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Abstract

Airborne particulate matter (PM) is understood nowadays as a major health risk. The
finer PM fraction is the most dangerous for human health. Children are among the most
vulnerable to PM and air pollution due to their immature respiratory systems and higher
respiration rates than adults. Since most of the population spends more time indoors, know-
ing the different sources of PM in this environment and the contribution of outdoor sources
is of great importance. Despite advances in the comprehension of indoor air quality, many
gaps still exist regarding PM transfer from outdoors to indoor environments.

Environmental magnetism offers an excellent opportunity for PM investigation. It is
sensible to investigate the finer fractions (sub-micrometric) of iron oxides present in PM even
when they occur in small concentrations. Magnetic methods are also particularly suited to
be used together with bio-sensors, biological samples able to retain pollutants, such as tree
leaves and tree bark. Bio-sensors are a great alternative to low-cost sensors, being cost-
effective and of low environmental impact. They also offer the opportunity for innovative
experimental designs.

Here we combined magnetic methods with bio-sensors to better understand the indoor-
outdoor PM problem in different urban contexts. The thesis’s main goal was to characterize
PM’s anthropogenic emissions indoors and outdoors and the relationship between them. The
different urban emission sources were characterized in PM2.5 filters, providing information
about the magnetic properties of those sources, which were later used in the study of bio-
sensors. Bio-sensors were used in citizen science projects to study PM indoors and outdoors
in urban environments. In this thesis, innovative magnetic techniques were also used to
investigate the ultrafine fraction of magnetic PM regarding grains on the superparamagnetic
size range (i.e., below ~ 30nm for magnetite). Scanning electronic microscopy provided
complementary morphological information about iron oxides and other PM constituents.
The results indicate that different anthropogenic emission sources had a narrow grain size
distribution. Traffic emissions dominated the magnetic fraction of PM carried indoors in
domestic and school environments. Ultrafine iron oxide spherules of about 50nm (and finer)
are related to traffic emissions, as detected in the SEM. The indoor environment has a lower
concentration of magnetic PM (with mean I/O for SIRM calculated at 0.7 and 0.9 in the
schools and 0.5 in the residencies). However, the size fraction is finer than outdoors (in the
SSD). The ultrafine fraction (below the SP-SSD boundary) has a mean diameter calculated
at 7.7nm. Other PM sources, besides traffic emissions, are also important indoors, especially
in the school environment, as shown by 1/O for organic carbon concentrations ranging from
1.1 to 1.9.

Lastly, we investigated the fate of PM emitted in the urban setting. With the hypothesis
that PM particles emitted in urban environments are carried away in the water cycle, sedi-
ments of the Garonne river were studied. The results show peaks in magnetic susceptibility
(reaching values of 2.95x 10°m? /kg) and trace metals (such as Cu and Pb reaching concentra-
tions of 139.0 and 73.5ppm) in the downtown region of Toulouse that point to anthropogenic
input. The presence of iron oxide spherules with micrometric size (ranging from 10 to 91um)
shows traffic emission sources as the origin of the detected particles.

Overall, this thesis provided new insights on the anthropogenic emission of PM and their
indoor-outdoor relationship, which can be used to characterize the air quality of the domestic



v

and school environment.



Résumé

Les particules en suspension dans I’air (PM) sont aujourd’hui considérées comme un risque
majeur pour la santé. Les enfants constituent I'un des groupes les plus vulnérables aux PM
et a la pollution atmosphérique. Comme la majorité de la population passe plus de temps
a l'intérieur, il est tres important de connaitre les différentes sources de particules dans cet
environnement et la contribution des sources extérieures. Malgré les progres réalisés dans
la compréhension de la qualité de I'air intérieur, de nombreuses lacunes subsistent en ce qui
concerne le transfert des particules de I'extérieur vers l'intérieur.

Le magnétisme environnemental offre une grande opportunité pour I’étude des PM, car
il est suffisamment sensible pour étudier les fractions les plus fines des oxydes de fer présents
dans les PM. Les méthodes magnétiques sont également particulierement adaptées pour étre
utilisées avec des bio-capteurs, échantillons naturels capables de retenir les polluants. Les
bio-capteurs constituent une excellente alternative aux capteurs a faible cofit, car ils sont
rentables et ont un faible impact sur ’environnement.

Ici, nous avons combiné des méthodes magnétiques avec des bio-capteurs afin de mieux
comprendre le probleme des PM intérieur-extérieur dans différents contextes urbains. L’objectif
principal de la these était de caractériser les émissions anthropiques de PM a l'intérieur et a
Iextérieur et la relation entre elles. Les différentes sources d’émissions urbaines ont été car-
actérisées dans des filtres PM2.5, fournissant des informations sur les propriétés magnétiques
de ces sources, qui ont ensuite été utilisées dans I’étude des bio-capteurs. Les bio-capteurs
ont été utilisés dans le cadre de projets scientifiques citoyens, afin d’étudier les PM dans
les environnements urbains. Dans cette these, des techniques magnétiques innovantes ont
également été utilisées pour étudier la fraction ultrafine des PM magnétiques. La micro-
scopie électronique a balayage a fourni des informations morphologiques complémentaires sur
les oxydes de fer et les autres constituants des PM. Les résultats indiquent tout d’abord que
les différentes sources d’émissions anthropiques présentaient une distribution granulométrique
étroite. Pour la ville de Toulouse, les émissions dues au trafic routier ont dominé la frac-
tion magnétique des PM qui sont transportées a l'intérieur des habitations. Des sphérules
d’oxydes de fer ultrafines d’environ 50nm (et plus) liées aux émissions du trafic, ont été
détectées au MEB. L’environnement intérieur présente une concentration plus faible de PM
magnétiques (avec des I/O moyens pour le SIRM compris entre 0.7 et 0.9 pour les écoles et
de 0,5 pour les résidences). La fraction granulométrique est plus fine par rapport a 'extérieur
(dans le SSD). La fraction ultrafine pour ce type de grain a un diametre moyen calculé a
7.7nm. D’autres sources de particules, outre les émissions du trafic, sont également impor-
tantes a l'intérieur, notamment dans l’environnement scolaire, comme le montrent les I/O
pour la concentration de carbone organique allant de 1.1 a 1.9.

Avec I’hypothese que certaines des particules PM émises en milieu urbain sont entrainées
dans le cycle de 'eau, les sédiments de la Garonne ont été étudiés. Les résultats montrent des
pics de susceptibilité magnétique (atteignant des valeurs de 2.95 x 10°m3/kg) et de métaux
traces (tels que Cu et Pb atteignant des concentrations de 139.0 et 73.5 ppm) dans le centre-
ville de Toulouse qui indiquent un apport anthropique. La présence de sphérules d’oxydes
de fer de taille micrométrique (allant de 10 a 91pm) montre que les sources d’émission liée
au trafic routier sont a 'origine des particules détectées.

En conclusion, cette these a fourni de nouvelles informations sur les émissions anthropiques
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de particules et sur leur relation intérieur-extérieur, qui peuvent étre utilisées pour car-
actériser la qualité de I'air dans les environnements urbaines.
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Chapter 1

Introduction

1.1 English version

Air pollution is omnipresent in our society and has become a major global problem [WHO,
2021b]. Air pollution is a complex mixture of gasses and particulate matter (PM). PM com-
prises airborne solid particles and liquid droplets with diverse compositions [Seinfeld and
Pandis, 2016]. Sources of air pollution are economical and industrial processes, domestic
activities, transportation, and personal habits, among others. The problems posed by air
pollution have a complex nature since air pollution is ubiquitous and very specific for ev-
ery context, from a global to regional to individual scale. Understanding air pollution, its
implications, and its consequences are no simple task and require a global vision.

Since the early 1990s, the relationship between anthropogenic PM emissions and health
hazards has been thoroughly investigated. Exposure to PM has been directly linked to an
increase in mortality, increase in severity of different health conditions, and development
of new diseases [Dockery and Pope, 1994, Pope III and Dockery, 2006, Cohen et al., 2017,
Burnett et al., 2018, WHO, 2013, Murray et al., 2020]. Children are particularly in danger
from PM exposure. Their immature respiratory and neurological systems may be irreversibly
affected by PM exposition. Their neuropsychological development may also be impacted
[Martins et al., 2020, Kim et al., 2004, Rice and Barone Jr, 2000, WHO, 2021a]. Nowadays,
it is understood that the burden of disease associated with PM exposure is on par with other
major global health risks such as unhealthy diets and tobacco smoking [Murray et al., 2020].
Moreover, exposure to PM also has economic consequences due to the loss of productivity,
health care costs, impact on crops, and damage to buildings and infrastructure, among others
[El-Fadel and Massoud, 2000, Nguyen et al., 2017, Bank et al., 2016].

Air quality investigations are generally based on methods characterizing pollutants con-
centrations, like PM (and their specific size-segregated species like PM10 and PM2.5, refer-
ring to particles inferior to 10 and 2.5 pm respectively), nitrogen oxides (NOs for instance),
ozone (O3), carbonaceous species (elemental and organic carbon, EC and OC, respectively)
among others. For PM, investigations are based on capturing and measuring PM concen-
trations. Real-time, in situ PM concentration measurements can be achieved using tapered
element oscillating microbalance [Patashnick and Rupprecht, 1991, Grover et al., 2005]. Op-
tical measurements are based on counting individual particles [Lombardo et al., 2019]. Both
traditional and low-cost PM sensors can be found on optical measurements, usually using

1



CHAPTER 1. INTRODUCTION

infrared or red lasers [Kuula et al., 2020]. Size selection for PM capture in filters is based
on the aerodynamic properties of the PM, and it’s selective for 50% of the size distribution,
capping at a given maximum size, 2.5 and 10um for PM2.5 and PM10, for instance, [Chow
et al., 1994]. The concentration of PM is estimated from the PM deposition on the air filter
using mass measurements. Monitoring air quality stations are capable of high temporal reso-
lution measurements, albeit the costs limit the spatial availability of such stations. Globally,
the coverage of monitoring air quality stations for the most common pollutants is inadequate
for tracking emissions outside major cities and even absent in some countries [WHO, 2021b].

The spatial availability of air quality data may be increased using mobile or low cost
sensors [Gozzi et al., 2016, Castellini et al., 2014, Hasenfratz et al., 2015, Mueller et al.,
2016, Elen et al., 2013, Van den Bossche et al., 2016], short term campaigns [Mishra et al.,
2012] and air quality modeling [Thunis et al., 2016, Kumar et al., 2011, Lefebvre et al.,
2013, Vardoulakis et al., 2003]. Bio-sensors, i.e., biological samples exposed to PM (or other
pollutants) emissions, is also an excellent alternative, providing a cost-effective and low en-
vironmental impact alternative to other low-cost sensors. The use of bio-sensors is not new
in environmental investigations. For instance, exposure to moss (in small mesh bags) has
been used for over 40 years to characterize air pollutants [Ares et al., 2012]. Furthermore,
bio-sensors may be used in magnetic characterizations to investigate PM emissions [Hofman
et al., 2017].

Environmental magnetism methods can be applied to the study of PM since iron oxides
are pervasive among the PM constituents [Hunt et al., 1984, Flanders, 1994, Chaparro et al.,
2020, Winkler et al., 2021]. In addition, iron oxides in PM have been directly associated with
trace metals, such as zinc, cadmium, lead, and chromium, at times being incorporated into
the mineral structure during combustion [Moreno et al., 2003, Magiera et al., 2011]. Conse-
quently, their magnetic properties are not only proxies for PM concentration but are of direct
interest due to the health-related consequences of human exposure to trace metals. Environ-
mental magnetism methods are cost-effective, easy to implement, and non-destructive. The
environmental magnetism methods can be applied for PM investigation in different kinds of
samples, from air filters [e.g., Sagnotti et al., 2006, Shi et al., 2014, Leite et al., 2018] used
in traditional PM investigation, to settled dust [e.g., Kelepertzis et al., 2019, Kim et al.,
2009, Liu et al., 2019a, Bourliva et al., 2016], sediments [e.g., Franke et al., 2009], soils [e.g.,
Hoffmann et al., 1999] and also to collectors [e.g., Hofman et al., 2017, Sagnotti et al., 2006,
Mitchell and Maher, 2009, Chaparro et al., 2020]. These samples allow high flexibility in
designing PM monitoring programs in diverse settings, environments, and locations. The
magnetic properties of iron oxides provide means to discern the magnetic mineralogy (i.e.,
soft coercivity carriers and hard coercivity carriers), their size fractions, and estimate their
concentrations and relative proportions [e.g., Mitchell and Maher, 2009, Sagnotti et al., 2006,
Leite et al., 2021]. Moreover, different magnetic techniques enable the investigation of the
finer fractions of iron oxides in the ultrafine size range from PM0.1 (<0.1um) to nano-sized
grains [Sagnotti and Winkler, 2012, Mitchell and Maher, 2009, Leite et al., 2018]. For exam-
ple, the xARM/SIRM ratio allows the qualitative determination of grain sizes in the single
domain range for magnetite [Maher, 1988]. In contrast, the SPCDM protocol gives quanti-
tative concentration for magnetites in grain sizes smaller than ~ 30nm [Leite et al., 2018].
The magnetic susceptibility frequency dependence gives quantitative information on grain
size variation for magnetites on the stable single domain-superparamagnetic threshold [Ustra
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et al., 2018]. In this way, the magnetic properties of the iron oxides can be used as proxies
for the whole of PM, providing complementary information to traditional methods used in
PM investigations.

Magnetic properties measured on bio-sensors (vegetable/funghi matter, tree bark, leaves,
mosses, among others) may provide additional information and supplementary spatial data
to existing air quality monitoring stations, being previously applied to assess local air quality
models [Hofman and Samson, 2014, Lazié et al., 2016, De Nicola et al., 2013, Mitchell and
Mabher, 2009]. The ubiquitous presence of bio-sensors (leaves, tree bark, moss, lichens) in
nature provides a cost-effective and easy way to increase the spatial resolution of traditional
air quality investigation methods. The environmental impact of using bio-sensors is low,
especially compared to low-cost PM sensors. Moreover, bio-sensors allow for innovative
experimental designs, increasing the spatial and temporal coverage of surveys and enabling
the sampling of indoor and outdoor environments with the same toolkit. Given their nature,
they can also be easily incorporated into “citizen science” initiatives.

Awareness of the environment may motivate people to take necessary actions to tackle
the environmental problems we face [Pihkala, 2020]. Air pollution, as well as climate change,
is a complex problem without simple solutions. It requires not only organized action from
governmental institutions but also individual and collective participation of the society as
a whole. Environmental education may help deal with those modern challenges, informing
the population outside academia and proposing strategies to deal with those challenges.
Public awareness of the significant environmental threats of our time (such as climate change)
may lead to eco-anxiety development, including depression, general anxiety, and pessimism
towards the future, among others [Pihkala, 2020, Russell and Oakley, 2016, Cunsolo Willox
et al., 2013].

Citizen science could play a fundamental role in air quality studies. Making the active
population players in the construction of scientific knowledge leads to scientific vulgariza-
tion, increasing public awareness of the scientific process - of its achievements and limits.
In the age of “fake-news” and illiteracy regarding several scientific topics with substantial
societal implications, the involvement of non-scientists in the scientific process may provide
an essential tool for the dissemination of diverse scientific topics [Irwin, 2018], air quality
investigations among them. Besides, citizen science participation allows scientists and en-
vironmental educators to inform the public, proposing proactive measures to not only deal
with the investigated problem but also mitigate and focus on the eco-anxiety that may arise.
Most citizen science studies of PM and air quality involve manufactured low-cost sensors, al-
lowing more excellent spatial resolution on the surveys. But using those low-cost sensors has
shortcomings, such as the necessity of some infrastructure (for instance, internet connectivity
to data transfer in some cases) and the environmental impact of the sensors’ production. Bio-
sensors, on the other hand, may provide the ideal low-cost sensor, as they are widely available
in nature and have a much lower environmental impact related to their use. Together with
citizen science, the use of bio-sensors coupled with environmental magnetism both benefit
from and also enhance scientific investigations.
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1.1.1 Objectives

This thesis combines traditional air quality monitoring with magnetic investigation in bio-
sensors. The main objectives are:

o Assess the use of magnetic methods as proxies to track PM emissions in an urban
context, using the magnetic properties on bio-sensors and air filters.

« Track the finer fractions (fine and ultrafine) of iron oxides present in PM, using SEM
investigations to complement the information provided by magnetic methods, with
morphology, size, and elemental composition of the particles.

e The use of magnetic methods to track different PM emission sources in the urban
context, regarding the magnetic mineral content, grain size, magnetic mineralogy, and
seasonal influence.

o Investigate the air quality in the school environment, indoor and outdoor spaces, and
distance from emission sources through magnetic methods and traditional air quality
investigations.

» Investigate the air quality of the domestic environment in a medium-size city through
the use of bio-sensors and magnetic investigation methods, the relationship between
indoor and outdoor environments, the emission sources, and the general habits of the
population.

1.1.2 Thesis presentation

I present in this thesis a series of investigation strategies to characterize airborne particulate
matter (PM), which include citizens’ participation in some experiments. The scientific in-
vestigations are done from the perspective of environmental magnetism, using airborne iron
oxides as proxies for the whole of PM, besides direct analysis of PM captured in air filters.
The participation of citizens relates to investigating domestic and scholar environments in
the city of Toulouse.

In 2018 we started a citizen science project in Toulouse to investigate air quality in
the domestic and school environments. Through seminars on scientific vulgarization, we
informed the population about the issues related to air pollution and traffic emissions and
recruited interested citizens to participate in the project. In the schools, the talks were
made with teachers and children. The citizens that participated in the project received
a kit for the deployment of bio-sensors, which were exposed for up to a year and later
brought back to the laboratory to perform magnetic investigations on them. The citizens
were instructed to deploy the bio-sensors, and their role was to deploy and return the sampling
kits, besides participating in the vulgarization seminars. After the completion of sampling
and measurements, other restitution seminars took place to present and discuss the results
with the population.

The first chapter is a state-of-the-art on particulate matter, its effects on health, and the
use of magnetic techniques to study them. I start by contextualizing the PM problem with
its health concerns and socioeconomic impacts and briefly describing its composition. Then
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the last guidelines of the World Health Organization [WHO, 2021b] for PM exposition are
presented. The use of environmental magnetism in PM investigation is then addressed, going
from its use in the investigation of the magnetic properties of PM air filters, passing through
the use of bio-sensors in magnetic investigations, and then the techniques used for the study
of the ultrafine fraction of iron oxides. Lastly, some topics on citizen science approaches are
presented.

The second chapter introduces a published paper on magnetic properties in PM2.5 air
filters from West Africa (Benin and Ivory Coast). The sampling in the region comprises a
two-year, weekly campaign in four different sites. Each site has its primary anthropogenic
emission source, from two-wheeled vehicles to biomass burning. The magnetic properties of
the filters regard their magnetic mineralogy, the grain size distribution of ultrafine fraction
(SD magnetite), and concentration. Magnetic properties are related to previously measured
PM and carbonaceous species concentrations. Scanning electron microscopy (SEM) charac-
terized the airborne iron oxides for their superficial properties. The variations observed in
the magnetic properties at each studied site along the two-year survey are related to the
seasonal changes in weather characteristics through time and the specific emission scenarios
at each location. The different anthropogenic sources have a narrow grain size range for the
iron oxides emissions, below 0.1pm.

The third chapter concerns different study cases in Toulouse, France. It is divided into
sections as it introduces more than one study case on air quality and the city’s magnetic
properties of airborne iron oxides. The chapter starts by introducing the second submitted
paper of this thesis, which investigates the air quality in the school environment. Samples
consisted of tree bark collected in the courtyards, bio-sensors, and PM1 air filters indoors and
outdoors in the classrooms of two schools. The results, including pollutant concentrations
(PM1, elemental, and organic carbon concentrations) and magnetic parameters (characteriz-
ing the concentration of iron oxides, mineralogy, and grain size), paint a complete picture of
the school environment’s air quality. SEM investigations provided complementary informa-
tion on the airborne iron oxides regarding their superficial characteristics, composition, and
origin. This work also included interventions of the children and school staff, having a vital
citizen science aspect. Continuing on the topic of bio-sensors on PM magnetic investigation,
the third paper (in draft form) presents a study on PM in the domestic environment in the
city of Toulouse within the scope of the NanoEnvi project. The magnetic investigation of
the bio-sensors gave information about the differences in indoor and outdoor settings across
the city. Concentration, mineralogy, and grain size were determined for the airborne iron
oxides, indicating the primary PM sources in the domestic environment. SEM investigations
also further characterized the magnetic fraction of PM captured on the bio-sensors. Still, in
this chapter, a complementary section is related to applying a technique to characterize the
ultrafine Superparamagnetic (SP) fraction of magnetic particles on the bio-sensors and tree
barks for their mean grain size and concentration on the PM.

In the fourth chapter, we present a case study on the Garonne river sediments, collected
along a 50 km profile in the surroundings of the city of Toulouse. Magnetic characterization
was done to estimate the anthropogenic input on the river, which was complemented by
geochemical analysis and SEM investigations. In this way, these results, together with those
reported in chapter three, provide a comprehensive picture of the emissions of airborne iron
oxides from traffic sources in the city of Toulouse, how they spread to the domestic and school
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environments, and lastly, the final destination of part of these anthropogenic particles, being
carried away in the waterways.

In the final chapter, the main conclusions of the work are presented, as well as my point
of view on the perspectives of the research topic.
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1.2 Version francaise

La pollution atmosphérique est omniprésente dans notre société et est devenue un probleme
mondial majeur [WHO, 2021b]. La pollution atmosphérique est un mélange complexe de gaz
et de matieres particulaires (PM). Les PM sont composées de particules solides en suspension
dans lair et de gouttelettes liquides de composition diverse [Seinfeld and Pandis, 2016]. Les
sources de pollution atmosphérique sont dues, entre autres, aux processus économiques et
industriels, aux activités domestiques, aux transports ainsi qu’aux habitudes personnelles,.
Les problemes posés par la pollution de ’air ont une nature complexe. En effet, la pollution
de l'air est non seulement omniprésente mais aussi tres spécifique pour chaque contexte, de
I’échelle mondiale, régionale et individuelle. Comprendre la pollution de I’air, ses implications
et ses conséquences n’est pas une tache simple et nécessite une vision globale.

Depuis le début des années 1990, la relation entre les émissions anthropiques de particules

et les risques sanitaires a fait ’objet d’études approfondies.
L’exposition aux PM a été directement liée a une augmentation de la mortalité, a une aug-
mentation de la gravité de différents états de santé et au développement de nouvelles mal-
adies[Dockery and Pope, 1994, Pope III and Dockery, 2006, Cohen et al., 2017, Burnett
et al., 2018, WHO, 2013, Murray et al., 2020]. Les enfants sont particulierement menacés par
I'exposition aux particules. Leurs systémes respiratoire et neurologique immatures peuvent
étre affectés de maniere irréversible par I’exposition aux PM. Leur développement neuropsy-
chologique peut également étre affecté [Martins et al., 2020, Kim et al., 2004, Rice and
Barone Jr, 2000, WHO, 2021a]. Aujourd’hui, il est entendu que le poids de la morbidité
associée a l'exposition aux PM est équivalent a celui d’autres risques sanitaires mondiaux
majeurs tels que les mauvais régimes alimentaires et le tabagisme [Murray et al., 2020]. En
outre, I'exposition aux PM a également des conséquences économiques, en raison de la perte
de productivité, du cotit des soins de santé ainsi que des impacts sur les cultures agricoles,
des dommages dans les batiments et les infrastructures, entre autres [El-Fadel and Massoud,
2000, Nguyen et al., 2017, Bank et al., 2016].

Les enquétes sur la qualité de l'air sont généralement basées sur des méthodes car-
actérisant les concentrations de polluants, comme les PM (et leurs especes de taille spécifique
comme PM10 et PM2.5, se référant aux particules inférieures a 10 et 2.5 um respective-
ment), les oxydes d’azote (NOy par exemple), I'ozone (O3), les espeéces carbonées (carbone
élémentaire, EC et organique, OC) entre autres. Pour les PM, les études sont basées sur
la capture et la mesure des concentrations de PM.Les mesures de concentration de PM en
temps réel et in situ peuvent étre réalisées a ’aide d’une microbalance oscillante a élément
conique [Patashnick and Rupprecht, 1991, Grover et al., 2005] ou par mesures optiques,basées
sur le comptage des particules individuelles [Lombardo et al., 2019]. Les capteurs de PM a
faible cotit sont également basés sur des mesures optiques, utilisant généralement des lasers
infrarouges ou rouges [Kuula et al., 2020]. La sélection de la taille lors du piegeage des PM
sur les filtres est basée sur les propriétés aérodynamiques des PM, et elle est sélective pour
50% de la distribution de la taille, plafonnant & une taille maximale donnée, par exemple 2.5
et 10 um pour les PM2.5 et PM10[Chow et al., 1994]. La concentration de PM est estimée
a partir du dépot de PM sur un filtre a air, en utilisant des mesures de masse. Les stations
de surveillance de la qualité de I'air sont capables d’effectuer des mesures a haute résolution
temporelle, bien que les cofits limitent la disponibilité spatiale de ces stations. Au niveau
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mondial, la couverture des stations de surveillance de la qualité de 'air pour les polluants
les plus courants est tres faible en dehors des grandes villes, voire completement inexistante
dans certains pays [WHO, 2021b].

La répartition spatiale de données de qualité de l'air peut étre accrue en utilisant des
capteurs mobiles ou a faible cofiit [Gozzi et al., 2016, Castellini et al., 2014, Hasenfratz et al.,
2015, Mueller et al., 2016, Elen et al., 2013, Van den Bossche et al., 2016], des campagnes
a court terme [Mishra et al., 2012] et la modélisation de la qualité de 'air [Thunis et al.,
2016, Kumar et al., 2011, Lefebvre et al., 2013, Vardoulakis et al., 2003]. Les bio-capteurs,
c’est-a-dire les échantillons naturels exposés aux émissions de PM (ou d’autres polluants),
constituent également une excellente alternative, offrant une alternative rentable et a faible
impact environnemental aux autres capteurs a faible cotit. L’utilisation de bio-capteurs
n’est pas nouvelle dans les études environnementales. Par exemple, I'exposition de mousse
végétale dans des petits filets est utilisée depuis plus de 40 ans pour caractériser les polluants
atmosphériques [Ares et al., 2012]. En outre, les bio-capteurs peuvent étre utilisés dans les
caractérisations magnétiques pour étudier les émissions de particules [Hofman et al., 2017].

Les méthodes de magnétisme environnemental peuvent étre appliquées a 1’étude des PM
puisque les oxydes de fer sont omniprésents parmi les constituants des PM ([Hunt et al.,
1984, Flanders, 1994, Chaparro et al., 2020, Winkler et al., 2021]. En outre, les oxydes de fer
dans les PM ont été directement associés a des métaux traces, tels que le zinc, le cadmium, le
plomb et le chrome, pouvant étre incorporés dans la structure minérale pendant la combustion
[Moreno et al., 2003, Magiera et al., 2011]. Par conséquent, leurs propriétés magnétiques ne
sont pas seulement des proxies pour la concentration de PM, mais présentent un intérét
direct, en raison des conséquences sur la santé de ’exposition humaine aux métaux traces.
Les méthodes de magnétisme environnemental sont rentables, faciles a mettre en ceuvre et non
destructives. Les méthodes de magnétisme environnemental peuvent étre appliquées a I’étude
des particules dans différents types d’échantillons : de filtres atmosphérique [e.g., Sagnotti
et al., 2006, Shi et al., 2014, Leite et al., 2018] utilisés dans I’étude traditionnelle des particules,
de poussiere déposée [e.g., Kelepertzis et al., 2019, Kim et al., 2009, Liu et al., 2019a, Bourliva
et al., 2016], de sédiments [e.g., Franke et al., 2009], de sols [e.g., Hoffmann et al., 1999] et
également de bio-capteurs [e.g., Hofman et al., 2017, Sagnotti et al., 2006, Mitchell and
Mabher, 2009, Chaparro et al., 2020]. Ces différents types d’échantillons permettent une
grande flexibilité dans la conception de programmes de surveillance des particules dans divers
cadres, environnements et lieux. Les propriétés magnétiques des oxydes de fer permettent de
discerner la minéralogie magnétique (c’est-a-dire les porteurs de faible et haute coercivité),
les fractions de taille, d’estimer leurs concentrations et leurs proportions relatives [voir par
exemple Mitchell and Maher, 2009, Sagnotti et al., 2006, Leite et al., 2021]. Par ailleurs,
différentes techniques magnétiques permettent d’étudier les fractions les plus fines d’oxydes
de fer, sur la gamme de taille ultrafine allant des PM0.1 (>0.1 pm) aux grains de taille
nanométrique [Sagnotti and Winkler, 2012, Mitchell and Maher, 2009, Leite et al., 2018].
Par exemple, le rapport xARM/SIRM permet de déterminer qualitativement la taille des
grains dans la gamme des “mono-domaine” pour la magnétite [Maher, 1988], tandis que
le protocole SPCDM donne une concentration quantitative pour les magnétites dans des
tailles de grains inférieures & ~ 30nm [Leite et al., 2018]. La dépendance en fréquence de la
susceptibilité magnétique donne des informations quantitatives sur la variation de la taille des
grains pour les magnétites dans la gamme mono-domaine-superparamagnétique [Ustra et al.,
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2018]. Ainsi, les propriétés magnétiques des oxydes de fer peuvent étre utilisées comme des
proxies pour I’ensemble des MP, fournissant des informations complémentaires aux méthodes
traditionnelles utilisées dans les enquétes sur les MP.

Les propriétés magnétiques mesurées sur les bio-capteurs (matieres
végétales/fongiques, écorce d’arbre, feuilles, mousses, entre autres) peuvent fournir des infor-
mations supplémentaires et des données spatiales complémentaires aux stations de surveil-
lance de la qualité de I'air existantes [Hofman and Samson, 2014, Lazi¢ et al., 2016, De Nicola
et al., 2013, Mitchell and Maher, 2009]. L’omniprésence des bio-capteurs (feuilles, écorces
d’arbres, mousses, lichens) dans la nature offre un moyen rentable et facile d’augmenter la
résolution spatiale des méthodes traditionnelles d’investigation de la qualité de 'air. L’impact
environnemental de 'utilisation des bio-capteurs est faible, notamment par rapport aux cap-
teurs de particules a faible cotit. En outre, les bio-capteurs permettent de concevoir des
expériences innovantes, en augmentant la couverture spatiale et temporelle des campagnes
et en permettant 1’échantillonnage des environnements intérieurs et extérieurs avec le méme
outil. Compte tenu de leur nature, ils peuvent également étre facilement intégrés dans des
initiatives de “science citoyenne”.

La sensibilisation a ’environnement peut donner la motivation nécessaire pour que soient
prises les mesures nécessaires pour s’attaquer aux problemes environnementaux auxquels nous
sommes confrontés [Pihkala, 2020]. La pollution atmosphérique, tout comme le changement
climatique, est un probleme complexe sans solutions simples, qui nécessite non seulement une
action organisée de la part des institutions gouvernementales, mais aussi une participation
individuelle et collective de la société dans son ensemble. L’éducation a l’environnement
peut alors aider a faire face a ces défis modernes, non seulement en informant la population
en dehors du milieu universitaire, mais aussi en proposant des stratégies pour relever ces
défis. Cette sensibilisation du public aux principales menaces environnementales de notre
époque peut conduire au développement de I'éco-anxiété, qui comprend, entres autres, des
symptomes dépressifs et d’anxiété générale ainsi qu'un pessimisme envers avenir [Pihkala,
2020, Russell and Oakley, 2016, Cunsolo Willox et al., 2013].

La science citoyenne peut jouer un role fondamental dans les études sur la qualité de I'air.
Faire de la population un acteur actif de la construction du savoir scientifique conduit a une
diffusion des connaissances scientifiques, en sensibilisant le public a la démarche scientifique -
A ses réalisations mais aussi a ses limites. A I'ére des “fake-news” concernant plusieurs sujets
scientifiques ayant d’énormes implications sociétales, la participation de non-scientifiques au
processus scientifique peut constituer un outil essentiel pour la diffusion de divers sujets
scientifiques [Irwin, 2018], dont les études sur la qualité de 'air. En outre, la participation a
la science citoyenne donne 'occasion aux scientifiques et aux éducateurs environnementaux
d’informer le public, en proposant des mesures proactives afin non seulement de traiter le
probleme étudié, mais aussi d’atténuer et d’orienter 1’éco-anxiété qui peut survenir. La
plupart des études scientifiques citoyennes sur les particules et la qualité de 'air font appel a
des capteurs a faible cofit, permettant une plus grande résolution spatiale des études. Mais
I'utilisation de ces capteurs a faible colt présente des inconvénients, tels qu'une sensibilité
moindre des instruments par rapport aux capteurs de qualité de I'air traditionnels, la nécessité
d’une certaine infrastructure (par exemple, la connectivité Internet pour le transfert des
données dans certains cas) et 'impact environnemental de la production des capteurs eux-
mémes. Les bio-capteurs, en revanche, peuvent constituer le capteur idéal a faible cofit,
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puisqu’ils offrent la méme qualité de données que les échantillons traditionnels en magnétisme
environnemental, sont largement disponibles dans la nature et ont un impact environnemental
beaucoup plus faible lié a leur utilisation. Avec la science citoyenne, 'utilisation des bio-
capteurs couplée au magnétisme environnemental permet a la fois de bénéficier et d’améliorer
les études scientifiques.

1.2.1 Objectifs

Cette these combine la surveillance traditionnelle de la qualité de l'air avec I'investigation
magnétique dans les bio-capteurs. Les principaux objectifs sont les suivants :

o Evaluer 'utilisation des méthodes magnétiques comme proxies pour suivre les émissions
de PM dans un contexte urbain, en utilisant les propriétés magnétiques sur les bio-
capteurs et les filtres atmosphériques.

e Suivre les fractions plus fines (fines et ultrafines) d’oxydes de fer présentes dans les PM,
en utilisant également des méthodes de microscopie pour compléter les informations
fournies par les méthodes magnétiques, en déterminant la morphologie, la taille et la
composition élémentaire des particules.

« Evaluer le potentiel des méthodes magnétiques pour suivre les différentes sources d’émission
de PM dans le contexte urbain, en ce qui concerne le contenu minéral magnétique, la
taille des grains, la minéralogie magnétique et 'influence saisonniere.

o Etudier la qualité de I’air dans I’environnement scolaire, en fonction des espaces intérieurs
et extérieurs et de la distance par rapport aux sources d’émission, au moyen de méthodes
magnétiques et de méthodes traditionnelles sur la qualité de I'air.

« Etudier la qualité de I'air dans I’environnement domestique d’une ville de taille moyenne
en utilisant des bio-capteurs et des méthodes magnétique, la relation entre les environ-
nements intérieurs et extérieurs, les sources d’émission et les habitudes générales de la
population.

1.2.2 Présentation de la thése

Je présente dans cette these une série de stratégies d’investigation pour caractériser les par-
ticules en suspension dans I'air (PM), qui incluent dans certaines expériences la participation
des citoyens. Mes recherches sont basées sur l'utilisation du magnétisme environnemen-
tal en considérant les oxydes de fer aéroportés comme proxies pour I’ensemble des PM. Elles
s‘accompagnent aussi d’ d’analyses directes des PM capturées dans les filtres atmosphériques.
La participation des citoyens concerne ’étude des environnements domestiques et scolaires
dans la ville de Toulouse.

En 2018, nous avons commencé un projet de science citoyenne dans la ville de Toulouse,
afin d’enquéter sur la qualité de ’air dans les environnements domestiques et scolaires. A
travers de séminaires de vulgarisation scientifique, nous avons sensibilisé la population sur
les problématiques liées a la pollution de I'air et aux émissions du trafic. Nous avons recruté
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des citoyens intéressés pour participer au projet. Dans les écoles, les discussions ont été
faites avec les enseignants et les enfants. Les citoyens qui ont participé au projet ont re¢u un
kit pour le déploiement de bio-capteurs, qui ont été exposés jusqu'a un an et ramenés plus
tard au laboratoire afin d’effectuer des études magnétiques. Une fois ’échantillonnage et les
mesures terminés, des séminaires de restitution ont eu lieu afin de présenter et de discuter
des résultats avec les habitants participants.

Le premier chapitre est un état des lieux sur les particules, leurs effets sur la santé
et l'utilisation des techniques magnétiques pour les étudier. Je commence par contextu-
aliser la problématique des particules, leurs problématiques sanitaires et leurs impacts socio-
économiques. Je donne une bréve description de leur composition. Ensuite, les dernieres
directives de I'Organisation mondiale de la santé [WHO, 2021b] en matiere d’exposition aux
PM sont présentées. L’utilisation du magnétisme environnemental sur l'investigation des
PM est ensuite abordée, allant de son utilisation sur I’études des propriétés magnétiques des
filtres atmosphériques des PM, en passant par l'utilisation des bio-capteurs sur les études
magnétiques, puis les techniques utilisées pour 1’étude de la fraction ultrafine des oxydes de
fer. Enfin, quelques éléments sur les approches de science citoyenne sont présentés.

Le deuxieme chapitre présente un article sur les propriétés magnétiques des filtres at-
mosphérique PM2.5 en Afrique de I'Ouest (Bénin et Cote d’Ivoire). L’échantillonnage dans
la région comprend une campagne hebdomadaire de deux ans, dans quatre sites différents.
Chaque site a sa propre source d’émission anthropique principale, des véhicules a deux roues
a la combustion de la biomasse. Les propriétés magnétiques des filtres concernent leur
minéralogie magnétique, la distribution granulométrique de la fraction ultrafine (magnétite
SD) et leur concentration. Les propriétés magnétiques sont liées aux concentrations de par-
ticules et d’especes carbonées mesurées précédemment. Les oxydes de fer en suspension
dans lair ont également été caractérisés pour leurs propriétés superficielles par microscopie
électronique a balayage (MEB). Les variations observées dans les propriétés magnétiques sur
chaque site étudié au cours de I’étude de deux ans sont liées aux changements saisonniers
des caractéristiques météorologiques au fil du temps, et aux scénarios d’émission spécifiques
a chaque site. Les différentes sources d’émission ne sont pas sélectives quant a la taille des
émissions de particules magnétiques, avec une taille de grain étroite inférieure a 0.1pum.

Le troisieme chapitre concerne différents cas d’étude dans la ville de Toulouse, en France.
Le chapitre commence par présenter le deuxieme article de cette these, qui est une enquéte
sur la qualité de l'air dans l'environnement scolaire. Les échantillons étaient constitués
d’écorces d’arbres collectées dans les cours, de bio-capteurs et de filtres atmosphériques
PM1 a lintérieur et a I'extérieur des salles de classe de deux écoles primaires différentes.
Les résultats, notamment les concentrations de polluants (concentrations de PM1, de car-
bone élémentaire et organique) et les paramétres magnétiques (caractérisant la concentra-
tion d’oxydes de fer, la minéralogie et la taille des grains) dressent un tableau complet de
la qualité de l'air de l'environnement scolaire. Les études MEB ont fourni des informa-
tions complémentaires sur les oxydes de fer en suspension dans l'air concernant leurs car-
actéristiques superficielles, leur composition et leur origine. Ce travail a également inclus des
interventions des enfants et du personnel de 1’école, présentant ainsi un aspect important de
science citoyenne. En continuant sur le sujet des bio-capteurs sur ’étude magnétique des
PM, la section suivante présente une étude sur les PM dans I’environnement domestique de
la ville de Toulouse dans le cadre du projet NanoEnvi. L’étude magnétique réalisée sur les
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bio-capteurs a permis d’obtenir des informations sur les différences entre les environnements
intérieurs et extérieurs de la ville. La concentration, la minéralogie et la taille des grains
ont été déterminées pour les oxydes de fer en suspension dans I’air, mettant en évidence les
principales sources de particules dans I’environnement domestique. Les investigations MEB
ont également permis de caractériser la fraction magnétique des PM capturées sur les bio-
capteurs. La derniére section de ce chapitre est consacrée a 'application d’une technique
permettant de caractériser la fraction superparamagnétique (SP) ultrafine des particules
magnétiques sur les bio-capteurs et les écorces d’arbres pour leur granulométrie moyenne et
leur concentration dans les PM.

Dans le quatrieme chapitre, nous présentons une étude de cas sur les sédiments de la
Garonne, collectés le long d’un profil de 50 km centré sur la ville de Toulouse. Une car-
actérisation magnétique a été effectuée afin d’estimer I'apport anthropogique sur le fleuve,
qui a été complétée par une analyse géochimique et des caractérisations MEB. De cette
facon, ces résultats, ainsi que ceux rapportés dans le chapitre trois, fournissent une image
complete des émissions d’oxydes de fer atmosphériques provenant du trafic routier de la ville
de Toulouse, de la fagon dont elles se répandent dans les environnements domestiques et
scolaires, et enfin de la destination finale d’une partie de ces particules anthropiques, étant
emportées dans les cours d’eau.

Dans le dernier chapitre, les principales conclusions du travail sont présentées, ainsi que
mon point de vue sur les perspectives du sujet de recherche.

12



Chapter 2

State of Art

2.1 Particulate Matter problematic

2.1.1 Health Hazards

Air pollution and smoke resulting from anthropogenic combustion have been a problem for
human societies since at least the 13th century [Ellison and Waller, 1978], with Evelyn’s dis-
course [Evelyn et al., 1961] reinforcing the consequences of combustion emissions in London’s
furnaces. The problem of air pollutants’ origin, distribution, and health hazards started
to be addressed in the 19th century (National Society for Clean Air, 1976). In the 20th
century, the reports of severe high concentrations of sulfur oxides and particulate matter in
the Meuse Valley (Belgium) in 1930 reached a critical point [Firket, 1936], leading to more
vigorous efforts to investigate the provenance and dissemination of the pollutants sulfur ox-
ide and particulate matter in the United Kingdom. Between 1937 and 1939, an intensive
survey of a typical industrial town [Meetham, 1945] was conducted. The early investigation
above concluded that it was needed to control emissions of anthropogenic pollutants, such as
particulate matter. The Second World War disrupted such studies and ideas about curbing
emissions. It was only after the disastrous London Fog incident in 1952 that severe official
concern was shown again to the health hazards of air pollution. It was shown that at least
4000 more people had died in Greater London during the Fog incident compared to normal
conditions [Ellison and Waller, 1978]. The disastrous death toll of the London Fog Incident
led to the creation of a committee on air pollution. In its final report, the committee stressed
the “urgent need for more precise knowledge regarding the effect of polluted air as a cause
of disease and death” (see Committee on air Pollution, 1954). In North America, the first
recognized smog incident in Los Angeles took place in 1943 with high PM and ozone levels,
and several other incidents took place in the summer months (Fig. 2.1) between 1940 and
1950 [Zhang et al., 2015]. The smog in Los Angeles is characterized by its photo-chemical ori-
gin, resulting from the exposure to sunlight of nitrogen oxides (NO,=NO-+NO,) and volatile
organic carbons (VOCs), both originating mainly from traffic sources.

Today, air pollution is a global issue that grew with the development of our modern so-
ciety, still affecting the human population. For instance, Beijing’s economy thrived in the
past decades, growing its gross domestic public between 2009 and 2013 by 60%, and by
35% its vehicles fleet in the same period [Zhang et al., 2015, Guo et al., 2014]. Since the
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Figure 2.1: Photography of Los Angeles Civic Center covered by smog in 1948. Photo:
Los Angeles Times; Photographic Archive/UCLA (http://digital2.library.ucla.edu/
viewItem.do?ark=21198/zz0002tsmb). Copyright 1948 Los Angeles Times (http://
creativecommons.org/licenses/by/4.0/).)
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Table 2.1: Comparison between air pollution characteristics in London, Los Angeles, and
Beijing. Source: Zhang et al. [2015].

London Los Angeles Beijing
type of smog sulfurous photochemical photochemical
observed 1800s to 1950s 1940s to present 1990s to present
. . 1 . .
meteorological strong inversion layer, sunny, warm, dry, ow winds typically
. low winds, inversion layer, from the south,
conditions : .
cloudy, cold, winter summertime year-round
NOy, VOCs, NOy, VOCs,
pollutants SO,, soot and PM ozone and PM SO, and PM
coal burning, from , ,
source of . . vehicles, coal burning,
house heating and vehicles . :
pollutants . industrial sources
power generation

1990s has suffered from deteriorated air quality [Zhang et al., 2015, Guo et al., 2014], where
especially during Winter haze events can be severe due to increased emissions from coal com-
bustion (domestic heating) and unfavorable meteorological conditions (Fig. 2.2). Although
the government has implemented significant measures since the 1990s to improve air quality
in Beijing, for instance, relocating power plants and industrial factories far from the city and
replacing coal with cleaner sources of energy (such as natural gas and electricity), reducing
primary PM emissions, fine secondary PM has remained elevated, due to the presence of
high levels of gaseous precursors from urban transportation and regional industrial facilities.
Air pollution in Beijing is similar to that in Los Angeles but different from that in London,
as summarized in Table 2.1. Guo et al. [2014] suggested that critical steps for reducing air
pollution in Beijing would be regulatory controls for gaseous emissions of VOCs and NO,
from local transportation and SOs from regional industrial sources.

Recently, the link between mortality and exposure to PM pollution was thoroughly inves-
tigated. The Harvard Six Cities Study provided evidence about mortality increases related
to long-term, low-level exposure to PM [Dockery et al., 1993]. After adjusting the data for
smoking and other risk factors, the authors found that PM (especially for PM2.5) was posi-
tively associated with lung cancer and cardiopulmonary diseases. The findings from Dockery
et al. [1993] were confirmed and expanded in a long-term follow-up, using data from 1982
to 1998 of the American Cancer Society (ACS) II cohort [Pope et al., 1995]. This cohort
study included around 500,000 adults from metropolitan areas in the US, and Pope et al.
[1995] found that an increase of 10 pgm™— of PM2.5 elevated the mortality risk of all-cause,
cardiopulmonary, and lung cancer, respectively by 6, 9 and 14%. Using the data from the
same cohort from the ACS II in the Los Angeles region and with a more sophisticated method
for estimating the exposure, it was found a higher risk estimate of mortality of 17% for an
increase of 10pgm ™3 PM2.5 concentration [Jerrett et al., 2005]. Other cohort studies in Eu-
rope align with the North American ones, estimating PM exposure in individual residences
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Figure 2.2: Difference between clean and polluted (covered with smog) days on the Campus
of the Peking University, Beijing. Source: Zhang et al. [2015].
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and showing that traffic emissions are of most significant concern [Hoek et al., 2002, Nafstad
et al., 2004, Filleul et al., 2005] found that PM exposure led to an 8.6-month decrease in life
expectancy. Worldwide, PM pollution is responsible for almost 3% of death resulting from
cardiopulmonary problems, 5% of lung cancer, and 1% from respiratory infections, leading to
0.8 million premature deaths and a 6.8 decrease in years of life [Fang et al., 2013]. Zanobetti
et al. [2014] found out that short-term exposure to PM2.5 is strongly associated with an
increase of 1.14% (95% CI:0.56) in diabetes hospitalization risk and 0.64%(95% CI:0.42) on
all-mortality risk. In London, the same 10 pgm™ increase resulted in a 0.5% excess in all
mortality cases and 1.6% increase in respiratory mortality [Atkinson et al., 2010].

PM2.5 can translocate directly to the circulatory system and consequently differentiate
organs [Dockery and Stone, 2007, Shrey et al., 2011]. PM2.5 also leads to oxidative stress
and moderate inflammatory response in the respiratory system after several hours or days of
exposure [Simkhovich et al., 2008]. Moreover, PM2.5 interacts with the autonomic nervous
system through lung receptors [Shrey et al., 2011, Simkhovich et al., 2008]. Those different
pathways of PM2.5 in the body worsen or may lead to pneumonia and systemic irritation,
atherosclerosis, and changes in the heartbeat capacity [Sarnat et al., 2005]. Exposure to fine
PM pollution has strong links with the augmentation of cardiovascular issues such as myocar-
dial infarction, ischemic strokes, vascular dysfunction, cardiac arrhythmias, and hypertension
[Bhatnagar, 2006, Du et al., 2015]. In a study in selected clinical outcomes with more than 50
million people in the USA, death was independently associated with PM, and an increase of
20pgm—3 in PM concentration led to 0.6% more daily cardiopulmonary mortality [Dominici
et al., 2003]. In European cities, the same 20 pgm~— PM concentration increase led to more
than 1.5% cardiopulmonary mortality [Analitis et al., 2006]. Jerrett et al. [2005] found that
20-49% increases coronary artery disease due to a 10 pgm~3 PM2.5 concentration increase on
long term exposure. Long-term PM exposure can lead to an augmentation of 24% and 76%
on cardiovascular problems and mortality, respectively, due to a 10 pg m~—2 PM concentration
increase in 6 years [Miller et al., 2007].

PM particles larger than 5 um in diameter are deposited in the superior airways, while
finer particles are deposited in the edge of the lungs [Berico et al., 1997]. PM size frac-
tion is essential to health outcomes, as particles smaller than 2.5um (PM2.5) may penetrate
deep into the lung’s airways and alveoli, resulting in damage [Andrew Churg, 2000, Athana-
sios Valavanidis, 2008]. Allergies are a common effect of PM exposure [Nagar et al., 2014].
Moreover, other respiratory symptoms and diseases arise from PM exposure, such as respi-
ratory system malfunction, dyspnea, cough, nose congestion, sore throat, phlegm, reduction
in lung function, pain and tightness, and occupational asthma [Nkhama et al., 2015, Peng
et al., 2009, Bell et al., 2012, Guaita et al., 2011]. Respiratory troubles, worsening of al-
ready present respiratory disease, harm to lung tissue, carcinogenesis, premature death, and
changes in the body defense system are also results of exposure to PM pollution [Boman
et al., 2006, Lebowitz, 1996, Ali et al., 2017]. A 9% increase in hospital admission due to
bronchiolitis was reported in a control case study due to a 10 pgm™—3 increase in PM2.5 [Karr
et al., 2006].

PM pollution is a carcinogen [Hamra et al., 2014, Tomczak et al., 2016]. A positive
correlation has been shown between PM exposition and lung cancer development previously
[Hales et al., 2012, Raaschou-Nielsen et al., 2011]. The risk of lung cancer development is
enhanced by 11% in consequence of an increase in 10pgm—2 in PM2.5 concentration [Chen
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et al., 2015]. Turner et al. [2011] using the follow-up data from 1100 lung cancer deaths in
26 years, found a 15-27% increase in lung cancer mortality with an increase of 10 pgm=3
in PM2.5 concentration. The same 10pgm™ increase in PM2.5 concentration was found
by Gharibvand et al. [2017] to increase the hazard ratio (HR) of lung cancer to 1.31 (95%
CI 0.87-1.97). Using 17 European cohorts, Raaschou-Nielsen et al. [2013] found a positive
correlation between PM and lung cancer incidence, with an HR for PM10 of 1.22 (95% CI
1.03-1.45) and an HR for PM2.5 of 1.18. Long-term exposure to PM pollution in Japan
correlated with respiratory disease and lung cancer. In 8.7 years follow-up, the HR increased
by 1.24 (95% CI 1.2-1.37) with 10pgm™? increase in PM2.5 concentration [Katanoda et al.,
2011].

2.1.2 Differences in exposure due to socio-economic causes

Socioeconomic status may play an essential role in either the exposition to air pollutants
or health hazards from those pollutants [O’Neill et al., 2003]. The health outcome between
socioeconomic status and air pollution exposure has three fundamental premises: i) popu-
lations with lower socioeconomic status have higher exposition to pollution; ii) populations
with lower socioeconomic status may be more susceptible to health effects from air pollution
since they already face material deprivation and psycho-social stress; iii) the combination of
the two previous premises may lead to an enhancement of the harmful health effects.

Indeed, it has been reported the relation between increased concentrations of air pollution
and lower socioeconomic status in Canada [Jerrett et al., 2001]. Other studies in North
America have found that low-income and non-white communities are prone to be closer to
sources of pollution [PERLIN et al., 1999, Perlin et al., 2001, Morello-Frosch et al., 2002,
Green et al., 2004, Finkelstein et al., 2005]. Gunier et al. [2003] found that low-income
and non-white children are more likely to live in block groups with high traffic density in
California. But this association between lower socioeconomic status and higher exposure to
pollutants varies in each specific regional context, as found in other studies, the opposite
relationship between the two. For instance, in Mexico City, it was reported that the Ogs
(ozone, important air pollutant) concentration was considerably lower in lower-income regions
of the city in comparison to the high-income areas in the same town [Castillejos et al., 1995].
The scavenging could explain this by NO, (another air pollutant related to traffic emissions),
which is higher in dense traffic areas [Godish and Fu, 2019]. In Rome, higher exposure to
air pollutants (especially traffic-related) was also found to higher socioeconomic status, were
residences of higher socioeconomic class tend to be closer to higher emission areas, especially
central ones [Forastiere et al., 2007].

Some factors may explain the higher health susceptibility arising from pollution expo-
sure in lower socioeconomic populations: patterns of environmental exposure to pollutants;
healthy individual behaviors and physical exercise; nutrition; psycho-social stress; medical
services accessibility and provision on the regional level (e.g., health clinics, supermarkets,
waste disposal); physical environment (traffic burden, crowding, and the accessibility to clean
water); and the sociological environment [Kawachi and Berkman, 2003]. In Korea, the hospi-
talizations due to asthma-related reasons in children increased more in lower socioeconomic
status populations in comparison to higher ones, due to the same increase in different pol-
lutants (PM10,5S09,NO,,03, Lee et al. [2006]). In Rome, even though the exposure to air
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pollutants is higher in high socio-economic regions of the city, the increase in mortality is
linked to lower incomes and socioeconomic status [Forastiere et al., 2007]. The result in Rome
points to a higher susceptibility to disease due to a socioeconomic gradient, in a complex ac-
cumulation of risk models during the personal life of each individual. In Hamilton, Canada,
it was found by Jerrett et al. [2004] higher health consequences due to air pollution exposure
in lower-income regions of the city, where the exposure to pollutants is higher.

2.1.3 Economic consequences

The health hazards associated with air pollution and PM exposure will have consequences in
morbidity and mortality of the population, and those health consequences result in financial
and non-financial welfare losses. Two fundamental principles are used to evaluate the cost re-
lated to the health consequences of PM exposure: human capital in mortality effects and cost
of illness (COI) in morbidity effects. Human capital places value on premature death, taking
into account the net economic productivity of an individual and what would be generated
had the individual not died prematurely. Similarly, the COI considers the lost wages and
productivity as a consequence of missed days of work or lower productivity due to disease and
the cost of treating illness [El-Fadel and Massoud, 2000]. El-Fadel and Massoud [2000], using
the city of Beirut as an example, estimated the economic benefits of a PM10 reduction in the
concentration of 10pgm™ to be between 0.27-12.6MU$ (million American dollars)/year for
mortality cases. An economic benefit related to morbidity costs for the same PM10 concen-
tration reduction is 0.14-3.2MUS$ /year. In Korea, using the same COI method, Nguyen et al.
[2017] estimated the economic gains related to curbing PM2.5 and PM10 reduction in the
subway system. They used two health endpoints, all lung cancer and cardiovascular disease,
to curate 10 pgm—2 in PM2.5 and PM 10 concentrations. They found that the total annual
cost savings were 328.2 M KRW (million Korean won), or 124.2 M KRW indirect costs, 186.4
M KRW in premature mortality, and 17.6 M KRW in productivity loss costs, respectively.

In 2013, a study [Bank et al., 2016] estimated global economic impacts of US$143 billion
due to lost labor income and US$3.55 trillion in welfare losses due to PM2.5 exposure.
In low-income countries, the welfare losses are roughly equal to 1% of the gross domestic
product, whereas, in high-income countries (not within the Organisation of Economic Co-
operation and Development), it reaches 5% of the gross domestic product. Such substantial
economic losses are due to health-related burdens, agricultural impact on crops, damage to
infrastructure and buildings, and environmental degradation.

2.1.4 PM origins and composition

PM can be either directly released in the atmosphere (primary) or formed in the atmosphere
through gas-to-particle conversions (secondary) [Zhang et al., 2015]. PM primary emissions
have anthropogenic and natural origins, and urban direct PM is mainly formed due to an-
thropogenic processes. In the urban context, primary sources of PM include vehicle emissions
(including an exhaust and non-exhaust emissions), industrial fuel combustion, domestic heat-
ing, cooking, biomass burning, and paved-road dust re-suspension, among others. Among its
constituents, PM has inorganic ions (e.g., ammonium, nitrates, sulfates, and soluble metals),
insoluble metals, elemental carbon, organic compounds, biological components, microbial
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agents, and water [Kim et al., 2015, Zhang et al., 2015]. PM particle sizes range from a
few nanometers to hundreds of micrometers. Its maximum particle size can define it, for
instance, PM10 or PM2.5, for particles with aerodynamic size inferior to 10pum and 2.5um,
respectively. The PM fraction with the anthropogenic origin is the most harmful one for
human health due to the presence of potentially toxic elements such as As, Cd, Cr, Pb, V,
and Zn, besides being found mainly in the finer fraction of PM [Clements et al., 2014], which
in itself are more dangerous for health than the coarse ones since they can penetrate more
profound in the biological systems [Pope IIT and Dockery, 2006].

2.1.5 World Health Organization global air quality guidelines

In 2021 the World Health Organization [WHO, 2021b] released a new report on global air
quality guidelines (AQG), updating the previous one released in 2006 [WHO, 2006]. Starting
in 1987, the WHO has periodically released health-based air guidelines to assist governments
and civil society in curbing human exposure to air pollution and its adverse effects. Although
there have been remarkable improvements in air quality, global mortality and morbidity due
to air pollution exposure have barely declined since the 1990s. The advances in air quality
were registered mainly in high-income countries. In contrast, in low to middle-income coun-
tries, the air quality has fallen in this time frame, following broad urbanization and economic
development. The updated 2021 guideline provides interim targets and recommended air
quality levels for the air pollutants: PM2.5, PM10, ozone, nitrogen dioxide, sulfur dioxide,
and carbon monoxide. The health benefits of each interim target’s consecutive achievement
are also provided. Here are the guidelines for PM2.5 and PM10, the subject of this thesis, in
Table 2.2.

Table 2.2: Interim targets and air quality guidelines for PM2.5 and PM10 concentrations, for
annual and daily exposure. Source:WHO [2021b]. #99th percentile (i.e. 3-4 exceeding days
per year).

Pollutant Averaging time 1Inte;1m ta;get 1 AGQ levels
Annual 35 25 15 10 5
-3
PM2.5(ngm™) 924-hour® 75 | 50 | 37.5 | 25 15
Annual 70 | 50 | 30 | 20 15
-3
PM10(ugm™) 924-hour® 150 | 100 | 75 | 50 45

2.1.6 Air quality in indoor and outdoor environments

Although many epidemiology studies for outdoor air pollution use the concentration outdoors
as a stress indicator, the indoor concentration is also of major importance for human exposure
estimation, as people spend up to 90% of their time indoors [Klepeis et al., 2001, Schweizer
et al., 2007]. Only using outdoor concentrations of PM and other air pollutants may introduce
errors in the real exposure and health risks caused by indoor air pollution. Consequently,
some authors raised concern about using ambient concentrations as a proxy for personal
exposure studies [Avery et al., 2010, Wilson and Brauer, 2006]. Indoor environments may
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have important air pollution sources, such as cooking [Sclar and Saikawa, 2019, Sharma and
Jain, 2019, Tong et al., 2016], heating [Maher et al., 2021, Sclar and Saikawa, 2019], cleaning
habits [both from resuspension and use of cleaning products, Kalimeri et al., 2016, Huang
et al., 2015], burning sources [smoking, incense burning, Sclar and Saikawa, 2019, Huang
et al., 2015], among others, besides the penetration of outdoor pollutants [Huang et al.,
2015]. Some authors investigated the correlation between outdoor and indoor air pollutants.
Kalimeri et al. [2016] found in two schools in Greece, the indoor PM levels are derived from
outdoor sources (such as traffic) and resuspension from the student’s activities. Even though
the windows are open between classes, a poor air ventilation rate was detected, but rarely
during classes in the cold season. Volatile organic carbons (VOCs) were detected, mostly
from indoor sources such as cleaning products, books, furniture, office equipment, occupant’s
activities, and wall covering, among others. In Beijing, Huang et al. [2015] analyzed 24-h real-
time indoor and ambient PM2.5 concentrations in 41 residences for two months. The strong
correlation (r>0.9, p<0.0001) between indoor and outdoor PM2.5 concentrations and the
higher outdoor PM2.5 concentrations (with a median 1/O concentration ratio of 0.61) points
to the main source of indoor PM2.5 concentration outdoor emissions, with minor indoor
influences. Using regression analysis, they found that the main factors influencing indoor
PM2.5 concentrations are traffic conditions, indoor smoking, indoor cleaning, indoor plants,
and the number of occupants. Besides, the large inter-variability of the infiltration factor
of outdoor PM2.5 raises concerns of misclassification when using the outdoor PM2.5 mass
concentration as a proxy for the indoor one. On office environments, PM2.5 I/O ratios below
unity found on several studies [I/O ratios of 0.62, 0.53, 0.86, 0.62, respectively for Kalimeri
et al., 2019, Zhu et al., 2015, Niu et al., 2015, Sangiorgi et al., 2013| points to the dominance
of outdoor emissions on indoor environments. Conversely, in the school environment, higher
PM2.5 I/O concentration ratios (1.44) [Kalimeri et al., 2019] show a different context from
the office environment, where particularities such as resuspension and indoor sources such as
crafting increase indoor PM2.5 concentrations. Indoor sources may play a fundamental role in
indoor air quality and pollutant concentration. Maher et al. [2021] found that the use of solid
fuels in open fires (as a heating source, for instance) lead to mass PM2.5 emissions of 60, 30,
and 17pg m~3 for the use of peat, coal, and wood, respectively. Solid biomass burning may be
used for heating and cooking. In rural India, Sharma and Jain [2019] showed that different
kitchen (which utilize biomass solid fuels) designs may damper indoor PM concentrations
between 15-6%, 14-61% and 20-68% for PM10, PM2.5 and PM1 respectively. In Tibet, Sclar
and Saikawa [2019] found high concentrations of indoor PM2.5 in sedentary homes and nomad
tents due to the burning of yak dung, among other habits. In measurements of up to 4h,
the average PM2.5 concentrations inside nomad tents and sedentary homes were respectively
2286 and 509pgm—3. In Hong Kong, Tong et al. [2016] found in elderly households that
are cooking and incense burning are the main sources of indoor PM2.5, with 50.3% of the
investigated households having PM concentrations higher than the WHO indoor air quality
standard for PM2.5 concentration. Proper kitchen ventilation during cooking positively
impacts indoor air pollutants concentration. The cited examples show different contexts
for sources and emissions of indoor pollutants, and each specific context plays a role in the
indoor air quality and pollutants concentration. The question of indoor air pollution and
sources and its relationship with outdoor air pollution is rather complex. Each case will have
particularities that should be investigated to properly characterize exposure to air pollutants

21



CHAPTER 2. STATE OF ART

(such as PM, VOC, etc.) within a particular case scenario.

2.2 Environmental magnetism

2.2.1 Environmental magnetism in PM investigation

Environmental magnetism has been used in PM investigations for some decades now. Early
works analyzed directly magnetic particulate sampled on PM filters. Using magnetic suscep-
tibility, anhysteretic remanent magnetization (ARM) and isothermal remanent magnetization
(IRM) acquisitions Hunt et al. [1984] investigated power station fly ashes and motor vehicle
emissions, finding higher concentrations of hard coercivity carriers in power station fly ash
in the superparamagnetic-stable single domain boundary with a distinct viscosity.

As the use of magnetic methods in the investigation of anthropogenic emissions grew,
innovative analysis techniques were proposed. With the coercivity distribution of ARM de-
magnetization curves of the ARM and using a linear combination of appropriate functions,
Spassov et al. [2004] found different magnetic sources for the total magnetization. They found
two main components, characterized by low coercivity and a higher coercivity, linked to less
polluted and large urban sites, respectively. Chemical analysis and quantitative source attri-
bution to the PM were carried out on the same sites. The higher coercivity fraction’s absolute
and relative magnetic contributions correlate very well with exhaust emissions’ absolute and
relative mass contributions.

Concentrations of air pollutants were correlated with magnetic parameters linked to the
concentration of iron oxides, showing that the magnetic fraction may as well be used as a
proxy for the whole of PM. Sagnotti et al. [2006] found strong empirical correlations between
PM10 and magnetic susceptibility on filters from the Latium region. An experimental pro-
cedure to estimate the percentage of non-magnetic PM10 transported long distances is also
presented. The magnetic mineralogy in PM10 is dominated by low-coercivity magnetite-
like particles, with a varied granulometry source dependent. The anthropogenic magnetic
fraction present in PM10 was dominated by fine superparamagnetic (SP) mixed with large
multidomain (MD) grains. The SP fraction was found to be linked to exhaust emissions,
and the MD fraction was linked to the abrasion of metallic parts. Using PM2.5 and PM10
filters, Saragnese et al. [2011] also found a close correlation between the magnetic moment
calculated in their work with total nitrogen oxides, suggesting that the majoritarian iron ox-
ides present in PM originate in combustion processes. Saragnese et al. [2011] also proposed
low-temperature measurements to estimate different magnetic granulometry fractions. The
magnetic protocol included the acquisition of SIRM at room temperature and 77K. It was
also performed stepwise IRM acquisition in both room and 77K temperatures to characterize
magnetic mineralogy. Magnetite-like low coercivity carriers dominated the magnetic min-
eralogy with a minor contribution of high coercivity carriers, hypothesized to be the result
of the oxidation of the smallest magnetite grains. Magnetic granulometry is in the SP-SD
range, with the prevalence of SP particles observed in the magnetic measurements and the
SEM investigation. SEM investigation identified a spherical shape for the Fe-rich particles,
with the presence of other metals in the spherules identified by the energy dispersive X-ray
elemental analysis.

22



CHAPTER 2. STATE OF ART

Magnetic properties of PM can also point out differences related to traffic emissions and
other emissions in PM. For instance, Winkler et al. [2021], analyzing PM10 air filters from
Rome during the covid lockdown of 2020 and after the relaxing of measures found a difference
between the correlation of magnetic susceptibility during and PM10 concentration during and
after lockdown. Magnetic susceptibility reflected the changes in the traffic regime, whereas
PM10 remained at similar levels.

Information about the provenance of the magnetic grains (for instance, from magnetic
mineralogy), grain size fractions and variations (from domain states, low-temperature mea-
surements), and concentrations are reached through the use of magnetic methods in PM
investigation and air quality studies, complementing traditional investigations (based on the
direct analysis of PM and other air pollutants).

2.2.2 Bio-sensors in environmental magnetism investigations

Besides using PM selective air filters, magnetic methods have been widely used on bio-
sensors, i.e., biological samples exposed to air capable of retaining PM and airborne iron
oxides on their surface [Hofman et al., 2017]. The bio-sensors provide time-integrated and
location-specific information on air quality. Sensors in magnetic investigations comprise
vegetable/Funghi matter (mosses and lichens, plant leaves, bark, and wood) and animal
matter (insects, crustaceans, mammal tissue, including human tissue). Samples from human
provenance can trace the impact of airborne pollution on human health, for instance, being
detected in the frontal cortex of human brains [Maher et al., 2016] and brainstems [Calderdn-
Garciduenas et al., 2020]. Bio-sensors from vegetable/Funghi provenance provide a cheap,
environmentally friendly alternative to other air pollution sensors, besides being ubiquitously
present [Hofman et al., 2017]. Vegetable/Funghi collectors may be collected in situ (for
instance, collecting tree leaf, as in Fusaro et al. [2021]) or moved into another sampling
site (for example, introducing previously collected mosses, as in Chaparro et al. [2020]).
Using diverse vegetable bio-sensors (lichens, mosses, poplar leaves, dandelions, and needles)
Jordanova et al. [2010] investigated clean and polluted sites with an industrial profile. When
comparing the different collectors, they found that lichens and mosses were the ones with
the highest capacity for trapping the magnetic fraction of PM, with mean SIRM values on
clean and polluted sites of 396.32 x 1075 A m?kg~! and 996.62 x 107 Am?kg~!. In contrast,
poplar and dandelions have means of 16.67 x 1075 Am?kg~! and 173.17 x 107* Am? kg~ on
the same sites.

In formal investigations, mosses and lichens have been used for over 40 years as en-
vironmental biomonitors through bulk-chemical (ICP-MS, for instance) and particle-based
characterizations (SEM-EDX). Different species have different capacities to retain airborne
pollution particles. Due to their high accumulation capacity and surface-to-volume ratio,
they are suitable for magnetic investigation of airborne pollution (Fig. 2.3). Chaparro
[2021], using three different species of pollution tolerant lichens, could detect the magnetic
enhancement of the bio-sensors, and posterior decontamination in situ, due to rainfall. Using
lichens Fvernia prunastri exposed to traffic sources in Milan, Winkler et al. [2020] found
strong correlations between magnetic susceptibility and trace elements concentration of Fe,
Cr, Cu, and Sb. SEM and EDX microanalysis confirmed the anthropogenic, non-exhaust
origin of the analyzed particles due to their composition, morphology, and grain size.
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Figure 2.3: Moss bag as a PM bio-sensor in place. Source: Winkler et al. [2020].
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Plant leaves have a large surface area, making them suitable for magnetic investigations.
Indeed, numerous studies have used magnetic properties on plant leaves as monitors of air
pollution [Hofman et al., 2017]. Like lichens and mosses, different species of plant leaves have
different capacities for accumulating particulate material due to differences and specificities
in their morphology, phenology, and specific leaf characteristics (area density, wax layer, mi-
cro surface roughness, presence of trichomes), among others. Measured SIRM on leaves have
a large variation, from 0.002 to 27.50 x 1072 Am?kg™! (mass normalized) or 4.17 x 107 to
777 x 107 %A (area normalized, Hofman et al. [2017]). Leaf magnetic particle concentration is
related to exposure time [Lehndorff et al., 2006, Hofman and Samson, 2014], source distance
[Matzka and Maher, 1999, Moreno et al., 2003, Szonyi et al., 2008], source strength [Kardel
et al., 2012] and leaf sampling height [Mitchell et al., 2010, Hofman and Samson, 2014]. To
investigate functional damage on plant leaves by PM, Fusaro et al. [2021] used a series of
joint magnetic properties, trace elemental composition, and morpho-functional traits mea-
surements. Magnetic properties found on the leaves refer to the traffic on-exhaust origins
of airborne iron oxides. The magnetic susceptibility had a tight positive correlation with
trace metals found on the leaves’ surface. PM affected functional traits related to the first
photochemical process reactions, suggesting a shading effect on leaves.

Tree bark and trunk wood (Fig. 2.4) are generally exposed to atmospheric pollution
for longer time frames than tree leaves (year-round or even longer). However, the exact
duration of exposure may not be simple to infer. Mass normalized magnetic parameters
in tree bark are generally lower than in leaves due to its higher mass to area ratio. But
its normalized surface parameters are comparable to or even higher than leaves due to the
longer exposition time frames. Using tree branches of the Platanus x acefolia Willd, Wuyts
et al. [2018] found SIRM values ranging from 18 to 650 x 107°A (area normalized), with a
median calculated at 106 x 1075A. Median SIRM values were up to 135% higher on busy
roads than in quieter environments such as city parks or quiet street canyons. The samples
on busy roads had the presence of Fe-rich particles and trace metals such as Cr, Cu, Zn,
and Mn on the surface. Values of SIRM varied within the branches, increasing with each
year of exposure. Within the crown, SIRM branch values generally decreased with crown
height. Using in situ measurements, Chaparro [2021] investigated magnetic properties of PM
collected on street tree barks in Buenos Aires, showing that the magnetic fraction of PM has
mostly traffic origins, dominated by magnetic carriers of low coercivity with ultrafine size
range (sub-micron). The iron oxides trapped on the tree barks possessed toxic trace elements
such as Ba, Cr, Cu, Mo, Ni, Pb, Sb, Sn, V, Zn, Al, Si, Ca, Ti, and Ce.

2.2.3 Magnetic ultrafine concentration quantification

The ultrafine fraction of the iron oxides is ubiquitously present in rocks, sediments, and
airborne particles. They may be formed in particular natural and anthropogenic processes.
In the scope of this thesis, we consider the anthropogenic airborne fraction, firstly as proxies
of fine and ultrafine PM, but also because the airborne iron oxides (especially the ultrafine
ones) may themselves pose health hazards, as previously discussed.

The ultrafine fraction of the magnetic minerals may be defined as the one spanning the
Superparamagnetic (SP) and Stable Single Domain (SSD) range [Wang et al., 2010]. The
SSD range is characterized by its time-stable magnetic remanence (on a geological time-
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Figure 2.4: Tree bark is used as bio-sensors in the frame of the Nanoenvi project. The five
wood pieces (linked by a nylon thread) would be hung and exposed indoors or outdoors in
domestic environments. Photo by the author.
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scale), which arises from the internal magnetic moment in the mineral, organizing itself in
one domain (hence the name). The SP fraction is contained in the SSD range. Still, due to
its small grain size, the magnetic energy is comparable to the thermal one on the mineral
grain, which leads the magnetic moments towards disorganization, resulting in an unstable
magnetization over the observation time. The time scale in which the SP fraction relaxes its
remanence is in the order of seconds or less. The transition between the SP behavior and the
SSD stability has a characteristic viscous time remanence, in the order of seconds to tens of
seconds. Due to the exponential characteristic of the relaxation time, small variations in grain
size result in large variations in the relaxation time. We can then separate the SP fraction
into the one with nearly instantaneous relaxation time and the one with viscous decay in
the order of seconds (SP and VSP, for Superparamagnetic and Viscous superparamagnetic).
Regarding its size, for an equidimensional magnetite mineral at 20°C, the SP behavior is
observed for dlameters inferior to 0.025-0.03 pgm ™3, and the SSD threshold is observed just
until 0.05-0.06 pgm = [Dunlop and Ozdemir, 2001].

The SP content is generally identified through the frequency effect on the magnetic sus-
ceptibility [Dearing et al., 1996], from measurements achieved in at least two frequencies (470
and 4700Hz, for Bartington Instruments Ltd). When the SP fraction is absent, the variation
of the magnetic susceptibility with frequency is negligible, so the frequency effect is zero (the
difference of measurement between both frequencies). In the time domain, the relaxation of
the remanence may be used to estimate the concentration of the SP content after turning off
the induction field. This kind of measurement requires an adequate time window and resolu-
tion to characterize the decaying magnetization properly. Worm [1998] proposed a IRM time
decay acquisition to characterize the ultrafine fraction, introducing a viscous decay coefficient
Sg = ([RM15S)_IRM2°°°S, where IRM 5, and IRMyggos where the IRM after respectively 15s and

log 2000s

2000s from the induction. This time frame was used due to instrument limitation, and from
the relaxation time from the SP fraction is evident that it is not adequate to characterize it.
Machac et al. [2007] improved on the protocol proposed by Worm [1998], introducing a set
of time intervals and field intensities. A close association was found between the time and
frequency domain percentage parameters. This experiment’s time frame of 60s was used,
which is still too large for SP decay rates. Wang et al. [2010] proposed a new protocol, using
a J-meter coercivity spectrometer [Jasonov et al., 1998], which allowed for remanence mea-
surements just after turning off the induction field. They propose a relative contribution of
the SP fractions to the total remanence J,% = 100 x (ijw where Jrgg is the remanence
just after turning off the induction field and Jryggs the ﬁnal remanence after 100s. The J,%
parameter, expressed as it is, is a semi-quantitative concentration parameter. By fitting the
Langevin function in the magnetization curve, Leite et al. [2018] proposed a new method of
estimating the concentration of ultrafine magnetic carriers with a priori information of the
mineral family. Using different levels of magnetic induction in a VSM and posterior magneti-
zation relaxation after the external field is turned off, it is possible to separate the remanence
of the SSD fraction present in a given sample and then use the different levels to feed an
inverse problem based on the Néel model of superparamagnetism [Néel, 1955], obtaining the
individual magnetic moment for a carrier and its saturation magnetization, and from its
constitutive relationship a numeric concentration of individual carriers of fast magnetization
decay. Using the individual magnetic moment can also calculate a mean volume for the
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carriers in a sample. The method, Superparamagnetic Concentration and Dipole Moment
[SPCDM Leite et al., 2018] presented excellent results when applied in synthetic nanoscaled
(~ 8nm) magnetite samples with a known concentration. This method has much in common
with previous methods that used Langevin fitting to calculate the individual magnetic mo-
ments and their volumes, such as Berkov et al. [2000] and Woodward et al. [2007]. Still, it
is innovative in how it expands it to calculate numeric concentrations of ultrafine magnetic
carriers, which was done in relative and semi-quantitative ways in previous works.

2.3 Citizen science participation

The term “citizen science” is used to describe scientific investigations done in contributory,
collaborative, and co-created with amateur or citizen scientists [Bonney et al., 2009]. The
participation of citizen scientists is embroiled in the history of science, as before the 19th
century, almost all research was conducted by amateurs, or people not who were not paid
as scientists [Vetter, 2011]. Citizen science projects bring clear benefits for scientists, such
as access to more extensive databases that wouldn’t be possible otherwise [De Craemer
et al., 2020], data points in hardly accessible locations) and helping with the processing
of comprehensive databases [Fritz et al., 2013]. Moreover, citizen science research projects
may have an essential role in the vulgarization and sensibilization of necessary scientific
inquiries, allowing populations from different backgrounds and cultures to use science to
tackle community-driven questions [Bonney et al., 2014]. Citizen science projects also bring
to the general public scientific literacy and nurture their curiosity in science [Miller-Rushing
et al., 2012].

Citizen science investigations have been widely used on air quality monitoring [Varaden
et al., 2021, Hsu et al., 2017, Mahajan et al., 2020, 2021, West et al., 2020]. Using low-cost
sensors allows for massive deployment between citizens, given information at the neighbor-
hood and city scales [Perell6 et al., 2021]. Air quality studies may benefit from the citizen
science approach since the awareness brought to the population may be an important tool in
addressing the intangibility of the air pollution problem, which is virtually invisible [Varaden
et al., 2021].
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Chapter 3

PM2.5 magnetic properties in relation
to combustion sources in Southern

West Africa

3.1 Contextualization

This chapter presents the magnetic investigation of PM2.5 from different urban sources in
West Africa. This investigation took place in the cities of Abidjan (Ivory Coast) and Cotonou
(Benin), where PM emissions are a source of concern. The weather in this region is character-
ized by the African Monsoon, with distinct dry and wet seasons. Four sites with different PM
emission contexts linked to other urban sources (two-wheeled gasoline vehicles, four-wheeled
diesel vehicles, waste burning, and biomass burning) were subject to the investigation using
PM2.5 air filters. The data regarding PM2.5, EC, and OC concentrations and optical depth
were published by Djossou et al. [2018]. The sampling done comprehends a two-year cam-
paign with weekly PM2.5 air filters. It was published as a scientific article in the Journal
Atmosphere (MDPI) in 2021 as A. d. S. Leite, J.-F. Léon, M. Macouin, S. Rousse, R. L. F.
d. Trindade, A. Proietti, L. Drigo, P. Y. J. Antonio, A. B. Akpo, V. Yoboué, et al. Pm2.
5 magnetic properties about urban combustion sources in southwest Africa. Atmosphere,
12(4):496, 2021. doi: 10.3390/atmos12040496.
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Abstract: The physicochemical characteristics of particulate matter (PM) in African
cities remain poorly known due to the scarcity of observation networks. Magnetic parame-
ters of PM are robust proxies for the emissions of Fe-bearing particles. This study reports
the first magnetic investigation of PM2.5 (PM with aerodynamic size below 2.5um) in Africa
performed on weekly PM2.5 filters collected in Abidjan (Ivory Coast) and Cotonou (Benin)
between 2015 and 2017. The magnetic mineralogy is dominated by magnetite-like low coer-
civity minerals. Mass normalized SIRM are 1.65 x 1072 Am?kg~! and 2.28 x 1072 Am?kg~!
for Abidjan and Cotonou respectively. Hard coercivity material (S-ratio=0.96 and MDF=33
mT) is observed during the dry, dusty season. Wood burning emits fewer iron oxides by
PM2.5 mass when compared to traffic sources. PM2.5 magnetic granulometry has a narrow
range regardless of the site or season. The excellent correlation between the site-averaged el-
ement carbon concentrations and SIRM suggests that PM2.5 magnetic parameters are linked
to primary particulate emission from combustion sources.

Keywords: Environmental magnetism; Air pollution; PM composition

3.3 Introduction

Ambient Particulate Matter (PM) is a complex mixture of solid and liquid particles in sus-
pension in the air [Seinfeld and Pandis, 2016]. The adverse health effect of PM has been
established in epidemiological studies over recent decades [Pope IIT and Dockery, 2006, Dock-
ery and Pope, 1994, Cohen et al., 2017, Burnett et al., 2018]. In terms of hazardousness,
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the finer fractions of PM are the ones most nocive to human health [Pope III and Dockery,
2006, Martins et al., 2020]. A common definition for the finer fraction of PM is particles with
aerodynamic size inferior to 2.5 um, known as PM2.5 [Pope III and Dockery, 2006]. PM2.5
was the fifth-ranking mortality risk factor in 2015 leading to 4.2 million deaths worldwide
[Cohen et al., 2017]. Regional decreases in PM2.5 concentrations have been observed over
the last decade in China [Yin et al., 2020] or in the USA, except in wildfire-prone areas [Mc-
Clure and Jaffe, 2018]. Conversely, low and middle-income countries experience an increase
in the emission of atmospheric pollutants, including PM2.5 due to population and economic
growth [Anenberg et al., 2019]. The population of sub-Saharan Africa (SSA) is projected
to double by 2050 [United Nations and Social Affairs, 2019] associated with growing urban-
ization [United Nations and Social Affairs, 2014] and rapid increase in energy consumption,
making SSA a major hot spot of anthropogenic emissions in the near future. Liousse et al.
[2014] has estimated that Africa will contribute to half of the global emission of particulate
organic carbon in 2030. Carbonaceous particles (elemental and organic carbon) are emitted
by combustion due to transportation, the use of biofuels or agricultural waste for domestic
cooking, and open-air waste burning [Keita et al., 2018]. Open biomass burning originating
from agricultural practices and savanna burning also contributes to the urban PM2.5 burden
in SSA [Junker and Liousse, 2008, Menut et al., 2018]. SSA is largely impacted by mineral
dust transported by the northeasterly Harmattan wind during the dry winter period [Afeti
and Resch, 2000]. Dust is a major contributor to PM all year long [Adon et al., 2020]. It is
responsible for sharp increases in PM during outbreaks reaching the Gulf of Guinea [Djossou
et al., 2018, Léon et al., 2021].

Most of the urban areas in SSA lack an air quality network, leaving large, densely popu-
lated areas without PM observations. Our ability to fully understand and quantify the impact
of PM levels in SSA cities is currently limited by the scarcity of monitoring data. The Dy-
namic Aerosol-Cloud—Chemistry Interaction in West Africa (DACCIWA) research program
investigated the possible role of local air pollution in climate change in West Africa, providing
an unprecedented set of observations on the PM concentrations and chemical composition
in the South West African cities of Abidjan (Ivory Coast) and Cotonou (Benin) [Knippertz
et al., 2015a]. PM2.5 mass and carbonaceous fraction were measured on a weekly basis at
both cities between 2015 and 2017 [Djossou et al., 2018]. The measurements were targeted
towards the characterization of urban aerosols from specific combustion sources [Adon et al.,
2020] and the assessment of personal exposure of nearby populations [Xu et al., 2019].

As an alternative to standard PM sampling, environmental magnetism has been proven to
be a robust, quantitative technique for identifying ambient concentrations of anthropogenic
PM [Dekkers et al., 2004, Hofman et al., 2017]. Iron oxides contained in PM offer the
possibility to investigate PM concentrations through their magnetic properties. Magnetic
susceptibility, which relates to iron oxides concentration, may have a linear relationship with
PM concentration [Sagnotti et al., 2006, Castanieda-Miranda et al., 2014]. Several studies
conducted in European cities established that the magnetic fraction present in urban PM is
mostly composed of ferrimagnetic soft coercive magnetite-like grains [Muxworthy et al., 2001,
Sagnotti et al., 2006, Mitchell and Maher, 2009, McIntosh et al., 2007, Spassov et al., 2004,
Saragnese et al., 2011, Revuelta et al., 2014, Jordanova et al., 2014, Mantovani et al., 2018].
These iron oxides present in PM have a natural and anthropogenic origin. Early works in
environmental magnetism demonstrated the potential of magnetic methods to successfully
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differentiate these sources [Hunt et al., 1984, Chester et al., 1984, Hunt, 1986]. These meth-
ods enable to identify the magnetic minerals [Shu et al., 2001, Spassov et al., 2004, Saragnese
et al., 2011], the magnetic domain state which relates to grain size of the iron oxides [Shu
et al., 2001, Saragnese et al., 2011}, and concentration of magnetic carriers [Sagnotti et al.,
2006, Castaneda-Miranda et al., 2014]. Iron oxides are often associated with nitrogen oxides
[Saragnese et al., 2011, Jordanova et al., 2014] as well as heavy metals [Shu et al., 2001, Re-
vuelta et al., 2014, Jordanova et al., 2014] known to be among the most harmful constituents
of particulate matter [Di Gilio et al., 2017]. Iron oxides have also been found among soot
[Shi et al., 2015]. The magnetic fraction of traffic emission particles is generated by the com-
bustion of fossil fuels and vehicle wear, especially by brake disk abrasion [Hoffmann et al.,
1999, Hunt et al., 1984, Sagnotti et al., 2006, Sagnotti and Winkler, 2012, Saragnese et al.,
2011, Revuelta et al., 2014].

The natural origin of iron oxides in this region is due to aeolian dust sourced from lateritic
desert zone soils.

The iron oxides carried by the Harmattan wind include a mix of low coercivity (magnetite-
like) and antiferromagnetic high coercivity minerals (hematite, goethite) [Maher, 2011]. The
magnetic methods may be able to distinguish the origins of iron oxides from natural to
anthropogenic and thus allow the investigation of the seasonal and source influences in the
PM from those distinct origins.

The objective of this study is to assess the potential of magnetic methods to track sources
and emissions variations from different urban activities in West Africa in the context of
geogenic iron oxides inputs from continental winds. We study PM2.5 filter samples collected
through the DACCIWA research program in Africa between 2015 and 2017 to characterize
the iron oxides in terms of concentration, grain size distribution, and magnetic mineralogy.
The data previously published in Djossou et al. [2018] for the filters enable the comparison
between the presence of magnetic particles and quantitative indicators of combustion like the
carbonaceous fraction and also PM2.5 concentration.

3.4 Methods

3.4.1 Sampling sites

PM2.5 filters were sampled in Abidjan (Ivory Coast) and in Cotonou (Benin), between Febru-
ary 2015 and March 2017. These two cities are the main economic centers of their respective
countries. The urban areas of Abidjan and Cotonou have a population of 5.2 and 2.5 million,
respectively. They are both located on the northern shore of the Gulf of Guinea (Figure 3.1).

They benefit from a sub-equatorial climate with two dry and two wet seasons. The
long wet season stretches from April to July (Figure 3.2) and is dominated by Southwestern
prevailing winds carrying humidity to the continent, and it is also known as the West African
Monsoon [Knippertz et al., 2015b]. The long wet season is followed by a short dry period
from August to September, associated with the lowest temperatures and highest winds. The
short wet period lasts for 2 months from October to November and is characterized by
a Southwestern wind from the Gulf of Guinea with a meridional component being higher
in Cotonou than in Abidjan due to its eastern position [Lélé et al., 2015]. The long dry
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Figure 3.1: Localization of Abidjan and Cotonou in West Africa. Insets show the sampling
sites (AT: Abidjan traffic; AL: Abidjan Landfill, AF: Abidjan fireplace and CT: Cotonou
traffic).

season stretches from the end of November to March, when the region is influenced by dry
Northeasterly winds from the Sahel, also known as the Harmattan, that bring mineral dust
from arid areas [Adetunji et al., 1979]. The drop in the meridional wind component (V) in the
weekly time series (Figure 3.2) indicates the Harmattan period, although the V component
is still largely influenced by the coastal sea breeze [Bajamgnigni Gbambie and Steyn, 2013].
The Harmattan is usually associated with an air temperature drop and dusty conditions.
December and January are the most affected by the Harmattan regime, in particular during
the 2015-2016 winter. During this period pollutants emitted by savanna and agricultural
waste burning are also advected to the coast by continental outflow [Marais et al., 2014].
Air temperature variations in both cities are very similar, following closely the same trends
(Figure 3.2). The air temperatures reach a maximum (30° C) in April and a minimum (25° C)
in July or August.

To characterize different emissions sources, four sites were sampled: two traffic sites
(Cotonou site CT and Abidjan site, AT) and in addition in Abidjan a waste burning site
(AL) and domestic fires site (AF). The combustion sources investigated were targeted to
transportation, food smoking and waste burning [Djossou et al., 2018]. PM emissions in the
African urban centers are derived from or are due to transportation but also from heavily
polluting combustion sources, like charcoal making, food smoking and barbecue or open-air
waste burning [Keita et al., 2018, Dominutti et al., 2019].

The traffic site in Cotonou (CT) is located in the Dantokpa area, one of the biggest
markets in Africa. The transport sector in Cotonou is dominated by two-wheel vehicles with
gasoline as the main fuel source. The sampler instrument is located on a 4 meters high
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Figure 3.2: Weekly mean temperature, cumulative rainfall, mean zonal U(U>0 indicates wind
from the West) and meridional V(V>0 indicates wind from the South) winds recorded in
Abidjan (Felix Houphouet Boigny airport) and Cotonou (Cadjehoun airport) from February
2015 to March 2017.
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balcony, above a major cross-road (Figure 3.1). The traffic site in Abidjan (AT) is located in
the Adjamé sector. The traffic in Abidjan is dominated by cars and small buses using diesel
fuel. The sampler is located on the roof of a commercial building. The domestic fireplace
site (AF) is located in the market courtyard of Yopougon-Lubafrique. There is heavy use of
fireplaces to smoke meat and fish or roast peanuts, and the main fuel source is hevea wood, in
a total of 25 fireplaces (Figure 3.1). The instrumentation in this case is located on a 3-meter
height tower. The waste burning site (AL) is located near the public landfill of Abidjan,
in the village of Akeoudo. The landfill of Abidjan was closed in 2019 and until then was
collecting all the waste produced in the district of Abidjan for the last 50 years. The dump
has received about 1M t of waste a year in the last years [Adjiri et al., 2015]. The dump is
connected to the city by unpaved roads (Figure 3.1). The workers at the landfill burn waste
for recycling mainly in the dry season. Also, during this season spontaneous ignition of the
waste can also occur. The sampling instrument is located in a three-store building at roughly
12 m above ground and at a distance of about 500 m from the place where the trashes are
burnt.

3.4.2 Sampling

The sampling was done with a mini Partisol PM2.5 inlet using an airflow of 5Lmin™ [Djossou
et al., 2018]. Samples were taken weekly (some weeks were not sampled due to technical
issues), by pumping ambient air for 15 min every hour. A total of 440 samples were retrieved
from February 2015 to March 2017. For each sample, two 47 mm diameter filters (PTFE
and quartz filters ) were collected, thanks to two sampling lines running in parallel and
equipped with NILU filter holders [Djossou et al., 2018]. After the exposure, the filters were
stored individually in Petri dishes covered by aluminum foil. The quartz filters were used
for carbonaceous aerosols analysis using a DRI thermo/optical carbon analyser [Chow et al.,
1993, 1994, 2004, 2006] and following the IMPROVE protocol [Chiappini et al., 2014b]. PTFE
filters were used for gravimetric measurements using a microbalance Sartorius MC21S. The
total volume of air sampled each week is measured using a Gallus-type G4 gas meter. The
PM2.5 concentration and carbon species data are reported in Djossou et al. [2018]. The 440
PTFE filters were cut in half with a ceramic scissor, with one half being used in this study.
Observations are normalized by the corresponding surface. The filters were folded and put
inside gel caps to facilitate their handling. The gel caps were placed inside paleomagnetic
sample plastic boxes for the measurements. Due to technical issues, only 356 were successfully
analyzed. The AT and AF sites have missing magnetic data on the first half (from March
2015 to November 2015) and the second half (from March 2016 to April 2017) of their time
series respectively.

3.4.3 Magnetic methods

The magnetic investigation of the 356 quartz filters was done in the Laboratory of Paleo-
magnetism and Rock magnetism of the University of Sao Paulo (USPMAG), Brazil. The
measurement protocol started using an alternating field demagnetization (AF), followed by
anhysteretic remanent magnetization acquisition (ARM) and isothermal remanent magneti-
zation acquisition (IRM). The AF demagnetization, ARM acquisition, and measurement and
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IRM measurements were performed with a 755-1.65 DC SQUID magnetometer (2G enter-
prises), with a precision of 10" emu, located in a magnetically shielded room with an ambient
field inferior to 500 nT. The IRM inductions were imparted on a pulse magnetizer (Magnetic
Measurements Ltd.). All measurements are an average of three repeated measures of the
magnetic moment. All samples were demagnetized along three axis in an AF peak field of
300mT. After that, 94 samples were subject to progressive stepwise acquisition of the ARM
under 30 pT bias field up to 300mT and AF demagnetization from 300mT (demagnetization
curve of the ARM following Egli [2004]). The remaining samples (262) were given a one-step
ARM in a bias field of 30 pT with superimposed AF of 100mT. The susceptibility of the
ARM (xARM) is calculated by dividing the magnetic moment in A m? by the bias field in
A/m. IRMs were imparted by inducing fields of 1T (in this case considered as the satura-
tion isothermal remanent magnetization, SIRM) and a backfield of 300mT (IRM_3oomt). The
SIRM parameter gives a qualitative concentration of the soft coercive magnetic carriers [Evans
and Heller, 2003]. The mean destructive field (MDF) is determined from the intersection of
the acquisition and demagnetization of the ARM curves, where half of the magnetization is
lost. It gives information about the coercivity of the magnetic mineral, which is how hard it
is for a mineral to lose its magnetization under demagnetization conditions [Dankers, 1981].
Low coercivity minerals could be ferrimagnetic magnetite-like, and high coercivity minerals
could be hematite and goethite. The S ratio (defined by IRM 300m,r/SIRM) is used to eval-
uate the proportion of high and low coercivity magnetic minerals in the sample [King and
Channell, 1991]. Volume normalized SIRM (SIRMy/) gives the concentration of iron oxides
in air volume, in Am™!. Mass normalized SIRM (SIRMy;) provides the magnetic content
in PM2.5, expressed in Am?kg~!. The same normalization was applied in the ARM values,
with ARMy and ARM); for volume and mass normalizations respectively. The ratio between
xARM/SIRM is a useful tool for discerning the size of ferrimagnetic magnetite-like minerals,
and when plotted against the MDF of the ARM it will distinguish between fine and coarse
grain sizes [Maher, 1988].

3.4.4 Scanning Electronic Microscopy

Morphology and size of the iron oxides in representative samples (4 filters) were charac-
terized through Scanning Electronic Microscopy (SEM), using a JEOL JSM 7100F. For
characterization of composition, EDS was performed with an Oxford Instrument Detec-
tor (Xyax=80mm?). All micro-characterizations were done at the Centre De Microcar-
actérisation Raimond Castaing (Toulouse, France). The samples (quartz filters) were pre-
treated with a carbon coating and using conductive silver adhesives.

3.5 Results

3.5.1 Magnetic mineralogy

ARM acquisition curves display saturation varying from 1.88 x 107> to 2.15 x 10~* Am?, at
80mT. Mean MDF’s range from 33 mT to 35mT.

S-ratio varies from 0.90 to 1.00 at the AF site, between 0.67 to 1.00 at the AL site,
between 0.65 and 1.00 at the AT site, and between 0.87 and 1.00 at the CT site. Mean values
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Table 3.1: Summary of calculated means and standard deviations for the magnetic parame-
ters, concentrations of elemental carbon and PM2.5, and organic and elemental carbon ratio
(OC/EC). SIRM is presented as both mass and volume normalized (SIRMy and SIRMy,
respectively) and MDF is the Mean Destructive Field. Stars indicate values from Djossou
et al. [2018].

Whole period AT CT AL AF
SIRMy (1071 Am~1) 6.32 (£ 3.09) 4.90 (& 1.91)  4.88 (£ 1.98) 6.83 (£ 4.24)
SIRMy; (1072 Am?kg™!) 223 (£ 1.18) 228 (£ 1.31)  2.21 (£ 1.31) 0.53 (£ 0.38)
S-ratio 0.97 (£ 0.05)  0.97 (£ 0.03)  0.96 (& 0.04) 0.96 (£ 0.02)
MDF (mT) 33.55 (£ 4.46)  33.76 (£ 2.76) 35.08 (£2.95)  33.55 (£ 2.58)
xARM/SIRM (104 m A1) 7.32 (£2.78) 6.57 (+£1.82) 6.93 (+4.22) 7.24 (+2.38)
EC (pgm=3)x 7.64 (+4.02) 215 (£ 1.26)  4.22 (£ 2.60 ) 13.01 (£ 6.77)
PM2.5 (ngm™3)x 37.01 (£ 29.70) 30.64 (£ 32.01) 28.44 (£ 19.79) 153.55 (& 73.29)
OC/EC x 1.93 (£ 1.07)  3.72 (£ 1.37)  2.54 (£ 1.49) 6.00 (£2.66)
Harmattan period

SIRMy (10~ Am™1!) 7.57(+4.38) 6.13(£2.19) 5.94(£1.97) 5.50(£1.74)
SIRMy; (1072 Am?kg™!) 1.37(+0.66) 1.72(+1.25) 1.24(40.58) 0.70(£0.39)
S-ratio 0.97(40.02) 0.95(£0.04) 0.97 (£0.02) 0.97(£0.01)
EC (ngm3)* 10.45(44.69) 3.51(+1.54) 6.84 (+4.04) 10.56(45.59)
Monsoon season

SIRMy (1071 Am™1) 6.76 (£2.86) 4.14 (4£1.23) 4.16 (+2.01) 9.81 (£5.81)
SIRMy; (1072 Am?kg™!) 3.25 (£1.50) 2.98 (+1.54) 2.41 (£1.53) 0.46 (£0.32)
S-ratio 0.98 (£0.01) 0.97 (£0.01) 0.96 (£0.02) 0.95 (£0.03)
EC (ngm=3)x 4.99 (£1.12) 1.52 (40.74) 3.61 (£0.93) 21.08 (+£8.06)

for S-ratio are above 0.96 for all sites (Table 3.1), pointing out to dominance of low coercivity
minerals for all sites and a mainly small component of high coercivity minerals like goethite
and hematite.

3.5.2 Particulate matter magnetic properties

Volume normalized SIRM (SIRMy) values range between 4.87 x 1072 Am~! and
2.62 x 1072 Am~! (Figure 3.4) with site means between (Table 3.1) 6.83 x 107'° Am™~! (AF
site) and 4.90 x 107 Am~! (CT site).

Mass normalized SIRM (SIRMy;) values evolve between 2.87 x 107 Am? kg™ to
7.55 x 1072 Am?kg~!. Site means display similar values of 2.23 x 1072 Am?kg~!,

2.28 x 1072 Am? kg ! and 2.21 x 1072 Am?kg~! for the AT, CT and AL sites respectively,
whereas the AF site presents the lowest value (0.53 x 1072 Am?kg™!).

The weekly xARM/SIRM ratio ranges from 8.06 x 107° to 7.02 x 1073m A~!. Mean
ratios are between 6.57 x 107* and 7.32 x 107*m A~! for CT and AT sites, respectively.
Weekly values of SIRMy display moderate but significant correlations with PM2.5 concen-
tration (Figure 3.3a), with Pearson correlation coefficients R values of 0.42, 0.44, 0.37 and
0.28 for the AT site, CT site, AL site and AF site respectively. Considering all the sites,
the correlation coefficient is R=0.40 (p <0.01). The average SIRMy for each site is strongly
correlated to the average EC concentrations (R=0.94) (Figure 3.3b) while the R coefficient
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is 0.77 for the correlation with the PM2.5 concentration means.

3.5.3 Time series of concentration (volume normalized) parame-
ters

Both traffic (AT and CT) and AL sites present similar variations (Figure 3.4) in the concen-
tration of PM2.5 and EC, having well-marked peaks during the Harmattan periods in both
years. The magnetic parameters (ARMy and SIRMy) also follow similar patterns in those
sites, albeit with a stronger variability, especially in the AL site.

The domestic fire site (AF) presents the opposite behavior compared to the other sites,
displaying an increase in the concentrations of PM2.5 and EC in the first months of sampling.
The AF site shows a large increase in the concentrations of EC and PM2.5 peaking in July
of 2015, which can be also observed in the magnetic parameters. The mid-seasons bring a
decrease in the concentrations of EC and PM2.5 till the beginning of the Harmattan period in
December. The magnetic parameters follow the trends of the PM2.5 and EC concentrations,
with greater variability (Figure 3.4).

For the AL and CT sites (Figure 3.4), the time series starts in February 2015, at the end of
the Harmattan wind period. The concentrations of PM2.5 and EC stagnate at low values till
the end of the Monsoon season. In the mid-seasons, from August of 2015 to November, there
is an increasing trend in the PM2.5 and EC concentrations at the AL and CT sites. This is
also observed in the magnetic parameters at the CT site. The transition from the small wet
period in November to the Harmattan period in December of 2015 in the AT, AL, and CT
sites (the AF site has no data after January of 2016) is marked by a large increase in the
concentrations of EC and PM2.5, with concentrations multiplied by two to three times fold.
Magnetic parameters show similar increases, especially at the traffic sites (AT and CT). As
the Harmattan period progresses, the concentrations of EC and PM2.5 decrease till March of
2016, when they stay stable at the three sites (AT, CT, and AL). The magnetic parameters
display those same trends, especially at CT and AT sites. All parameters remain stable till
the beginning of the Harmattan period, once again increasing the concentrations of EC and
PM2.5 and magnetic parameters at the three sites (AL, CT and AT) (Figure 3.4).

We can observe a large influence of the wind on the PM2.5 concentration and the mag-
netics parameters, except for the AF site. The alternation of the Monsoon and Harmat-
tan regimes is well reflected by the meridional wind component (V) variation. The anti-
correlation between PM2.5 and the meridional component of the wind reaches R=-0.75 for
the AT site. An increase in the V component reflects the influence of clean marine air carried
by the Monsoon flow towards the sites. Conversely, low V component indicates a Northeast-
erly Harmattan wind carrying continental aerosols to the sites and thus increasing the PM2.5
concentrations.

The AF site is not affected by such a feature, however, the rainfall may have an impact
on emissions during wood combustion [Djossou et al., 2018, Keita et al., 2018].
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Figure 3.3: (a)Weekly values of SIRMy versus PM2.5 concentration for each site. (b) Cor-
relation between SIRMy means and EC and PM2.5 concentrations means for the whole data
series in each site. Error bars are the standard errors.
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Figure 3.5: EC concentrations and magnetic content in air volume and PM (SIRMy and
SIRMyy, respectively) for the two characteristic weather events: the Harmattan period (dry
season) and the monsoon season. Means (horizontal lines in the center of the square) and
standard deviations (size of the square) are reported.
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3.5.4 Seasonal influence of Harmattan wind and West African
monsoon

To investigate the influence of the meteorological conditions (Figure 3.2), we selected the
most characteristic periods, meaning the lowest values for pluviometry and Southwestern
winds for the period influenced by the Harmattan wind (three first weeks on December 2015
and the two last weeks in January 2016), and the highest pluviometry and Southwestern
wind for the monsoon period (June and July, of 2015 for AL, AF and CT sites and 2016 for
AT site).

Seasonal SIRMy means (Figure 3.5) display higher values at the AT site in comparison
to the CT site, in both seasons, with means ranging from
757 x 107 Am~1t06.76 x 10719 Am~"! in the AT site and ranging from 6.13 x 10719 Am™!
to 4.14 x 101 Am~" in the CT site during the Harmattan and Monsoon seasons respectively.
The value of SIRMy at the AL site is higher during the dry period (5.94 x 1071° Am™!)
compared to the wet one (4.16 x 107! Am™1). The AF site has a lower mean value during
the Harmattan season (5.50 x 10719 Am~!) in comparison to the Monsoon season
(9.81 x 10710 Am1).

The SIRMy means calculated for the traffic sites (AT, CT) and the AL site during
both seasons display similar behaviors in being higher during the Monsoon than during
the Harmattan period. Seasonal means during the Harmattan and Monsoon seasons are
1.37 x 1072 and 3.25 x 1072 Am?kg~! in the AT site, 1.72 x 1072 and 2.98 x 1072 Am? kg™!
in the CT site, 1.24 x 1072 and 2.41 x 1072 Am?kg~! in the AL site, respectively. Conversely,
the AF site has a smaller mean during the wet period (0.46 x 1072 Am? kg™!) than during
the Harmattan period (0.70 x 1072 Am?*kg™!).

S-ratio means (Table 3.1) of the four sites during the Harmattan period vary between 0.95
and 0.97. During the Monsoon, the S-ratio means range from 0.98 to 0.95 with the highest
values at the AT site and the lowest at the AF site.

The Harmattan wind affects more the traffic sites and AL site, depicted by a mineral input
from dust characterized by high coercivity minerals (hematite, goethite). The Harmattan
wind also facilitates resuspension due to its drier characteristic, resulting in an increase in
EC concentration in those sites. The AF site, on the other hand, is affected by the humidity
of the Monsoon season, with enhanced values in EC concentration and volume normalized
magnetic parameters (SIRMy and ARMy).

3.5.5 Grain size parameters

As the magnetic mineralogy is dominated by low coercivity minerals, assessment of grain size
may be achieved with the ratio between xARM and SIRMy;. In Figure 3.6, the xARM/SIRM
ratio is plotted against the MDF. The samples presented in this study range in xARM/SIRM
from 1.0 x 107*m A~ to 1.7 x 1073m A~!. They are well-grouped without any distinctions
regarding the site. Four samples from the AT site are located below the xARM/SIRM of
5.0 x 107*m A~!, and one sample from the AL site is located above

1.5 x 107>mA~!. These five samples lying outside the main group were all collected in
December in both years.
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Figure 3.6: xARM/SIRM versus MDF for selected samples in the four sites (circle-AT, square-
CT, diamond-AL, triangle-AF, all filled) and data from Dankers [1978], Ozden Ozdemir and
Banerjee [1982], Maher [1988] and Mitchell and Maher [2009] (open inverse triangles in
salmon, purple, green and blue respectively). Iron oxides reported in Dankers [1978], Ozden
Ozdemir and Banerjee [1982] and Maher [1988] are all composed of synthetic magnetite or
ferrimagnetic magnetite-like iron oxides, with known grain sizes (represented by the num-
bers above the symbols, in pm). Data from Mitchell and Maher [2009] are measurements
performed in PM10 filters and leaves (total suspended particles, TSP).
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3.5.6 Scanning Electronic Microscopy

SEM observations indicate that the PM2.5 particles captured in the filters are a mix of carbon-
rich chains, fluffy soot aggregates (Figure 3.7), iron oxides with different shapes (spherical
fly ashes and irregular shapes, Figure 3.7), and aggregates containing different proportions
of elements (including Al, Ca, S, PB, Si, K, Figure 3.7). The spherical fly ashes (iron oxide
spherules) were found in all sites with the exception of the CT site. The AT site shows carbon
fluffy aggregates trapped in the filter matrix (Figure 3.7a), with five sub-micron spherical fly
ashes (with sizes ranging from 50 to 500nm), composed of iron oxides (Figure 3.7c). Some
of them are agglomerations of smaller spherules. Figure 3.7b illustrates such agglomeration
displaying six spherules with sizes ranging from 50 to 300nm, entrapped among the carbon
chains. EDS spectra (see an example in Figure 3.7c) indicate that spherule compositions
are dominated by iron and oxygen, with traces of C and Si. Si, present in all samples, may
correspond to the matrix of the filter (Quartz).

The observations of the other sites (CT, AL, AF) are presented in Figure 3.7d, Figure 3.7e
and Figure 3.7f and respective EDS spectra are presented in Figure 3.7g, Figure 3.7h and
Figure 3.7i. We detected iron oxides in all sites. In the CT and AL sites, we observe bright
irregular shaped particles at the center of the figures (Figures 3.7d and 3.7e, respectively).
In Figure 3.7d, some carbon aggregates, with a bright particle at its center, points out to
a heterogeneous composition. The bright particle has an irregular shape, with dimensions
of 0.96pum and 0.79um, composed mainly of Fe and O and traces of S, Ca, Al, Na and Si
(Figure 3.7g). Figure 3.7e has almost no visible carbon aggregates and chains. The central
bright particle is composed of Fe and O with traces of Pb, Zr, Cl, K, Al, Na, C and Si (Figure
3.7h) with a size of 1.33um in width. The filter from the AF site, (Figure 3.7f) is much more
charged in carbon particles than the others, several carbon fluffy aggregates can be observed
on one quartz fiber. The bright spherule is composed of Fe and O, with traces of C and Si
(Figure 3.7i). It has a diameter of 0.75um.

The iron oxide spherules (or fly ash particles) found at the AT and AF sites (Figures 3.7a
and 3.7f) have sub-micron size. They present mainly a Fe-rich composition with C, related
to the carbon species released by the different combustion processes in those sites. Those
elements point clearly to anthropogenic origin for those particles. The irregular iron oxides
found at CT and AL sites (Figures 3.7d and 3.7e) are generally bigger than the spherules.
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3.6 Discussion

The magnetic properties of the coarse PM fraction (PM10 and TSP) are largely influenced
by non-exhaust vehicular emissions [Sagnotti et al., 2006, 2009, Sagnotti and Winkler, 2012]
that contain Fe-bearing particles and other transition metals. However, the finer fraction
(PM2.5) and the influence of combustion emission on its magnetic properties have been
less investigated. Iron oxides in urban PM2.5 consist of mixed Fe phases with variable
morphologies, particle sizes, and aggregates [Mitchell and Maher, 2009, Shi et al., 2014].
Recently, Fe-bearing particles were found in association with carbonaceous material [Shi
et al., 2015] and a wide variety of trace elements [Pattammattel et al., 2021]. Here, for the
first time in West Africa, iron oxides are reported in anthropogenic emissions of particulate
material in air through the use of environmental magnetism methods.

All sites present iron oxides, among soot and/or aggregates containing crustal elements
(Al, Ca, K, Zr), sea salt (Na, Cl) and elements from anthropogenic activities (S, Pb) [Liu
et al., 2019a] detected via magnetic and microscopic methods (Figure 3.7). The detected
fly-ash spherules are a marker of anthropogenic combustion emissions, in the sub-micron size
range (Figure 3.7).

The iron oxides detected in West Africa PM2.5 are a mix of ultrafine magnetite-like
grains and high coercivity minerals (hematite, goethite). The presence of both ferrimagnetic
magnetite-like grains and hard coercivity minerals is detected in all sites and seasons, with
a greater influence of the hard coercivity minerals in the dry period.

The presence of soft coercivity magnetic carriers is illustrated by the fact that ARM
saturation was achieved at 80 mT [Mitchell and Maher, 2009]. The dominance of magnetite-
like minerals on the magnetic fraction seems to be the hallmark of urban PM emissions [Gonet
and Maher, 2019, Gonet et al., 2021b, Liati et al., 2015, Bardelli et al., 2011]. Indeed, this was
reported in numerous cities (e.g. Mitchell and Maher [2009] in Lancaster, UK, Muxworthy
et al. [2001] in Munich, Germany, Mantovani et al. [2018] in Parma, Italy, Saragnese et al.
[2011] in Torino, Italy, Jordanova et al. [2014] in Bulgaria, Castaneda-Miranda et al. [2014] in
Quéretaro, Mexico, Chaparro et al. [2020] in Mar del Plata, Argentina and Shu et al. [2001]
in Shanghai, China). When reported, S-ratios are generally close to 1. Revuelta et al. [2014]
calculated S-Ratio of 0.99 on PM2.5 filters in Barcelona. Sagnotti et al. [2006] obtained
for the Latium region (Italy) a mean S-ratio=1.00 for PM10 filters. Wang et al. [2017]
calculated for Nanjing a mean S-ratio=0.97. The S-ratios reported here are mainly slightly
lower, indicating the presence of high coercivity minerals. S-ratio means range between 0.97
(traffic sites AT, CT) and 0.96 (AL and AF sites), and MDF means are close to 33mT in
AT, CT, and AF sites and 35 mT in AL site. Those values highlight the influence of the high
coercivity minerals such as hematite and goethite in all sites. S-ratio values lower than 0.97
and MDF values above 30 mT have been shown by Frank and Nowaczyk [2008] to be due to
a mix of hematite and magnetite.

Seasonal variance plays an important role on the air quality, as weather characteristics,
such as wind and rain, will change the carrying of continental pollutants and dust through
long distances, and facilitate resuspension of local PM [Djossou et al., 2018, Yahi et al.,
2013]. High coercivity minerals (goethite/hematite) could be expected in African cities due
to intense laden-wind carrying minerals from lateritic soils [Schroth et al., 2009, Formenti
et al., 2014]. The wind blows dust from arid areas in the SSA region. It has a magnetic com-
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Figure 3.7: SEM images for the four sites: (a) Abidjan traffic (AT) site showing five iron
oxide agglomerations and individual spherules, with sizes ranging from 50 to 500 nm.(b)
A detail from (a) of one of the agglomerations (marked in red in figure a), displaying six
spherules with sizes ranging from 50 to 300 nm.(c) EDS spectrum of the central spherule
marked in blue in figure (a), showing a composition of Fe, O, Si and C. (d) Cotonou traffic
site (CT), showing a particle agglomeration with a central particle composed of Fe and S
with low traces of Ca, Al, Na, O. The aggregate surrounding this particle has a composition
of C, Ca and Al, and a maximum dimension of 3.22um. (e) Abidjan landfill site (AL) with
a bright irregular shaped particle at the center, composed of Fe and O, and traces of Pb, Zr,
Cl, K, Al, Na with dimension of 1.33um. (f) Abidjan domestic fire site (AF), with a central
spherule of 0.75um in diameter, composed of Fe and O.(g) EDS spectrum for the central
particle (marked in blue) from the CT site. (h) EDS spectrum from the central particle
(marked in blue) from the AL site. (i) EDS spectrum from the spherule (marked in blue)
from the AF site. All spectra have the presence of Si, related to the matrix of the filter.
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position of low (magnetite-like) and high coercivity carriers, such as hematite and goethite
[Lyons et al., 2010, Maher, 2011]. The Harmattan period, characterized by dry weather and
northeasterly winds, displays a change in the magnetic mineral composition of the PM2.5 at
both traffic sites and at the AL site. This is further substantiated by a lower S-ratio during
this period in comparison to the Monsoon season indicating a higher contribution of high
coercivity minerals (hematite, goethite). Evidently, during the Monsoon, the resuspension
and carrying of wind-blown dust are diminished, enhancing the influence of the main source
of PM (traffic emissions for AT, CT, and AL and wood burning for AF) in those sites. More-
over, at the AL site, the burning of trash is done mainly during the dry season, increasing
the output of emissions during this period [Djossou et al., 2018]. The traffic sites (AT, CT)
and AL site also exhibit peaks of concentration of PM2.5, EC, and magnetic content in the
air (SIRMy) during this period, due to resuspension and long-distance carrying of pollutants
[Djossou et al., 2018, Yahi et al., 2013]. Conversely, the Monsoon season has a diminished
influence from non-local sources.

In Abidjan and Cotonou, mean values for the concentration of iron oxides in PM2.5
(SIRMy;) -meaning SIRM normalized by PM2.5 mass- equals to 1.65 x 1072 Am?kg~! and
2.28 x 1072 Am? kg~! respectively, close to the few magnetic results reported for PM2.5
collected in filters. SIRMy; values reported from Barcelona [Revuelta et al., 2014] and Beijing
[Shi et al., 2014] range from 2.53 x 1072 Am?kg! to 4.56 x 1072 Am?kg~! respectively. In
both cities, the presence of iron oxides in PM has mainly anthropogenic origins due to
traffic and urban emissions (at least in the absence of a strong crustal PM source with
North African origin for Barcelona). Conversely, in Nanjing, Wang et al. [2017] report (for
PM2.5 samples taken twice a day) higher SIRMy; values of 4.98 x 107! Am?kg™! (winter)
and 5.42 x 107* Am?kg~! (summer). Such high values compared to our own and other
studies are probably due to the highly industrialized context.

Magnetic content in the air (SIRMy) corresponds to the concentration of iron oxides in
air volume (SIRM normalized by air volume pumped in a filter). SIRMy values on PM2.5
are rarely reported in the bibliography. Shi et al. [2014] found in Beijing a value for SIRMy
of 4.31 x 1071 Am™1!, in the same order of magnitude to the values found in Abidjan and
Cotonou. Magnetic content marked by SIRMy and ARMy are significantly higher in the
AF site compared to traffic sites (Table 4.1). The high values of magnetic content (volume
normalized) and high EC mean concentration in comparison with the traffic sites indicate a
higher volume of emissions at the AF site.

SIRMy and ARMy time series are moderately correlated with PM2.5 mass concentrations.
Revuelta et al. [2014] found a high correlation between the SIRM (normalized by filter area)
and total PM with R=0.89. Mitchell and Maher [2009] reported a strong correlation between
SIRM (normalized by filter area) of PM10 filters and their PM10 concentrations (R=0.88).
Mantovani et al. [2018] obtained correlations with R=0.34 between the area normalized SIRM
for the PM10 filters and concentration of PM10 from a nearby weather station and R=0.50
between the area normalized SIRM in PM10 filters in comparison to PM2.5 concentration
from the same nearby weather station. The time series of the concentration parameters
(EC and PM2.5) presented in this work displays some similar trends to the time series of
the magnetic parameters in the air (SIRMy and ARMy ), although the magnetic parameters
have greater variability, with periods where they do not follow the concentration parameters.
Nonetheless, the site-average PM2.5 is reasonably correlated to the SIRMy when excluding

47



CHAPTER 3. PM2.5 MAGNETIC PROPERTIES IN RELATION TO COMBUSTION
SOURCES

the wood-burning site (AF). Wood burning for smoking food leads to the largest concentra-
tions of PM2.5. The combustion process is known to produce ashes with a distinct magnetic
signal dominated by low coercivity magnetite-like minerals (e.g., McClean and Kean [1993] in
wood and Jordanova et al. [2006] in cigarette ashes). The AF site displays a generally higher
PM emission than other sites with PM2.5 and EC concentrations one order of magnitude
higher than the other sites. However, the PM2.5 magnetic content (SIRMy;) is much lower
in the AF site in comparison to the others. This implies that wood-burning emits fewer iron
oxides than traffic per unit of PM2.5 emitted during combustion.

The site-wise correlation between means SIRMy and EC concentration is better than
between means SIRMy and PM2.5 concentration. This indicates that the iron oxides in
PM2.5 detected by this method are mostly related to combustion sources, EC concentration
being an indicator of primary emission by combustion.

Our sampling allows us to discern two types of sources: traffic (sites AL, CT, and AT)
and wood combustion (site AF). The AL site, although subject to waste burning emissions,
presents a behavior closer to those of the traffic sites when considering the investigated
parameters (magnetic properties and EC/OC ratio from Djossou et al. [2018]). This could
be explained by the location of the observation base, far from the source, favoring a greater
impact of the traffic on the nearby road. Nonetheless, differences in PM sources are not
reflected by the magnetic grain size parameters. The xARM/SIRM versus MDF plot displays
a narrow distribution for the calculated parameters in all sites, regardless of the sources or
the seasons (Figure 3.6). Outliers in our sample group consist of four samples from the AT
site lying close to the PM10 and TSP in Mitchell and Maher [2009], and one sample from
the AL site plotting above our main group. Those outliers were all sampled in the month of
December (both 2015 and 2016), during the dry period when the Harmattan wind is at its
peak, blowing dust from arid areas and facilitating the resuspension of particles. Clearly, the
Harmattan period brings other sources of iron oxides into the sites, carried in dust and from
resuspension, making the source of anthropogenic emissions less clear. The main group of
our PM2.5 filters in the Figure 3.6 correspond to sizes below 0.1pum synthetic magnetite in
terms of xARM/SIRM [Maher, 1988] agreeing to the nanometric size of the fly-ash spherules
observed under microscope (Figure 3.7). However, larger irregular-shaped iron oxides and fly
ash spherules were also observed (0.3pum-1.3um).

The two investigated traffic sites (AT and CT) show very similar levels of PM2.5 mass
concentrations and magnetic parameters. Despite their close location to emission sources, the
sampled air is largely affected by large-scale transport as reflected by the high correlation with
winds and the similarities in the time series while the sites are located 1000 km apart. The
traffic from AT site is mostly dominated by diesel vehicles, resulting in an EC concentration
that can reach four times fold the EC concentration recorded in CT (Table 4.1), where
traffic is dominated by two-stroke gasoline vehicles. The OC/EC ratio reflects this difference,
reaching a factor of two between those two traffic sites [Djossou et al., 2018]. The OC/EC
ratio is not reflected by the magnetic grain size of the PM2.5 fraction. The two sites display
similar SIRMy; but distinctive SIRMy. This indicates higher emissions of iron oxides in
Abidjan per air volume agreeing with a higher EC concentration.

The smoking place site (AF) is less affected by regional scale transport. The increase in
EC and PM2.5 concentrations during the Monsoon period is associated with an increase in
the SIRMy data. This expresses an increase in the release of magnetic particles in the same
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proportion as EC concentrations. However, the proportion of magnetic particles (SIRMy)
and mineralogy (S-ratio) are changing from one season to the other. Wood type and humidity
can affect the combustion temperature [Ghafghazi et al., 2011] and efficiency resulting in the
emission of more organic material as was observed on the AF site. Nevertheless, further
investigation of the release of Fe-bearing particles by traditional smoking activities under
varying conditions is required.

3.7 Conclusion

In this work, we presented the magnetic investigation of the PM2.5 captured by air filters,
previously sampled in a two-year campaign on the western SSA.

o Iron oxide spherules (fly-ash), among other particle shapes and compositions, have been
detected on PM2.5 pumped-air filters in Abidjan and Cotonou cities. This particular
shape is evidence of anthropogenic origin for the iron oxides that originate from the
combustion sources (traffic and wood-burning) in the vicinity of the sampling locations.
The granulometry of the iron oxides in all sites has a narrow distribution, showing that
the different sources of emissions are not selective for size in the PM2.5.

» The magnetic mineralogy is composed of a mix of low (magnetite-like) and high coer-
civity minerals (hematite, goethite). The influence of the high coercivity minerals is
stronger in the dry season in the traffic sites. The waste burning site has a stronger
influence from dust since the observation is considerably further from the source of
emission.

o Weekly SIRMy and ARMy measured over a 2-years period follow the same seasonal
pattern as the PM2.5 and EC (elemental carbon) mass concentrations although the
correlation between the time series remains moderate. Both mass and volume SIRM

for African cities are in a similar range as previously published values for Europe or
Asia.

o Although the samples were acquired in the vicinity of major combustion sources, the
alternance of the northeasterly Harmattan wind and the southwesterly Monsoon flow
has a significant impact on the magnetic properties. The Harmattan period shows a
higher contribution of high coercivity material and an increase in PM2.5 concentrations
indicating a supply of aeolian mineral dust. During the Monsoon, the local source has
an enhanced effect on the PM2.5 composition.

o SIRMy; for wood-burning activities are lower than for traffic due to the large emission
of organic carbon during biomass combustion.

e We found a robust correlation between elemental carbon mass concentrations and
SIRMy and ARMy both for the traffic sites and for the domestic fire site.
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Chapter 4

Urban environments air quality
investigation through passive & active
Sensors

4.1 Contextualization

This chapter presents a series of studies on air quality and PM investigation in Toulouse,
France. It is based on air quality investigations in urban environments, using passive (i.e.,
bio-sensors) and active (i.e., air filters) sampling. At the end of this chapter, I also present
an investigation of the ultrafine fraction (strictly SP, “fast-decay” type) of the airborne iron
oxides with the use of the SPCDM (Superparamagnetic Concentration and Dipole Moment).
The SPCDM is an experimental technique with the use of an inversion procedure.

Comprehending air quality in domestic and school environments is necessary to under-
stand the exposition in the urban setting, as people spend most of their time indoors. In
2018, with the NanoEnvi project in Toulouse, we investigated the air quality in both domestic
and scholar environments in Toulouse.

The school investigation begot the second paper of this thesis, which is under the peer-
review process. It was submitted to Geohealth. Here, traditional PM1 sampling (for PM1,
EC, and OC concentrations) is coupled with magnetic measurements (both in bio-sensors
and air filters), providing a comprehensive study of the air quality, indoors and outdoors, in
two schools in the city of Toulouse. SEM measurements complemented the information on
the PM’s ultrafine fraction (below 1pm). Lastly, this investigation was also conducted with
citizen science participation, which brought some new insights from the citizen perspective
on air quality investigation.

The third paper of this thesis comprehends the magnetic investigation on bio-sensors
exposed indoors and outdoors in residencies throughout Toulouse. It is in draft form. In the
scope of the NanoEnvi project, citizens were recruited in vulgarization seminars performed
in Toulouse. Those citizens participated in the sampling, installing the bio-sensors in their
homes, indoors and outdoors. A total of 59 semi-structured sociological interviews were
performed with the participants. After retrieval of the samples and acquisition of the first
results, restitution seminars were given to the participants to discuss the first results and
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the context of the project. The magnetic properties measured on tree bark pieces showed
important outdoor influences for the magnetic fraction.

Lastly, the SPCDM section presents the theoretical aspects of the method, including a
summary of the Neel model for superparamagnetism on which it is based, the development
of the inverse procedure, and the creation of the database. Then I present a brief study
case with data measured on the bio-sensors exposed in the domestic environment and from
courtyard tree bark from the schools from the second and third papers of this thesis.
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4.2 Barking up the right tree: Using tree bark to track
airborne particles in school environment and link
science to society
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Keypoints:

o Magnetic methods and carbon analyses evidence high concentrations of indoor and
outdoor PM1 due to traffic sources.

o Proximity of traffic source and absence of ventilation favorize accumulation of PM
indoor, threatening children’s health and learning skills.

« Passive monitoring using vegetal media facilitates teacher and pupil involvement and
prevents eco-anxiety.

Abstract Children’s exposure to air pollution affects both their health and learning skills.
Fine and ultrafine particulate matter (PM2.5, PM1), notably issued from urban centers’ traf-
fic sources, are the most potentially harmful health hazards. However, their monitoring and
society’s awareness of their dangers needs to be consolidated. In this study, raising teacher
and pupil involvement for air quality improvement in their school environment is reached
through developing a passive monitoring technique (bio-sensors made of tree bark). The ex-
periment was implemented in two urban elementary schools close to the main traffic road in
Toulouse (South of France). Magnetic properties, carbonaceous fraction measurements, and
SEM-EDX investigations were realized both on passive bio-sensors and filters issued from
active sampling. We find that traffic is the main PM1 source for both outdoors and indoors
at schools. Higher levels of outdoor PM in the school’s environments are reached compared
to the urban background, especially in the cold period. The school’s proximity to the main
traffic source and lack of ventilation are the main causes of observed PM1 accumulation in
classrooms. The co-working experiment with educational teams and pupils shows that the
use of bio-sensors is a driver for children’s empowerment to air pollution and therefore repre-
sents a potential key tool for the teachers though limiting eco-anxiety. As PM accumulation
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is observed in many scholar environments across Europe, the proposed methodology is a step
toward a better assessment of PM’s impact on pupils’ health and learning skills.

Plain Language Summary Children’s exposure to air pollution affects both their health
and learning skills. Monitoring airborne particles in school environments from a knowledge
co-production perspective seems essential to address school air pollution. Here we use tree
bark and filter samples to monitor school air quality. Teachers and pupils are involved in
the implementation process. The experiment was set up in two schools in Toulouse (France),
close to the busy ring road. Traffic is the main source of air pollution inside and outside
classrooms. Quantities of airborne particles are higher during cold periods. The proximity
of the highway and poor ventilation in the schools are the leading cause of airborne particles
accumulation inside classrooms. Collaboration with school staff and students shows that
using trees has been a driving force for children to embrace the project and understand the
context of air pollution, limiting anxiety related to this topic.

4.2.1 Introduction

Children are particularly vulnerable to air pollution exposure [Szabados et al., 2021, Khreis
et al., 2017, Ferguson and Solo-Gabriele, 2016, Kelly and Fussell, 2015], one of the most
important environmental causes of premature death in Europe [Agency, 2021]. They have
higher air intake compared to adults, leading to higher absorption of pollutants through
respiration, besides having immature respiratory and neurological systems [Martins et al.,
2020, Kim et al., 2004, Rice and Barone Jr, 2000]. Health consequences in infants from the
exposure to pollutants and particulate matter (PM) may include respiratory diseases, impair-
ments in their cardiovascular system, and worsening of their neuropsychological development
[and references therein WHO, 2021a|. In terms of health hazards, the fine and ultrafine frac-
tions are the most harmful ones [Pope III and Dockery, 2006, Martins et al., 2020] as they
may penetrate deeper into the respiratory system. The translocation from the lungs to the
bloodstream is more likely to happen in poorly soluble ultrafine particles, thereby enhanc-
ing the deleterious effects of associated hazardous substances [Pope 11T and Dockery, 2006].
Ensuring good air quality for children’s environments also provides optimal conditions for
learning [Hoéfner and Schiitze, 2021, Vornanen-Wingvist et al., 2020, Annesi-Maesano et al.,
2013, Mendell and Heath, 2005], in addition to preserving their health. However, PM2.5
concentrations (i.e. particle sizes smaller than 2.5um) inside classrooms could be higher
than outdoors, at least in European schools [Kalimeri et al., 2019]. Children spend a lot of
their school time indoors, making their indoors exposure to PM as important as the out-
doors one. In France, students between 4 and 14 years old spend on average 3.8h of their
daily time in schools [Zmirou et al., 2002]. For a non-negligible part of the children, it is
common that this time represents 10h on a weekday (as it includes childcare in schools). It
is therefore important to assess the level of fine and ultrafine particles (PM2.5 and PM1)
in the air inside and outside classrooms, as well as identify practices that can improve air
quality. Children’s exposure depends on local outdoor air quality, indoor sources, and the
ventilation system [Dimitroulopoulou, 2012]. Children’s lungs can notably be irreversibly
impacted by local traffic exposure, regardless of regional air quality [WJ et al., 2007]. For
example, manual ventilation of the classroom by opening the windows can also induce in-
conveniences (temperature, wind, and ambient noise outside), which can affect the pupils
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learning conditions and academic performance [Mumovic et al., 2009]. Raising awareness
about contaminants, sensors, and the role of ventilation is not enough to create leverage
towards a more active approach [Tham, 2016]. Direct contextualization has been shown to
be important [West et al., 2020] in environmental education. Environment education also
needs to account for the risk of eco-anxiety raise [Pihkala, 2020]. In the light of these facts,
in this study, the approach chosen to study air pollution was to use vegetation media as
bio-sensors or bioindicators [Nakazato et al., 2018, Parviainen et al., 2020, Chaparro et al.,
2020]. Environmental magnetism methods can be applied to natural media. They have been
used to monitor anthropogenic PM trapped on vegetation such as leaves, lichens and bark
[Sagnotti et al., 2009, Mufioz et al., 2017, Limo et al., 2018, Urbat et al., 2004, Zhang et al.,
2008, Moreno et al., 2003, Chaparro et al., 2020, Vezzola et al., 2017, Dawai et al., 2021].
Such methods rely on tracking magnetic minerals, e.g., iron oxides like magnetite, hematite,
and maghemite [Winkler et al., 2021, Leite et al., 2018, Marié et al., 2018]. For traffic-related
sources, these magnetic minerals can originate from internal fuel combustion of vehicles, disk
brakes abrasion, and pavement erosion. This study was carried out in two primary schools in
Toulouse using environmental magnetism, carbonaceous fraction measurements, and SEM-
EDX investigation. Our aim is to explore how the use of environmental magnetism using
bio collectors (tree bark) in addition to conventional techniques helps in transformative ways
to tackle air pollution in schools by assessing the indoor/outdoor transfer of particles from
traffic and by co-working with teachers and children.

4.2.2 Materials and methods
Location, meteorological & pollutants conditions

The city of Toulouse and its surroundings stands on quaternary alluvial terraces incised by the
Garonne river. The terrace substratum is made of molasse consisting of fluvial deposits made
of clay, marls lacustrine/palustrine limestones, and channelized sandstones and conglomerates
derived from the North Pyrenean foreland basin [and references therein Christophoul et al.,
2014].

Toulouse is the fourth biggest city in France, with a metropolitan population of ap-
proximately 1,331,000 inhabitants. The ring road constitutes one of the main traffic roads
of Toulouse with a total of 35 km, linking important state highways to the city traffic.
It has three lanes in each way, with a mean flow of ca. 120,000 vehicles per day (in
2019) on its southern part (consulted on January of 2022, https://www.aua-toulouse.
org/wp-content/uploads/2022/02/AUAT_chiffres_transports_2022.pdf).

The two schools, separated by 1.3 km, are located south of downtown Toulouse, on the
east bank of the Garonne river. School 1 and School 2 are located approximately 150 meters
and 300 meters north and northwest of the Toulouse ring road, respectively. Both schools’
courtyards are planted with Platanus trees (Figure 4.1). In School 1, the total number of
pupils is around 360, divided into 15 classes with an average of 24 pupils per class. This
school has two courtyards, separated by a school building. The West and the East court-
yards have an area of 1400 and 3800 m?, respectively. School 2 counts 140 pupils for eight
classes, with classrooms of 12 to 26 students. It has one courtyard with an area of 4400 m?.
School buildings from School 2 and the bordering West courtyard of School 1 were built in
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Figure 4.1: A) Satellite view of Toulouse (modified from Google Earth) with school locations
and photographs of instrumented school buildings (insets). The ring road is highlighted in
blue. The position of bio-sensors (yellow) and PM1 air filter location (blue) are marked with
dots on the pictures. B-C) Zoom on Schools 1 and 2 locations. SIRM values obtained on
tree barks from the sampled courtyard trees are displayed. The same color scale for schools
1 and 2.
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the 1950s in the same architectural style and materials. They have classrooms of around 58
m?2. Buildings from the East courtyard of School 1 are historical buildings from the 1930s.
This study sampled courtyards and selected classrooms with bio-sensors, tree bark, and air
filters. In School 1, the bio-sensors and air filters were placed only in the school building bor-
dering the West courtyard. Concerning meteorological conditions, Toulouse has a continental
climate and is located in a ventilation corridor sometimes affected by either SE wind from
the Mediterranean sea or NW winds from the Atlantic ocean. Winters are cold and cloudy
with degraded air quality due to low ventilation and increased emissions from traffic and
domestic heating (https://www.atmo-occitanie.org). During spring and early summer,
air quality improves due to increased ventilation and rainfall. Experiments were launched
between the end of 2018 and the first half of 2019. Meteorological parameters from Blagnac
Airport and air quality stations from ATMO OCCITANIE in Toulouse (Supplementary -
Figs. B.1 and B.2) show the differences between the sampled periods for NOs, PM10 and
PM2.5 concentrations, daily rainfall, and wind speed.

Methodology

Both active and passive sampling methods were deployed. The active sampling consisted
of deploying Cyclone air filtration pumps with a cutoff size of PM1. Two different sets of
samples were used for the passive sampling. The first set was composed of trees collected
from the Platanus trees planted in the school courtyards. The second one consists of 15
couples of bio-sensors made of non-contaminated Platanus tree bark squares developed in
the framework of the NanoEnvi project (https://nanoenvi.omp.eu). Using both Platanus
tree bark and bio-sensors derived from the co-working experiment with educational teams
and pupils

Low volume (2 L.min™!) Cyclone (BGI by Mesa Labs) w