aims to synthesize worldwide evidence on the health effects of short-term
and long-term exposure to both NO2 and PM2.5 on all-cause and/or cause-specific mortality
and morbidity. As most of the studies focus on single pollutants, we aim to present the
knowledge gaps in the multi-pollutant approach.

Our intention is to provide an illustrative overview of the available health research per-
formed with respect to the concurrent NO2 and PM2.5 exposure and should be considered
rather in a narrative context, not as a systematic review. To identify publications reporting
results from studies on the impact of NO2 and PM2.5 on health effects, we conducted a
broad search of the online databases, particularly with articles published during the last
10 years. Both research articles and literature reviews on the relationship between simulta-
neous NO2 and PM2.5 exposure and physical and/or mental health effects were included.
Inclusion criteria were (1) cohort studies; (2) long-term exposure metrics, i.e., annual or
multi-year averages; (3) mean daily or monthly exposure metrics (short-term exposure);
(4) cross-sectional, case–control studies. A good example is the systematic review pub-
lished by Mills et al. [32], presenting the results of 60 articles that provided estimates of
both (1) NO2 as a single-pollutant and (2) a two-pollutant model including NO2 adjusted
for PM and to a lesser extent PM meta-analyses for NO2 adjusted. However, within a
study [32], PM10 was the most used metric (67%). Orellano et al. [10] presented evidence on
the physical health effects of short-term exposure to PM10 and PM2.5, NO2, and ozone (O3)
on all-cause mortality, and PM10 and PM2.5 on cardiovascular, respiratory, and cerebrovas-
cular mortality. A highly valuable work covering both the physical and mental health
effects with respect to NOx exposure available risk ratios was included in the review of
Shaw and Heyst [33].

The results presented here do not represent an exhaustive list of the literature on
physical and/or mental health, but rather offer an illustration of findings in this area,
particularly studies presenting statistic parameters: risk, odds, or hazard ratios. It is
worth underlining that risk ratios (RR), odds ratios (OR), and hazard ratios (HR) are three
common, but often misused, statistical measures, especially in clinical research, or are
misunderstood in their interpretation of a study’s results [34].

Risk ratio (RR) is also known as relative risk. The definition from the Dictionary of
Environmental Health [35] states that RR is an expression of the occurrence (such as either
a percentage or ratio) of the particular phenomenon in an exposed population compared to
the appearance of the same phenomenon in a population that has not been exposed. A RR
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of 1 means that the probability or risk of an event occurring in either population when
compared to the other is even, and therefore both groups have the same amount of risk. If
the risk is doubled, the RR is 2, and if it is halved, it is 0.5.

Odds ratio (OR) is a statistical technique used in epidemiological case–control studies
derived by dividing the odds of an event happening in the exposed group by the odds of
the same event happening in the control group [35]. OR provides a measure of the strength
of association between two variables on a scale, with 1 being no association, above 1 being
a positive association, and below 1 being a negative association. While risk reports the
number of events of interest in relation to the total number of trials, odds report the number
of events of interest in relation to the number of events not of interest. Stated differently, it
reports the number of events to nonevents. For example, the risk of flipping a coin to be
heads is 1:2 or 50%; the odds of flipping a coin to be heads is 1:1, as there is one desired
outcome (event), and one undesired outcome (nonevent). Misreporting of the OR as the
RR, then, can often exaggerate data. It is important to remember that OR is a relative
measure just as RR, and thus sometimes a large OR can correspond with a small difference
between odds [36].

Hazard ratio (HR) is a similar but distinct measure. It concerns rates of change as a com-
parison of two hazards. It can present how quickly two survivorship curves diverge through
comparison of the slopes of the curves. An HR of 1 indicates no divergence—within both
curves, the likelihood of the event was equally likely at any given time. An HR not equal to
1 indicates that two events are not occurring at an equal rate, and the risk of an individual
in one group is different than the risk of an individual in another at any given time interval.
An important aspect of HRs is the proportional hazard assumption. To report a singular
hazard ratio, it must be assumed that the two hazard rates are constant [36]. Regardless of
the value of RR/OR/HR, the interpretation should only be made after determining whether
the result provides statistically significant evidence towards a conclusion (verified by a
p-value < 0.05 or 95% confidence interval). Keeping these principles and the RR/OR/HR
framework in mind minimizes bias and prevents erroneous conclusions being drawn from
the results of a published study on different samples. Table 2 shows the characteristics of
RR/OR/HR ratios along with correct and incorrect use.

Table 2. Risk ratio (RR) vs. odds ratio (OR) vs. hazard ratio (HR) [36].

Parameter RR OR HR

Aim

Determination of
relationships in risk
potential based on

some variable.

Identify the relationship
between two variables.

Determine how one group
changes relative to

the other.

Usage Informs how an
intervention changes risk.

Informs whether there
is a relationship

between the
intervention and the

risk; estimates how this
relationship occurs.

Informs how intervention
changes the rate at which
an event is experienced.

Limitations

Only applicable if the
study design is

representative of the
population. Cannot be
used for case–control

studies.

It can generally be used
anywhere but is not

always a useful statistic
on its own. It

exaggerates the risks.

In order to be typically
useful, the rate of change

within the two groups
should be

relatively consistent.

Timeline Static. Summarizes an
overall study.

Static. Summarizes an
overall study.

Dynamic. Provides
information about the way

a study progresses
over time.
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Table 2. Cont.

Parameter RR OR HR

Correct

Most useful and often
preferred statistic.

Most intuitive and easiest
to understand.

Can be more widely
used.

Can sometimes
approximate relative

risk in rare cases.
Does not require a
random sampling.
Useful for logistic

regression and
case–control studies.

Allows a member of
association in outcomes in

survivorship curves.

Incorrect

Must assume causal
direction (change in an
independent variable
changes the outcome

variable).
Only effective and useful

with randomized
something.

Less intuitive and can
seem to exaggerate data.
Only shows correlation,

not causation.

Requires proportional
hazards assumption (all

data groups must show a
roughly linear relationship
between number of events

and time).
Should be reported with
median time-to-event.

2. Considerations and Discussion

Air pollution has an impact on various health effects. The simplest division includes
mortality and morbidity. Mortality reflects the reduction of life expectancy, while morbidity
relates to illness occurrence. Mortality is the most studied health endpoint in association
with air pollution [37]. The analysis includes all-cause and cause-specific mortality. Other
terms used for this indicator are premature death, additional mortality, and death post-
poned. In all of these metrics, the health effect is expressed by the number of deaths [38].
Morbidity indicator estimates changes in new or existing diseases in a target population [39].
Low air pollution levels can impact on the health of susceptible and sensitive groups, espe-
cially with already fragile immune systems (e.g., immunodeficiency, asthma, malnutrition,
old age, infancy) [40].

Studies showed a relationship between air pollutants and adverse health effects that
appear after short-term (acute) or long-term (chronic) exposure [41]. Short-term expo-
sure to air pollutants is closely related to COPD, cough, shortness of breath, wheezing,
asthma, respiratory disease, and high rates of hospitalization (a measurement of morbid-
ity). The long-term effects connected with exposure to air pollution are chronic asthma,
pulmonary insufficiency, cardiovascular diseases, and cardiovascular mortality. According
to a Swedish cohort study [42], diabetes seems to be induced after long-term air pollution
exposure. Moreover, air pollution appears to have various malign health effects in early
human life, such as respiratory, cardiovascular, mental, and perinatal disorders, leading
to infant mortality or chronic disease in adult age [43]. Exposure to pollutants in utero
increases the risk of neuro-developmental delay. Childhood exposure has been inversely
associated with neuro-developmental outcomes in younger children, as well as with aca-
demic achievement and neurocognitive performance in older children. In older adults, air
pollution is associated with accelerated cognitive decline [44].

There is also emerging evidence that air pollutants may adversely affect cognitive
development [45], cognitive performance [15,44–47], and stress [48] and psychological well-
being [49,50]. Air pollution impairs verbal tests, and the effect becomes stronger as people
age. Cognitive decline or impairment are risk factors for Alzheimer’s disease and other
forms of dementia, especially for elderly persons [47,51]. The wide-ranging impacts of air
pollutants on brain health and functioning may support the hypothesis of an association
with clinically relevant mental health outcomes [9].

Acute and long-term effects are partly interrelated; however, long-term effects are
not the sum of short-term effects [26]. The effects of long-term exposure are much greater
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than those observed for short-term exposure, suggesting that effects are not just due to
exacerbations, but maybe also could be due to the progression of underlying diseases.
On the other hand, the effects of continued short-term exposure may contribute to the
initiation or exacerbation of the chronic disease, and those affected by the acute expo-
sures may reflect a distinct, susceptible subgroup with underlying or existing disease or
unrecognized vulnerability [26].

2.1. Health Effects of PM2.5

PM is a widespread air pollutant, consisting of a mixture of solid and liquid particles
suspended in the air, covering a wide range of sizes and chemical compositions [52].
PM is considered so hazardous that in 2016, the WHO and the International Agency for
Research on Cancer (IARC) classified ambient PM as Group 1—compounds carcinogenic
to humans. The authors of the IARC monograph [53] underline that PM exposure from
different sources features mutagenic and carcinogenic effects in people. Unfortunately,
the number of air monitoring ground stations is limited, and the spatial distribution is
discontinuous, and thus to obtain a fine-grained spatiotemporal distribution of PM2.5, a
retrieval model can be used [54]. In an estimation of future global mortality from changes
in air pollution, Silva et al. [55] predicted 55,600 (−34,300 to 164,000) deaths in 2030 and
215,000 (−76,100 to 595,000) in 2100 due to PM2.5 worldwide (countering by 16% the global
decrease in PM2.5-related mortality.

Fine particles with a diameter < 2.5 µm (PM2.5) are considered one of the leading
environmental health risk factors due to the potential penetration of particles deeper
into the lungs [56]. Total lung deposition of PM2.5 particles is about 60% for ultrafine
particles and 20% for fine particles [57]. In adults at rest, the nasal deposition of PM2.5
is about 20% and increases to 30–40% during exercise. Lower values (about 10–20%) are
reached in children aged 5–15 years [58]. Once deposited in the lung, most particles are
removed through several clearance mechanisms. Insoluble particles deposited on ciliated
airways are generally removed from the respiratory tract by mucociliary activity within
24–48 h [57]. Several PM2.5 can also be absorbed into the bloodstream through alveolar
capillaries, causing lung and systemic inflammation [59–61]. The inflammatory reactions of
the lungs and bronchi are due to oxidative stress produced by increased levels of reactive
oxygen species (ROS) that responsible for many of the cardiovascular and respiratory
health effects [62]. Among the mechanisms related to cardiovascular outcomes, the most
influential is the release of pro-oxidative and proinflammatory mediators from the lungs
into the circulation and autonomic nervous system imbalance [63].

2.1.1. Short-Term Exposure to PM2.5

Short-term exposure to PM2.5 evidences a positive relationship with hospital ad-
missions or emergency room visits for cardiovascular outcomes or respiratory effects,
increasing from a 0.5 to 3.4% per 10 µg/m3 rise in PM2.5 levels [37]. Significant associations
between short-term (averaging time over 2 or 24 h) PM2.5 concentrations and myocardial
infarction [27,64] cardiac arrhythmias as well as ischemic stroke [65] were observed. Studies
on specific cardiovascular diseases indicate that ischemic heart disease, and congestive
heart failure may be influential for the observed associations. Although estimates from
studies of cerebrovascular diseases are less precise and consistent, ischemic diseases are
more strongly associated with PM2.5 compared to hemorrhagic stroke. The available evi-
dence suggests that cerebrovascular effects occur at short lags (approximately 1 day), while
effects at longer legs are rarely evaluated. Cardiovascular hospital admissions are especially
reported in areas with concentrations ranging from 7 to 18 µg/m3 [22,27]. Toxicological
studies associated with PM2.5 exposure show reduced myocardial blood flow during is-
chemia and altered vascular reactivity, providing myocardial ischemia. In addition to
ischemia, plausible biological mechanisms include increased right ventricular pressure and
decreased myocardial contractility in the association between PM2.5 and congestive heart
failure. Additionally, systemic inflammation and oxidative stress are cited [55,66,67].
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In a meta-analysis of 33 studies from China addressing the short-term effects of air
pollution, a 10 µg/m3 increase in PM2.5 was associated with a 0.38% increase in total
mortality [68]. Han et al. [69], on the basis of the measurements conducted from 2015
to 2019 in 296 cities across China, estimated that long-term exposure to PM2.5 levels
exceeding current WHO guidelines (5 µg/m3) was associated with 17% average all-cause
mortality. Data for China are relevant to analysis performed, for example, in Poland, as
PM concentrations in China are far higher than the Western European or North American
averages but comparable to results from Poland [68]. The estimated short-term effects of
daily PM2.5 concentrations on mortality were even more profound than in Western Europe
or China. In the short-term exposure to PM2.5, the number of emergency hospitalizations
for pneumonia increased by 1.7% per 10 µg/m3 of PM2.5 [70]. In contrast, the increase in the
number of deaths for Tricity and Warsaw (Poland) were 2.1% and 2.6% per 10 µg/m3 PM2.5,
respectively [71]. Several lines of evidence suggest that PM2.5 promotes and exacerbates
allergic disease, which often underlies asthma [72]. A burst of reactive oxygen species
induced by PM2.5 was found in the neutrophils of asthmatic patients [73]. Braithwaite
et al. [9] in a systematic review included 11 studies on short-term (<6 months) associations
between eligible mental health outcomes and PM2.5.

2.1.2. Long-Term Exposure to PM2.5

Longer-term effects of PM2.5 exposure could be greater than the immediate ones [71].
PM2.5 is recognized as a key air pollutant significantly related to premature mortality
attributed to cardiovascular diseases and lung cancer [74,75]. The results of the European
Study of Cohorts for Air Pollution Effects (ESCAPE) showed higher overall mortality due
to long-term PM2.5 exposure, with statistically significant associations also reported for in-
dividuals exposed to PM2.5 concentrations below the European threshold of 25 µg/m3 [76].
Data from many European cohorts found an association between long-term exposure to
PM2.5 and lung and kidney cancer [77–83]. At concentrations exceeding the threshold value,
pediatric PM2.5 exposures deliver health interventions before the development of obesity
and identify and mitigate environmental factors influencing obesity and Alzheimer’s dis-
ease. Braithwaite et al. [9], through the analysis of nine articles, support the hypothesis of
an association between long-term (≥6 months) PM2.5 exposure and depression, as well as
anxiety. Calderón-Garcidueñas et al. [84] pointed to diffuse neuroinflammation, damage to
the neurovascular unit, and the production of autoantibodies to neural and tight-junction
proteins as the worrisome findings in children chronically exposed to concentrations above
PM2.5 current standards, potentially constituting significant risk factors for the develop-
ment of Alzheimer’s disease later in life. The results of the REVIHAAP (Review of Evidence
on Health Aspects of Air Pollution) project [26] point to additional systemic health effects
beyond the respiratory and cardiovascular systems—for example, effects on the central
nervous system, the progression of Alzheimer’s and Parkinson’s diseases, developmental
outcomes in children, and reproductive health outcomes such as low birth weight.

2.1.3. PM2.5 Health Effect Mechanism

There are different mechanisms of effect considering both short- and long-term ex-
posure. The health effects of PM2.5, as well as the mechanisms underlying these effects,
were investigated by Feng et al. [85] in 132 articles published from 2005 to 2015. The central
mechanisms of harmful effects of PM2.5 are oxidative stress (intracellular), mutagenic-
ity/genotoxicity, and inflammation [85]. Initially, across the absorption of PM2.5 by the
targeting cells, toxic effects ensue due to the release of organic chemicals from the pollutant,
which is metabolically activated by enzyme systems. Oxidative stress through free radicals
and activation of inflammatory cells is an important mechanism [86]. Furthermore, impair-
ment of the antioxidant system is an adverse effect and could be a mechanism for damage.
Some organic extracts from PM2.5, such as polycyclic aromatic hydrocarbons (PAHs), are
responsible for mutagenicity, including DNA damage responses, promoting changes in the
biochemistry and physiology of cells. However, one of the main mechanisms of almost all
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the adverse health effects of PM2.5 is inflammation. Systemic inflammation seen through
bio-markers (e.g., C-reactive protein) is a consequence induced by PM2.5. Moreover, several
studies have shown a decrease in immune function caused by PM2.5 [85]. The modifications
in physiological and biochemical functions, as well as damage to some tissues and organs,
are factors that can lead to the development of several negative consequences, including
cardiovascular diseases [85].

2.2. Health Effects of NO2

NO2 has low water solubility (0.037 cm3/cm3 H2O at 35 ◦C), and therefore a large
fraction of inhaled NO2 could be deposited in the peripheral airways. Inhaled NO2, or
a component or reaction product of NO2, could subsequently be delivered via tissue
absorption and transfer across the blood–gas interface to the blood; therefore, systemic
effects are possible [87]. It is absorbed along the entire respiratory tract, but exposure studies
indicate that the major target site for the action of NO2 is the terminal bronchioles. Despite
laboratory, clinical, and epidemiological research, the health effects of NO2 exposure on
humans are not well understood. The toxicological evidence suggests that increased
susceptibility to infection; functional deficits from effects on airways; and deterioration
of the status of persons with chronic respiratory conditions, including asthmatics, are of
potential concern [88].

2.2.1. Short-Term Exposure to NO2

In the short-term exposure, a 0.3% increase in total daily mortality was reported
per 10 µg/m3 NO2 increase [88]. The strongest short-term effects of NO2 exposition are
respiratory hospital admissions (all ages), and the following are all-cause mortality (all
ages). Adebayo-Ojo et al. [4] point to a significant increase in hospital admissions for
respiratory disease per lower increase in NO2 concentration (interquartile range IQR of
7.3 µg/m3). A positive association among all ages was 2.3; however, among children under
15 years old, the estimate increased to 3.1%. Cardiovascular hospital admissions are also
included; however, a sensitivity analysis showed that in the case of cardiovascular effects,
PM is more indicative. The study in Poland [71] showed that the acute health outcomes
associated with NO2 exposure might be worse than anticipated [76].

Tsai and Yang [89] found a significant association between hospital admissions for
pneumonia and PM2.5 in Taipei, Taiwan. Polish findings highlight the prominent im-
pact of NO2 on pneumonia-related hospitalizations. Pneumonia is an important cause
of death, especially in the sensitive groups of young children and the elderly. In 2017,
worldwide, 15% of all deaths of children under 5 were caused by pneumonia [90]. In
patients with asthma, NO2 potentiates bronchial responsiveness [91] and triggers both
allergen-dependent [92] and -independent [93] eosinophilic inflammation. At concentra-
tions ≥ 2 ppm, NO2 disrupts the tracheobronchial epithelial monolayer [94] and modifies
the severity of viral infections [95]. In the Polish study [71], the greatest immediate effect
on pneumonia-related hospitalizations in all investigated agglomerations had NO2, and
a NO2 increase of 10 µg/m3 was associated with up to an 11% increase in the number of
daily pneumonia-related hospitalizations.

2.2.2. Long-Term Exposure to NO2

In the ESCAPE project [96], the long-term effect of NO2 on natural-cause mortality
was not shown. On the other hand, Faustini et al. [96], in a meta-analysis of 19 studies,
demonstrated that an annual increase in NO2 of 10 µg/m3 was associated with a 4.1%
increase in natural mortality. The magnitude of NO2 effects on mortality was similar to
that of PM2.5 [96]. Two large cohort studies [97,98] examined the relationship between lung
function growth in children and long-term exposure to NO2. Although in California [98]
the mean NO2 concentrations were rather low (from 7.5 to 71.4 µg/m3), and in Mexico
City [97] were rather high (51–80 µg/m3), both demonstrated deficits in lung function
growth in children associated with NO2 exposition. In Norway and Sweden, exposure to
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NO2 from traffic was associated with decreased lung function in children 9–10 years old in
Oslo [99] and 8 years old in Stockholm [100].

2.2.3. NO2 Health Effect Mechanism

The main mechanism of NO2 toxicity has been suggested to involve lipid peroxida-
tion in cell membranes and various actions of free radicals on structural and functional
molecules. The concentrations over 0.2 ppm produce the above-mentioned adverse effects
in humans, while concentrations higher than 2.0 ppm affect the cytotoxic T lymphocytes
(CD8+ T cells) and natural killer cells (NK cells) that produce our immune response [41].

Associations between NO2 pollution and mortality [71,101], as well as the exacerbation
of asthma [102], enhance the allergic response to inhaled allergens [103,104], manifesting
as respiratory viral infection and its associated inflammation. Spannhake et al. [95] investi-
gated the interactive effects of human rhinovirus type 16 (RV16) and the NO2 on markers
of proinflammatory activity in human bronchial and nasal epithelial cells. Dose–response
experiments for NO2 indicated that 3 h exposure to concentrations from 1.0 to 3.0 ppm
induced cytokine release from bronchial epithelial cells in a dose-dependent manner with a
minimal effect on cell viability. Additionally, the authors of [95] analyzed the interaction
between asthmatic symptoms and viral infection within their common epithelial cell targets
in the upper and lower respiratory tracks. The results demonstrated that the expression and
release of IL-8 (interleukin 8, a pro-inflammatory cytokine that has a role in neutrophil acti-
vation and has been identified within the pathogenesis and progression of the disease [105])
in response to combined infection and NO2 exposure was significantly higher than the sum
of release from the cells that underwent only infection or only NO2 exposure.

NO2 damages the lung and proteins vital to its function. The mechanism includes
exposure of α-1-proteinase inhibitor (α1PI) to NO2, which resulted in a 50% loss of im-
munoreactivity with either monoclonal or polyclonal antibodies in an enzyme-linked
immunosorbent assay at molar ratios of NO:α12PI of 100:1 and greater. Additionally,
the results of parallel O-phthalaldehyde and bicinchoninic acid protein assays as well as
amino acid analysis on control and NO2-exposed α1PI suggested a reactivity of NO2 with
lysine residues [106].

2.3. PM2.5 and NO2

The epidemiological evidence has consistently shown that the NO2 associations do
not reflect adverse effects of NO2 itself but rather the health effects of other air pollutants,
mainly PM or other components of the complex mixture of traffic-related air pollutants [32].
Predominantly, this is due to the strong correlations between NO2 and other combustion-
derived air pollutants, especially PM. Many studies [7,14,26,107–114] underline a positive
correlation between NO2 and PM2.5. In some studies, NO2 has been proposed as a surrogate
for PM [115,116]; in others, the confounding effects of PM2.5 are also underlined [88,117].
Based on 7 years of air pollutant measurements in Iran, analyzed by the AirQ+ model,
Naghan et al. [101] observed that the short-term effects of PM2.5 on health were greater
than those of NO2. However, the long-term effects of NO2 were greater than PM2.5.

A number of studies confirm the relationship between multiple pollutants. For ex-
ample, in 17 Chinese cities (characterized by average NO2 levels of 26–67 µg/m3), each
short-term 10 µg/m3 increase in NO2 corresponded to a 1.63% increase in mortality [118].
The association stayed significant when adjusted for PM [118]. In comparison with Chinese
findings [118], research performed in Poland [71] showed an increase in daily mortality of
1.7% in Cracow and of 3.9% in the Tricity per 10 µg/m3 NO2 increase; however, the effect of
NO2 was independent of other air pollutants including PM2.5. In a Dutch birth cohort, NO2
and PM2.5 were highly correlated (0.93), and a regression model confirmed the association
with some outcomes of asthma and allergy during the first 4 years of life [119]. Interestingly,
NO2 is likely a potential modifier for the association between PM2.5 and the risk of inhaled
allergies because the risk estimates for PM2.5 in higher NO2 (≥42.0, µg/m3) are statistically
different from those in lower NO2 levels (p = 0.046) [120]. However only a few articles
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have investigated the relationship between PM2.5 and NO2, and our analysis identified
only eight publications with specific data on RR, OR, or HR (Table 3). In our review, only
three articles [16,114,121] covered concentration ranges exceeding EU guidelines (Table 1)
for both pollutants.

Table 3. Risk ratio (RR), odds ratio (OR), and hazard ratio (HR), and health effects linked to PM2.5

and NO2 exposure.

Health
Outcomes

Exposure
Duration OR/HR/RR

Mean (Min.-Max.) Concentration µg/m3
References

PM2.5 NO2

Non-Accidental Cause Mortality

Non-
accidental

causes

Chronic

HR: 1.01 (95% CI 0.99–1.02)
10 µg/m3 PM2.5 adjusted for NO2

HR: 1.02 (95% CI 1.01–1.03)
10 µg/m3 NO2 adjusted for PM2.5

23.0 (7.2–32.1) 43.6 (13.0–75.2) [110]

Chronic

HR: 1.02 (95% CI 1.00–1.04)
2.8 µg/m3 PM2.5 (IQR) adjusted for NO2

HR: 1.03 (95% CI 1.01–1.05)
12.5 µg/m3 NO2 (IQR) adjusted for PM2.5

5.9 (0.4–17.2) 8.6 (0.0–69.1) [122]

Natural cause Chronic

HR: 1.06 (95% CI 0.98–1.15)
5 µg/m3 PM2.5 adjusted for NO2

HR: 1.01 (95% CI 0.97–1.05)
10 µg/m3 NO2 adjusted for PM2.5

6.6–31 5.2–59.8 [76]

All-cause
mortality

Chronic

RR: 1.015 (95% CI 0.980–1.050)
5.03 µg/m3 PM2.5 (IQR) adjusted for NO2

RR: 1.015 (95% CI 0.098–1.050)
7.74 µg/m3 NO2 (IQR) adjusted for PM2.5

14.1 (4.3–25.1) 12.3 (3.0–21.9) [123]

Chronic

OR: 1.023 (95% CI 0.814–1.279)
35.6 µg/m3 PM2.5 (IQR) adjusted for NO2

OR: 1.457 (95% CI 1.076–2.152)
16.9 µg/m3 NO2 (IQR) adjusted for PM2.5

80.7 (37.0–142.4) 49.7 (33.6–68.1) [16]

Short term
(1 h-days)

RR: 1.0004 (95% CI 0.9926–1.0082)
10 µg/m3 PM2.5 adjusted for NO2

5.7–176.7
18.4–99.2

(24-h average)
40.0–161.2 (1 h max.)

[10]

Cardiovascular Disease Mortality

Cardiovascular

Chronic

RR: 1.043 (95% CI 0.989–1.101)
5.03 µg/m3 PM2.5 (IQR) adjusted for NO2

RR: 1.030 (95% CI 0.987–1.075)
7.74 µg/m3 NO2 (IQR) adjusted for PM2.5

14.1 (4.3–25.1) 12.3 (3.0–21.9) [123]

Short term
(1 h-days)

RR: 1.0092 (95% CI 0.9945–1.0241)
10 µg/m3 PM2.5 adjusted for NO2

5.7–176.7
18.4–99.2

(24-h average)
40.0–161.2 (1 h max.)

[10]

Congenital
heart diseases Chronic

OR: 1.267 (95% CI 0.643–2.404)
35.6 µg/m3 PM2.5 (IQR) adjusted for NO2

OR: 1.667 (95% CI 1.011–2.738)
16.9 µg/m3 NO2 (IQR) adjusted for PM2.5

80.7 (37.0–142.4) 49.7
(33.6–68.1) [16]

Ischemic heart
disease Chronic

RR: 1.090 (95% CI 1.015–1.170)
5.03 µg/m3 PM2.5 (IQR) adjusted for NO2

RR: 1.029 (95% CI 0.972–1.090)
7.74 µg/m3 NO2 (IQR) adjusted for PM2.5

14.1 (4.3–25.1) 12.3 (3.0–21.9) [123]

Out-of-
hospital

cardiac arrest
Chronic OR: 1.07 (95% CI 1.03–1.11)

10 µg/m3 PM2.5 adjusted for NO2
76.0 (5.0–476.0) 51.7 (7.8–136.2) [114]

Respiratory Disease Mortality

Respiratory

Short term
(1h-days)

RR: 1.0135 (95% CI 1.0008–1.0263)
10 µg/m3 PM2.5 adjusted for NO2

5.7–176.7
18.4–99.2

(24-h average)
40.0–161.2 (1 h max.)

[10]

Chronic

RR: 1.064 (95% CI 0.954–1.185)
5.03 µg/m3 PM2.5 (IQR) adjusted for NO2

RR: 0.973 (95% CI 0.891–1.063)
7.74 µg/m3 NO2 (IQR) adjusted for PM2.5

14.1 (4.3–25.1) 12.3 (3.0–21.9) [123]
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Table 3. Cont.

Health
Outcomes

Exposure
Duration OR/HR/RR

Mean (Min.-Max.) Concentration µg/m3
References

PM2.5 NO2

Pneumonia-
related Chronic

OR: 0.961 (95% CI 0.754–1.145)
35.6 µg/m3 PM2.5 (IQR) adjusted for NO2

OR: 1.781 (95% CI 1.011–2.738)
16.9 µg/m3 NO2 (IQR) adjusted for PM2.5

80.7 (37.0–142.4) 49.7
(33.6–68.1) [16]

Lung cancer Chronic

RR: 0.985 (95% CI 0.867–1.119)
5.03 µg/m3 PM2.5 (IQR) adjusted for NO2

RR: 1.118 (95% CI 1.010–1.236)
7.74 µg/m3 NO2 (IQR) adjusted for PM2.5

14.1 (4.3–25.1) 12.3 (3.0–21.9) [123]

Cerebrovascular Disease Mortality

Stroke Chronic

RR: 1.019 (95% CI 0.934–1.112)
5.03 µg/m3 PM2.5 (IQR) adjusted for NO2

RR: 1.070 (95% CI 0.998–1.147)
7.74 µg/m3 NO2 (IQR) adjusted for PM2.5

14.1 (4.3–25.1) 12.3 (3.0–21.9) [123]

Chronic Diseases

Chronic kidney
diseases Chronic

HR: 1.43 (95% CI 0.98–2.09)
10 µg/m3 PM2.5 adjusted for NO2

HR: 1.05 (95% CI 0.97–1.14)
10 µg/m3 NO2 adjusted for PM2.5

26.6 44.8 [121]

IQR—interquartile range.

The health outcomes have been grouped among non-accidental mortality
[10,16,76,110,122,123], cardiovascular disease mortality [10,16,114,123], respiratory dis-
ease mortality [10,16,123], and additionally stroke [123] and chronic kidney diseases [121].
Tables 4 and 5 present the comparison of RR, OR, and HR between NO2 (Table 4) and PM2.5
(Table 5) adjusted for PM2.5 and NO2, respectively. Generally, the highest risk of mortality
is connected with congenital heart diseases (cardiovascular mortality) and pneumonia
(pneumonia), both reported in [16]. Wang et al. [16] analyzed the associations between
ambient air pollution and the number of deaths among children under 5 years old. The au-
thors found that the associations between pollutants and infant deaths in Beijing (between
January 2014 and September 2014) were more pronounced than those in children aged
1–5 years at lag1–lag2 and lag01–lag02. In the case of NO2 in the multi-pollutant analysis,
the OR was higher at all-cause mortality and pneumonia-related mortality than for a single
pollutant. However, in the case of mortality caused by congenital heart diseases, the adjust-
ment of PM2.5 brought an antagonistic effect in comparison to NO2 alone. An antagonistic
relationship was also found for PM2.5 exposure adjusted for NO2, for all-cause mortality,
congenital heart diseases, and pneumonia-related mortality; however, PM2.5 exposure was
not statistically significant. As presented in Tables 3–5, for congenital heart disease, OR
were 1.267 (95% CI 0.643–2.404) for PM2.5 adjusted for NO2 and 1.667 (95% CI 1.011–2.738)
for NO2 adjusted for PM2.5, while for single pollutants were 1.155 (95% CI 0.953–1.390) and
1.383 (95% CI 1.113–1.718) for PM2.5 and NO2, respectively. Since the confidence interval
(CI) included the value 1, we cannot be sure that the influence of the PM2.5 increase was
statistically significant. Statistically significant positive associations were observed for NO2.
Moreover, the pneumonia-related associations of NO2 were stronger than those observed
for overall death.

Jerret et al. [123] in California cohort studies including 73,711 subjects used land use
regression (LUR) models to evaluate the association between air pollution, including PM2.5
and NO2 and several causes of death, such as cardiovascular disease, ischemic heart disease,
stroke, respiratory disease, and lung cancer. In models that included both PM2.5 and NO2,
the PM2.5 associations with mortality from all causes were reduced to about half the size of
those in the single-pollutant models, and the estimates became insignificant. The increase in
NO2 and PM2.5 concentration on cardiovascular disease mortality revealed the highest risk
among the analyzed results. PM2.5 exposition caused a significantly higher risk of death
due to congenital heart diseases and ischemic heart diseases, but the effects of PM2.5 were
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attenuated with NO2. PM2.5 had elevated but insignificant risk estimates for respiratory
deaths, whereas neither of the other pollutants was associated with respiratory mortality.
For lung cancer, NO2 consistently elevated risks in two-pollutant models.

Table 4. Risk ratio (RR), odds ratio (OR), and hazard ratio (HR) with corresponding health effects
linked to NO2 exposure alone and adjusted for PM2.5.

Health Outcomes
Exposure
Duration

NO2
Adjusted for PM2.5

NO2 Synergistic (+)
Antagonistic (−)

No Significant Difference (0)
Reference

HR OR RR HR OR RR

Non-Accidental Cause Mortality

Non-accidental
causes

Chronic 1.02 1.01 + [110]

Chronic 1.03 1.03 0 [122]

Natural cause Chronic 1.01 1.01 0 [76]

All-cause mortality
Chronic 1.025 1.031 − [123]

Chronic 1.457 1.383 + [16]

Cardiovascular Disease Mortality

Cardiovascular Chronic 1.03 1.048 − [123]

Congenital heart
diseases Chronic 1.667 2.103 − − [16]

Ischemic heart
disease Chronic 1.029 1.066 − [123]

Respiratory Disease Mortality

Respiratory Chronic 0.973 0.999 − [123]

Pneumonia-related Chronic 1.781 1.74 + [16]

Lung cancer Chronic 1.118 1.111 + [123]

Cerebrovascular Disease Mortality

Stroke Chronic 1.07 1.078 − [123]

Chronic Diseases

Chronic kidney
diseases Chronic 1.05 1.07 − [121]

p > 0.05 no significant association. Statistically significant risks values are in bold.

The influence of the increase in NO2 and PM2.5 concentration on non-accidental mor-
tality was featured as 1–3% of health risk increase [110,122]. The adjustment for PM2.5 in
NO2 increase pointing towards small synergy or no influence was observed, while adjust-
ment for NO2 in PM2.5 increase revealed a small antagonistic effect. Cesaroni et al. [110]
analyzed cause-specific mortality of adults in Rome in accordance with two GIS indica-
tors of traffic exposure (distance to heavy traffic roads with >10,000 vehicles per day, and
traffic intensity in 150 m); however, these associations were evaluated separately for NO2
and PM2.5. In the two-pollutant model, long-term exposure to both NO2 and PM2.5 were
analyzed only in the aspect of non-accidental mortality with HR: 1.02 (95% CI 1.01–1.03)
per 10 µg/m3 of NO2 adjusted for PM2.5, and HR: 1.01 (95% CI 0.99–1.02) per 10 µg/m3 of
PM2.5 adjusted for NO2.

The single pollutant estimations point to similar non-accidental mortality risk for PM2.5
and NO2, with HRs of 1.01 (95% CI 1.00–1.02) and 1.01 (95% CI 1.00–1.01), respectively. In
the two-pollutant model, the associations were similar to single-pollutant risks; however,
PM2.5 adjusted for NO2 were not statistically significant. Christidis et al. [122] analyzed the
data from 1981 to 2016 in a cohort of Canadian communities exposed to low concentrations
of PM2.5 (average 5.9 µg/m3). The unadjusted model had a HR: 0.96 (95% CI 0.92–1.00),
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which increased to 1.11 (95% CI 1.04–1.18) when adjusted by the socio-economic, behavioral,
and contextual covariates. The authors evaluated the impact of individual-level behavioral
risk factors on the PM2.5 mortality association relationship. The inclusion of behavioral
covariates in a model including socioeconomic and ecological covariates lowered the PM2.5
hazard ratio by 2% (from 1.13 to 1.11). This modest change in the hazard ratio can indicate
that the behavioral covariates were being adequately controlled for by the socio-economic
and ecological covariates in the established relationship between PM2.5 exposure and non-
accidental mortality. In the two-pollutant model, the estimated effect of an increase in NO2
on mortality was independent from the PM2.5 adjustment, while the HR associated with an
increase in PM2.5 concentration in the adjustment for NO2 was only slightly lower than the
HR of a single pollutant (HR: 1.03, 95% CI 1.01–1.05, and HR: 1.03, 95% CI 1.02–1.05 for
PM2.5 and NO2, respectively).

Table 5. Risk ratio (RR), odds ratio (OR), and hazard ratio (HR) with corresponding health effects
linked to PM2.5 exposure alone and adjusted for NO2.

Health Outcomes
Exposure
Duration

PM2.5
Adjusted for NO2

PM2.5 Synergistic (+)
Antagonistic (−)

No Significant Difference (0)
Reference

HR OR RR HR OR RR

Non-Accidental Cause Mortality

Non-accidental
causes

Chronic 1.01 1.01 0 [110]

Chronic 1.02 1.03 − [122]

Natural cause Chronic 1.06 1.07 − [76]

All-cause mortality

Chronic 1.015 1.032 − [123]

Chronic 1.023 1.155 − [16]

Short term
(1 h-days) 1.00 1.0065 − [10]

Cardiovascular Disease Mortality

Cardiovascular

Chronic 1.043 1.064 − [123]

Short term
(1 h-days) 1.009 1.0092 0 [10]

Congenital heart
diseases Chronic 1.267 1.653 − − [16]

Ischemic heart
disease Chronic 1.09 1.111 − [123]

Out-of-hospital
cardiac arrest Chronic 1.07 1.07 0 [114]

Respiratory Disease Mortality

Respiratory
Short term
(1 h-days) 1.014 1.0073 + [10]

Chronic 1.064 1.046 + [123]

Pneumonia-related Chronic 0.961 1.171 − − [16]

Lung cancer Chronic 0.985 1.062 − [123]

Cerebrovascular Disease Mortality

Stroke Chronic 1.019 1.065 − [123]

Chronic Diseases

Chronic kidney
diseases Chronic 1.43 1.53 − − [121]

p > 0.05 non-significant association. Statistically significant risks values are in bold.
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In the article on all-cause mortality by Beelen et al. [76], the authors analyzed the
data from 22 European cohorts recruited mainly in the 1990s. Exposure to PM2.5 and
NO2 as separate pollutants resulted in HR: 1.07 (95% CI 1.02–1.13) and 1.01 (95% CI
0.99–1.03), respectively, for a 5 µg/m3 increase in PM2.5 concentration and 10 µg/m3 for
NO2. However, the health risk of the increase in NO2 concentration was not statistically
significant (CI includes value 1). In the two-pollutant model, the health effect estimates
either for PM2.5 adjusted for NO2 (HR: 1.06, 95% CI 0.98–1.15) or for NO2 adjusted for
PM2.5 (HR: 1.01, 95% CI 0.97–1.05) did not differ from the single-pollutant model.

The development of chronic kidney disease and confirmed long-term exposure to
ambient PM2.5 and NO2 was examined by Guo et al. [121]. Every 10 µg/m3 increase in
PM2.5 or NO2 concentrations was associated with a higher risk of developing chronic
kidney disease. The increase in PM2.5 concentration resulted in a higher risk of developing
chronic kidney disease than the increase in NO2 concentration. HR for PM2.5 alone was
1.53 (95% CI 1.07–2.2), while for NO2, the risk was eightfold lower (HR: 1.07, 95% CI
1.00–1.15). The adjustment for PM2.5 or NO2 appeared to be antagonistic in comparison to
single-pollutant risk. However, the results were not statistically significant.

In one study [114], the authors analyzed the increase in out-of-hospital cardiac arrest
and calculated the ORs per 10 µg/m3 increase in NO2 levels. Furthermore, they statistically
compared the concentrations on control days with the daily average concentrations on
the onset day (Lag 0) and on days 1–5 before onset (Lags 1, 2, 3, 4, and 5). In a multi-
pollutant model including NO2 adjusted for PM2.5, the estimated effect was comparable
to a single-pollutant risk. For PM2.5, OR was 1.07 (95% CI 1.04–1.10), and for NO2, it
was 1.05 (95% CI 0.98–1.11); however, the calculated OR for PM2.5 adjustment was not
statistically significant.

Only one study included short-term exposition. Orellano [10], in an extensive review
including 196 articles, reported evidence of a positive association between short-term
(1 h do 1 day) exposure to air pollutants and all-cause mortality. In the case of single
pollutants, the relative risk levels were 1.0065 (95% CI 1.0044–1.0086) and 1.072 (95% CI
1.0059–1.0085) for PM2.5 and NO2, respectively. As can be seen (Tables 3–5), the association
values were higher for NO2 adjustment in comparison to a single-pollutant model in the
case of respiratory diseases and were lower in the case of all-cause mortality; however, in
the later, the statistical significance was irrespective.

3. Conclusions

A literature review of the health effects of the co-interactions of the pollutants under
consideration (PM2.5 and NO2) showed that it depended on the type of pollutant, the cause
of death/disease, and the magnitude of the increase in its concentration.

The increased risk of non-accidental mortality was observed with higher NO2 and
PM2.5 concentrations. NO2 was significantly associated with mortality when adjusted
for PM2.5; however, the estimated effect of PM2.5 was no longer significant. With a small
increase in concentration, the risk for all-cause mortality was raised from 1 to 3%. NO2
exposure adjusted for PM2.5 at a high concentration of ambient PM2.5 was particularly
influential, revealing significant synergy between both pollutants. PM2.5 was associated
more with cardiovascular disease mortality, whereas NO2 exposure was associated more
with respiratory mortality. Regardless of which pollutant was major or adjusted, in car-
diovascular mortality, the adjustment resulted in a rather antagonistic effect, while in
respiratory disease mortality, particularly by pneumonia and lung cancer, NO2 exposure
adjusted for PM2.5 revealed a synergistic effect, and conversely, PM2.5 exposure adjusted
for NO2 brought about an antagonistic effect.

The high correlations between pollutants were associated with serious limitations in
the use of multi-pollutant models. Because of this, the health effects of many pollutants
are still not fully known. To better understand the health effects of many pollutants, more
research needs to be conducted on biological mechanisms, preferably grouping pollutants
according to their mode of action.
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