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Abstract 

In an urban environment, particulate matter (PM) is mainly due to anthropogenic activities (as transportation, 

construction and industrial emissions) and formed by a panoply of small particles (including magnetic iron-based 

particles) that can be captured by the existing vegetation. Biomagnetic monitoring of tree leaves is already 

established as a good bio-indicator for ambient PM. This study demonstrates the analytical potential of combining 

biomagnetic analysis (SIRM) and scanning electron microscopy (SEM) features on the assessment of PM2.5-10 

deposition for different pollution sources in leaves collected in the city of Antwerp, Belgium. SIRM is an estimator 

of ferro(i)magnetic content while SEM allows chemical characterization of particles at the surface level. 

Common ivy leaves were collected from a forested area, a rural area, next to a high traffic crossroad, an industrial 

complex and a train line. Both upper and lower leaf sides were analyzed, but no significant differences were found 

in terms of particle distribution or composition. Their SIRM values for normalized leaf area were obtained, indicating 

that the relative contribution of in-wax encapsulated and leaf surface deposited atmospheric particles for SIRM 

signal might vary with the source of pollution. The importance of fine PM (PM2.5) is also suggested. The relation 

between SIRM signal and iron content registered by SEM was not completely clear, suggesting that the iron-based 

particles (which should be source-dependent) result on different SIRM signals according to their chemical structure. 

Further research must be pursued on this topic to disclose the remaining unanswered questions. 
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Resumo 

Num ambiente urbano, a matéria particulada (MP) é principalmente devida a actividades antropogénicas 

(transportes, construção e emissões industriais) e constituída por uma panóplia de pequenas partículas (incluindo 

partículas magnéticas) que podem ser capturadas pela vegetação existente. A monitorização biomagnética de 

vegetação está já estabelecida como um bio-indicador para MP ambiental. Este estudo demonstra o potencial de 

combinar uma análise biomagnética (SIRM) com microscopia electrónica de varrimento (MEV), para a avaliação 

da deposição de MP2.5-10 em folhas recolhidas de diferentes locais da cidade de Antuérpia, Bélgica. O sinal SIRM 

é um indicador do conteúdo ferro(i)magnético enquanto que MEV permite a caracterização química das partículas 

à superfície. 

Folhas de hera foram colhidas numa zona florestal, numa zona rural, perto de uma estrada com tráfego intenso, 

de um complexo industrial e de uma linha de comboio. Não foram registadas diferenças significativas na 

composição e distribuição das partículas depositadas em ambos os lados das folhas (superior e inferior). Os 

valores SIRM das folhas (normalizados para a sua área superficial) sugeriram que a contribuição relativa das 

partículas encapsuladas e depositadas nas folhas para o sinal SIRM varia com a fonte de poluição. A importância 

da fracção fina de MP (MP2.5) é também sugerida. A relação entre SIRM e o conteúdo em ferro obtido pelo MEV 

não foi completamente clara, pelo que as partículas férricas (possivelmente dependentes da fonte de emissão) 

devem produzir diferentes sinais SIRM consoante a sua estructura química. Uma pesquisa mais aprofundada 

neste tópico é imprescindível para desvendar as questões ainda em aberto.  
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1.1 In Context 

1.1.1 Industrialization 

The Industrial Revolution, during 18th and 19th centuries, favored by the steam engine’s technology developed by 

James Watt, was a major turning point in history [1], representing the transition from hand-made production 

methods to new manufacturing processes based in machinery. It resulted not only in the development of the ability 

to produce faster and at larger scales, but also with better quality. The industrialization process began in Great 

Britain but rapidly spread throughout Europe and North America, improving the mean standard life quality. From 

human development and public health to social improvements, the effects were profound [2]. This technological 

transformation marked a shift to powered, special-purpose machinery, factories and mass production, being 

decisive to the emergence of modern civilization [3], as it is known. 

Along with remarkable technological advances, the industrialization, powered by fossil fuels and other natural 

resources, introduced new sources of pollution, e.g. in air and water [4]. In the 1960s, subsequent environmental 

concerns emerged leading to different movements aiming to restrain the pollutant flow into the Earth’s ecosystems, 

from which e.g. the Clean Air Act (1970, USA) resulted. Previously, when there was no active expanding of large 

populated cities and industries, nature was able to overcome pollution by itself, but this is no longer the case. 

Nowadays, the industrialized society of the 21st century is confronted with the production and release of air 

pollutants from both natural (e.g. volcanoes, forest fires, sea salt) and anthropogenic sources [5], resulting on a 

gradual, but continuous, change of the atmosphere’s composition. 

1.1.2 Environmental Control 

From a pollution control perspective, there are two specific concepts that should be kept in mind: the assimilative 

capacity concept and the principle of control concept [6]. The first asserts the existence of a specified level of 

emissions into the environment which does not lead to unacceptable environmental or human health effects, while 

the second assumes that environmental damage can be avoided by controlling the manner, time and rate at which 

pollutants are released into the environment. The pollution control approach might produce short-term 

improvements for local pollution problems, but it will be ineffective in addressing cumulative increasingly problems 

on regional or global levels, such as acid rain or ozone depletion [6]. 

According to Maystre and Spiegel [6], ‘the aim of a health-oriented environmental pollution control programme is to 

promote a better quality of life by reducing pollution to the lowest level possible’. In the last decades, several 

environmental pollution control programmes and policies have been implemented. Both priorities and implications 

may vary from country to country, but the programmes try to cover all aspects of pollution and involve coordination 

and cooperation among fields such as industrial development, city planning, resource development and 

transportation policies [6]. 

1.1.3 Air Pollution 

According to the World Health Organization (WHO), air pollution is the contamination of the indoor or outdoor 
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environment by any chemical, physical or biological agent that modifies the natural characteristics of the 

atmosphere. Household combustion devices, motor vehicles, industrial facilities and forest fires are common 

sources of air pollution, where the major public health concern pollutants include carbon monoxide, ozone, nitrogen 

dioxide, sulfur dioxide and particulate matter (PM) [7].  

In reports released in March 2014 [8], the WHO estimated that in 2012 around 7 million people died as a result of 

air pollution exposure, representing one eighth of total global deaths. Air pollution has a significant role in the 

development of respiratory diseases, including acute respiratory infections and chronic obstructive pulmonary 

diseases. Recent data reveals a strong link between indoor and outdoor air pollution exposure and cardiovascular 

diseases, such as strokes and ischemic heart disease, and as well as between air pollution and cancer [9]. These 

conclusions resulted not only from a deeper knowledge about the diseases caused by air pollution, but also upon 

better assessment of human exposure to air pollutants through the use of improved measurements and technology, 

allowing analysis within rural and urban areas. Figure 1.1 displays the world distribution map of deaths attributable 

to outdoor air pollution, which is clearly widespread around the globe, turning this issue into a serious global 

concern. 

 

Figure 1.1 – World distribution of deaths attributable to outdoor air pollution in 2008 (from WHO, 2011, [9]). 

Poor air quality is the main environmental cause of premature death in the European Union (EU), causing more 

human loss than road traffic accidents and having a strong impact in people’s quality of life [10]. The direct costs 

to society (EU) from air pollution, including damage to crops and buildings, is estimated to be around €23 billion 

per year [10]. During the last decades, EU has been very active working to improve air quality by controlling and 

regulating emissions of harmful substances, improving fuel quality and by integrating environmental protection 

requirements into the transport and energy sectors [10], along with different strategies and directives, such as 

‘Geneva Convention on Long-Range Transboundary Air Pollution’ (1981) [11] and ‘Pure Air for Europe’ (2008) [12]. 

In 2005, the EU implemented the ‘Thematic Strategy on Air Pollution’ in order to reach ‘levels of air quality that do 

not give rise to significant negative impacts on, and risks to human health and environment’ [13]. This strategy sets 

specific long-term objectives for 2020, such as the reduction in 47% of loss of life expectancy as a result of exposure 

to particulate matter. Additionally to environmental policies, different measures have been implemented for the 

improvement of air quality such as the exclusion or limitation of vehicles and wet cleaning of streets. 
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As Dora [8] mentioned, ‘excessive air pollution is often a by-product of unsustainable policies in sectors such as 

transport, energy, waste management and industry; in most cases, healthier strategies will also be more economical 

in the long term due to health-care cost savings as well as climate gains’. An European Environment Agency’s 

(EEA) assessment published in 2013 [14] showed that in the period of 2001 - 2011 about 20 - 44% of the urban 

population in EU27 was potentially exposed to excessive concentrations of ambient particulate matter when 

compared to the limit value set for human health protection (a daily mean atmospheric concentration of 50 µg/m3 

which might not be exceeded for more than 35 days per year [15]). Between 2006 and 2008, there was a slight 

decrease in the exceedance of the daily limit values for PM10 in EU27, as also observed for the other pollutants, 

although approximately 33% of the urban population still underwent through excessive PM10 concentrations in 2011 

[14] (Figure 1.2). 

 

Figure 1.2 - Percentage of the urban population (from EU27) which reside in areas where pollutant concentrations are higher than the 

selected limit values between 2001 and 2011 (from EEA [14]) (daily mean exceeding concentration criteria: PM10 – over 50 µg/m3 for more 

than 35 days a year; SO2 – over 125 µg/m3 for more than 3 days a year; O3 – over 120 µg/m3 for more than 25 days a year; NO2 – over 40 

µg/m3 during the year). 

1.1.4 Particulate Matter 

Particulate matter, also known as particle pollution, is a complex mixture of extremely small particles and droplets, 

being composed by a diverse number of components, including acids (such as nitrates and sulfates), organic 

chemicals, metals and soil or dust particles [16]. Among air pollutants, PM is considered to be the most serious 

threat to human health due to its small size, as it easily passes through the respiratory tract to the lungs (Weber et 

al., 2014, [17]). Several studies showed a strong relation between high or long-term exposure to PM concentrations 

and increased mortality and morbidity (e.g. Pope III et al, 2002 [18]; Zeger et al., 2008 [19]; Zhang et al., 2008 [20]; 

Pascal et al., 2014 [21].  

PM is often grouped into two categories, according to its size: 

 PM2.5-10 – inhalable coarse particles that vary from an aerodynamic diameter of 2.5 - 10 µm. PM10 particles 

(aerodynamic diameter <10 µm) are typically found near roadway areas and dusty industries. 

 PM2.5 – fine particles, equal or smaller than 2.5 µm in terms of aerodynamic diameter. These particles can 

directly be emitted from sources such as forest fires or they can be formed from gases emitted from power 
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plants, industries and automobiles and reacting in the air [16]. 

The aerodynamic diameter allows the standardization of the particles in terms of shape and density as, by definition, 

it is the diameter of a sphere with unit density (i.e. the density of a water droplet, 1 g/cm3) that has the same settling 

velocity as the particle in question [22] [23]. This way, particles having identical aerodynamic diameter may have 

different dimensions and shapes. 

PM particles, which vary in size, shape and composition, are the result of direct emissions (primary particles) and 

complex chemical reactions within the atmosphere (secondary particles) [24]. Particles larger than 10 µm (as sand 

or large dust) usually do not present danger to human health and thus they are not subject to legislation. On the 

other hand, the PM10 is a strong indicator of air pollution. ‘WHO Air Quality Guidelines’ [25] estimated that by 

reducing the annual average PM10 concentrations from 70 µg/m3, a common value in many developing cities, to 20 

µg/m3, which is the annual mean limit value [15], air pollution-related deaths could be reduced by around 15%. 

However, it is estimated that, even in cities where PM concentrations complies with the WHO guideline, the average 

life expectancy is about 8 months lower due to PM exposure from anthropogenic sources than it would be expected 

[25]. 

Thanks to the existing EU legislation, much progress has been achieved in reducing PM pollution but air quality in 

urban areas is still generally not good. According to a 2010 assessment of PM10 concentration along Europe [26], 

the atmospheric PM concentration in Eastern Europe is clearly above the established daily limit value (Figure 1.3). 

In addition, the Flanders region in Belgium, as well as the Portuguese cities of Lisbon and Oporto and the major 

metropolitan areas of Europe, present excessive values in terms of particulate matter.    

 

Figure 1.3 - Distribution of the atmospheric PM10 concentration within Europe according to the daily limit value (from EEA, 2010, [26]). 
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In urban areas, the PM issue is more evident due to more and more intense sources. The major sources related to 

high PM levels in a city are, among others, transport, industry, power generation units, domestic fuel burning and 

resuspended dust (Moreno, 2003 [27]; Urbat et al., 2004 [28]; Braniš, 2006 [29]; Sant’Ovaia et al., 2012 [30]; 

Sharma et al., 2013 [31]). Considering that in 2010 more than half of the world population lived in cities, proportion 

which will grow to 7 out of every 10 people by 2050 [32], a large exposure level to these type of emission sources 

can be expected. The case of Belgium is particularly perturbing as 98% of the population already lived in urban 

areas in 2013 [33]. On the other hand, only about 62% of the Portuguese population lived in urban areas, in 2013 

[33].     

1.2 Motivation 

A clean unpolluted air is essential to public health and to the global environment itself. However, and as a result of 

human activity, the existing air quality is considerable deteriorated, in particular, in high populated cities and 

developing countries. The exposure to high PM concentrations has proven to be strongly related to increased 

mortality and morbidity so, alongside with monitoring and integrated legislation, the continuous development of 

sound methodologies to assess and analyze atmospheric PM is essential.  

On the other side, plants provide important ecosystem services in urban areas, allowing the reduction of PM levels 

by providing a natural surface for deposition and immobilization of atmospheric particles [17]. Urban vegetation 

(such as street trees, herbaceous roadside vegetation, vertical green and roof gardens) is able to capture small 

particles (Freer-Smith et al. 2005 [34]; Litschke and Kuttler, 2008 [35]; Mitchell et al., 2010 [36]) by leaf deposition 

or in-wax encapsulation (Terzaghi et al., 2013 [37]). Planting vegetation as an effective air filtration system could 

prove to be an effective long-term measure capable of improving the existing air quality [35]. The related public 

health problems could be prevented, as well as reduce crop and building damages and, subsequently, shorten the 

related economic costs. However, environmental research is needed to assess the feasibility of the process. In 

particular, sound analytical methods to evaluate the retention of PM by plants are required. This project thus aimed 

at the assessment of PM2.5-10 deposition on urban vegetation, by comparing the results obtained with two 

technologies: saturation isothermal remanent magnetization (SIRM) and scanning electron microscopy (SEM). 

1.3 Scope 

Biomagnetic analysis using SIRM has proven to be an efficient methodology to assess particulate matter deposition 

on urban leaves. There are different studies about the spatial variation and distribution of PM magnetisable particles 

using the SIRM signal, which is a good indicator of the ferro(i)magnetic content [38] [39]. On the other hand, SEM 

has become a useful and powerful tool in studying plant surfaces and structure, contributing to the increase of the 

knowledge about the subject [40]. This technology when combined with X-ray spectroscopy also allows the 

chemical characterization of the samples. However, until now, there were no exhaustive studies using both SEM 

and SIRM for the analysis of PM deposited on leaf surfaces, remaining a nearly unexplored field of study.  

With this in view, the aim of the current project was to perform a comparative analysis between SIRM and SEM of 

the PM2.5-10 deposited on urban leaves for different pollution sources. In order to accomplish the main objective, 
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different aspects were addressed: 

 the influence of different pollution sources on PM2.5-10 deposition on urban green in terms of magnetic 

content, size distribution and chemical composition; 

 potential differences in PM deposition between the surfaces of the upper and lower leaf sides; 

 the study and comparison of particle size distribution and chemical composition between the PM2..5-10 

size fraction and larger particles ( >10 µm) of leaf deposited PM; 

 the contribution of surface deposited particles and of encapsulated particles in the total magnetic leaf 

signal for various pollution sources; and 

 the comparison of both analytical techniques, SIRM and SEM. 

1.4 Structure 

This dissertation is divided in 5 chapters plus a chapter with annexes. The first and current chapter was composed 

by an introduction based on air pollution and its effects on public health, followed by a motivation and scope section, 

where the aims of the project were presented. 

In the second chapter, a theoretical background of both SIRM and SEM methods is provided, based on international 

literature in the field. In chapter number three, the different experiments are explained in detail in terms of 

methodology, study area and material. 

The fourth chapter comprises the results obtained, as well as their discussion. In the fifth chapter, general 

conclusions about the experimental results and the project as a whole are made, considering also further studies 

within the field. 
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2.1 Vegetation 

The place and role of vegetation in urban areas within Europe have gained relevance with the emergence of the 

modern concept of sustainable cities. According to Alexandre [41], about 15% of the surface of the European city 

centers are occupied by vegetation. This coverage increases as the distance from the city center also increases, 

with values of 40% of vegetation within suburban areas, where gardens and cemeteries are more frequent. In the 

outer suburban areas, usually more than half of the space is occupied by vegetation. Currently, the EU contains 

about 5% of the world’s forests, which corresponds to 176 million ha and approximately 42% of EU land area [42]. 

For this value, EU Forests and Other Wooded Land are taken into consideration, accordingly with Food and 

Agriculture Organization (FAO) definitions [43]. 

Plants are immobile, they present a high leaf area when compared to the ground area they cover and are more 

sensitive than humans or animals in terms of their physiological reaction to air pollutants. In most European cities 

urban vegetation is very common, along streets, in natural parks or gardens. These plants are constantly subjected 

to the local air pollution and they hold the ability to filtrate atmospheric particles. Particles floating in the atmosphere 

tend to deposit on the surface of plant leaves, which should lead to a reduction of particle concentration within the 

air [44]. Recently, several studies have been done concerning the vegetation-atmosphere interactions, as it is a 

very complex and dynamic system, as explained below.   

2.1.1 Deposition of Atmospheric Particles 

Over the past few years, deposition of atmospheric particles on vegetation has been investigated by a number of 

different methods (field studies, numerical and physical modelling) in order to assess the filtration performance of 

plants [35]. The ultimate motivation for these studies usually is to assess the extent to which a reduction in particle 

concentration, especially PM10, could be accomplished by existing vegetation or targeted planting. The 

effectiveness of trees in reducing urban PM10 concentrations is intensely debated as modeling studies indicate 

PM10 reductions from as low as 1% to as high as 60% [45] and empirical data at a local scale are rare. Maher et 

al., 2013 [45], for instance, measured the PM levels inside houses after the installation of a curbside line of young 

birch trees (Figure 2.1), which resulted in >50% indoor PM reduction, suggesting that the efficacy of roadside trees 

for mitigation of PM health hazard might be seriously underestimated in some current atmospheric models. 

 

Figure 2.1 – Schematic illustration of a field experiment used to test the impact of road tree lines on indoor concentrations of traffic-derived 

PM (from Maher et al., 2013, [45]).
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A particle that is deposited on a leaf surface is in effect taken from the atmosphere. In Litschke and Kuttler’s review 

[35], the authors reported the average published value of ca. 1 cm s-1 for the deposition velocity, which is defined 

as the quotient between the mass flow rate from the atmosphere towards the leaf surface and the atmospheric 

particle concentration. The deposition of particles on plant surfaces is influenced by several factors [35], including 

the diameter and shape of particles and meteorological parameters [46], as humidity, wind speed and turbulence. 

Additionally, plant species [47] and planting configuration also affect the filtration performance as the vegetation 

structure and the leaf surface shape [34] are key factors in the deposition and resuspension of particles. 

Considering a deposition velocity of 1 cm s-1, the improvement of air quality is reported to be only about 1% in urban 

areas [35]. In addition, analyses carried out for a busy arterial road showed that very large vegetation areas (in 

excess of 10,000 m2) would be needed to compensate for local emissions of particles by vehicles [35]. However, 

the same authors revealed that in situ measurements suggested considerably higher deposition velocities. If these 

results are confirmed, local planting campaigns covering small areas could already be beneficial for a considerable 

reduction in particle concentration, although further research is still necessary in this area [35]. Nevertheless, 

planting campaigns will always have positive effects on the local public health, as it renovates the air in terms of 

CO2 and creates a sense of well-being amongst the population. 

Although particle deposition on plant surfaces results from particle removal from the air and therefore in a reduction 

in atmospheric pollutant concentration, it must also be noted that plants themselves may constitute sources of 

particles (e.g. pollen and mold) [35] [48] and represent an obstacle to air flow, reducing the exchange with the 

surroundings when compared with non-vegetated areas. A reduction in atmospheric exchange and air circulation 

could result in an accumulation of particles, which may contribute to a local increase in pollutant concentration. The 

overall effect of vegetation on the atmospheric concentration of pollutants should thus consider both vegetation 

effects [35]. 

2.1.2 Collection of Samples 

Field studies concerning the filtration potential of vegetation are usually of great complexity. The collection of 

samples (plants or leaves) can be active or passive. The passive mode consists on collecting samples from an 

already existing vegetation. The active mode, on the other hand, consists of setting a plant or group of plants in a 

certain place before the data collection and subsequent analysis. This way it is possible to submit vegetation to 

certain local environmental conditions during a defined period of time. In both modes there is the disadvantage of 

not being able to control the exposure conditions: besides climatic (as extreme drought or freezing) or biotic effects 

(as uncontrolled growth of invasive or undesirable plants), vegetation can be removed or damaged by unwanted 

human intervention. 

2.2 Particulate Matter Monitoring 

Evaluation of health impacts arising from inhalation of pollutant particles lower than 10 µm is an active research 

area, although the lack of exposure data at high spatial resolution retards the identification of causal relations 

between exposure and illness [36]. Studies concerning large populations such as Zeger et al., 2008 [19], are usually 
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based on PM values obtained from the nearest monitoring stations, which can be several kilometers distant, 

reducing the potential to identify and quantify the links between the degree of PM10 exposure and the likelihood of 

adverse health effects [36]. Conventional monitoring stations assess the current pollutant concentrations and they 

are not able to provide time integrated pollution effects. In these stations, the air inlets are located at heights of 

three meters, which represents an additional problem because traffic-derived PM10 values decrease not only with 

increasing distance from the road, but also with increasing height [39]. This way, PM10 data from the conventional 

air pollution monitoring stations may be a weak indicator of individual human exposure.  

Given the impact of urban air quality on human health, it is of great importance to monitor particulate matter on both 

spatial and temporal aspects. Long-term PM monitoring with high-spatial resolution based on physico-chemical 

monitoring, for example, is practically impossible and highly expensive while bio-indicators offer the possibility for 

a more time and cost effective PM monitoring [38]. Therefore, biomonitoring, which can be defined as monitoring 

the biological response of living organisms to environmental changes, has been proposed as a solution to the air 

pollution monitoring problem [27], in particular, by making use of the magnetic properties of PM. 

2.3 Magnetism 

Some materials contain intrinsic permanent magnetic dipole moments or they can be induced through the 

application of an external magnetic field. In solids, the magnetic induction depends on the volume density of 

magnetic dipole moments, on the applied field and on its magnetic susceptibility [49]. Magnetic susceptibility is a 

dimensionless constant proportional to the degree of magnetization in response to an applied magnetic field. If this 

constant is positive, the material is paramagnetic (Figure 2.2 b)) and the magnetic field of the material is empowered 

by the induced magnetization. On the other hand, when the constant is negative, the material is diamagnetic (Figure 

2.2 c)) and the magnetic field is weakened by an applied external field [49]. Diamagnetism thus refers to materials 

not affected by a magnetic field while paramagnetism occurs when the magnetism disappears as soon as the 

external field is moved away from those materials. 

 

Figure 2.2 - Magnetization curves, with the magnetic flux density as a function of magnetic field strength, according to the type of material 

subjected to an external field (adapted from [49]): a) in vacuum, b) paramagnetic material and c) diamagnetic material. The dashed lines in 

b) and c) correspond to the vacuum situation illustrated in a). 

Generally, both para and diamagnetic materials are said to be non-magnetic because they do not have permanent 

magnetization without an applied external magnetic field. Materials that possess permanent magnetization without 
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requiring the application of an external field can be ferromagnetic, antiferromagnetic or ferrimagnetic.  

Electrons are said to exhibit a small magnetic field as they spin and orbit the nucleus of the atom. For most 

elements, the combinations of electrons in their orbits cancel each other, but that is not the case for ferromagnetic 

materials, where the unpaired electrons spin in order to line up in parallel mode with each other [50]. 

Ferromagnetism is a very important type of magnetic behavior characterized by a spontaneous magnetization, 

which is defined as the net magnetization that exists inside a uniformly magnetized microscopic volume in the 

absence of an external field. Most compounds may be ferromagnetic, but Fe, Co, and Ni are considered to be the 

most important ferromagnetic elements. In these elements, the magnetic moments align in the same direction and 

parallel to each other to produce strong magnets [51]. Figure 2.3 represents the magnetization curve of iron: it 

starts from a non-magnetized sample and shows how the flux density increases with the increasing field strength 

[52], until reaching saturation.  

 

 

 

 

 

Figure 2.3 - Magnetization curve of iron, with the magnetic flux density as a function of magnetic field strength. Notice that the flux density 

for this case is in Tesla (T) instead of miliTesla (mT) (see Figure 2.2) because ferromagnetic materials exhibit higher magnetic interactions 

than paramagnetic or diamagnetic materials (adapted from [52]). 

When a ferromagnetic field is magnetized in a certain direction, it will not relax back to its zero magnetization when 

the imposed magnetizing field is removed. Therefore, it will have to be driven to zero by applying a field in the 

opposite direction [53]. If this alternating magnetic field is applied, the material magnetization will trace out a loop 

called hysteresis, as represented in Figure 2.4. The hysteresis loop is then produced by measuring the magnetic 

flux of a ferromagnetic material while altering the magnetized force. Within this feature, ferromagnetic substances 

are able to retain a considerable degree of magnetization after the removal of the applied field, being described as 

a ‘magnetic memory’ or remanent magnetization [53]. Because hysteresis parameters are dependent on grain size, 

amongst others, they are useful for magnetic grain sizing of natural samples [51].
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Figure 2.4 -  Representation of the magnetic hysteresis loop for typical ferromagnetic materials (adapted from [53]): 1. The material is 

magnetized until reaching saturation, 2. Before being able to drop to zero magnetization, the material retains a considerable degree of 

magnetization, designated as remanent magnetization (blue circle), 3. By the imposition of a reversed driving magnetic field, the material 

returns to zero magnetization. The dashed line represents a ferromagnetic material that has never been magnetized, showing that the 

greater the amount of current applied (H), the greater the magnetic field in the component.  

2.3.1 Magnetic Particles 

Magnetic particles are found almost invariably amongst atmospheric particulate pollutants [54] as iron often occurs 

as an impurity in fossil fuels. During industrial, domestic or vehicle combustion, carbon and organic material are 

lost by oxidation while the iron forms a non-volatile residue, often comprising glassy spherules due to melting. The 

resultant spherules are magnetic, containing variable amounts of grain sizes of magnetite (Fe3O4) and/or hematite 

(Fe2O3), depending on the fuel type and temperature of combustion [54]. In addition to combustion, vehicles also 

generate non-spherical particles rich in Fe, from exhaust emissions and abrasion or corrosion of engine materials 

[55]. According to Rai [55], magnetite has been identified as a combustion-derived component of vehicle exhaust 

materials, but other natural sources (rock and street dust, sediments) may also contribute to magnetic minerals in 

the atmosphere.  

These magnetic particles may be ferromagnetic, antiferromagnetic or ferrimagnetic, depending on the nature of 

spin acquired with the application of magnetic fields [55], as illustrated in Figure 2.5. Ferromagnetic materials exhibit 

parallel alignment of moments resulting in a large net magnetization even in the absence of a magnetic field, as 

mentioned before. On the contrary, antiferromagnetic materials possess a net magnetization equal to zero as a 

result of equal magnetic moments with opposite directions [51]. Additionally, in ionic compounds, such as oxides, 

more complex forms of magnetic ordering can occur as a result of the crystal structure [51]. In ferrimagnets, there 

are sublattices with different magnetic moments, resulting in a positive net magnetic moment. Ferrimagnetism is 

similar to ferromagnetism, in terms of spontaneous magnetization, hysteresis and remanent magnetization, for 

example, but they exhibit different magnetic ordering (see Figure 2.5). Hematite is a common antiferromagnetic, 
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while magnetite is a ferrimagnetic material. 

 

 

 

Figure 2.5 – Different types of magnetic materials according to their modes of spin from the application of a magnetic field. 

2.4 Biomagnetic Analysis 

During the last years, several studies have been done using the magnetic properties of deposited particles on urban 

vegetation as an indicator for particulate pollution levels. Using natural surfaces as passive collectors of 

atmospheric PM and then submitting those to magnetic techniques provides a rapid, easy to establish and a 

relatively cheap strategy. Different plant materials can be used for biomagnetic monitoring, such as lichens, 

mosses, grasses or tree leaves [56] [57]. The biomonitoring strategy could either be based on the evaluation of 

anatomical, morphological and physiological characteristics or on the analysis of trace elements within the plant 

constituents [39].  

Through a series of researches (e.g. Flanders, 1994 [58]; Matzka and Maher, 1999 [54] and 2008 [59]; Muxworthy 

et al., 2003 [60]), it is now well established that urban PM usually contains magnetic particles [55]. In 1999, Matzka 

and Maher [54] reported the use of magnetic biomonitoring of roadside tree leaves, by observing that ‘magnetization 

values fall from higher values on the road-proximal side to low values on the distal side, indicating the ability of 

trees to reduce particulate concentrations at respirable height within the atmosphere’. In the same study, it was 

observed that the grain size of particles was in the order of 0.3 - 3 µm, ‘a size of potential hazard to health due to 

its capacity to be respired deeply into the lungs’ [54]. 

In 2003, Moreno [27] performed an important study using the magnetic properties of tree leaves to assess the air 

pollution in Rome. From this report it was possible to conclude that leaves of evergreen species present higher 

magnetic intensities than those of deciduous species, suggesting that leaves accumulate magnetic pollutants 

during their entire lifespan. The analyzed particles also revealed that magnetic content decreases both on 

concentration and grain size with increasing distance from the road site confirming the relationship between the 

magnetic properties of leaves and vehicle emissions. Quoting Moreno [27], ‘a magnetic survey of tree leaves, which 

is relatively rapid and inexpensive, may be used in addition to the classical air quality monitoring systems to identify 

and delineate high-polluted areas in urban environments’.  

Meanwhile recent studies allowed additional conclusions about the subject. Mitchell et al., 2010 [36], for instance, 

reported that leaf surface morphology appears to be a dominating factor in particle deposition, with ridged and hairy 

leaves exhibiting greatest deposition velocities’. Additionally, accumulation of particles on leaves surface is 

described to occur as a dynamic equilibrium between particle deposition and particle loss, which is reached after a 

certain period of time. In the referred study, it is stated that ‘leaf remanence values reached equilibrium with PM10 

paramagnetism ferromagnetism antiferromagnetism ferrimagnetism 
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concentrations after approximately 6 days’, without strong rainfall events [36].  

The mentioned dynamic equilibrium process is quite complex and depends on several factors, such as leaf 

structure, plant species and meteorological conditions, among others. Kardel et al., 2011 [61], stated that on a 

shorter time scale (from days to weeks) a surface-dominated dynamic equilibrium process influences leaf magnetic 

properties while at longer time scales (months) structural accumulation processes may have significant influence. 

The atmospheric magnetic PM can end up deposited or accumulated on leaves surfaces. One of the accumulation 

processes might be trapping of particles in the surface wax layer during wax development, as suggested by 

Lehndorf et al., 2006 [62]. The epicuticular waxes are subject to ongoing deterioration, abrasion or wash-off but 

they are periodically renewed by the plant, leading to an equilibration level of magnetic PM accumulation and 

degradation [62].  

2.5 Saturation Isothermal Remanent Magnetization (SIRM) 

When a natural sample is collected and before being taken into any laboratory experiment, it exhibits its natural 

remanent magnetization (NRM) [63]. Alternatively, samples can be brought in a magnetic field resulting in an 

induced magnetization. After the external field is removed, they may exhibit a remanent magnetization, or 

remanence, which can be achieved through a number of ways. An isothermal remanent magnetization (IRM) is 

acquired when the sample is exposed to a magnetic field at ambient temperature. If the field used is sufficient to 

achieve saturation, it is called saturation isothermal remanent magnetization (SIRM).  

Within the magnetization process, the phenomena related to the hysteresis loop, which follows an S-shape, is quite 

complex, as visible in Figure 2.6. The saturation magnetization is defined as the highest magnetization achievable 

in the laboratory and for that, the ferrimagnetic component contributes with the ferrimagnetic saturation 

magnetization [64]. When the field is reduced, the magnetization begins to decrease from its saturation point 

(demagnetization), at a slower rate than the magnetization process and when the applied field is entirely removed, 

the magnetization is comprised by the SIRM value.  

SIRM has proved to be a reliable quantitative method of the ferro(i)magnetic, i.e. ferro and ferromagnetic, PM 

fraction, acting as an indicator of volume concentration as well as grain size [55]. Once the remanence is normalized 

for leaf surface area, SIRM is able to provide a measurement of the total concentration of deposited/accumulated 

magnetic particles on a leaf sample [60]. During the last six years, several experimental studies were published on 

this topic (e.g. Maher et al., 2008 [59]; Mitchell et al., 2010 [36]; Kardel et al., 2012 [38]; Speak et al., 2012 [47]; 

Hofman et al., 2013 [39] and 2014 [65]; Barima et al., 2014 [66]) revealing the great potential of using SIRM as a 

particulate matter bio-indicator.  
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Figure 2.6 – A magnetic hysteresis loop for a typical natural sample containing a mixture of ferrimagnetic and paramagnetic minerals and 

the magnetic parameters frequently used in environmental magnetic research (adapted from [64]). The SIRM parameter is highlighted by a 

blue shape. 

2.6 Scanning Electron Microscopy (SEM) 

SEM stands for scanning electron microscopy, a microscopic technique that uses electrons instead of light to form 

an image. The use of a focused beam of high-energy electrons generates a variety of signals at the surface of solid 

specimens and the interaction between the electronic beam and the sample in analysis reveals important 

information about it, including external morphology, chemical composition, crystalline structure and orientation of 

the constituent materials. In most applications, the collected data over a selected area of the sample surface allows 

the construction of a two-dimensional image [67].  

Comparing to traditional microscopes, a scanning electron microscope exhibits many advantages. SEM has a 

larger depth of field (thickness of the object space that is simultaneously in acceptable focus) and a higher 

resolution, so closely spaced specimens can be magnified at much higher levels. Once SEM uses electron lenses, 

it is easier to control the degree of magnification. These advantages, combined with increasingly clear images, turn 

the scanning electron microscope into one of the most useful instruments in research [68]. 

The accelerated electrons in SEM contains significant amounts of kinetic energy, which is dissipated in a variety of 

signals when the incident electrons are decelerated into the solid sample (Figure 2.7). These signals include 

secondary electrons, backscattered electrons, diffracted backscattered electrons, photons and heat [67]. 

Secondary electrons (SE) and backscattered electrons (BS) are frequently used for imaging samples: while SE are 

capable of showing morphology and topography of samples, BS is more valuable in illustrating composition 

contrasts.  
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Figure 2.7 – Illustration of the signals resulting from the electron beam-sample interaction (adapted from [69]). The teardrop shape 

corresponds to the interaction volume. 

2.6.1 Secondary Electrons (SE), Backscattered Electrons (BS) and X-Rays 

SE are sample atom electrons that are ejected due to interactions with the beam primary electrons. Generally these 

ejected electrons have very low energy, so they can only escape from a very narrow region at the sample surface. 

As a result, SE offers the best imaging resolution, where the contrast comes primarily from the sample topography: 

peaks are bright and valleys are dark, because more SE can escape at the peaks as a greater amount of the 

interaction volume is close to the sample surface [70]. Therefore, SE images strongly correspond to the real sample 

visual image. 

By definition, BS are primarily beam electrons that have been scattered back out of the sample, due to elastic 

collisions with the nuclei of sample atoms [70]. They have high energy, which can go up to the accelerating voltage 

of the electron beam, resulting in a larger volume of interaction. The contrast in BS images arises from point to 

point differences in the average atomic number of the sample: high atomic number nuclei tends to backscatter more 

electrons, creating brighter areas in the obtained images. Due to the larger interaction volume, BS images present 

a reduced resolution compared to SE images, but they can provide important information about the composition of 

the sample, when well interpreted.  

In addition to BS and SE, the generation of X-rays comprises the most used signals in SEM. The X-rays are 

produced by inelastic collisions of the incident electrons with electrons from the outer orbitals of atom samples [67]. 

When the excited electrons relaxes to lower energy states, they emit X-rays with a certain wavelength. The X-rays 

wavelength is related to the difference in energy levels of electrons in different shells for a given element, so the 

produced X-rays are a result of the sample chemical composition. As this is a non-destructive technique, it is 

possible to analyze the same sample repeatedly without causing volume loss. Appropriate detectors can collect 

the X-rays, BE and SE and convert them into a final image. 

2.6.2 Modes of SEM 

The operation mode is defined considering the preparation of samples and the conditions inside the microscope 

electron 
beam 

backscattered 
electrons cathodoluminescence 

secondary electrons 

excitation 

volume 
sample 

x-rays 

absorbed 
current 



 
 

16 

chamber, in terms of pressure and humidity. Conventional SEM (CSEM) and environmental SEM (ESEM) are the 

most commonly used modes. CSEM is operated using high vacuum conditions, requiring certain preparation steps 

of the samples as they need to be vacuum stable, as well as conductive [40]. High vacuum SEM requires 

dehydration of the samples, which must also be coated with some conductive material before analysis, such as 

carbon or gold. The coating process creates a thin layer of conducting material covering the specimens, which will 

prevent the charging of the sample by the electron beam (in CSEM mode, a high voltage is usually applied) [71]. 

While metallic coatings are useful for increasing the signal to noise ratio (heavy metals are good secondary electron 

emitters), they are of inferior quality when X-ray spectroscopy is employed [72]. 

The introduction of ESEM provided new possibilities compared to CSEM, enabling the investigation of non-

conductive and hydrated samples, without time-consuming preparation steps [40]. ESEM retains all the 

performance advantages of CSEM, but removing the high vacuum limitation, offering a high resolution SE imaging 

in a gaseous environment of practically any composition, including wet, oily and dirty samples. The main advantage 

of ESEM is the possibility of studying live samples, without the risk of shrinkage or possible modifications (biological, 

chemical, physical, etc) during the preparation. ESEM is usually operated at wet mode or low vacuum mode, but 

other variations are possible, depending on pressure and relative humidity conditions.  

2.6.3 Applying SEM to Vegetation Samples  

SEM technology has become an essential tool in studying plant surfaces, improving the knowledge about plants 

[40] [73].The choice between CSEM and ESEM depends mainly on the type of samples. If it is important to maintain 

the samples in their native state, ESEM should be performed. Otherwise, CSEM is a great option when it is 

important to avoid microscope preparation and the operation is time limited. For instance, vegetation samples such 

as leaves usually maintain their physical morphology and chemical composition after dehydration and coating 

processes, allowing CSEM to be an appropriate choice and, therefore, the one used within this project. By using 

this mode, there is no need for adjusting specific pressure/relative humidity conditions, which is time-consuming. 

High vacuum SEM (CSEM) can be used as an important tool to analyze PM deposition on urban green as it allows 

the imaging and screening of plant surfaces in a very accurate manner. Combined with X-ray analysis, it is possible 

to obtain a semi-quantitative study of the chemical composition of the particles found on the leaf surface [74] [75]. 
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3.1 Test Species 

In order to perform a comparative study of urban PM deposition using SIRM and SEM analysis, ivy leaves (Hedera 

sp., see Figure 3.1) were used as vegetation samples as they are easy to find and extensively widespread within 

the urban environment under study. Ivy plants are evergreen climbing plants, native to most of Europe and Western 

Asia and commonly found in gardens, house walls, tree trunks and also in wild areas across its native habitat. In 

the present study, samples were collected between 1.30 – 1.70 m in height in order to recreate the human exposure 

to the existing atmospheric pollution, using the passive collecting mode and between February and May of 2014.  

 

Figure 3.1 – Example of an ivy leaf (upper leaf side) of about 5 cm × 5 cm. 

3.2 Study Site 

All samples were collected in the city of Antwerp, which is the second largest city in Belgium, after Brussels, with 

500,000 inhabitants, being also the second most populated city (approximately 2,500 people/km2). After Rotterdam, 

Antwerp is the second largest harbor in Europe, also presenting a very strong industrial sector and high traffic 

highways and roads. 

Five different locations were targeted in order to analyze potential differences in the PM deposition on ivy leaves 

according to different urban activities. Samples were collected near the following pollution sources: a high traffic 

road, a train line, an industrial area, a rural site and inside a forested area. The location of sampling sites is of 

crucial importance as they have to be representative of the considered pollution source. For example, the chosen 

train sampling site should present a considerable amount of traffic and be distant from roads, in order to avoid 

contamination due to road traffic at PM level. For the same reason, the road sampling site should be on an area 

with high vehicle traffic, while the forested site should be distant from roads, factories and railways. All sampling 

sites are described in Table 3.1, with description of their location and geographic coordinates and they are illustrated 

in Figure 3.2. The rural and forest sites are located in Merksplas, significantly far from Antwerp’s city center, to 

prevent vehicle, industrial and railway PM emissions. Figure 3.3 shows more detailed views of every sampling site.  

Besides the analysis of PM deposition resulting from different pollution sources, attention was also given to the PM 

deposition at the upper and lower leaf surface sides.
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 Table 3.1 – Location and geographic coordinates of the different sampling sites. 

 

 

  

 

Site Location Geographic Coordinates 

Forest Inside a forested area, near Werfstraat, Merksplas 51°21'22.44"N,  4°52'53.95"E 

Rural Near Hoevestraat road, Merksplas 51°21'13.21"N,  4°53'2.79"E 

Road Crossroad between R10 and N1, near Binnensingel 51°11'33.90"N,  4°25'19.80"E 

Industrial Near Umicore industry, along Vulkaanstraat 51° 9'52.41"N,  4°20'14.00"E 

Train Train line near Alexander Franckstraat intersection, close to Boechout Station 51° 9'35.47"N,  4°30'6.60"E 

Figure 3.2 – Location of the five sampling sites within the province and city of Antwerp (Google Earth). 
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Figure 3.3 – Detailed view and location of industrial, road, train, rural and forest sampling sites. 
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The research was carried out within the Environmental Ecology and Applied Microbiology research group of the 

Department of Bioscience Engineering, Faculty of Science, University of Antwerp, with the exception of SEM 

analysis, which were carried out at the AXES (Antwerp X-ray Analysis, Electrochemistry and Speciation) group, 

with the aid of an experienced technician, Walter Dorriné. 

3.3 Analytical Methods 

3.3.1 SIRM 

The biomagnetic analysis of PM leaf deposition based on SIRM determination consisted on a 5 steps procedure: 

1. Leaves were carefully collected, stored in plastic bags or paper envelopes and labelled; 

2. Back in the lab, the collected leaves were tightly packed with cling film and pressed in a 10 cm3 plastic container; 

3. Each sample pot was magnetized with a pulsed magnetic field of 1 T; 

4. After magnetization, the magnetic intensity of the sample pot (SIRM equivalent, in mA m-1) was measured using 

a calibrated magnetometer; and 

5. Once the sample leaves were removed from the pots and from the cling film, they were submitted to a leaf area 

meter, in order to determine their surface area. 

The magnetic intensity values, expressed in mA m-1, were normalized for the sampling pot volume (10 cm3) and for 

the leaf surface area (in cm2) according to Equation 3.1. After normalized, SIRM values were expressed in A.  

3.3.2 SEM 

In parallel with the SIRM procedure, samples were also collected for SEM analysis (Figure 3.4) following the 

presented procedure: 

1. A small portion of every collected leaf (<1 cm of diameter) was removed using a metallic puncher, from the center 

of the leaves and between its principal veins, before leaves were packed in cling film for SIRM analysis (see 3.3.1); 

2. Each small leaf portion (or subsample) was fixed on top of a metallic stub, using carbon-impregnated double-

sided tape, and left to dry; 

3. The metallic stubs with the subsamples were stored and labelled in well storage boxes; 

4. Subsamples were carbon coated, transported to the AXES facility group and set in the appropriate metallic holder 

that goes inside the microscope; and 

6. Surface level imaging and chemical composition analysis were carried out using the INCA software, Oxford 

Instruments (UK). 

𝑆𝐼𝑅𝑀 𝑣𝑎𝑙𝑢𝑒 =
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑃𝑜𝑡 𝑣𝑜𝑙𝑢𝑚𝑒

𝐿𝑒𝑎𝑓 𝑎𝑟𝑒𝑎
=

𝑚𝐴 𝑚−1 × 10 𝑐𝑚3

𝑐𝑚2
=

𝑚𝐴 10−5 𝑚2

10−4 𝑚2
= 10−4 A Equation 3.1 
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Figure 3.4 – Illustration of the sequential operations (a – f) within the sample preparation for SIRM analysis and removal of a subsample for 

SEM analysis. 

As an initial approach, the subsamples were first dried inside Petri dishes, at room temperature or inside an oven 

(see 3.5.1), and only then fixed on the metallic stubs. However, this method resulted on the bending of the leaf 

portions, when they should be as flat as possible for appropriate scanning. After this observation, subsamples were 

fixed in the stubs while they were still fresh, so they could dry on the stubs with minimal bending, helping the 

acquisition of the SEM images. 

3.4 Main Equipment 

3.4.1 SIRM 

The equipment used to magnetize the samples was a Molspin pulse magnetizer (Molspin Ltd., UK) (Figure 3.5) 

while a Molspin Minispin magnetometer was used to measure the SIRM values. Samples can be submitted to 

different magnetic intensities, from 200 mT to 1 T, with the last value usually chosen for SIRM determination. The 

magnetometer was calibrated using a magnetically-stable rock specimen at the beginning of every session and 

then after 4 or 8 samples, always between samples from different sampling sites and between samples of the upper 

and lower leaf sides. The leaf surface area was determined using the leaf area meter LI-3100C (Licor Biosciences, 

USA) (Figure 3.6). Each sample was measured twice in the magnetometer and in the leaf area meter, to reduce 

measurement errors. The reported values were the mean of the two measured values. The SIRM signal of empty 

plastic pots (0.22±0.01 mA m-1) was the blank signal, subtracted from all measured values. 

 

 

 

 

 

 

 

a b c 

d e f 

Figure 3.5 – Details of Molspin pulse magnetizer (left) and Molspin Minispin magnetometer (right). 



 
 

22 

 

 

 

 

 

3.4.2 SEM 

Sample preparation for SEM analysis is resumed to the carbon coating process, which was made using a CED 010 

(Balzers Union) (Figure 3.7). In this equipment, an ultrapure carbon wire (SPI Supplies, USA) is mounted in a 

vacuum system (0.1 mbar) between two electrical terminals. When the carbon source is heated to its evaporation 

temperature, a fine stream of carbon is deposited onto the samples [76]. Because a 30-40 mm of working distance 

was used, the carbon layer should present a thickness of about 30-40 nm, according to the manufacturer’s protocol. 

The microscope used was a Quanta 250 FEG (FEI, USA), with INCA software provided by Oxford Instruments 

(UK). For a magnification of 500× and a spot size of 3.6, the electron beam used was of 20.00 kV. 

 

 

 

 

 

 

 

The available SEM software presents a wide range of possibilities in terms of output. Energy dispersive X-ray 

spectroscopy combined with backscattered and secondary electron images allows chemical identification and 

quantification. This analysis can be operated by the user or within the automatic mode. The first mode enables the 

user to gain more experience and feeling on how SEM technology actually works, while the automatic mode permits 

to obtain a larger database in a shorter period of time given its high processing velocity. During the research project, 

both modes were used.  

3.4.2.1 Non-automatic Software Mode 

Within this mode, the user may explore the surface of samples more freely. The microscope returns chemical 

Figure 3.6 – Leaf area meter used for determination of leaf surface area (left) and a detail of an ivy leaf area being measured (right). 

Figure 3.7 – Detail of the carbon coater (left) and of the scanning electron microscope (right).  
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spectrums and surface images based on selected points or areas, which can be used to select the particles of 

interest. Because this feature is very time consuming (it takes about 5 minutes to obtain the chemical spectrum of 

one deposited particle), a reduced number of particles from each sample is usually analyzed, leading to less 

conclusive results. 

In this project, the non-automatic software mode was used to obtain scanning images (SE and BS images) and 

chemical spectra of particles. For each sample, two or three distinct locations were chosen depending on the 

apparent quantity of particles visible on the surface and then, for each location of interest, a series of particles was 

analyzed via X-ray analysis in order to determine their average chemical composition. Because samples are coated 

with carbon (C), the weight of this element was discarded from the chemical composition results for better 

comprehension of the particle elemental content. In addition to the spectra of deposited particles, an overall spectra 

was obtained for each site of interest. 

3.4.2.2 Automatic Software Mode 

Using the automatic particle analysis mode, the same type of results can be obtained to construct a larger and 

more reliable database as samples can be analyzed overnight. Using the automatic particle analysis mode, the 

same type of results can be obtained to construct a larger and more reliable database as samples can be analyzed 

overnight. In addition, it is possible to automatically select and analyze particles within e.g. a certain size range, 

aspect ratio or chemical composition, in accordance to each research project.  

Each sample surface can be divided into different sub-areas, providing a big dataset of deposited particles, in terms 

of composition and morphology, as a function of the leaf surface side and the pollution sampling site. For this 

project, the analyzed samples were sub-divided into about 50 fields of interest, each field presenting 414 µm × 285 

µm of dimension. The software was defined to analyze 20 particles per field, yielding around 1,000 particles per 

analyzed subsample (i.e. per each circular leaf portion).  

When operating the automatic SEM mode, it is necessary to define a threshold parameter within the obtained BS 

images so the microscope knows what should and shouldn’t be target of analysis. The threshold value was set at 

the beginning of each microscope’s session so that only the individual deposited particles were analyzed, while the 

organic components of the leaves were ignored and the particulate agglomerates were properly decomposed into 

their constituent particles.  

The scanning electron microscope has a limitation in terms of the sample interaction volume, meaning it will be less 

accurate when particles are below a certain size. In this case, for the used magnification (500×), the minimum 

interaction volume is equivalent to 1 µm in diameter, i. e. particles smaller than 1 µm in diameter may not be 

correctly identified as one single particle. For this reason and because PM2.5-10 is the study target, the microscope 

was set to only analyze particles greater than 2 µm, which is equivalent to 19 pixels given the used magnification. 

At this magnification, each analyzed field had 1,024 pixels × 704 pixels, equivalent to the referred dimension of 414 

µm × 285 µm. 
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As the microscope analyzes the first 20 particles of each field of interest within the 𝑥 direction (Figure 3.8), it tracks 

each particle’s coordinates (𝑥 and 𝑦 directions). The electron beam is then lead through the 𝑥 direction and when 

the particles found are located further more in the 𝑦 axis, the load of particles within that field is presumed to be 

reduced. On the other hand, high loaded fields will assumingly present the first 20 particles inside a small scanning 

value concerning the 𝑦 direction. Using this information, it is possible to estimate the loading of particles within 

each field and consequently within each leaf sample, which may vary according to the different pollution sampling 

sites. 

 

 

 

 Figure 3.8 – Dimensions and axis directions within each analyzed field of interest. 

The leaf deposited particles can exhibit a high variety of shapes although a large majority presents a spherical 

resembling shape. Assuming that the density of particles is uniform within the samples, which might be a plausible 

approximation, and that particles are approximately spherical, it is possible to calculate the volume of each particle 

and use it as a weight indicator (Equation 3.2). Within the size parameters provided by the microscope, the ECD 

(equivalent circular diameter) value can be used as a measure to determine the diameter of the analyzed particles. 

Having the volume of each particle and its chemical content in iron (Fe), the calculation of the weighted mean 

content in Fe is made according to Equation 3.3. 

3.5 Experimental Strategy 

The strategy for the research project was defined to achieve its main goal: a comparative study of the analysis of 

different PM sources on urban green, using biomagnetic analysis and scanning electron microscopy. The coating 

system and the electron microscope, regarding SEM technology, operate under high vacuum conditions but most 

specimens cannot withstand water removal by the vacuum system without distortion [77]. A high content in water 

is not compatible with low atmospheric pressure as the water would evaporate too quickly, destroying the samples. 

Since high vacuum SEM requires samples to be dehydrated, the first experimental step was to test and establish 

an appropriate drying process for the leaf samples, in order to optimize and standardize sample preparation for 

SEM analysis (Experiment A). This process should lead to a low water content within the samples, essential for the 

microscope preservation and security, as well as to ensure the maintenance of the structure of leaves.  

The SIRM-based analysis consists of a bulk analysis of the samples concerning only its ferro(i)magnetic PM content 

while the SEM technology relies on a surface level imaging which, combined with X-ray spectroscopy, allows the 
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chemical quantification of the surface deposited particles. The Experiment B of the project consisted on the use of 

SIRM (bulk analysis) and SEM (surface level analysis) standard techniques. This experiment comprises the 

environmental analysis of leaves from the different sampling sites, as well as the assessment of PM deposition 

according to the leaf surface side (upper and lower). 

In order to be able to compare both techniques, it was essential to assure that the biomagnetic analysis was 

performed only at a surface level (Experiment C). At this experimental stage, the collected leaves were hand 

washed and the leaf surface deposited particles were then obtained through filtration of the resulting washing 

solution. Therefore, only the fraction of leaf deposited particles was analyzed using both SIRM and SEM methods, 

in a logical step after experiments A and B. 

3.5.1 Experiment A: Optimization of Leaf Sample Preparation 

To ensure samples were dehydrated for SEM analysis it was necessary to investigate the optimal temperature 

values and/ or time of drying process so samples could be exposed to similar drying conditions. If the drying process 

is not effective enough, samples are much more susceptible to the electron beam, leading the carbon coating layer 

to move and crack. The cracks tend to uncover the samples from the coating, which causes a charging effect 

(charging is produced by the build-up of electrons in the sample and their uncontrolled discharge [78]) and might 

produce unwanted artefacts, complicating the SEM analysis. The drying conditions could thus be evaluated by 

observing the effects of the electron beam exposure on the samples, which is dependent of the spot size and the 

magnification. The smaller the spot size, the smaller is the sample area under the electron beam’s action so a more 

reduced area is submitted to a high electronic voltage. On the contrary, as the magnification increases, the distance 

between the beam and the sample decreases. Therefore, unless the samples are dried enough, higher 

magnifications and smaller spot sizes are usually responsible for increasing sample charging. 

In this experiment, neighboring leaves were collected from one source site (a road site, near the R11 road, 

Antwerp), to collect enough samples to study the upper and lower surface sides. After sampling (on February 27 

and 28), samples were dried at room temperature (22.0°C±0.2) or at 50ºC using an oven (Binder, USA), in order 

to test both drying methodologies. Using these two temperature values, samples were subjected to different drying 

periods (Table 3.2).  

Table 3.2 – Temperature and drying period conditions tested in Experiment A. 

Temperature Drying period 

Ambient temperature (22.0°C±0.2) 4 days 

50ºC 1 day 

50ºC 2 days 

50ºC 3 days 

 

After the defined drying period, the samples placed in the oven (50ºC) were left at room temperature until the day 

of SEM analysis. Using a metallic puncher, a small subsample was obtained from each leaf for SEM analysis (see 
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Figure 3.4, a - d) while the remaining leaves were submitted to the SIRM analytical procedure (see 3.3.1). The SEM 

analysis was carried out using the non-automatic particle analysis software. 

3.5.2 Experiment B: SIRM and SEM Standard Procedures for PM Analysis 

In Experiment B, the standard procedure of SIRM analysis was followed on the leaves after the removal of the 

subsamples for SEM analysis, as described in 3.3.1. From each sampling site, eight leaves were collected, four of 

them for analysis of the upper leaf side, while the other four leaves were used for the analysis of the lower side. As 

the SIRM analysis cannot differentiate between both leaf sides (it is a bulk analysis), this differentiation between 

both leaf sides is only valid for the SEM analysis. In total, there were analyzed: 5 sampling sites × 2 leaf sides × 4 

leaves per leaf side = 40 analyzed samples. Leaves from the road site were collected on March 27, while leaves 

from the other sampling sites were collected on April 16 (see 3.6). At this stage, SEM analyses were carried out 

using the automatic software mode. Experiment B presented the following specific objectives: 

 to study the influence of different pollution sources on PM deposition on urban green; 

 to  study potential differences in PM deposition between the upper and lower leaf surface side; and 

 to compare the outcome of both analytical techniques, SIRM and SEM. 

3.5.3 Experiment C: SIRM and SEM Analysis of Leaf Surface Deposited Particles 

Experiment C procedure differed from the previous because a different experimental strategy was followed to obtain 

SIRM values which were only due to leaf deposited particles, and not due to particles encapsulated into the wax 

layer. This procedure was based on a protocol previously described (Hofman et al., 2014) [65]. The basic concept 

is to wash the leaves in order to retain the surface deposited particles within a washing solution, which is 

subsequently filtered. By analyzing the particles on the filters, SIRM and SEM techniques only account for the 

particles previously deposited on the surface of the leaves. For the filtration, 10 µm and 3 µm pore size Nuclepore 

track-etched polycarbonate filter membranes (Whatman, UK) were used, to obtain two different size fractions 

(particles greater than 10 µm and particles between the range 3 - 10 µm (≈PM2.5-10). 

A total of 160 ivy leaves were collected, 32 leaves per sampling site, on May 7 and 8. Within these 32 leaves, 4 

sample sets composed by 8 leaves each were considered. As for filtration, two pore size filters were used per 

sample set (i.e. 8 ivy leaves) this resulted in: 5 sampling sites × 4 sample sets × 2 pore size filters = 40 filters.  

Figure 3.9 illustrates the main operations executed along the experimental set up, here described in detail: 

1. Leaves were carefully collected, stored (for each sampling site, 32 leaves distributed by 4 envelopes) and 

labelled; 

2. Each sample set (i.e. composed by 8 ivy leaves) was hand washed in 800 mL of Ultrapure water (Eurowater, 

Belgium, <0.1 µS cm-1) using nitrile powder free disposable gloves (VWR). Each leaf was hand washed individually 

during 2 minutes; 

3. The resulting washing water was labelled and stored in glass bottles inside a dark room (17.7°C ± 0.3), to 
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avoid the growth of algae, before filtration;  

4. The leaf area of the washed leaves was determined and subsequently they were biomagnetically analyzed, in 

order to obtain the corresponding SIRM values normalized for surface area;  

5. Before filtration, the washing water was stirred to resuspend the particles for at least 2h at 150rpm on a KS 260 

basic shaker (IKA); 

6. The filtration system was mounted, using a glass filter funnel (47 mm) connected to a vacuum pump; 

7. For each glass bottle, 100 mL of the particles-containing water was filtered through the filtration system using a 

10 µm pore size filter; 

8. The resulting filtrate, assumingly containing particles with diameter smaller than 10 µm, was hand shaken (for 

about 10 s) and immediately submitted to the second vacuum filtration, using a 3 µm pore size filter; 

9. The loaded filters (of 3 and 10 µm pore size) were stored in Petri dishes and dried at room temperature for 3 

days; 

10. The loaded filters were weighted (balance S-234, Denver Instrument, USA, precision of 0.1 mg) before and 

after a small portion was carefully removed, using tweezers and a scissors. Assuming that the retained particles 

are uniformly distributed along the entire filter, the weight of the remaining filter can be used as an indicator of the 

filtered area; 

11. The removed filter portions were fixed on top of the metallic stubs and stored in well storage boxes, until the 

SEM analysis; 

12. The remaining filters were tightly packed with cling film, pressed in the plastic pot and magnetized using a pulse 

magnetic field of 1 T (similar to the standard SIRM procedure); and 

13. Using the magnetometer, SIRM values normalized for the remaining filter area were obtained.  

The main specific objectives of this experiment were: 

 to study the size distribution, biomagnetic signal and chemical composition of leaf deposited PM2.5-10 for 

different pollution sources; 

 to study and compare particle size distribution and chemical composition between the ≈PM2.5-10  size 

fraction and larger particles (>10 µm) of leaf deposited PM; 

 to compare both analytical techniques, SIRM and SEM, in the study of leaf deposited PM originating from 

different pollution sources; and  

 to study the contribution of surface deposited particles and of encapsulated particles in the total magnetic 

leaf signal, for various pollution sources. 
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Figure 3.9 – Detailed view of the main operations within the experimental protocol followed in Experiment C. 

3.6 Meteorological Conditions 

Meteorological conditions, such as wind and rain, may affect the process of PM deposition on tree leaves so it is 

important to have access to the meteorological parameters registered during sampling. For Experiment B, there 

was no rain during the sampling of leaves (done on March 27 and April 16) and on the three days prior sampling. 

On the other hand, the sampling of leaves for Experiment C, made on May 7 and 8, registered 5 and 5.4 mm daily 

sum of precipitation, respectively. The meteorological information concerning the days of leaf sampling are 

presented in Table 3.3 (Luchtbal station, Flemish Environment Agency, VMM). This information was gathered in 

the Luchtbal station, which stays between 6 and 34 kilometers distant from the different sampling sites, working 

simply as a reference to the global daily meteorological conditions.  

Table 3.3 – Meteorological parameters provided by the Flemish Environment Agency, VMM, concerning the sampling days. 

 daily total daily averages 

Meteorological 

parameters 
Precipitation (mm) 

Wind direction 

 (º) 

Wind velocity 

(m s-1) 

Temperature  

(ºC) 

Relative 

humidity 

(%) 

Global 

radiation  

(W m-2) 

Experiment A 

02-27-2014 

02-28-2014 

1.8 

4 

187.8 

128.9 

5.14 

3.75 

5.8 

5.8 

89 

92 

31 

53 

Experiment B 

03-27-2014 

04-16-2014 

0 

0 

14.9 

110.4 

2.32 

2.85 

6 

9.3 

85 

60 

92 

257 

Experiment C 

05-07-2014 

05-08-2014 

5 

5.4 

237.1 

220.3 

5.93 

6.65 

13 

12.3 

76 

89 

151 

57 

 

 

Sampling 

Washing 
Washing solution 

Vacuum  
filtration 

Loaded filter 
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The assessment of PM leaf deposition at a high-resolution temporal scale should necessarily consider the 

atmospheric PM measured by the conventional monitoring stations so that a time-integrated PM analysis is possible 

between conventional methods and urban tree leaves. In this project, the PM deposition was not studied in a 

temporal aspect, therefore, the atmospheric PM data is merely informative, as no comparison with the obtained 

results can be made (Table 3.4). The PM10 data was measured using TEOM-FDMS (Tapered Element Oscillating 

Microbalance-Filter Dynamics Measurement System), which is an oscillating microbalance corrected for 

evaporation, or ESM FH 62 I-R, based on β absorption (the attenuation of β-rays by a filter is directly related to the 

amount of mass on the filter) [79]. The monitoring stations were the closest ones possible for the different selected 

sampling sites: forest and rural sites – Dessel station; road and train sites – Borgerhout station; industrial site – 

Hoboken.  

Table 3.4 – PM10 (µg/m3) for the different sampling days, provided by the Flemish Environment Agency, VMM. The indicated monitoring 

stations are the closest possible to the different sampling sites. 

 Monitoring stations 

PM10  

(µg/m3) 

Hoboken 

(code 40HB23) 

Borgerhout  

(code 42R802) 

Dessel  

(code 42N016) 

Experiment A 

02-27-2014 

02-28-2014 

17 

14 

- 

- 

- 

- 

Experiment B 

03-27-2014 

04-16-2014 

- 

24 

53 

22 

- 

- 

Experiment C 

05-07-2014 

05-08-2014 

- 

24 

16 

- 

37 

- 
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4.1 Experiment A: Optimization of Leaf Sample Preparation 

The small portions collected from leaves were submitted to different temperatures and drying times and then 

scanned using the non-automatic SEM mode, while the remaining leaves were submitted to SIRM analysis while 

still fresh. Therefore the sample designation of U and L (upper and lower leaf surface side, respectively) and the 

drying conditions are only important for the SEM analysis.  

The leaf surface area and the magnetic intensity of the leaf samples were measured in order to obtain the SIRM 

values normalized for leaf area, expressed in µA (Table 4.1), after subtracting the blank signal (empty plastic pot). 

All leaf replicates were collected under the same conditions (similar height and weather conditions, same sampling 

site and plant) so they were expected to have more similar SIRM values than the observed ones. The differences 

observed within the results indicate that leaf sampling should be performed using neighboring leaves as close to 

each other as possible, in order to avoid a high discrepancy of values.   

Table 4.1 – SIRM determination of leaf samples (a total of 8 leaves), according to their magnetic intensity and surface area. Designation U 

and L refers to the upper and lower leaf side, respectively. 

Temperature 
Drying  

Time 

Sample 

Designation 

Magnetic 

Intensity 

(mA/m) 

Surface 

Area 

(cm2) 

SIRM  

(µA) 

Room 

temperature 

(22.0°C±0.2) 

4 days 
U 

L 

169.739 

39.515 

43.1 

47.2 

392 

84 

Oven at 

50°C 

1 day 
1U 

1L 

35.419 

11.888 

47.5 

24.0 

75 

50 

2 days 
2U 

2L 

20.474 

16.156 

57.1 

34.2 

36 

47 

3 days 
3U 

3L 

67.524 

29.199 

53.6 

36.0 

126 

81 

  Blank 0.219   

 

Parallel to leaf SIRM measurements, samples were analyzed by SEM using the non-automatic software mode. For 

each sample, multiple scanning images were obtained using the secondary and the back scattered electron 

detectors, resulting into two different type of images. Secondary electron images provide a three-dimensional 

perception of the surface being analyzed, while back scattered electron images provide information about its 

chemical composition, through the brightness emitted by the different components. Additionally to the scanning 

images, which allows the study of the morphology of the leaf surface and of the surface deposited particles, multiple 

chemical spectra were obtained: within each sample (consisting of a small portion of leaf), 2 or 3 sites of interest 

were selected and, within each site of interest, the spectra of about 5 deposited particles and an overall spectrum 

were obtained. Using the non-automatic mode, a reduced range of particles can be analyzed in due time so the 

obtained data should be interpreted as a qualitative indicator, not being entirely representative of the studied 

sample.  
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4.1.1 Upper Leaf Side Sample - Room Temperature 

Within the first sample (designed as U), three sites of interest were considered, as illustrated in Figure 4.1. 

Comparing the obtained scanning images, high resolution SE images showed different deposited particles, in terms 

of morphology and size range, in a clear three-dimensional view. From the SE images it is also possible to observe 

a covering layer on top of the upper side of leaves, relative to the cuticle. On the other hand, BS images reveal 

more detail in terms of brightness and contrast than the SE images, allowing particles do be easily detected. In 

principle, particles with different brightness intensity should have different chemical composition and elements with 

higher atomic number should be brighter [80] [81]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 – Secondary electron (left) and backscattered electron (right) images of the analyzed sites of interest within sample U, an upper 

leaf side sample. The indication of ‘spectrum n’ refers to the particle ‘n’ from which a chemical spectrum was obtained. 

The majority of the deposited particles observed in the SEM images were definitely within the PM2.5-10 range, 

exhibiting rounded or more irregular shapes. Within site of interest 3 (see Figure 4.1), a larger particle (about 25 

µm wide) with a very well defined shape was detected, surrounded by particles of a much lower size. This particle 

exhibits a reasonable brightness and its shape resembles some salt crystal structure. From the corresponding 

chemical spectrum, it could be found that this particle was mainly composed of Ca and exhibited a reduced Fe 

content. 

Site of interest 1 

Site of interest 2 

Site of interest 3 
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Within site of interest 1, the spectra of 5 different particles, identified in BS images, were measured (Figure 4.2). In 

general, the spectra revealed that particles 1, 2 and 5 have a high Fe content, while for particles 3 and 4 Si is the 

main element (28.8% and 17.8% (w/w), respectively), after O. The oxygen element is present in every spectrum, 

however, it was not discarded from the software analysis as it may indicate the presence of oxides.  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 – Spectra obtained for the analyzed particles within site of interest 1 (spectrum 1 to 5) and spectrum of the overall area of site of 

interest 1 (spectrum 6), for sample U. 

4.1.2 Lower Leaf Side Sample - Room Temperature 

The second sample dried at room temperature (designed as L) is a lower leaf surface side, which presents a 

completely different structure and morphology (Figure 4.3) when compared to the upper leaf side sample (see 

Figure 4.2). At the upper side of the leaves, the outer layer visible in the images is the cuticle, which is covered with 
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wax to prevent water loss. The quantity of wax usually depends on the intensity of incident light [82]. The lower leaf 

side samples exhibit a rather curious structure, the stomata, small natural openings that allow gas exchange with 

the atmosphere, as illustrated in Figure 4.4. The cracks visualized on site of interest 3 (Figure 4.3) result from the 

action of the high voltage electron beam, which cannot be completely avoided. If samples are well dehydrated, and 

especially when the coating process is efficient, the occurrence of these cracks can be minimized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 – Secondary electron (left) and backscattered electron (right) images of the analyzed sites of interest within sample L, a lower 

leaf side sample. The indication of ‘spectrum n’ refers to the particle ‘n’ from which a chemical spectrum was obtained. 

Site of interest 1 

Site of interest 2

Site of interest 3
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Figure 4.4 – Schematic view of typical leaf structure (from [83]). 

The spectra of some deposited particles on site of interest 1 of sample L are shown in Figure 4.5 and Figure 4.6. 

No Fe was detected in the particles analyzed, while the major elements were Ca (11.1-22.4% (w/w)), K (5.6–22.4% 

(w/w)) and S (13.9-19.8% (w/w)), followed by Na (2.9-9.2% (w/w)), Cl (0.9-4.2% (w/w)) and Mg (0.5-6.5% (w/w)). 

Both the overall field spectra of samples U and L (sites of interest 1) revealed that the overall composition mainly 

consists of K and Ca, which are essential source of nutrients for plants [84] [85] [86]. Within site of interest 3, from 

sample L, the well-defined crystal shaped particle is in fact a salt structure, composed of Na and Cl. 

 

Figure 4.5 - Spectra obtained for the analyzed particles within site of interest 1, for sample L. 
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Figure 4.6 - Spectrum obtained for the analyzed particles within site of interest 1 (spectrum 5) and spectrum of the overall area of site of 

interest 1 (spectrum 6), for sample L.  

4.1.3 Upper and Lower Leaf Side Samples - 50°C during 3 days 

The obtained scanning images for sample 3U and 3L are illustrated in Figure 4.7 and Figure 4.8, respectively. 

Sample 3U seems to present a slightly more preponderant waxy layer, where particles appears to be more 

encapsulated. Additionally, in both samples it is possible to observe small peculiar forms. Because these small 

forms are almost invisible in BS images, there is no substantial difference in terms of chemical composition between 

these structures and the leaf surface. This suggests that they are not surface deposited particles but probably leaf 

components.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 – Secondary electron (left) and backscattered electron (right) images for sample 3U. 

Site of interest 1
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Figure 4.8 – Secondary electron (left) and backscattered electron (right) images for sample 3L. 

The spectra obtained from samples 3U and 3L are not presented here as no further conclusions could be taken 

from them. Within the different analyzed samples, there were detected particles with very distinct composition, size, 

shape and brightness. Particles with high content in Fe (up to 70% in weight) and crystal salt particles were between 

the diversity of particles found. 

4.1.4 Discussion 

To analyze the samples subjected to different drying conditions, high magnification was used (3,000×) during 

Experiment A but no significant cracks were observed in any of the samples. The lack of cracks in the leaves 

indicates that dehydration was sufficient to prevent damages caused by the electron beam, either after using 50ºC 

or room temperature for drying. Therefore, room temperature was the condition chosen in the following experiments 

because it is simpler and cheaper, not requiring the use of an electricity powered oven. With this experiment, it was 

possible to observe that the temperature value isn’t critical for the drying process, probably because of the additional 

drying provided by the carbon coating step before SEM analysis, which submits the samples to high vacuum 

conditions. About the drying time, a minimum of 3 days should be waited considering room temperature. In short, 

leaf samples should be dried at room temperature during at least 3 days so that they can be appropriately analyzed 

by SEM. 

During the procedure it was observed that leaves bend with dehydration. This problem was reduced by fixing the 

samples to the metallic stubs while fresh but this was not an ideal solution, since they still bended sometimes. This 

experimental approach, of fixing the leaf samples to the stubs while still fresh, was followed in the subsequent 

Site of interest 1

 
 Site 1 

Site of interest 2

 
 Site 1 
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experiments, using tweezers to flatten the samples whenever it was needed, with care to only touch the borders to 

avoid possible contaminations or particle removal. 

SEM analyses showed very interesting surface deposited particles in terms of size, shape and brightness, although 

a relationship between BS images and chemical spectra was not clear. The brightness or contrast of the observed 

particles, obtained in the BS images, was only visually examined and not able to be quantified. Therefore, the 

comparison of BS images with the chemical spectra provided by the SEM was difficult to pursue. However, at least 

80 spectra were obtained and within an overall analysis it was observed that a high content in Fe causes high 

brightness in BS images and that S and Ca also seem to contribute to this parameter. On the other hand, a high 

content in Al doesn’t seem to originate bright particles while Si content appears to be strongly related to opaque 

particles. As already mentioned, oxygen was present in the totality of the particles as it is an element that can be 

found in a wide variety of molecules. Additionally, O, K and Ca revealed to be the main components of the spectra 

when considering the overall area of the sites of interest. The data presented in this section was illustrative of the 

use of the SEM non-automatic mode, making it hard to take sound conclusions. Despite that, it was possible to 

conclude that particles showing the same chemical composition and distribution appear to have similar brightness 

in BS images. Although it must be taken into account that it is possible that particles resembling comparable 

brightness could exhibit completely different chemical content. 

 As initially expected, no correlations could be taken between SIRM and SEM analysis with Experiment A. The 

majority of the analyzed sites of interest comprises individual deposited particles both with and without magnetic 

properties and normally Fe does not appear within the spectra concerning the overall area of the sites. These 

evidences invoke the need of using SEM automatic software mode so that more significant and representative 

results can be obtained from a larger dataset of particles.
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4.2 Experiment B: SIRM and SEM Standard Procedures for PM Analysis 

In this experimental stage, a total of 40 leaf samples were analyzed via SIRM and SEM methods, using 8 replicates 

per sampling site (forest, rural, road, industrial and train). The different sampling sites used (see section 3.2) are 

considered to represent different levels of air pollution.  

4.2.1 SIRM 

The calculated SIRM values normalized for leaf area ranged from 19.9 to 444.0 µA, which are reasonably in line 

with results from studies on other different urban species (Mitchell and Maher, 2009 [87]; Kardel et al., 2011 [61]; 

Hofman et al., 2014 [65]). Hofman et al. [65] reported values from 3.5 to 64.1 µA for Platanus acerifolia, in an urban 

street canyon located in Ghent, Belgium. Kardel et al., 2011 [61], obtained mean leaf SIRM values of 86 µA for 

Carpinus betalus, 99 µA for hairy Tilia sp. and 46 µA for non-hairy Tilia sp. in the same study area (city of Ghent). 

This study comprised i) green and suburban areas which were relatively far away from traffic and industrial activity 

(considered low pollution sites) and ii) urban and industrial areas with high traffic and industrial activity (high 

pollution sites), and the leaf SIRM results were at least 330, 191 and 125% higher in the high pollution sites 

compared to the low pollution sites, for C. betalus, hairy and non-hairy Tilia sp., respectively. Mitchell and Maher 

[87] found that leaf SIRMs for Tilia platyphyllos ranged from 2 to 322 µA, with the higher values obtained at roadside 

sites with high measured PM10 concentration, in Lancaster, England. A direct comparison against the SIRM results 

obtained in this work is not possible due to differences in tree species, sampling height, sampling time and pollution 

source type. Nevertheless, the obtained values appear to be in line with former published SIRM values. 

The leaf SIRM values are illustrated in Figure 4.9, according to the different pollution sources. The forest sampling 

site presented the lowest SIRM values (mean SIRM of 24.0 µA), followed by the rural and the road sites, from 

which the mean SIRM values were 202% and 683% higher than the values from the forest site, respectively. The 

industrial and train sites exhibited the highest mean SIRM values, of 399.5 µA and 323.1 µA. This suggests that 

the train and industrial sites exhibited the highest PM levels, as SIRM is strongly correlated to PM mass [59]. The 

leaf SIRM is thus confirmed to be a proxy for atmospheric PM concentrations, revelatory of contrasting urban habitat 

quality, as concluded by Kardel et al. [38]. PM is not homogeneously distributed over the city of Antwerp, but mainly 

depends on local and traffic conditions: the highest SIRM values were found near railways, industries and high 

traffic roads, in agreement to what was verified in e.g. Milan [88], Rome [27], Cologne [28], Guangzhou [89] and 

Braga [30]. Biomagnetic techniques (such as SIRM) are mainly sensitive to ferro(i)magnetic particulates and, thus, 

preferentially characterize the fraction of atmospheric PM that derives from combustion processes or metallic wear 

and abrasion (Lehndorff et al., 2006 [62], McIntosh et al., 2007 [90]). It is also known that plants can produce 

phytoferritin aggregates containing magnetic particles (McClean et al., 2001 [91]), which may give rise to a 

background, biogenic magnetic signal (McIntosh et al., 2007 [90]), difficult to identify or distinguish. 

The presented boxplots also provides an idea about the range of values within each sampling site. The leaves from 

the forest site presented the most uniform SIRM results, while the road sampling site appeared to show a less 

normal distribution. This high variation within the road site samples could be related to the pollution source itself as 
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it exhibits, besides significant vehicle traffic, a very high volume of stops and starts due to the fact that it is located 

in a crossroad. The intense use of vehicle brakes should result in the release of different molecular structures 

containing Fe, in addition to the iron derived from the combustion process [92], so the resulting PM also differs with 

break wear. 

 

Figure 4.9 – Boxplots of the leaf SIRM values normalized for leaf area for the different pollution sources. 

Besides being from the same agricultural area, almost 40 kilometers distant from Antwerp’s city center, the rural 

and forest sites revealed important differences within SIRM signal. These two sampling sites are less than 400 

meters apart, although the mean SIRM for the rural site was triple the mean value for the forest. Additionally, the 

minimum SIRM value observed within the rural site (45.6 µA) was considerably higher than the maximum SIRM 

value for the forest site (28.8 µA). While the forest site is obviously distant from roads, the rural sampling site is 

located near low-traffic roads, mainly used by the townsfolk, what shows that the presence of vehicle traffic, even 

when reduced, is able to cause significant deposition of magnetisable particles within the urban green. The vehicle 

traffic of tractors and agricultural machinery near the rural site might also contribute to this difference, as they 

usually transport high amounts of dust.  

4.2.2 SEM 

Within the SEM analysis, the distinction between upper and lower leaf side is important as their surface is 

morphologically distinct. The automatic software mode was used to study the chemical composition and size 

distribution of surface deposited particles from both leaf surface sides and for the different pollution sources. 

4.2.2.1 Size Distribution and Diameter Analysis 

SEM analysis provides a series of useful information, such as the perimeter and the area of the detected particles, 

their equivalent circular diameter (ECD) and chemical composition. As explained before, a size limit of 2 µm was 

imposed thus the microscope only scanned particles greater than 2 µm (ECD), without further impositions. This 

ECD parameter can then be used to investigate the size distribution of a large dataset of leaf deposited particles: 
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range 2 - 2.5 µm, PM2.5-10 and particles greater than 10 µm in diameter. Besides a size distribution analysis, SEM 

results can also be analyzed in order to determine the average diameter of the total deposited particles and of the 

PM2.5-10 fraction, in particular.  

The compilation of results concerning the size distribution of the analyzed surface deposited particles is illustrated 

in Figure 4.10, where each set of sampling site and leaf surface side is comprised by around 4,000 particles, 

resulting in a total of near 40,000 analyzed particles. Within all leaf samples, more than 50% of the analyzed 

particles belonged to PM2.5-10 size range while particles greater than 10 µm represented a minority. Particles from 

the range 2 - 2.5 µm represented between 20 to 30% of the surface deposited particles, which is quite significant. 

These results suggest that PM2.5 fraction (the range of fine particles, very prejudicial for human health) would 

probably be even more representative to the total surface deposited particles if the ECD imposed was lower than 

2 µm. 

  

  

 

 

 

 

 

 

 

 

  

 

Figure 4.10 – Size range distribution of the analyzed leaf surface deposited particles according to the sampling source and the leaf surface 

side. 

There were no significant differences between the different pollution sources and the leaf surface sides in terms of 

size distribution. From the upper leaf side, the rural site exhibited the highest percentage of particles greater than 

10 µm (only 11%) while the PM2.5-10 fraction was uniformly distributed along the different pollution sources, varying 

from 63% to 67%. Concerning the range 2 – 2.5 µm, the distribution was between 25% (rural) and 30% (forest). 

Considering the lower leaf side samples, the results were even more consistent between the different pollution 

0%

25%

50%

75%

100%

Forest Rural Road Industrial Train

S
iz

e 
di

st
rib

ut
io

n 
(%

)

PM2-2.5 PM2.5-10 Particles>10 µm

Upper Side 

Lower Side 
0%

25%

50%

75%

100%

Forest Rural Road Industrial Train

S
iz

e 
di

st
rib

ut
io

n 
(%

)

PM2-2.5 PM2.5-10 Particles>10 µm



 
 

41 

sources.  

It is important to note that the particle size distribution only reflects the quantity of particles within a certain size 

fraction, independently of PM mass or composition. Previous studies showed that PM mass accumulation differs 

with species plant (Kardel et al., 2011 [61]; Speak et al. [47]; Sæbø et al., 2012 [93]) and size fraction (Hays et al., 

2011 [94]), among others, but studies comprising particle size distribution within the µm range are not commonly 

addressed. According to a review from Pant and Harrison [95], a typical particle number distribution of a vehicle 

has 3 modes: nucleation mode (particles <50 nm), consisting of particles formed due to condensation of exhaust 

particles; accumulation mode (50 - 300 nm) consisting of soot particles, and a coarse mode (1 - 10 μm) consisting 

of particles generated due to abrasion and wear and tear of brake pads and tyres and re-suspension of road dust. 

The referred review states that the key factors that influence the particle number concentration measurements 

include wind speed, traffic density and the distance from source at which the measurements are made [95]. 

According to Sturm et al. [96], there are strong indications that the number of particles may be more relevant for 

human health effects than the particle mass, in particular, for the nm size range (Donaldson et al. [97]; Seaton et 

al. [98]). The current analysis revealed a quite uniform particle size distribution amongst the different pollution 

sources, suggesting it might be independent of emission sources. For this reason, and because PM mass is not 

addressed in this project, it is essential to analyze the chemical composition of the surface deposited particles in 

order to evaluate potential differences on PM deposition for different pollution sources. 

The particle diameter (ECD) also demonstrated to be moderately regular amongst the different pollution sites  

(Figure 4.11): all the scanned particles are greater than 2 µm, by software imposition, being observed that the 

majority of them exhibited an ECD between 2 and 5 µm. The particles from the rural sampling site and upper leaf 

side presented the highest values in terms of diameter (mean ECD of 5.5 µm), as well as the greatest fluctuation 

within the diameter range. With exception of the train and road sources, the particles from the lower leaf side 

exhibited slightly reduced diameter ranges than the ones from the upper leaf side (see  

Figure 4.11). The results obtained in terms of size range distribution and diameter of the surface deposited particles 

from the different leaf surface sides and pollution sources can be found with more detail in Annex I. 

Smaller particles are transported further from the emission source than larger particles (Kardel et al. [38], Weijers 

et al. [99]) and differences in capture efficiency might also be dependent on the particle size, in addition to the 

influence of leaf surface characteristics (Freer-Smith et al. [34], Mitchell et al. [36], Kardel et al. [61]). Comparing 

the statistical medians (or 50th percentiles), which are represented by the center line of each boxplot, it is possible 

to conclude that they were similar at the different sampling sites, as well as for both surface leaf sides, with a 

median diameter value of around 3 µm. These results are in agreement with a study lead by Muxworthy et al. [100], 

where SEM observations indicated that atmospheric magnetic PM is related to a grain size of 0.2 - 5 µm.  
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Figure 4.11 – Boxplots of the particle diameter of the total analyzed particles according to the pollution source and the leaf surface side. 

The same statistical treatment was done concerning only the PM2.5-10 fraction in order to evaluate the diameter 

of the particles within the ECD range of 2.5 - 10 µm. The results (Figure 4.12) showed to be even more consistent 

amongst the different sampling sites. The lower leaf side results showed slightly lower diameter ranges when 

compared to the upper leaf side, but the difference between the upper and lower sides in terms of mean ECD is 

not higher than 0.2 µm. Considering the different sampling sites, the mean ECD ranges from 3.9 to 4.3 µm (see 

Annex I). Although the PM definition (e.g. PM10 or PM2.5) is based on the aerodynamic diameter of the particles, all 

particle diameter analyses were done through the equivalent circular diameter (ECD), typically provided by 

microscopy. The results should thus be interpreted with caution. 

 

 

 

 

 

 

 

 

Figure 4.12 - Boxplots of the diameter of the PM2.5-10 size fraction according to the pollution source and the leaf surface side. 

4.2.2.2 Chemical Composition 

A few ten thousands of surface deposited particles were analyzed using the X-ray detector, showing a very high 

chemical diversity, in line with the diversity verified in Chemkar PM10 [101]. In order to be able to compare SEM 

and SIRM methods, it is essential to evaluate the presence of the element Fe within the particles. The iron content 

was evaluated by quantifying the percentage of PM2.5-10 particles that contain Fe and, most importantly, by analyzing 

the mean volumetric content of Fe. 
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The percentage of PM2.5-10 particles that exhibited Fe in their composition is illustrated in Figure 4.11, according to 

the pollution source and the leaf surface side. In general, the samples from the road and train sites displayed the 

highest percentage of particles containing Fe (about 83%, for the upper leaf side samples), followed by the industrial 

(about 65%) and the rural (about 68%) sampling sites. The leaf samples from the forest source presented the 

lowest percentage of iron-containing particles, however, still 54% of the particles within the upper side contained 

Fe, which is still significant. The values from the rural site were higher than the values from the forest (135 and 26% 

for the upper and lower side samples, respectively), which should be explained again by the existence of vehicle 

traffic close by. Comparing the results from the upper and lower leaf surface sides, it was possible to observe that 

the majority of lower side samples presented a lower percentage of iron-containing particles the upper side 

samples. For all sampling sites, the samples were collected from neighboring leaves, and so the values were 

expected to be more uniform between them than those observed.  

 

 

 

 

 

Figure 4.13 - Particles containing Fe (%) within the analyzed PM2.5-10 particles per sample, according to the pollution source and the leaf 

surface side. Each marker corresponds to one replicate, composed by approximately 1,000 particles. 

The road and train sites presented the highest values of mean content in iron (Figure 4.14), in particular for the 

upper leaf side (18 and 14%, respectively), being followed by the industrial sites (about 6%). With exception of one 

of the replicates, the mean content in iron within the forest and rural sites was significantly low (mean of 4%). With 

exception of the road and train sites, the results concerning the lower leaf side were similar to the results from the 

upper side. In addition, the road source presented a significant fluctuation concerning the iron content results, 

similar to what was verified for the SIRM values. 

The samples collected from the road and train sites presented the highest content in iron, confirming that 

mechanical abrasion (from the brake wear and the railways) and traffic vehicle emissions are important iron-derived 

particle sources, as previously mentioned [27] [92]. The industrial source revealed a content in Fe close to the 

content observed for the forest and rural samples, suggesting that PM emissions from the Umicore complex is not 

very rich in Fe. 
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Figure 4.14 – Representation of the weighted mean volumetric content in Fe, according to the pollution source and the leaf surface side. 

Each marker corresponds to one replicate, composed by approximately 1,000 particles at total. 

The detailed chemical composition of the samples from the different pollution sites is presented in Annex II. For 

each chemical element displayed, there is the indication of the percentage of PM2.5-10 particles that exhibit it and of 

the weighted mean content across the total volume of particles. As expected, the chemical composition of particles 

can vary widely, even within the same sampling site, but oxygen was the major constituent of all the analyzed 

samples. In order to analyze the main differences between the different pollution sources, a qualitatively chemical 

analysis should be performed. The mean chemical composition for the different sampling sites and leaf sides is 

also presented in the form of pie charts, from Error! Reference source not found. to Error! Reference source 

not found.. Further work should comprise statistical treatment of the data, such as principal components analysis. 

This analysis allows to treat large datasets so that a small number of independent variables is able to explain the 

data variance, for example, the variation of the main chemical elements with the sampling site or with the leaf side. 

The deposited particles from the forest site revealed that K, Ca, Si, Mg, Na, Cl, Al and S are the most distributed 

elements, not necessarily in this order, although the mean content of these elements is reduced in most cases 

(lower than 6%). This fact was verified for all pollution sources, unless something in contrary is mentioned.  

The forest source revealed a weighted mean content in Si of around 10% in almost all the samples, from both upper 

and lower leaf sides. A considerable content in Si was expected given that silicon is a major constituent of dust and 

sand, commonly found in agricultural areas. Comparing the upper and lower leaf side samples, the mean content 

in Al was slightly higher within the upper side, while the lower leaf side exhibited almost twice the content in S. S 

or sulfur is a natural occurring element, essential for life, but it can also be derived from fertilizers. 

The particles from the rural site revealed the same major components than the forest samples although their mean 

content was slightly lower with exception of Si, which appeared with near twice the content. This increased content 

in Si is in accordance with the visual observation made during sampling, as the corresponding leaves exhibited a 

very prominent layer of what appeared to be dust. 

Within the road samples, after the O, Fe and Si were the chemical elements with the highest mean content, the 
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latter presenting between 10 to 20% of the total estimated volume of PM2.5-10. In terms of chemical distribution, the 

referred major elements (K, Ca, Si, Mg, Na, Cl, Al and S) were highly present within the samples although 

presenting relatively reduced content, as verified for the previous sampling sites. Particles from the road source 

revealed a higher presence of Si than in the rural and forest sites, being present in most than 65% of the particles 

within all samples, from both leaf sides. In terms of volumetric content, these particles revealed higher values of S 

than the particles from the previous sampling sites, in particular, within the lower side samples, which registered 

nearly twice or triple the previous values. Besides being widely used as a fertilizer, elemental sulfur is also a very 

important precursor to other chemicals such as sulfuric acid. In addition, the combustion of sulfur containing fuels 

leads to the release of sulfur derivatives to the atmosphere, such as sulfur dioxide. 

The leaf samples from the industrial pollution source exhibited the highest chemical diversity, with elements such 

as Zn, As, Cu, Br, Te, Se, Sn and Sb to acquire some relevance, especially in terms of distribution. The industrial 

samples also revealed less volumetric content in Si than the forest or rural samples, although their mean content 

in S is quite comparable with the samples from the road source. An important observation within the industrial 

source is the content in Pb (lead): this element appears in 45 to 80% of the analyzed particles, representing 10 to 

30% of the total volume of PM2.5-10 surface deposited particles. Pb is a heavy metal, highly poisonous to humans 

and animals, especially in case of long-term exposure, however, it is still commonly used in buildings construction 

and industry. The industrial sampling site is located very close to the Umicore complex, a very well-established 

company founded in 1989, as a mining and smelting industry, and now defined as a materials technology group, 

given their recent focus on more technological areas. The high content in Pb, as well as the presence of less 

common chemical elements, may explain the fact that, on this sampling site, all leaves were considerable small in 

size and exhibited small yellow dots and larger black dots on their surface, a presumable sign of disease or 

poisoning. This sampling site is also located near a road with moderate traffic, mostly used for loading and 

unloading of materials and by factory workers. 

The samples from the train pollution source seemed quite comparable to the road samples as O, Fe and Si were 

the elements with the highest mean volumetric content, in this order. As analyzed before, train samples exhibited 

comparable content in Fe with the road samples, while the Si element represented between 8 to 15% of the total 

volume of particles. The most distributed chemical elements amongst the samples were still the previously referred 

major elements. 

For all pollution sources, elements such as Ti, Mo, Mn and Zn were uniformly detected although never representing 

high mean content within the samples. Similar to what was verified in terms of particle size distribution, no significant 

alterations were found when comparing the upper and lower leaf samples, suggesting that the morphological 

differences between both leaf sides is not sufficient to promote chemical differentiation within the surface deposited 

particles. Usually, it is presumed that the upper surface side of leaves is more exposed to the air and, for that 

reason, a higher PM deposition was expected when compared to the lower leaf side. These results are difficult to 

validate due to the lack of studies that consider the PM deposition on both sides, thus, if this topic is to be pursued, 
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further research is mandatory. 

 

Figure 4.15 – Pie charts of the mean chemical composition of the leaf surface deposited particles from the forest site: upper leaf side (left) 

and lower leaf side (right). 

 

Figure 4.16 – Pie charts of the mean chemical composition of the leaf surface deposited particles from the rural site: upper leaf side (left) 

and lower leaf side (right). 

Figure 4.17 – Pie charts of the mean chemical composition of the leaf surface deposited particles from the road site: upper leaf side (left) 

and lower leaf side (right). 
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Figure 4.18 – Pie charts of the mean chemical composition of the leaf surface deposited particles from the industrial site: upper leaf side 

(left) and lower leaf side (right). 

Figure 4.19 – Pie charts of the mean chemical composition of the leaf surface deposited particles from the train site: upper leaf side (left) 

and lower leaf side (right). 

The general chemical analysis for the PM2.5-10 fraction here described is fairly consistent with the analysis made by 

Marcazzan et al. [88] (Figure 4.20). This author also states that some metallic elements may decrease during 

summer period due to the lack of some sources, typically related to house heating, and to a better dispersion of the 

motor-vehicle emissions [88].  

 

 

 

 

 

Figure 4.20 – Relative chemical contributions for PM2.5-10 (in ng m-3) (from [88]). 

A study performed by Tomašević and Aničić [74] about the chemical composition of the particles deposited on 

leaves plant species suggested that ‘the most abundant particles were: soot (C) and soil dust with characteristic 

matrix elements (Si, Al, Fe, Mg, N, S, Ca, K, Cl); fuel oil particles rich in Al, Si, Ca, Ni, Fe, V and Pb; coal ash 

O

Si

Fe
SAlNaMg

Cl

Pb

Cu
Zn

Others

O

Si

Fe

S
AlCaNaCl

Pb

Cu

Zn

Others

O

SiFe

S
Al

K

Ca
Na
Cl

Others O

Si

Fe

S

Al
K

Ca
Na

Others



 
 

48 

particles containing C, Al, Si, K, Ca; and particles liberated by the local industrial processes (Fe, Zn, Ni, Cu or Pb-

rich)’. This study, which was accomplished in city parks in heavy traffic areas of Belgrade, Serbia, seems to also 

corroborate the chemical analysis here obtained. 

4.2.2.3 Loading of Particles 

As already explained, the SEM analysis subdivided each leaf sample in several similar fields and, for each scanned 

particle, there is the indication of 𝑥 and 𝑦 position. Having in consideration the 𝑦 direction, it is possible to estimate 

the loading of particles within each sample assuming that the PM deposition process happens in a more or less 

uniform manner along the leaves. This calculation was made concerning the particles from all sizes and not only 

the PM2.5-10 fraction, with the assumption that if the analyzed particles are mostly deposited in the outer area of the 

scanned fields, probably these fields will present a high loading of particles within their entire area. Because a 

maximum of 20 particles were scanned per field, this strategy provides an idea of the fields covered by the scanning 

beam, which can be extrapolated for the loading of particles within the leaf samples. An illustrative example of 

analyzed fields is presented in Figure 4.21. 

 

 

 

  

 

Figure 4.21 – Illustrative images from two different analyzed fields within the same leaf sample. The image from the left shows in color the 

particles that were scanned and analyzed by the microscope, which represents the totality of deposited particles within the field. The image 

from the right represents a field with a much higher quantity of deposited particles, where only the first 20 particles found within the 𝑦 

direction were analyzed.  

The mean coverage of the scanned fields was estimated for each pollution source and leaf side. The lowest the 

field coverage by the microscope beam, the highest should be the number of surface deposited particles within the 

samples, which has been designated as loading. In general, the lower side samples exhibited a higher field 

coverage than the upper side samples (see Figure 4.22), even if slightly, meaning they should carry a lower number 

of particles when compared to the upper samples. The forest, rural (lower side) and road sources showed the 

lowest loading of particles. On the other hand, the upper side samples from the industrial, rural and train site, in 

this order, presented the lowest field coverage, which should correspond to a high loading of particles. This general 

estimation about the loading of particles should be interpreted with extreme caution because several factors can 

affect it, namely, the distribution of particles along the samples (see Figure 4.21). This figure shows two different 

analyzed fields from the same sample: the first field shows a reduced number of surface deposited particles while 

the second exhibits a much higher quantity of loaded particles. However, using this approach, both fields should 

present similar values of field coverage, which is not representative of the actual number of deposited particles. 
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Figure 4.22 – Estimated field coverage by the electron beam, for each pollution source and leaf surface side. Each marker in the graph 

corresponds to about 200 analyzed fields. 

The field coverage results can be used to determine the density of deposited particles per unit area and, 

subsequently, to estimate the quantity of particles per leaf (Figure 4.23), using the average surface area of the 

collected ivy leaves (44.2 cm2 per leaf). The industrial source (upper leaf side) revealed the maximum density 

observed, of 26.9x10-4 particles per µm2, which corresponds to a mean value of almost 12 million particles per 

sample. The majority of the samples revealed an estimated number of surface deposited particles between 1 to 3 

million, which is quite significant given it represents the quantity of particles per surface side. The values could be 

extrapolated for the double, if considering the overall surface deposited particles, i.e., on both leaf sides, and if the 

estimation between the upper and lower sides were similar, contrary to the verified in the industrial site.  

 

 

 

 

 

 

Figure 4.23 – Estimated mean number of surface deposited particles per leaf side, according to the different pollution sources and leaf 

surface side. In the graph, each marker corresponds to the mean value of four leaf samples. 

The samples from the industrial source were simultaneously exposed to vehicle traffic and industrial activity, which 

could be part of the explanation of such higher density of particles when compared to the other sampling sites. 

Another factor that should be taken into account is the age of the leaves, as older leaves will be exposed to PM 

deposition for a longer period than younger leaves. Further research on this particular topic should consider the 

exposure time as a pertinent factor. 

No significant difference was found between PM loading on the upper and lower leaf sides although Tomašević 

and Aničić [74] reported that particles were distributed with higher density on the adaxial (or upper) leaf surfaces. 

In contrast to the results obtained, Zampieri et al. [102] verified that the number of particles adsorbed per leaf unit 
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area (using an ornamental tree, Tibouchina granulosa (Desr.) Cogn. (Melastomataceae)) differed significantly 

depending on the location as leaves from a relatively unpolluted site showed the lowest particle density. Once 

again, these estimates should be interpreted with caution, in particular, because the distribution of particles along 

the samples showed not to be necessarily uniform: in the same leaf sample, a huge variety of particle distribution 

is possible amongst the different fields.  

It is also difficult to evaluate the relationship between the quantity of particulate deposition and atmospheric pollution 

as, for instance, leaves from rural areas could present a high loading of particles due to the existence of sand and 

dust. This quantification of particles also does not take into account their composition so the loading of particles 

within samples from different pollution sources shouldn’t be representative of their magnetisable content (SIRM 

signal). 

4.2.3 SIRM vs SEM 

The main goals of Experiment B were, by using the standard techniques of SIRM and SEM, to analyze potential 

differences between PM deposition for different pollution sources and both leaf surface sides, as well as to compare 

the two analytical approaches. This comparison is illustrated in Figure 4.24 and Figure 4.25, where the samples 

coming from different sampling sites are represented by their SIRM value and by their mean content in Fe, 

determined by SEM analysis. Since SIRM is a proven bio-indicator of the ferro(i)magnetic content [38] [39], the 

obtained SIRM values should be compared to the content in iron registered within the analyzed PM2.5-10.  

It is possible to observe that for the upper leaf samples the increase of SIRM values was not followed by the 

increase of the volumetric mean content in Fe (see Figure 4.24). The lack of correlation between these values could 

be explained by the presence of encapsulated magnetic particles within the leaves, which would increase the SIRM 

signal but wouldn’t be detected in SEM analysis, or by the existence of different molecular structures containing Fe 

that may contribute differently for the SIRM. In case of severe air pollution conditions, it might be possible the 

incorporation of magnetisable particles at the soil level, which would then be incorporated within the leaves, 

contributing for the overall magnetic content. In addition, it must be kept in mind that the SIRM technique is a bulk 

analysis that estimates the magnetisable content of the leaves as a whole, while the results in terms of iron content 

are derived from the use of a surface scanning microscope. 

On the other hand, the results concerning the lower leaf side samples appeared to exhibit a certain relationship 

between the SIRM results and the weighted mean content in Fe (see Figure 4.25). These values seemed to be well 

correlated through powered equations, but one should be cautious and not to rush into premature conclusions 

before additional research. In fact, the coefficient of determination (R2) of the adjustment was not considered as 

this work was still an initial study of the combined use of SIRM and SEM methods. 
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Figure 4.24 - Comparison between the mean SIRM calculated values and the mean volumetric content in Fe within the upper side samples 

for the different pollution sources. 

 

 

 

 

 

Figure 4.25 - Comparison between the mean SIRM calculated values and the mean volumetric content in Fe within the lower leaf samples 

for the different pollution sources. The dashed line represents the powered tendency of the results. 

The difference between both leaf sides, in terms of correlation between the SIRM values and the content in Fe, 

might be explained by the fact that the lower surface side is probably more protected from meteorological conditions 

than the upper surface side. The upper side usually is more exposed than the lower side so PM deposition might 

be more influenced by weather conditions (rain, wind), by the existence of contiguous vegetation or human activity. 

The deposition of particles on top of the leaves also varies with their structure as particles should be more easily 

retained near the thicker nerves of the leaves, as observed by Tomašević and Aničić [74]. Figure 4.26 compiles the 

results for both leaf surface sides. It is possible to observe that the mean content in Fe was very uniform between 

both surface sides for the rural and industrial sources, but the same was not verified within the forest, train and 

road sites, where the upper side samples presented considerably higher iron content than the lower side samples 

(increase of 136%, 56% and 89%, respectively). Since the results were similar for both leaf sides only for some 

pollution sources, the leaf distribution and the plant structure itself might be an explanation for the difference of 

results. These parameters may contribute to the increase/decrease of the differential exposure conditions to which 

the leaf surface is subjected to. The main conclusion that may be driven from the results is that for a given SIRM 

value, different contents in iron can be expected, depending on the leaf side. The mean SIRM values were 

consistent between upper and lower surface side samples as they correspond to a bulk analysis of leaves from a 

given location (forest, rural, road, industrial, train) exposed to a certain pollution level. 
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Figure 4.26 - Comparison between the mean SIRM values and the mean volumetric content in Fe within the upper and lower leaf side 

samples for the different pollution sources. 

It should be emphasized that the presented SIRM values resulted from the bulk analysis of the entire leaves and 

not only from the leaf surface, so the relationship between these values and the content in Fe determined per leaf 

surface side is complex. In fact, the bulk SIRM analysis comprises the magnetisable content of the surface 

deposited particles on both leaf sides, as well as of the encapsulated particles. Considering this, the SIRM results 

should be more comparable to the total content in Fe, i.e., from both surface leaf sides (Figure 4.27). 

 

 

 

 

 

 

 

 

Figure 4.27 – a) Representation of the mean SIRM values as a  function of the total content in Fe, determined by SEM, according to 

different pollution sources; b) Same graph from a) but without the values for the road source; the dashed line represents a logarithmic 

tendency of the results. 

As observed, the increase of the total content in Fe corresponded to an increase of SIRM for all pollution sources, 

with the exception of samples collected of the road site. Leaves from the road site displayed the most intriguing 

result: it presented the highest mean content in Fe, however, its SIRM value was only in third place considering all 

five different sampling sites. The particulate matter content from road sources is mainly derived from combustion, 

vehicle tire and brake wear and also from road surface wear [92]. In general, combustion produces small spherules 

containing Fe while different molecular structures could be released from the abrasion of brake wear [92]. The high 

intensity of brake wear verified in the road source (located close to a crossroad with high vehicle traffic) may explain 

the higher values in terms of iron content when compared to the train sampling site, for example, where the abrasion 

is also significant due to the railways.  
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Considering the results from the industrial and train sites, they displayed SIRM values with approximately only 70 

µA of difference, but the train samples revealed a content in iron about four times higher than the industrial ones. 

This fact might be related to the saturation of SIRM signal, meaning that a continuous increase of the iron content 

would not result in consequently higher SIRM values. In fact, a logarithmic fitting is possible if not considering the 

road pollution source. 

The SIRM analysis measures the remanent magnetization of leaves, which depends mostly on the magnetic nature 

of the captured particles, while SEM technology allows the determination of the volumetric iron content of the 

surface deposited particles, without considering their stoichiometric formulation. Moreover, the estimated content 

in Fe represents exclusively the fraction of PM2.5-10 while SIRM measures the magnetization retained by the particles 

from all grain sizes. In a similar study carried out in Cologne, Germany, Urbat et al. [62] verified that pine needle 

surface and stomatal cavities show predominantly spherical iron-bearing particles up to 2.5 µm, as a result of 

combustion processes, which was corroborated by magnetic analysis indicating the presence of almost exclusively 

magnetite, mainly in a size class of 2.5 µm. The same author observed an excellent linear correlation between the 

total iron content and the SIRM values for normalized weight [A m-1 kg-1], indicating that Fe associated with the pine 

needles is predominantly bound to minerals that carry a remanent magnetization [28]. If there exist high 

magnetisable iron-based particles of grain size <2.5 µm, they will not be considered for the iron content 

determination, due to experimental settings, but they will obviously be accounted for the SIRM signal. Therefore, 

SIRM signal would be disproportionately higher than the content in iron, however, the obtained results for the road 

source revealed an opposite situation when using SIRM values for normalized area (it is plausible to consider that 

leaf surface area is proportional to leaf weight).   

The parameter of mean content in Fe reflects the superficial deposition of iron on the leaves, but does not have in 

consideration the fraction of encapsulated particles. On the other hand, the SIRM technique provides a global 

analysis of the ferro(i)magnetic content although it is not completely clear how the contribution of different iron- 

based particles works. Considering this, it is plausible to think that the PM released from the road traffic source 

exhibits chemical structures not able to be detected via SIRM, as happens with hematite, but that contribute for the 

total content in iron. This hypothesis might explain the results obtained for the road pollution source, which should 

be the target of future research. Nevertheless, it should be taken into consideration that some sampling conditions 

(such as exposure time, leaf plant distribution and weather conditions) differed from sampling site to sampling site.  
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4.3 Experiment C: SIRM and SEM Analysis of Leaf Surface Deposited Particles  

The third and last part of this work consisted on the study of leaf surface deposited particles (number size 

distribution, SIRM signal, chemical composition) originating from the same different pollution sources. Another 

important goal was to evaluate the contribution of the surface deposited particles and of the encapsulated particles 

in the total magnetic signal.  

Hand washing of the leaves removes the particles that were deposited on their surface but the remaining washed 

leaves still exhibit a magnetic signal due to encapsulated particles. Particulate matter containing some organic 

pollutants may be of lipophilic nature and thus be able to penetrate the wax layer covering leaves and young twigs 

(Dzierzanowski et al. [75]). The encapsulated particles, which are usually trapped within the cuticle wax layer, have 

a diameter inferior to 10 µm while the particles that can enter the stomata are in the range of fine particles, as a 

typical stomata is of about 10 µm in size (Terzaghi et al. [37]). This way, PM content can be accumulated on urban 

leaves through surface deposition or in-wax encapsulation (Figure 4.28).  

 

Figure 4.28 – Schematic representation of leaf surface deposited particles and encapsulated particles (from [37]). 

4.3.1 SIRM 

The SIRM results concerning the washed leaves from the different pollution sources are illustrated in Figure 4.29. 

These values correspond to the magnetisable particles that are encapsulated or trapped within the leaves, not 

including the surface deposited particles. The industrial and train sites revealed the highest SIRM values, followed 

by the rural, forest and road sampling sites (mean SIRM values of 64.9, 58.6, 16.5, 9.8 and 7.4 µA, respectively) 

(see Figure 4.30). These results suggest that the encapsulation process may be diminute for the road, as this 

source presents the lowest SIRM value. A plausible explanation may be related to the ongoing deterioration and 

regeneration of the epicuticular wax of the leaves, which lead to a more balanced equilibrium between the 

entrapment and release of particles. The leaves from the road sampling site were the least protected ones (by 

surrounding vegetation) so they are the most susceptible to abrasion and washing-off of the wax layer, leading to 

a smaller amount of encapsulated particles when compared to the other sites. 
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Figure 4.29 – Boxplots and data of the SIRM results of the washed leaves from the different pollution sources. A total of 32 leaves per 

sampling site, represented by the black dots, were hand washed and SIRM analyzed. 

The road site presented a high uniformity within the values, contrary to the train, where a significant disparity was 

observed. The train sampling site was of difficult access due to the substantial existence of surrounding vegetation, 

so the ivy leaves were subjected to shading by other leaves, small twigs and trunks. This fact may have some effect 

in terms of the uniformity of the biomagnetic results within the different samples. However, analogous samples 

(from the same sampling site) were analyzed in Experiment B and the corresponding SIRM results for the bulk 

leaves were relatively uniform, discarding the shading hypothesis as it should result in similar effects within both 

deposition and encapsulation of particles. This disparity, between the SIRM bulk results from Experiment B and the 

SIRM values of the washed leaves, might then be explained by the age of the collected leaves, as leaves of similar 

size may be of uneven age. Older leaves represent a longer exposure time to atmospheric PM than younger leaves, 

so the encapsulation (and accumulation) of particles should be higher on the first ones, which is consistent with the 

SIRM individual values of the washed leaves, that suggests two different groups (see Figure 4.29). 

 

Figure 4.30 – Boxplots of SIRM values of the total washed leaves for the different pollution sources. 
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With exception of the train and industrial sources, the SIRM values were quite uniform amongst the different 

replicates per sampling site, in particular in the road site (see Figure 4.30). From Experiment B, the road source 

presented the least uniform SIRM values for bulk leaves, which indicates that the fraction of surface deposited 

particles should be the responsible for that disparity of values. This observation appears to be consistent with the 

hypothesis formulated then, as a variable brake wear (verified in common crossroads) should result on a more 

variable PM surface deposition than in terms of encapsulation. 

The SIRM signal of empty filter membranes of each pore size were also determined (3.51±0.03 mA m-1 for 10 µm 

filters and 2.10±0.03 mA m-1 for 3 µm filters), after going through the filtration system using only ultrapure water. 

The filter blanks revealed higher values than the blank pot, indicating that the empty filter membranes exhibit a 

small SIRM signal by themselves. This observation suggests that the equipment used for SIRM analysis presents 

some measurement limitations and that the empty filters contain magnetisable content. The SIRM values of some 

of the loaded filters were in fact lower than the empty filters and when this happened the SIRM value was considered 

to be zero. This limitation might be possible to solve by using more leaves per washing procedure. 

The values from the filters of 10 µm revealed a certain uniformity within each pollution source, with exception of 

the train site (Figure 4.31). The filters revealed a mean SIRM value of 119.8, 31.0, 19.0, 15.4 and 1.4 µA for the 

train, road, industrial, rural and forest sites, respectively. The forest site presented SIRM values near to zero due 

to the small difference between the loaded filters and the blank. 

 

Figure 4.31 – Boxplots of SIRM values for the 10 µm filters, corrected for the blank filter, according to the different pollution sources. The 

cross markers correspond to the maximum and minimum values obtained for each sampling site. 

Contrary to the results observed in the 10 µm filters, the SIRM values concerning the 3 µm filters (Figure 4.32) 

exhibited the industrial sampling site as the site with the highest SIRM signal, followed by the train, road, rural and 

forest sites, with mean SIRM values of 20.3, 4.3, 2.0, 2.0 and 1.1, in this order. In general, and except for the train 

source, results showed a similar trend as for the 10 µm filters. 

Nonetheless of a more or less similar trend for the 3 and 10 µm filters, their SIRM values differed. The SIRM values 
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of the 10 µm filters ranged between 10 and 140 µA, approximately, while for the 3 µm filters SIRM values were 

below 30 µA. This suggests that the most magnetisable content within the fraction of surface deposited particles is 

found for particles larger than 10 µm. Ideally, the 10 µm pore size filters would only collect particles greater than 

10 µm however during the experimental step it was possible to observe the agglomeration of particles. The 

formation of agglomerates of particles was already documented in some former studies (Tomašević and Aničić, 

2010 [74]; Hofman et at, 2014 [65]). The shaking step of the washing solutions before filtration is not able to 

completely avoid this phenomenon as particles start to form agglomerates almost instantaneously and some of 

these agglomerates are composed of particles of lower size fractions [74]. In short, particle aggregation resulting 

in agglomerates must be considered, as well as the phenomenon of packing of the particles towards the filters, 

favored by the use of vacuum.  

 

Figure 4.32 - SIRM values for the 3 µm filters, corrected for the blank filter, according to the different pollution sources. The cross markers 

correspond to the maximum and minimum values obtained for each sampling site. 

In order to get a more clear comparison between the different tested sites, Figure 4.33 shows the contribution of 

the different components (washed leaves, filters of 10 µm and 3 µm) to the total SIRM values, defined as the sum 

of the obtained size fractions and the washed leaves. Within all pollution sources, the 3 µm filters presented the 

lowest contribution in terms of magnetisable content while the 10 µm filters and the washed leaves revealed 

different contributions amongst the different sampling sites. Dzierzanowski et al., 2011 [75], performed gravimetric 

analysis to quantify PM deposited on surfaces and trapped in waxes and found that the distribution of different size 

fractions differed between and within species, as well as between leaf surfaces and in waxes. This seems to 

corroborate the obtained results, considering that exists a significant correlation between the total SIRM and the 

total weight of surface deposited particles, as found by Hofman et al., 2014 [65]. 

The 3 µm filters are presumed to contain the majority of the PM3-10 fraction, even considering the eventual retention 

of particles lower than 10 µm within the 10 µm filters. These filters revealed low contributions to the total SIRM 

values, being more significant for the industrial site with a contribution of almost 20%. The 10 µm filters revealed 

the highest contribution within the road site, corresponding to about 75% of the total SIRM calculated values, and 
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the train site with a contribution of almost 70%. On the other hand, the industrial and forest sources revealed that 

only 20 and 10% of the total SIRM was due to the particles retained by the 10 µm filters. These results might 

indicate that the deposited particles are of different nature for the different pollution sources, as observed by 

Moreno, 2003 [27], who indicated that high concentrations and relatively larger grain-sizes of magnetic particles 

are verified in trees located along roads with high vehicle traffic and in the vicinity of railways. Magnetic differences 

between vehicle and industrial PM may enable source attribution (Hansard et al., 2011 [103]), which is an essential 

prerequisite for targeted pollution mitigation. 

 

Figure 4.33 – Representation of the contribution of the washed leaves, 10 µm and 3 µm filters to the total SIRM value, according to the 

different sampling sites. The values indicated in the graph correspond to the mean SIRM values for each component.  

The washed leaves contributed the most to the total SIRM signal in the forest and industrial sources. The leaves 

from the forest sampling site can be presumed to be exposed to a lower atmospheric pollution compared to the 

other sites and they may be more protected by the existing surrounding vegetation. This could explain the reduced 

SIRM signal of the leaf deposited particles in comparison to the encapsulated particles. If confirmed, in this case, 

the leaf structural accumulation processes, that occurs at longer time scales [61], might be favored compared to 

the particle deposition phenomena. Within the rural site, the total SIRM value was due equally to both fractions 

(deposited and in-wax PM). Hofman et al., 2014 [104], verified that on average 38% of the leaf SIRM signal consists 

of leaf encapsulated particles, after testing the SIRM of roadside Plane tree leaves from a typical urban street of 

Antwerp. Nevertheless, the obtained results strongly suggest that the relative contribution of deposited and 

encapsulated PM to the overall SIRM signal may differ from point to point, possibly due to the influence of different 

local PM sources on the particle accumulation processes. 

As referred before, a moderate traffic road is also presumed to contribute to the signal of the industrial site, yet, the 

SIRM signal was distributed differently between this source and the road site. The increased contribution of the 

washed leaves within the industrial site compared to the road site should then result from the industrial environment 

and subsequent releasing of smaller magnetisable particles, more easily to be encapsulated by the leaves. Also, a 

significant chemical intoxication might deregulate the usual equilibration between degradation and regeneration of 

the wax layer, resulting on unknown effects. 

No significant differences were observed between the obtained SIRM values from Experiment B and the sum of 
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the SIRM components of Experiment C (Figure 4.34) in terms of relative order of the sampling sites (train, industrial, 

road, rural and forest, by this descending order). In the total SIRM values, the road and rural sites presented almost 

identical values, which was not verified within the bulk leaves measurement. During the collection for Experiment 

C, there was a considerable rain event hours before sampling the leaves from the road site which might have 

washed off some of the particles and could explain the similarity with the rural sampling site in terms of total SIRM 

value. 

 

 

 

 

 

Figure 4.34 – Mean total SIRM values for each analyzed sampling site obtained in Experiment B (bulk leaves) and Experiment C (sum of 

washed leaves and 3 µm and 10 µm filters).  

Besides the experimental procedure, there is an important distinction between Experiment B and C. In Experiment 

B, the SIRM of the entire leaves was calculated so the obtained magnetisable content comprises the total particulate 

matter in terms of encapsulated and surface deposited particles. However, this experiment does not take into 

account the fraction of surface deposited particles lower than 3 µm (≈PM2.5). Most particles within that size fraction 

should be able to pass through the two pore size filters used so they are not accounted in the SIRM determination, 

leading to an underestimation of the SIRM total values when compared to the bulk SIRM values. This fact could 

explain the similar values obtained between both experiments within the forest and rural sites, if the size fraction 

below 3 µm presents no significant magnetisable content for these two sampling sites. The difference between the 

SIRM values obtained in both experiments within the train, industrial and road sites might also be explained by this 

since Matzka and Maher, 1999 [54], reported that the particle size of magnetic grains coming from roadside trees 

dominantly falls in the range of PM2.5. In addition, the applied washing and filtration procedure also does not enable 

the quantification of water-soluble particles, so the obtained results still underestimate the SIRM signal of the total 

leaf surface deposited particles [65]. 

4.3.2 SEM 

In this experiment, the filters of 10 and 3 µm were analyzed, in order to obtain the chemical composition and size 

distribution of the particles retained by both pore size filters. Images obtained via SEM from both pore size filters 

are presented in Figure 4.35. The hypothesis previously mentioned of particle agglomeration within the filters used 

is corroborated by SEM images (see Figure 4.36). In addition to particle agglomeration and packing, it is possible 

to observe a set of low size particles that are blocked by a larger particle (about 40 µm) and not able to pass 

through the pores of the filter. Particles that are impacted against a non-porous area will also be blocked. All these 

phenomena must be taken into consideration. 
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In this experiment, the obtained filters of 10 and 3 µm were analyzed via SEM in order to study both size fractions, 

which proved to be useful to better understand the relation between the size of the particles and their content in 

Fe. The particles retained by both filters are presumed to be in some way proportional to the leaf deposited particles 

analyzed in Experiment B. The large dataset of particles obtained from the automatic software mode for both pore 

size filters was analyzed in terms of size distribution, diameter and chemical content for the different sampling sites. 

 

 

 

 

 

 

Figure 4.35 – Secondary electron images of a 3 µm filter (left) and a 10 µm filter (right) loaded, (magnification of 2,500x). 

 

Figure 4.36 - Secondary electron image of an agglomerate of particles retained in a 10 µm filter (magnification of 1,000x). 

4.3.2.1 Size Distribution and Diameter Analysis 

The results obtained in terms of size range distribution (particles >10 µm, PM2-2.5 and PM2.5-10) for the 10 µm filters 

are presented in Figure 4.37. Most of the particles retained in these filters was smaller than 10 µm, in fact, the 

fraction of particles greater than 10 µm was inferior to 30% for all the studied sampling sites. In a study of Hofman 

et al., 2014 [65], who performed a comparable experiment, the 10 µm pore size filters obtained revealed to be the 

highest contributor (62%) for the total SIRM signal. Based on that observation, it was plausible to think that the 

larger grain size particles (greater than 10 µm) dominate the magnetisable total content. However, the results 

provided by a parallel SEM analysis showed that the majority of the particles retained by 10 µm filters are 

significantly smaller than 10 µm in diameter, so one must be cautious when evaluating the relation between grain 

size and SIRM signal of filters. The PM2.5-10 fraction showed to be the highest contributor in terms of size distribution, 

representing approximately between 60 to 70% of the total retained particles. At last, the particles from the range 

2 - 2.5 µm represented near 20% of the retained particles, which is significant.  
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The size distribution between the different pollution sources was relatively consistent. The road site exhibited the 

highest fraction of particles greater than 10 µm, of about 30%. Having this, near 70% of all the retained particles 

were smaller than 10 µm (in terms of ECD), what should be explained by the phenomena already mentioned.  

 

Figure 4.37 - Size range distribution of the particles held by the 10 µm pore size filters for the different pollution sources. 

For the 3 µm filters, the number of particles greater than 10 µm tended to zero within all the sampling sites (Figure 

4.38), while the particles of 2 - 2,5 µm size range represented approximately 30% of the total retained particles. 

Ideally, i.e., without eventual agglomeration of particles, these filters would only retain particles greater than 3 µm 

but, once again, there was a considerable amount of particles lower than 3 µm in size. Similarly to the observed 

within Experiment B, the range of fine particulate matter (PM2.5) would probably exhibit higher values in terms of 

size distribution, if there was no imposition in terms of minimum ECD. 

 

Figure 4.38 - Size range distribution of the particles held by the 3 µm pore size filters for the different pollution sources. 

The size distribution results within the 3 µm filters showed to be more uniform amongst the different sites than the 

results obtained for the 10 µm filters. The 10 µm filters were used to filter the initial washing solution so a larger 

variety of particles were obviously retained, in terms of size and shape. After that, the 3 µm filters were used to 

filter the permeate of the first filtration, resulting in a size range of particles of 2 - 10 µm. This size refinement, so 

to say, could contribute for this larger uniformity of results compared to the results of the 10 µm filters. 

The particles retained by the filters presented a size distribution similar to the one observed in Experiment B, as 

they are representative of the leaf surface deposited particles. For both experiments, it is possible to conclude that 
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the PM2.5-10 is definitely the most represented size fraction, followed by the size fraction of 2 - 2.5 µm that exhibited 

considerable weight in the size distribution, while larger particles showed to be a minority.  

The particle diameter of the particles retained by the 10 and the 3 µm filters are illustrated in Figure 4.39. From the 

size distribution analysis, it was possible to observe that the 10 µm filters retained a high size variety of particles 

and, consequently, the diameter presented considerable deviation within most of the sampling sites. As expected, 

the road site exhibited the greatest variation in terms of particle diameter, as well as the highest median diameter, 

of around 6 µm. In a general analysis, the majority of the retained particles exhibited a diameter between 4 to 6 

µm (between the 25th and 75th percentiles).  

The diameter of the particles held by the 3 µm pore size filters showed a reduced variation compared to the results 

of the 10 µm filters, with exception of the train site. This site exhibited the highest median diameter, of about 4 µm. 

For the other pollution sources, the median value of particle diameter was 3 µm, which is similar to the values 

registered in Experiment B. 

 

 

 

 

 

 

 

 

 

 
Figure 4.39 - Boxplots of the particle diameter of the particles held by the 10 µm filters (left) and held by the 3 µm filters (right) for the 

different pollution sources. 

4.3.2.2 Chemical Composition 

The percentage of iron-containing particles from the PM2.5-10 fraction is represented in Figure 4.40, for the different 

pollution sources and for the two pore size filters used. In the results from the 3 µm filters, the road and industrial 

site exhibited the most uniform results while the forest sampling site exhibited a high variation in terms of the 

percentage of particles that contain iron. Despite this, the mean values of the percentage of particles containing Fe 

appeared to be comprised between 42 to 67%, for all the different sampling sites. On the other hand, the results 

from the 10 µm filters showed significant differences amongst the different sites. The forest site exhibited the lowest 

percentage of particles containing Fe (mean of 10%), while the rural and train sites showed the highest values, 

both around 75%. The road and industrial sites revealed lower values when compared to the results from the 3 µm 

filters. In terms of variation within each sampling site, the rural, industrial and train sites showed the less uniform 
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values. It is difficult to take out conclusions from these results, in particular, because the particles retained by the 

two pore size filters belonged to the same size range. 

This kind of analysis doesn’t allow to take further conclusions as the percentage of iron-containing particles is not 

representative of the actual iron content within the deposited PM. It is possible to observe that the results concerning 

the two filters are completely distinct, however, the analyzed particles, retained by both filters, derived from the 

same set of leaf surface deposited particles. As observed in Experiment A, using the non-automatic SEM mode, 

the deposited particles can exhibit a wide variety of shapes. Then in Experiment B, the surface deposited particles 

were able to be analyzed independently of their intrinsic properties. In this experiment with the filters, the shape 

and weight of the particles may have an important role in their retention on the filters and subsequent selection. For 

example, particles with more ramified structures or heavier particles might be more easily trapped in the 10 µm 

filters than in the 3 µm filters, as the 10 µm filters are the first barrier particles found. 

 

 

 

 

 

 

Figure 4.40 - Particles containing Fe within the analyzed PM2.5-10 particles per sample, according to the pollution source and pore size filter. 

Each marker corresponds to one replicate filter, composed by approximately 1,000 particles at total. 

Each set of 10 and 3 µm pore size filters that come from the same washing solution were submitted to the same 

set of surface deposited particles, meaning that the total fraction of PM2.5-10 that contains Fe comprises the values 

from both filters (see Figure 4.41). The rural, industrial and train sites presented the highest values, followed by the 

road and forest sites, this last one with less than 35% of iron-containing particles. The particles containing iron from 

the train site should be mainly derived from the abrasion verified within the railways. On the other hand, the iron 

particles from the rural and road should be due to the existing vehicle traffic, despite of the different conditions and 

amounts of traffic. The rural site presented a higher quantity of particles containing Fe, but probably its volumetric 

iron content should be lower when compared to the road site. On the other hand, the iron particles from the industrial 

site should derive from the near road and from the industrial activity. 
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Figure 4.41 - Particles containing Fe within the analyzed PM2.5-10 fraction for each different sampling site. Each marker in the graph 

corresponds to a set of analyzed filters (one filter of 10 µm and one filter of 3 µm). 

Considering the approximated volume of each iron-containing particle, the mean content in Fe along the PM2.5-10 

size fraction is represented in Figure 4.42, for the different pollution sources and pore size filters. The particles from 

the train and road sites exhibited the highest volumetric content in Fe within both pore size filters, as also verified 

in Experiment B. The industrial and rural sites appeared to exhibit similar values between them. In general, there 

were no significant differences between the relative order of the pollution sources results for both filters, but the 3 

µm filters exhibited slightly higher values than the 10 µm filters. 

  

 

 

 

 

 

Figure 4.42 – Representation of the mean content in Fe for the different sampling sites and pore size filters. 

As expected, the total volumetric iron content within the PM2.5-10 size, from both size pore filters, exhibited the same 

general tendency (Figure 4.43): train, road, industrial and rural and forest, by this descending order. For the train 

site, about 10% of the total volume of deposited PM corresponds to iron. The particles analyzed in this experiment 

derived from the hand washing of 8 leaf samples in a certain volume of Ultrapure water while the SEM analysis in 

Experiment B was used to analyze the particles that were deposited in the leaf surface samples. Therefore, the 

comparison between both experiments should be interpreted only qualitatively.  
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Figure 4.43 - Representation of the total mean content in Fe within the PM2.5-10 fraction retained in both pore size filters, according to the 

different sampling sites. 

As observed for the leaf deposited particles from Experiment B, oxygen was the most distributed element along the 

particles that were held in both pore size filters. After oxygen, the most distributed elements were K, Si, Al, S, Ca 

and Mg, as observed in Experiment B. More important than the chemical distribution is the real content of each 

chemical element within the total volume of particles in order to compare the different pollution sources. According 

to the observed in Experiment B, the major elements usually exhibit a relatively low volumetric content, but different 

chemical elements could present higher values depending on the sampling site. 

The 3 µm filters of the forest site exhibited Si as the main chemical contributor in terms of volumetric content (about 

20% of the total particle content), after O, given the prominence of dust and sand within this sampling site. 

Observing the 10 µm filters, they revealed a lower content in Si (inferior to 8%) but a significant content in Zn, up 

to almost 10% in some of the filters, considerably higher than the results from Experiment B, forest site. Zinc is a 

relatively heavy metal, heavier than iron, so the particles containing Zn probably were retained in the first filtration 

step, by the 10 µm filters. 

Both filters (10 and 3 µm) from the rural sampling site revealed similar results to the ones observed within the 3 

µm filters from the forest site, in terms of chemical distribution and volumetric content. The same thing was verified 

for the road source. Within the road site, the 3 µm filters revealed that 20% of the total particle content was 

composed by Si, value that was slightly lower for the 10 µm filters. A small content in Zn was verified within the 10 

µm filters of the road site, of about 3%. As expected, the filters from the industrial source exhibited more distinct 

results in terms of chemical content because of the considerable presence of Pb. After the O element, Pb revealed 

to be the second most represented chemical element, presenting about 15% of the total volume of particles, on 

both 10 and 3 µm filters. In terms of silicon, around 13% of the PM2.5-10 particles from 3 µm filters were composed 

by Si, while for the 10 µm filters the values decreased to 8%. 

The train site results were quite comparable to those of the road site. Between 14 to 28% of the analyzed volumetric 

content was silicon within the particles from the 3 µm filters, while the 10 µm filters registered lower values (about 

12%). In terms of the content in zinc, only the 10 µm filters exhibited it, presenting about 1 to 4% of the volumetric 

content, which is almost insignificant when compared to the results from road site 10 µm filters.     
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In terms of chemical composition, the results obtained from the PM2.5-10 retained by the filters were not completely 

similar to the results obtained from the leaf surface samples, but quite consistent within the relative content in iron 

amongst the different pollution sources. The particles from the leaf surface samples revealed higher variety of 

chemical composition than the particles retained by the filters. As filters consist of an artificial selective barrier, the 

chemical analysis provided by Experiment B should be more demonstrative of what really happens within the leaf 

surface deposited particles for the selected sampling sites. 

In this experimental case, there is no valid reason to evaluate the loading of particles within the filters as it won’t 

correspond to the real quantity of surface deposited particles on the ivy leaves. Additionally, it should be noted that 

the filters used in this procedure are highly electrostatic so they have a tendency to attract possible atmospheric 

particles or fibers, impossible to avoid while handling the filters. The occurrence of eventual contaminations should 

not affect the percentage of particles containing iron or the total volumetric content in Fe but might have some 

(minor) effect in terms of loading of particles. 

4.3.3 SIRM vs SEM 

As the iron content of the encapsulated particles cannot be determined by SEM analysis, only the SIRM and SEM 

filter results are compared here (Figure 4.44), corresponding to the fraction of surface deposited particles. The 10 

µm filters presented considerably higher SIRM values than the 3 µm filters although the highest values in terms of 

iron content corresponded mostly to the 3 µm filters. For the 3 µm pore size filters (Figure 4.45), no relationship 

was observed between the SIRM signal and the iron content, as the different sites exhibited different content in 

iron, but very similar SIRM values.  

 

 

 

 

 

Figure 4.44 - Comparison between the mean SIRM calculated values and the mean content in Fe for both 10 and 3 µm pore size filters, for 

the different pollution sites. 

In contrast to the results from 3 µm filters, a clear correlation was observed between the SIRM and the iron content 

of the analyzed particles for the 10 µm filters (Figure 4.46). In fact, the experimental results in terms of SIRM and 

content in Fe were well correlated using a linear regression or power curve. For the reason already mentioned, 

additional research is mandatory to verify if these type of adjustments are valid or not to express the relation 

between SIRM and SEM. Considering this, it is not possible to assume that an increasing content in Fe correspond 

to an increasing value of SIRM or vice-versa, in particular, if considering the results from Experiment B, where a 

certain SIRM saturation was observed.  
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Figure 4.45 - Comparison between the mean SIRM calculated values and the mean content in Fe for the 3 µm filters, according to the 

different pollution sites. 

 

 

 

 

 

 

Figure 4.46 - Comparison between the mean SIRM calculated values and the mean content in Fe for the 10 µm filters, according to 

different pollution sites. There is the indication of a powered (dots) and linear (dashed) fittings of the experimental results. 

The 3 µm filters revealed no proportional relation between the results obtained from both analytical techniques, 

SIRM and SEM, contrasting with the results from the 10 µm filters, where higher iron contents corresponded also 

to higher SIRM values. The 3 and 10 µm filters present different pore sizes that will select the particles that pass 

through and the particles that are retained according to their size. Hypothetically, if the phenomena of particle 

agglomeration and packing was uniform along both pore size filters, it would be acceptable to assume that the 

heavier particles, possibly containing iron, would be preferentially retained by the 10 µm filters, influencing the 

comparison between the SIRM and SEM techniques. However, in general, the particles from the 3 µm filters 

revealed higher volumetric content in iron, as well as higher percentages of particles containing iron, which leads 

to the hypothesis that probably the particles containing iron are of relative small size, being mainly collected in the 

smaller pore size filters.  

Considering the particles retained by both pore size filters, which are representative of the fraction of leaf surface 

deposited particles, the relation found between the SIRM signal and the volumetric content in iron is similar to the 

tendency observed for the 10 µm filters (Figure 4.47). However, having into account the logarithmic behavior 

observed in Experiment B, more experimental values should be obtained so that further conclusions may be taken. 
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Figure 4.47 - Comparison between the mean SIRM values and the mean content in Fe for the particles retained by both pore size filters, 

according to different pollution sites. There is the indication of a powered (dots) and linear (dashed) fittings of the experimental results. 

0

15

30

45

60

75

0% 5% 10% 15% 20%

S
IR

M
 (

µ
A

)

Mean Fe content (%, v/v)

       Forest 
       Rural 
       Road 
       Industrial 
       Train 

 



 
 

69 
 

4.4 Particle Diameter and Iron Content 

At total, approximately 80,000 surface deposited particles were analyzed by the SEM technology, in both 

experiments B and C. In addition to the previous results, it may be useful to analyze the diameter (ECD) of the iron-

containing particles (Table 4.2), considering the leaf surface deposited particles (Experiment B) and also the 

particles retained in the membrane filters (Experiment C). The presented results are only representative of the 

PM2.5-10 size fraction that contains iron in its chemical composition. Concerning the particles deposited on leaves, 

the iron-bearing particles presented a mean diameter between 3.9 and 4.4 µm, for both leaf sides and for the five 

different sampling sites. The diameter of the iron-containing particles retained in the 10 µm filters ranged between 

4.5 and 6.2 µm, while the diameter of the iron-containing particles retained in the 3 µm filters was consistent for 

the different sampling sites. 

 Table 4.2 – Mean diameter (ECD) and standard deviation of the iron-containing particles (PM2.5-10) deposited on leaf surface and retained 

in the membrane filters. 

 Deposited on Upper Leaf Sides 

 Forest Rural Road Industrial Train 

Mean ECD 4.2 4.4 4.0 4.3 4.1 
SD 1.6 1.8 1.5 1.7 1.6 

 Deposited on Lower Leaf Sides 

 Forest Rural Road Industrial Train 

Mean ECD 4.0 4.3 4.1 3.9 4.3 
STD 1.5 1.7 1.7 1.4 1.6 

 Retained in 10 µm filters 

 Forest Rural Road Industrial Train 

Mean ECD 5.9 4.5 5.7 6.2 4.7 
STD 2.2 1.8 2.2 2.4 1.9 

 Retained in 3 µm filters 

 Forest Rural Road Industrial Train 

Mean ECD 3.9 3.9 3.9 3.9 3.8 
STD 1.3 1.3 1.3 1.4 1.3 

 

The relationship between the particle diameter and the iron content of the particles may be useful to understand 

the emission sources of PM content. From Figure 4.48 to Figure 4.51, illustrative graphs represent the particle 

diameter and the mean content in Fe for all the analyzed particles within the different sampling sites. These graphs 

should mainly be interpreted in terms of potential differences between the upper and lower leaf sides, as well as 

concerning the particles retained by the two pore size filters used. In general, the iron-bearing particles deposited 

on the upper leaf side appeared to have higher content in Fe than the particles deposited on the lower side, in 

particular, for the particles collected from the road sampling site. The use of stoichiometric parameters in the SEM 

software could help understanding the chemical structure of the iron-containing particles, which affect the chemical 

volumetric content and most probably the SIRM signal too. Comparing the results from the iron-containing particles 

retained in the filters, it is possible to observe that the 10 µm filters exhibited particles with higher diameter when 
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compared to the particles retained in the 3 µm filters, as showed before. On the other hand, the particles held by 

the 3 µm pore size filters appeared to exhibit higher content in Fe than the particles from the 10 µm filters, in 

particular, for particle diameter close to 2.5 µm. This observation, once again, suggests the importance of small 

size PM in the atmosphere. 

 

Figure 4.48 - Representation of the particle diameter (ECD) as a function of the content in Fe, for the PM2.5-10 surface deposited particles 

on the upper leaf side, for the different sampling sites. 

 

Figure 4.49 - Representation of the particle diameter (ECD) as a function of the content in Fe, for the PM2.5-10 surface deposited particles 

on the lower leaf side, for the different sampling sites. 
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Figure 4.50 - Representation of the particle diameter (ECD) as a function of the content in Fe, for the PM2.5-10 particles retained in the 10 

µm pore size filters, for the different sampling sites. 

 

Figure 4.51 - Representation of the particle diameter (ECD) as a function of the content in Fe, for the PM2.5-10 particles retained in the 3 µm 

pore size filters, for the different sampling sites. 
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Tackling air pollution 

Air pollution, as well as water and soil pollution, is driven by global industrialization. Within the industrialized 

countries, air pollution tends to be a cumulative process as the current established quality life standards are not 

easily compatible with reduced pollutant emissions. On the other hand, air pollution has proved to be a world health 

issue with increasing costs to society. Along with environmental monitoring and legislation policies, scientists have 

been working to improve the understanding on this multifactorial effect. 

PM affects more people than any other pollutant due to the small size of the particles, in particular, within urban 

areas where high vehicle traffic, railways and industry are typical. So, during the last decade, the capability of 

vegetation to capture particles from the atmosphere has become a hot topic. A deeper knowledge on the overall 

subject could lead to the use of vegetation as a natural air filtration system in the future. To achieve this ultimate 

goal, it is important to gain insight in the chemical composition and size distribution of the particles deposited on 

urban green, as well as to test different suitable analytical methods for PM assessment. 

The main goal of this research project was to compare the results obtained by biomagnetic analysis and scanning 

electron microscopy on the assessment of particulate matter content on urban green (ivy leaves). The biomagnetic 

analysis consisted of measuring the saturation isothermal remanent magnetization (SIRM) of leaf samples, after 

applying a defined pulse field. The SIRM signal was then normalized for surface area in order to obtain a bio-

indicator of the total magnetisable accumulated particles, mainly the ferro(i)magnetic particles. The use of the 

scanning electron microscopy emerged from the need to explore the fraction of surface deposited particles on urban 

green, in terms of size and chemical composition. The use of this powerful technique allowed the observation of 

particles within an apparent three-dimensional view, as well as a large database in terms of chemical content of 

the particles. 

Leaf sample preparation 

The chosen SEM operating mode works in high vacuum conditions, so leaf samples need to be dehydrated before 

the carbon coating step, otherwise they will charge and produce unwanted artefacts. Ivy leaves were submitted to 

different drying conditions in terms of temperature and period. When samples are not well dried, the increase of 

magnification in the microscope (which results in a concentration of the high electronic discharge in a smaller 

surface point) leads to the cracking of carbon coating, disabling the operation of SEM microscope in an accurate 

way. It was concluded that the temperature used to dehydrate the leaves is not crucial whilst the period of drying 

revealed to be important. Based on that, leaf samples should be dried at room temperature, as it is costless and 

simpler, during a minimum period of three days. While optimizing the sample preparation, the remaining leaves 

were analyzed via SEM using the manual software mode, in order to gain sensibility on how the microscope works. 

Surface deposited particles: SIRM signal 

The next experimental stage consisted on performing the standard techniques of SIRM and SEM using ivy leaves 

collected from the five different sampling sites. Small portions of the leaves were collected for the microscopic 

analysis, while the remaining leaves were submitted to a magnetic pulse field of 1 T, presumed to cause the 
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maximum magnetic saturation of the samples. The remanent magnetization of the leaves was then measured in a 

magnetometer. Simultaneously, the leaf portions were analyzed by SEM using the automatic particle software 

mode. This mode consists on the combined use of the SEM microscope with an X-ray detector, which allows the 

determination of several parameters, such as chemical composition, size range and aspect ratio, of a large dataset 

of deposited particles. 

The highest SIRM results normalized for leaf area were observed for the train site (339.5±22.7 µA), followed by 

the industrial (323.1±21.2 µA) and road (187.9±64.8 µA) sites. As expected, the forest site presented the lowest 

SIRM value with 24.0±2.9 µA. The higher SIRM value of the rural site (72.5±27.4 µA) compared to the forest site, 

although both were very closely located to each other, could be explained by the existence of a low vehicle traffic 

road in the rural site, highlighting the contribution of vehicle traffic sources to the SIRM signal. From all the different 

sampling sites, the road site is characterized by a significant deviation within the SIRM values, which could be 

related to the origin source, located in the middle of a high traffic crossroad. In crossroads, the intense brake wear 

is mandatory but can differ according to variations of the volume of traffic. Although the SIRM method is able to 

provide a time integrated analysis, the PM present in the local atmosphere might also be variable from point to 

point, which leads to different accumulations of magnetisable content within the nearby leaves. 

For each sampling site, samples from the upper and lower leaf surface side were analyzed via SEM in order to 

study the surface deposited particles. Concerning the size distribution, no significant differences were found 

between the particles deposited at the upper or lower leaf side, neither between the different sampling sites. Using 

a size distribution analysis based on the equivalent circular diameter (ECD) of 1,000 particles per sample, it was 

observed that about 60% of the surface deposited particles belonged to the PM2.5-10 fraction with more than 25% of 

the particles being in the size range of 2 - 2.5 µm. The significant contribution of these smaller particles could 

indicate that PM2.5 would probably exhibit an even more significant contribution if the X-ray analysis was not limited 

by an ECD minimum value of 2 µm. At last, the quantity of particles greater than 10 µm was less than 15%, a 

minority within the overall surface deposited particles. In terms of particle diameter, the median value of ECD 

amongst the totality of particles was registered to be around 3 µm for all the different sampling sites and both leaf 

sides. Considering only the PM2.5-10 fraction, the median diameter was verified to be around 3.5 µm, which leads to 

the conclusion that, within that size range, most particles are smaller sized.  

Surface deposited particles: chemical composition 

In terms of chemical composition, a general qualitative analysis was made of the studied sampling sites, only 

considering the PM2.5-10. In this chemical analysis, the C element was discarded due to the fact that the leaf samples 

were coated with carbon. O, K, Ca, Si, S, Al, Mg, Na and Cl were the most abundant chemical constituents of the 

particles. Considering the volume of each particle, which was presumed to be spherical, the volumetric mean 

content was also determined. This determination allowed the understanding of the contribution of each chemical 

element within the overall volumetric content of all analyzed particles. Overall O, Si and Fe were presented at the 

highest volumetric content. The volumetric content in Si was most significant within the road, rural and train 
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sampling sites, probably from (resuspended) sand and dust. At the road site, iron-containing particles could be 

derived from combustion of from abrasion of the car brakes, tires and even the road surface. Abrasion of the rails 

and wheels and the cables are presumed to be main source of iron-bearing particles at the train site. Curiously, the 

industrial and rural sampling sites exhibited similar values in terms of iron content. Both sites are located nearby a 

road. At the rural site this road is used by the inhabitants of the small residential area, while in the industrial site, it 

is mostly used by the workers from the industrial complex. In both cases, the vehicle traffic is significantly lower 

than the traffic verified within the road site, explaining the lower content in Fe. The forest site exhibited values that 

were comparable to that of the rural and industrial sites, suggesting the need of even higher distances from road 

traffic sources to find leaves not containing iron, which turns out to be hard to find in Flanders due to its high urban 

density.  

In general, the upper leaf sides showed a higher amount of iron-containing particles, and a higher iron content of 

the particles compared to the lower leaf side samples. The industrial sampling site revealed the highest diversity in 

chemical elements in the deposited particles, but weighted mean contents were often low, except for lead. Lead 

represented between 10 to 30% of the total volumetric content of surface deposited particles at the industrial site, 

possibly due to the local industry activity. 

Surface deposited particles: load estimation 

From the data obtained via SEM, the load of deposited particles on top of the leaf surface was estimated. These 

estimates should be interpreted with caution as it was observed that often the distribution of particles along the leaf 

surface is not homogenous. With exception of the upper leaf samples from the industrial site, and considering an 

average ivy leaf surface area (44.2 cm2), it was estimated between 1 to 3 million particles per leaf surface sample. 

If confirmed, this would mean about 2 to 6 million surface deposited particles per ivy leaf, which is quite impressive. 

SIRM and SEM standard procedures for PM analysis   

The comparison between SIRM and SEM analytical methods was achieved by evaluating the relation between the 

SIRM results and the content in iron, for all sampling sites and both leaf sides. No correlation was possible to 

retrieve from the results of the upper leaf sides. On the other hand, the lower leaf samples revealed that for 

increased SIRM values there was an increased iron content. These samples showed a good fitting by using a power 

equation, however, further studies are needed before taking general conclusions. It is known that PM deposition 

depends on the exposure time, year seasons and meteorological conditions, so a similar study should be carried 

out during one year campaign, for example. If considering the total iron content of leaf samples, and discarding the 

road source, a logarithmic fitting could represent the relation between SIRM and SEM methods, indicating a certain 

saturation of SIRM analysis. If confirmed, this saturation may be related to the fraction of encapsulated particles 

within the leaves, which is highly limited by their structure and surface area. As the SEM analysis only comprises 

the fraction of surface deposited particles, the increase of iron content within these particles should not result in a 

proportional increasing of the SIRM results (surface deposited particles + encapsulated particles) if the fraction of 

encapsulated particles were near saturation. Additionally, iron-based particles that do not exhibit remanent 
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magnetization (such as hematite) would be detected by SEM but not accounted for SIRM; and an imposed size 

limit of 2 µm in the microscope’s software excludes low size fractions from SEM analysis, but they are accounted 

for SIRM measurement. All these factors might explain part of the difference between SIRM and SEM results. 

SIRM signal distribution 

The third and last experimental stage of the project consisted on using SIRM and SEM methodologies only for the 

analysis of surface deposited particles, for the same selected sampling sites. The total SIRM values (sum of SIRM 

values of both pore size filters and of the washed leaves) reflected clear differences in terms of distribution amongst 

the different pollution sources, in particular concerning the fraction of 10 µm filters and washed leaves, as the 3 

µm filters revealed to be the least SIRM contributors. For the forest site, the fraction of encapsulated particles 

revealed to be more relevant than the fraction of surface deposited particles, but the opposite was verified within 

the road and train sampling sites. In fact, these two sites exhibited the 10 µm filters as the main contributors to 

SIRM signal, revealing the importance of surface deposited particles. The rural site presented similar contribution 

of the deposited and encapsulated particles, suggesting that the PM concentration in this location should be 

relatively higher when compared to the forest site, but clearly inferior to the verified within the road and train 

sampling sites. At last, the industrial site revealed higher prominence of the encapsulated particles, but the SIRM 

contribution concerning the membrane filters was equally divided by both pore size filters, suggesting that the 

particles retained by 3 µm filters might have a greater importance within industrial environments. 

In this practical case, the use of SEM revealed to be crucial for a correct evaluation and analysis of the surface 

deposited particles. The results obtained from the SIRM analysis appeared to suggest that the majority of SIRM 

signal is determined by the fraction of particles greater than 10 µm, as also hypothetically considered in Hofman et 

al., 2014 [65]. However, the SEM-based size distribution analysis revealed that about 70% of all the particles 

retained in the 10 µm filters were in fact smaller than 10 µm of diameter, for all the pollution sources. This 

observation could be explained by the phenomena of particulate agglomeration and packing toward the filters, 

rejecting the hypothesis that the larger particles (>10 µm) are of great importance to the overall magnetisable 

content. Therefore, one must be cautious while using membrane filters previously to a biomagnetic analysis. As 

verified through the SEM, the 10 µm membrane filters retained most of the particles greater than 10 µm. Similarly 

to Experiment B, the fraction of 2 - 2.5 µm particles comprised about 30% of the total retained particles by the 3 

µm filters, suggesting, once again, the importance of PM2.5 in air pollution.  

In terms of chemical composition, the results obtained were in accordance with the observed in Experiment B, 

amongst the different studied sites. The iron content exhibited by the PM2.5-10 retained in both pore size filters 

revealed that the train and road sources had the highest iron content, followed by the industrial, rural and forest 

site. The 3 µm filters revealed no proportional relation between SIRM and SEM, contrasting with the results of the 

10 µm filters, where higher contents in Fe corresponded also to higher SIRM values. In fact, for those, mathematical 

adjustments using linear and power equations were possible to describe the relation between SIRM and SEM. 

Once again, these correlations should be interpreted with caution. 
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The 3 µm filters revealed no proportional relation between both methods contrasting with the results observed 

within the 10 µm filters. Hypothetically, if the phenomena of particle agglomeration and packing are considered to 

be uniform for both pore size filters, it would be acceptable to assume that the heavier particles, possibly containing 

iron, would be preferentially retained in the 10 µm filters, what would influence the comparison between SIRM and 

SEM. However, in general, the 3 µm filters revealed higher volumetric content in iron, as well as higher percentage 

of iron-containing particles when compared to the 3 µm filters, suggesting that the iron-based particles should 

mainly be of relative small size.  

In-wax encapsulated particles  

As the epicuticular wax layer of the leaves should get saturated faster than the leaf surface, that presents a higher 

surface area for particle deposition, it would be logical to consider that the surface deposited particles would present 

a higher SIRM signal compared to the fraction of encapsulated particles. However, within this study, it was possible 

to conclude that the contribution of surface deposited and of encapsulated particles to the overall SIRM signal 

varies according to the different sampling locations. Further studies concerning the leaf encapsulation process 

should then be kept in mind. A possible approach would be to test the SIRM signal before and after the removal of 

the epicuticular wax layer (e.g. using chloroform). 

Pollution sources 

Both the SIRM signal and the iron content results (from SEM analysis) confirmed that the pollution source has a 

great influence in PM deposition, as the sites exposed to presumably higher air pollution conditions revealed higher 

values of magnetisable content. Further research in this area should comprise a deeper local study of leaves 

submitted to the different conditions. For instance, as the vehicles get closer to the crossroad, they tend to brake 

more than usual. Therefore, it is plausible to think that the magnetisable content is higher in the leaves closer to 

intersections than in straight sections of the roads. This hypothesis could be tested by collecting leaves at several 

distances from an intersection. A similar study could be performed to evaluate possible variations within the 

beginning and the middle of forest areas and in leaves exposed/protected from predominant winds.  

Future work 

Within this project, the use of SEM technology proved to be a very useful and powerful tool, allowing the collection 

of a large dataset of surface deposited particles. Based on this collection, the particles were analyzed in terms of 

size distribution, diameter, content in iron and qualitatively in terms of chemical composition. The data obtained 

was saved so that further analysis could be performed later on, for example, concerning the shape of particles. The 

automatic particle software mode allows the collection of a large database of particles in a reduced period of time 

however it is important not to make the mistake of considering this tool as a dark box, where the samples are simple 

inputs and the out comings are unquestionable. For that reason, the user should also dedicate some time to the 

use of the non-automatic mode to explore the samples (in the present case, leaves or membrane filters) and, more 

important, to understand how the SEM microscope really works. 

The sampling step is of extreme importance for this type of environmental studies as several factors might affect 
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the deposition of particles on the urban green: location source, distance to the road, railway, etc., sampling height, 

tree species, protection by surrounding vegetation, wind or rain effects (that may resuspend leaf deposited PM), 

spatial variation. In particular, when studying and comparing samples from different locations, it is important to 

replicate the same sampling method within the conditions that are possible to control. Another thing that is difficult 

to control when sampling the leaves is their age, proportional to the time leaves are exposed to the local air pollution. 

The age of the leaves is not completely proportional to their size within the several subspecies of ivy plants and 

differs along some locations (the leaves from the industrial site were always considerably small). Anyway, the older 

the leaves, the greater should be the quantity of encapsulated and surface deposited particles until reaching leaf 

saturation. On the other hand, a high loading of particles does not result necessarily in higher magnetisable content. 

Considering this, it would be important to study leaves exposed to the different local atmospheric conditions during 

the same controlled exposure time (active sampling mode). Further studies should also comprise the entire in-leaf 

season of the leaves as their growing process (such as leaf expansion or maturation) also affects the accumulation 

of atmospheric particles [104]. Despite the number of factors that might influence the PM leaf deposition, the studied 

analytical methods (SIRM and SEM) are able to provide valuable information to better understand the influence of 

certain factors in the process of particle accumulation by the tree leaves. 

Globally, the results between both techniques were in accordance as the SIRM signal and the iron content are both 

related to the PM deposition. However, it is still difficult to compare the two techniques in terms of mathematical 

correlations, as the increase of SIRM signal was not always related to the increase of iron content, at least, not in 

a proportional manner. Both used methodologies require further work in an attempt to clarify the relationship 

between them. Several algorithms could be developed alongside with the definitions of the automatic SEM software 

to understand the stoichiometric molecular structure of the analyzed PM particles and not only their overall chemical 

composition. Additionally, in vitro experiments could be performed based on the artificial creation of specific air 

pollution conditions. From those conditions, both leaf samples and aerosols could be collected and analyzed via 

SEM in order to evaluate the vegetation capability on retaining particulate matter content from the atmosphere, 

without the effect of meteorological conditions for example. In terms of SIRM methodology, it would also be 

important to understand possible effects of particle structure on the intensity of SIRM signal.  

A limitation concerning SEM technology is the range of particle diameter: in the used operating conditions, it was 

not possible to analyze the range of fine particles, inferior to 2 µm (ECD limit), as the microscope requires a 

minimum volume of interaction of ≈1 µm3. If the microscope was defined to analyze smaller particles than the 

imposed ECD value, it would analyze not only the individual particles, but also their background as being part of 

their composition. This limitation could be overcome by using a beam of less electron energy (5 or 10 keV) but then 

elements presenting high atomic number, such as iron, wouldn’t be recognized by the X-ray detector. Other 

microscopic techniques should be used if aiming to analyze the composition of the PM2.5 fraction, such as analytical 

electron microscopy (use of EDX combined with transmission electron microscopy). 

At this point, the relation between the outcomes provided by the biomagnetic analysis and the scanning electron 
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microscopy is not completely clear, however, they are complementary methods. It was demonstrated during this 

dissertation that both methodologies have a useful analytical value, which should thus be used accordingly with the 

type of study. Nevertheless, the combined use of SIRM signal and SEM features proved to be of undeniable value 

for a better assessment of the particulate matter captured by tree leaves.  
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Annex I – Size distribution and diameter analysis 

The detailed results in terms of size range distribution of the surface deposited particles analyzed by SEM in 

Experiment B is presented in Table A.1. 

 

Table A.1 – Size distribution for all leaf samples, according to the different sampling sites and the leaf surface side. 

Forest 
1 2 3 4 Mean 

Upper Lower Upper Lower Upper Lower Upper Lower Upper Lower 

Particles 2 - 2.5 µm 39% 34% 32% 28% 21% 27% 27% 27% 30% 29% 

PM2.5-10 (2.5 - 10 
µm) 

58% 65% 64% 69% 69% 72% 70% 69% 65% 69% 

Particles >10 µm 3% 2% 4% 1% 9% 2% 4% 4% 5% 2% 

Rural 
1 2 3 4 Mean 

Upper Lower Upper Lower Upper Lower Upper Lower Upper Lower 

Particles 2 - 2.5 µm 26% 28% 25% 23% 25% 27% 24% 39% 25% 29% 

PM2.5-10 (2.5 - 10 
µm) 

64% 63% 61% 68% 64% 67% 65% 59% 63% 64% 

Particles >10 µm 10% 8% 12% 9% 11% 6% 12% 2% 11% 6% 

Road 
1 2 3 4 Mean 

Upper Lower Upper Lower Upper Lower Upper Lower Upper Lower 

Particles 2 - 2.5 µm 38% 31% 35% 31% 31% 30% 38% 31% 29% 29% 

PM2.5-10 (2.5 - 10 
µm) 

60% 67% 61% 65% 64% 67% 60% 67% 67% 67% 

Particles >10 µm 2% 3% 3% 5% 5% 3% 2% 3% 4% 4% 

Industrial 
1 2 3 4 Mean 

Upper Lower Upper Lower Upper Lower Upper Lower Upper Lower 

Particles 2 - 2.5 µm 25% 37% 28% 36% 28% 37% 31% 28% 28% 34% 

PM2.5-10 (2.5 - 10 
µm) 

66% 61% 67% 62% 66% 60% 65% 68% 66% 63% 

Particles >10 µm 9% 2% 5% 2% 6% 3% 4% 3% 6% 3% 

Train 
1 2 3 4 Mean 

Upper Lower Upper Lower Upper Lower Upper Lower Upper Lower 

Particles 2 - 2.5 µm 31% 26% 29% 27% 28% 30% 25% 25% 28% 27% 

PM2.5-10 (2.5 - 10 
µm) 

65% 64% 67% 70% 67% 65% 65% 69% 66% 67% 

Particles >10 µm 4% 10% 4% 4% 5% 5% 4% 6% 4% 6% 
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The detailed results in terms of size fraction distribution of the surface deposited particles analyzed by SEM 

(Experiment B) is presented in Table A.1. 

Table A.2 - The descriptive statistics (N particles, mean and standard deviation (SD), sum, minimum and maximum) of the diameter of the 

scanned particles are presented in Table A.2, for the total surface deposited particles and for the fraction of  

PM2.5-10, for both leaf surface sides. 

Diameter of Total Particles – Upper Side 

Site N Mean SD Sum Min Max 

Forest 3617 4.2 3.4 15274.8 2.0 58.1 

Rural 4220 5.5 6.4 23042.6 2.0 98.9 

Road 4122 3.9 3.2 16000.1 2.0 68.9 

Industrial 4200 4.4 4.5 18647.9 2.0 130.0 

Train 4079 4.3 4.4 17390.4 2.0 124.2 

Diameter of Total Particles – Lower Side 

Site N Mean SD Sum Min Max 

Forest 3988 3.6 2.2 14513.3 2.0 34.5 

Rural 3387 4.5 6.2 15102.1 2.0 265.9 

Road 4194 4.0 3.3 16780.1 2.0 56.1 

Industrial 3918 4.2 13.0 16343.1 2.0 374.1 

Train 3848 4.6 5.4 17881.7 2.0 96.5 

Diameter of PM2.5-10 – Upper Side 

Site N Mean SD Sum Min Max 

Forest 2408 4.2 1.6 10074.4 2.5 10.0 

Rural 2717 4.3 1.8 11774.6 2.5 10.0 

Road 2610 4.1 1.6 10635.9 2.5 10.0 

Industrial 2776 4.2 1.7 11613.7 2.5 10.0 

Train 2730 4.1 1.6 11196.3 2.5 10.0 

Diameter of PM2.5-10 – Lower Side 

Site N Mean SD Sum Min Max 

Forest 2767 3.9 1.4 10857.0 2.5 9.9 

Rural 2158 4.1 1.6 8930.3 2.5 10.0 

Road 2745 4.1 1.6 11214.3 2.5 10.0 

Industrial 2462 3.9 1.4 9647.1 2.5 10.0 

Train 2581 4.2 1.6 10797.2 2.5 10.0 
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Annex II – Chemical composition of leaf surface deposited particles  

The detailed chemical composition of the leaf surface deposited particles analyzed by SEM (Experiment B) is 

presented in this Annex II. For each chemical element displayed, there is the indication of the percentage of PM2.5-

10 particles that exhibit it and of the mean content across the total volume of particles.  

 

Table A.3 – Chemical composition of the PM2.5-10 deposited on upper leaf side samples from the forest site. 

Sample 1U Sample 2U Sample 3U Sample 4U 

  
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

N 0.40% 0.012 N 2.08% 0.221 N 2.44% 0.196 N 3.75% 0.120 

O 100.00% 47.112 O 100.00% 65.804 O 100.00% 67.262 O 97.32% 60.692 

F  0.79% 0.074 F 0.15% 0.005 F 0.27% 0.010 F 0.13% 0.019 

Na  28.57% 2.492 Na 76.82% 3.575 Na 62.28% 2.608 Na 67.56% 3.948 

Mg  51.98% 1.151 Mg 65.23% 1.254 Mg 47.76% 1.039 Mg 51.61% 1.409 

Al  69.84% 4.411 Al 67.46% 3.381 Al 51.15% 2.619 Al 52.28% 2.550 

Si  85.32% 10.824 Si 81.87% 11.045 Si 64.31% 8.334 Si 67.56% 8.869 

P  11.51% 0.282 P 29.42% 0.984 P 32.43% 0.548 P 34.99% 0.592 

S  29.37% 0.718 S 67.90% 1.459 S 79.78% 3.172 S 76.68% 2.707 

Cl  27.38% 2.836 Cl 76.82% 3.276 Cl 60.79% 2.256 Cl 68.36% 4.094 

K  83.33% 1.422 K 98.66% 2.191 K 99.59% 2.688 K 98.93% 3.376 

Ca  53.97% 3.123 Ca 78.01% 2.861 Ca 85.62% 5.148 Ca 83.11% 5.434 

Ti  6.75% 0.410 Ti 4.61% 0.133 Ti 2.17% 0.038 Ti 2.95% 0.135 

Cr  0.79% 0.035 Cr 0.59% 0.024 Cr 0.14% 0.002 Cr 0.67% 0.016 

Mn  1.98% 0.162 Mn 1.04% 0.089 Mn 0.95% 0.019 Mn 0.80% 0.023 

Fe  67.86% 17.649 Fe 57.06% 3.568 Fe 42.20% 3.566 Fe 46.78% 5.594 

Co  0.40% 0.230 Ni 0.15% 0.001 Cu 0.54% 0.010 Cu 0.67% 0.176 

Cu  1.59% 0.192 Cu 0.59% 0.004 Zn 1.09% 0.034 Zn 0.94% 0.037 

Zn  1.59% 0.103 Zn 1.49% 0.036 Br 0.27% 0.002 Br 0.13% 0.001 

As  0.79% 0.050 Br 0.15% 0.001 Zr 0.27% 0.005 Sr 0.13% 0.001 

Mo  1.98% 0.028 Sr 0.15% 0.002 Mo 2.71% 0.104 Mo 2.68% 0.042 

Sn  0.40% 0.274 Zr 0.15% 0.007 Sn 0.14% 0.016 Sn 0.27% 0.123 

Te  0.79% 1.845 Mo 3.42% 0.075 Sb 0.27% 0.036 Sb 0.27% 0.014 

Ba  1.19% 0.148 Sn 0.15% 0.001 Ba 0.14% 0.003 Ba 0.13% 0.004 

La  0.40% 0.004 Sb 0.15% 0.002 Ta 0.14% 0.278 Ta 0.40% 0.004 

Pb  1.59% 4.397    Ir 0.14% 0.008 Ir 0.27% 0.020 

Ce     0.79% 0.013 

Pa 0.40% 0.002 

Nd  0.40% 0.003 
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Table A.4 – Chemical composition of the PM2.5-10 deposited on lower leaf side samples from the forest site. 

Sample 1L Sample 2L Sample 3L Sample 4L 

  
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

N 4.68% 0.173 N 3.26% 0.273 N 3.91% 0.554 N 2.61% 0.303 

O 99.10% 68.177 O 100.00% 71.664 O 100.00% 71.100 O 100.00% 74.069 

F 0.18% 0.005 F 0.26% 0.018 Na 2.37% 0.121 Na 2.75% 0.198 

Na 2.88% 0.083 Na 1.69% 0.047 Mg 18.85% 0.494 Mg 42.78% 0.943 

Mg 21.76% 0.495 Mg 26.30% 0.501 Al 27.09% 1.746 Al 21.32% 1.042 

Al 36.87% 2.061 Al 23.83% 1.157 Si 38.41% 6.184 Si 31.50% 3.537 

Si 50.72% 9.409 Si 40.10% 4.633 P 18.44% 0.309 P 14.99% 0.210 

P 24.82% 0.380 P 18.88% 0.269 S 86.73% 7.121 S 92.30% 6.391 

S 71.04% 2.903 S 89.45% 6.943 Cl 1.26% 0.059 Cl 1.38% 0.067 

Cl 3.78% 0.356 Cl 0.91% 0.012 K 99.58% 2.779 K 99.31% 4.111 

K 99.64% 4.508 K 99.74% 2.610 Ca 77.23% 7.808 Ca 82.26% 6.862 

Ca 77.52% 6.599 Ca 91.54% 7.925 Ti 1.68% 0.039 Ti 1.65% 0.023 

Ti 3.24% 0.324 Ti 1.30% 0.021 Mn 0.14% 0.002 Cr 0.14% 0.007 

Cr 1.44% 0.164 Fe 17.32% 1.677 Fe 18.16% 1.410 Mn 0.55% 0.021 

Mn 0.90% 0.031 Cu 0.39% 0.019 Zn 0.42% 0.014 Fe 13.48% 2.032 

Fe 32.01% 3.914 Zn 0.26% 0.018 Br 0.28% 0.005 Ni 0.14% 0.001 

Ni 0.72% 0.121 As 0.13% 0.001 Zr 0.14% 0.002 Zn 0.14% 0.028 

Cu 0.36% 0.005 Mo 0.91% 0.011 Mo 1.12% 0.052 Zr 0.14% 0.001 

Br 0.18% 0.001 Sn 0.52% 0.038 Sn 0.28% 0.015 Mo 1.10% 0.013 

Mo 3.60% 0.137 Sb 0.26% 0.006 Sb 0.42% 0.177 Sn 0.14% 0.101 

Ba 0.18% 0.001    Ba 0.14% 0.005 Sb 0.14% 0.019 

Ta 0.18% 0.153    Ta 0.14% 0.003 Ta 0.14% 0.001 

 

 

 

   Ir 0.14% 0.001 Ir 0.28% 0.020 

 
 

 Pb 0.14% 0.002    
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Table A.5 – Chemical composition of the PM2.5-10 deposited on upper leaf side samples from the rural site. 

Sample 1U Sample 2U Sample 3U Sample 4U 

  
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

O 99.85% 42.310 O 99.85% 60.487 N 0.58% 0.142 N 0.15% 0.001 

Na 31.62% 0.906 Na 33.87% 0.806 O 99.86% 61.678 O 100.00% 62.243 

Mg 67.50% 1.798 Mg 72.43% 3.001 F 0.29% 0.010 F 0.31% 0.004 

Al 87.94% 3.719 Al 89.00% 5.009 Na 25.65% 0.850 Na 25.00% 0.685 

Si 97.35% 12.500 Si 97.80% 18.617 Mg 46.09% 1.389 Mg 73.15% 3.498 

P 12.06% 0.137 P 11.00% 0.181 Al 74.35% 4.507 Al 86.57% 5.003 

S 28.68% 0.341 S 16.13% 0.233 Si 91.74% 17.388 Si 97.53% 17.421 

Cl 45.29% 0.935 Cl 39.59% 0.872 P 14.20% 0.244 P 12.35% 0.188 

K 71.03% 1.042 K 69.65% 1.318 S 40.00% 1.265 S 21.91% 0.247 

Ca 77.65% 2.786 Ca 75.37% 5.360 Cl 38.12% 0.803 Cl 35.34% 0.698 

Ti 6.47% 0.119 Ti 6.45% 0.112 K 73.19% 1.370 K 70.22% 1.353 

Mn 0.44% 0.007 Mn 0.59% 0.025 Ca 76.52% 4.215 Ca 81.33% 4.421 

Fe 68.24% 2.447 Fe 69.50% 3.900 Ti 6.38% 0.121 Ti 6.64% 0.157 

Zn 0.74% 0.007 Cu 0.59% 0.006 Cr 0.43% 0.002 Cr 0.31% 0.006 

Br 0.29% 0.000 Zn 0.73% 0.005 Mn 0.43% 0.027 Mn 0.62% 0.016 

Mo 1.91% 0.022 Br 0.29% 0.001 Fe 65.22% 5.795 Fe 67.13% 3.973 

In 0.15% 0.000 Zr 0.15% 0.030 Cu 0.58% 0.011 Zn 0.46% 0.006 

Mo 1.17% 0.027 Zn 0.29% 0.003 As 0.15% 0.001 

Ba 0.15% 0.008 Mo 2.75% 0.103 Sn 0.15% 0.003 

   Sn 0.14% 0.000 Ba 0.31% 0.026 

   Ba 0.29% 0.008 W 0.15% 0.001 

   Pb 0.14% 0.002 Tl 0.15% 0.000 

   Br 0.58% 0.006 Mo 1.08% 0.046 
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Table A.6 – Chemical composition of the PM2.5-10 deposited on lower leaf side samples from the rural site. 

Sample 1L Sample 2L Sample 3L Sample 4L 

  
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

N 0.71% 0.023 O 61.00% 59.377 O 100.00% 62.048 N 4.07% 0.239 

O 99.57% 62.095 Na 4.86% 0.183 Na 7.09% 0.218 O 100.00% 67.949 

Na 11.00% 0.221 Mg 28.57% 1.968 Mg 47.83% 2.479 Na 4.07% 0.509 

Mg 37.00% 2.325 Al 46.71% 6.055 Al 77.80% 4.831 Mg 43.97% 2.856 

Al 65.00% 4.781 Si 55.86% 21.815 Si 93.14% 20.176 Al 50.93% 3.436 

Si 79.29% 14.570 P 5.71% 0.175 P 11.21% 0.140 Si 66.04% 12.862 

P 7.86% 0.185 S 25.43% 0.588 S 35.70% 0.377 P 28.69% 0.360 

S 61.43% 2.771 Cl 6.57% 0.122 Cl 2.29% 0.024 S 65.37% 1.611 

Cl 18.14% 0.229 K 40.43% 1.731 K 78.03% 1.315 Cl 3.40% 0.056 

K 71.71% 1.399 Ca 43.43% 3.270 Ca 63.84% 3.983 K 93.04% 2.317 

Ca 83.00% 6.886 Ti 5.57% 0.663 Ti 8.47% 0.117 Ca 86.59% 5.034 

Ti 4.00% 0.081 Cr 0.29% 0.002 V 0.23% 0.015 Ti 3.74% 0.121 

Cr 0.14% 0.000 Mn 0.29% 0.028 Cr 0.46% 0.059 Cr 0.17% 0.001 

Mn 0.43% 0.017 Fe 38.71% 3.729 Mn 0.69% 0.049 Mn 0.34% 0.048 

Fe 46.71% 4.131 Zn 0.29% 0.020 Fe 63.84% 4.029 Fe 37.69% 2.550 

Cu 2.14% 0.142 Zr 0.29% 0.003 Cu 0.23% 0.001 Cu 0.17% 0.001 

Zn 0.57% 0.009 Mo 2.14% 0.034 Br 0.46% 0.006 Zn 0.51% 0.002 

As 0.14% 0.003 Tl 0.14% 0.004 Mo 4.81% 0.131 Mo 1.70% 0.046 

Zr 0.14% 0.001    Pa 0.23% 0.002 Ir 0.17% 0.002 

Mo 2.57% 0.105          

In 0.29% 0.001          

Sn 0.14% 0.006          

Ta 0.14% 0.001          

Pb 0.14% 0.014         

Rn 0.14% 0.002         
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Table A.7 – Chemical composition of the PM2.5-10 deposited on upper leaf side samples from the road site. 

Sample 1U Sample 2U Sample 3U Sample 4U 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

N 0.20% 0.024 O 100.00% 47.456 O 100.00% 53.089 N 0.40% 0.013 

O 100.00% 50.839 F 0.20% 0.010 F 0.30% 0.008 O 100.00% 53.263 

F 0.30% 0.013 Na 34.30% 2.692 Na 29.80% 0.833 Na 65.80% 3.893 

Na 47.30% 1.807 Mg 29.50% 0.760 Mg 36.90% 1.022 Mg 46.60% 1.280 

Mg 31.10% 0.987 Al 65.60% 3.036 Al 66.50% 3.517 Al 67.40% 2.990 

Al 72.80% 3.508 Si 96.10% 12.436 Si 97.40% 18.901 Si 93.90% 14.703 

Si 97.10% 14.233 P 7.30% 0.097 P 7.20% 0.274 P 5.20% 0.151 

P 8.20% 0.159 S 50.20% 0.986 S 39.80% 0.524 S 53.80% 1.915 

S 44.20% 1.231 Cl 43.60% 2.904 Cl 41.00% 0.462 Cl 69.40% 4.152 

Cl 56.10% 1.360 K 30.60% 0.685 K 40.70% 0.851 K 57.10% 1.439 

K 27.60% 0.748 Ca 52.40% 2.012 Ca 59.50% 4.682 Ca 70.50% 6.545 

Ca 68.40% 2.653 Ti 7.10% 0.177 Sc 0.10% 0.000 Ti 7.20% 0.070 

Ti 7.00% 0.282 Cr 1.60% 0.031 Ti 9.50% 0.213 Cr 1.60% 0.025 

Cr 2.40% 0.027 Mn 1.60% 0.021 Cr 2.60% 0.038 Mn 1.60% 0.023 

Mn 1.90% 0.058 Fe 92.60% 26.075 Mn 1.20% 0.020 Fe 72.90% 9.019 

Fe 84.40% 21.817 Ni 0.30% 0.004 Fe 81.60% 14.910 Ni 0.10% 0.003 

Ni 0.20% 0.001 Cu 6.80% 0.317 Ni 0.10% 0.002 Cu 4.90% 0.062 

Cu 7.50% 0.134 Zn 1.10% 0.111 Cu 5.40% 0.132 Zn 1.00% 0.250 

Zn 1.70% 0.027 Br 0.90% 0.055 Zn 1.60% 0.044 Br 0.30% 0.001 

Br 0.50% 0.003 Zr 0.50% 0.008 Br 0.90% 0.011 Mo 1.60% 0.015 

Zr 0.20% 0.016 Mo 2.50% 0.040 Zr 0.30% 0.132 Tc 0.30% 0.030 

Mo 2.20% 0.027 Sn 0.60% 0.005 Mo 2.80% 0.054 In 0.30% 0.002 

Sn 0.70% 0.009 Sb 0.30% 0.015 Sn 0.40% 0.004 Sn 0.10% 0.119 

Sb 0.20% 0.003 Ba 0.30% 0.012 Sb 0.30% 0.003 Sb 0.30% 0.002 

Ba 0.70% 0.007 Pb 0.30% 0.055 Ba 0.60% 0.018 I 0.10% 0.006 

   Ac 0.20% 0.003 W 0.30% 0.004 Ba 0.40% 0.022 

      Pb 0.40% 0.251 Ta 0.10% 0.000 

      Np 0.10% 0.001 Pb 0.10% 0.007 
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Table A.8 – Chemical composition of the PM2.5-10 deposited on lower leaf side samples from the road site. 

Sample 1L Sample 2L Sample 3L Sample 4L 

  
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

N  1.76% 0.220 N  0.30% 0.025 N  0.28% 0.017 N  1.05% 0.120 

O  100.00% 65.823 O  99.85% 64.002 O  99.86% 55.474 O  100.00% 57.918 

F  0.29% 0.006 F  0.59% 0.046 F  0.28% 0.015 F  0.42% 0.032 

Na  22.58% 0.713 Na  36.69% 0.994 Na  12.34% 0.704 Na  22.03% 2.033 

Mg  31.38% 0.777 Mg  52.66% 1.362 Mg  27.46% 0.860 Mg  20.34% 0.631 

Al  62.61% 2.944 Al  50.30% 2.311 Al  69.07% 3.529 Al  45.34% 2.782 

Si  83.87% 13.216 Si 68.49% 9.617 Si 93.76% 20.225 Si 76.98% 12.434 

P  15.69% 0.480 P  6.95% 0.161 P  6.80% 0.112 P  6.92% 0.084 

S  69.35% 2.713 S 86.24% 6.314 S 65.74% 2.509 S 64.97% 4.294 

Cl  9.68% 0.268 Cl 8.14% 0.192 Cl 10.12% 0.309 Cl 15.40% 1.593 

K  68.33% 1.645 K 75.59% 1.477 K 70.18% 1.630 K 62.15% 1.135 

Ca  78.30% 3.379 Ca  74.85% 6.331 Ca  70.04% 3.079 Ca  54.80% 3.593 

Ti  5.57% 0.129 Ti  4.59% 0.146 Ti  7.21% 0.569 Ti  3.81% 0.096 

V 0.29% 0.001 Cr 0.59% 0.017 Cr 0.42% 0.005 Cr 0.14% 0.004 

Cr  0.88% 0.004 Mn 0.74% 0.006 Mn 1.25% 0.039 Mn  0.56% 0.009 

Mn  1.03% 0.103 Fe 51.33% 6.897 Fe 77.67% 10.129 Fe  65.54% 12.769 

Fe  65.25% 7.298 Cu  1.78% 0.020 Ni  0.55% 0.008 Cu  2.40% 0.117 

Cu  1.76% 0.037 Zn  0.59% 0.047 Cu  2.64% 0.036 Zn 1.27% 0.087 

Zn  1.47% 0.073 Br 0.74% 0.017 Zn  1.39% 0.223 As  0.14% 0.007 

Br  0.29% 0.004 Zr  0.15% 0.001 As  0.42% 0.022 Br  0.99% 0.034 

Mo  1.91% 0.022 Mo  0.74% 0.008 Br 0.55% 0.007 Zr  0.56% 0.035 

Ba  0.15% 0.135 In  0.30% 0.001 Zr  0.14% 0.008 Mo  1.84% 0.070 

Ta  0.15% 0.002 Sn  0.15% 0.001 Mo 2.22% 0.057 Sn  0.28% 0.015 

W  0.15% 0.001 Sb  0.30% 0.004 Sn 0.97% 0.199 Ba  0.42% 0.065 

Rn  0.15% 0.006 Np  0.15% 0.002 Ba  0.69% 0.018 Tm  0.28% 0.001 

Np  0.15% 0.001    Tm  0.14% 0.001 Ta  0.14% 0.003 

      Ta 0.14% 0.016 Tl  0.28% 0.005 

         Pb  0.14% 0.036 
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Table A.9 – Chemical composition of the PM2.5-10 deposited on upper leaf side samples from the industrial site. 

Sample 1U Sample 2U Sample 3U Sample 4U 

  
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

O  100.00% 53.719 O 100.00% 49.493 N 0.14% 0.009 N 0.15% 0.000 

F  0.14% 0.037 Na 28.28% 2.103 O 99.86% 53.960 O 99.85% 44.173 

Na  50.77% 3.582 Mg 16.16% 0.682 Na 34.03% 2.998 Ne 0.15% 0.000 

Mg  20.36% 0.474 Al 66.81% 2.109 Mg 11.58% 0.331 Na 30.05% 2.761 

Al  69.46% 2.197 Si 91.92% 8.555 Al 66.53% 2.231 Mg 11.25% 0.245 

Si  94.42% 9.958 P 2.31% 0.076 Si 90.24% 7.909 Al 42.84% 1.479 

P  3.91% 0.036 S 74.46% 4.177 P 1.53% 0.081 Si 84.13% 6.608 

S  66.53% 3.584 Cl 63.64% 3.497 S 67.78% 4.065 P 2.00% 0.059 

Cl  66.39% 2.796 K 33.62% 0.531 Cl 43.65% 3.069 S 71.96% 4.853 

K  57.74% 0.891 Ca 35.06% 3.190 Ar 0.28% 0.001 Cl 70.42% 4.930 

Ca  35.98% 2.119 Ti 1.59% 0.030 K 41.84% 0.800 K 19.72% 0.272 

Sc  0.14% 0.003 Cr 1.15% 0.019 Ca 31.80% 1.457 Ca 35.59% 2.097 

Ti  2.09% 0.039 Mn 0.29% 0.013 Ti 1.39% 0.051 Ti 1.85% 0.032 

Cr  0.56% 0.022 Fe 72.01% 5.599 Cr 0.84% 0.025 Cr 0.31% 0.002 

Mn  1.12% 0.011 Ni 2.45% 0.201 Mn 0.70% 0.004 Mn 0.15% 0.001 

Fe  71.83% 5.061 Cu 40.40% 3.302 Fe 63.46% 4.834 Fe 51.31% 6.885 

Co  0.14% 0.010 Zn 7.79% 1.318 Ni 1.39% 0.050 Co 0.15% 0.000 

Ni  2.09% 0.131 As 35.06% 0.912 Cu 15.76% 1.300 Ni 1.08% 0.105 

Cu  17.57% 1.451 Se 1.15% 0.171 Zn 6.83% 0.620 Cu 52.23% 6.937 

Zn  6.56% 0.599 Br 2.74% 0.050 As 28.31% 1.054 Zn 6.32% 0.638 

As  26.50% 1.117 Kr 0.43% 0.001 Se 0.42% 0.033 As 30.51% 0.925 

Se  0.56% 0.071 Ag 0.58% 0.016 Br 1.81% 0.045 Se 1.85% 0.697 

Br  1.12% 0.007 Sn 2.89% 0.388 Kr 0.42% 0.003 Br 2.00% 0.093 

Kr  0.28% 0.000 Sb 1.01% 0.170 Zr 0.14% 0.001 Kr 0.15% 0.000 

Sr  0.28% 0.008 Te 5.48% 0.318 Tc 0.14% 0.039 Zr 0.15% 0.013 

Zr  0.56% 0.010 Ba 0.58% 0.025 Ag 0.42% 0.008 Nb 0.15% 0.005 

Mo  0.14% 0.018 Ce 0.15% 0.004 Cd 0.28% 0.004 Tc 0.15% 0.018 

Tc  0.14% 0.009 Pb 59.76% 13.053 In 0.28% 0.010 Ag 1.23% 0.088 

Ag  0.28% 0.007    Sn 1.39% 0.633 Cd 0.31% 0.007 

Cd 0.14% 0.031    Sb 1.53% 0.078 In 0.15% 0.001 

Sn  2.93% 0.472    Te 2.51% 0.309 Sn 2.16% 0.240 

Sb  1.26% 0.026    I 0.14% 0.002 Sb 1.08% 0.048 

Te  16.74% 1.100    Ba 1.26% 0.106 Te 10.94% 0.982 

Ba  0.70% 0.100    Pb  48.12% 13.861 Ba 1.08% 0.046 

Ce  0.14% 0.001    Bi  0.14% 0.010 Ce  0.31% 0.005 

Ta  0.14% 0.003    Rn  0.28% 0.007 Nd  0.15% 0.009 

Pb  46.44% 10.298       Pb  51.31% 14.704 

         Bi  0.15% 0.036 

         Rn  0.15% 0.006 
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Table A.10 – Chemical composition of the PM2.5-10 deposited on lower leaf side samples from the industrial site. 

Sample 1L Sample 2L Sample 3L Sample 4L 

  
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

N  0.18% 0.015 O  98.34% 42.983 B  0.16% 0.010 O  100.00% 41.678 

O  91.62% 40.658 Na  16.45% 1.204 N  0.79% 0.147 Na  23.43% 1.487 

Ne  0.18% 0.005 Mg  10.13% 0.169 O  97.62% 42.286 Mg  11.64% 0.193 

Na  8.73% 1.278 Al  55.98% 1.856 F  0.16% 0.004 Al  53.58% 1.242 

Mg  8.20% 0.172 Si  84.22% 7.351 Na  20.03% 0.779 Si  84.63% 5.228 

Al  57.58% 7.066 P  2.33% 0.066 Mg  11.29% 0.227 P  1.04% 0.012 

Si  68.09% 5.812 S  55.48% 4.309 Al  63.43% 8.652 S  72.54% 5.055 

P  2.50% 0.032 Cl  47.34% 2.584 Si  75.36% 6.613 Cl  34.63% 3.457 

S  45.28% 4.027 K  44.68% 0.734 P  2.07% 0.056 K  46.87% 0.706 

Cl  32.44% 2.032 Ca  38.54% 2.192 S  50.56% 3.335 Ca  33.58% 1.242 

Ar  0.18% 0.005 Ti  1.66% 0.024 Cl  43.24% 1.403 Ti  0.90% 0.013 

K  32.44% 0.582 Cr  0.50% 0.008 Ar  0.16% 0.001 Cr  0.45% 0.132 

Ca  29.59% 1.877 Mn  0.17% 0.001 K  42.61% 0.645 Mn  0.60% 0.021 

Ti  1.43% 0.096 Fe  56.81% 6.454 Ca  30.52% 1.173 Fe  50.60% 4.390 

Cr  1.43% 0.070 Ni  2.16% 0.450 Ti  2.07% 0.033 Co  0.15% 0.000 

Mn  0.53% 0.008 Cu  13.62% 3.509 Cr  1.27% 0.046 Ni  1.94% 0.302 

Fe  55.61% 7.888 Zn  10.47% 0.934 Mn  0.95% 0.039 Cu  9.25% 0.532 

Ni  2.67% 0.173 As  35.22% 1.255 Fe  58.03% 6.796 Zn  8.36% 1.297 

Cu  31.02% 5.938 Se  3.16% 0.535 Ni  2.07% 0.066 As  39.85% 0.550 

Zn  10.52% 1.272 Br  1.33% 0.050 Cu  19.71% 2.992 Se  1.19% 0.486 

As  27.81% 1.208 Kr  0.66% 0.006 Zn  11.45% 0.988 Br  1.04% 0.020 

Se  1.07% 0.218 Sr  0.17% 0.002 As  31.48% 1.020 Kr  0.30% 0.001 

Br  1.25% 0.029 Zr  0.17% 0.003 Se  2.54% 1.186 Zr  0.30% 0.002 

Kr  0.53% 0.004 Tc  0.17% 0.035 Br  0.32% 0.017 Mo  0.15% 0.001 

Zr  0.18% 0.002 Ag  1.66% 0.496 Kr  0.64% 0.014 Tc  0.45% 0.034 

Tc  0.53% 0.282 Cd  0.17% 0.002 Tc  0.32% 0.024 Rh  0.15% 0.008 

Ag  1.07% 0.149 Sn  2.49% 0.534 Ag  0.79% 0.107 Ag  1.04% 0.221 

Sn  3.92% 0.272 Sb  2.66% 0.562 Cd  0.16% 0.005 Cd  0.45% 0.017 

Sb  2.14% 0.449 Te  5.65% 0.459 Sn  4.13% 1.253 In  0.30% 0.017 

Te  8.02% 1.605 Ba  2.33% 0.650 Sb  2.23% 0.210 Sn  3.28% 0.691 

Ba  1.60% 0.039 Ta  0.33% 0.017 Te  9.22% 0.727 Sb  1.94% 0.211 

Ce  0.36% 0.071 Pb  62.96% 20.545 Ba  1.43% 0.099 Te  12.09% 0.749 

Ta  0.36% 0.010 Bi  0.17% 0.021 Tm  0.16% 0.000 Ba  0.60% 0.018 

Pb  51.34% 16.594    Pb  59.78% 18.951 W  0.15% 0.012 

Bi  0.36% 0.010    Bi  0.16% 0.060 Pb  78.51% 29.937 

Rn  0.18% 0.002    Rn  0.16% 0.025 Bi  0.15% 0.029 

Np  0.18% 0.003    Np  0.16% 0.008 Np  0.15% 0.009 
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Table A.11 – Chemical composition of the PM2.5-10 deposited on upper leaf side samples from the train site. 

Sample 1U Sample 2U Sample 3U Sample 4U 

  
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

N 0.00% 0.064 N 0.00% 0.154 N 1.25% 0.188 N 0.29% 0.053 

O 100.00% 60.269 O 100.00% 58.547 O 100.00% 55.892 O 99.86% 61.697 

Na 41.81% 2.474 F 0.45% 0.010 F 0.28% 0.024 F 0.43% 0.013 

Mg 42.88% 0.988 Na 52.48% 3.928 Na 56.19% 4.632 Na 38.38% 1.422 

Al 55.28% 3.251 Mg 45.11% 1.009 Mg 62.73% 1.347 Mg 43.43% 1.055 

Si 77.18% 9.804 Al 54.44% 3.224 Al 70.38% 4.094 Al 55.84% 3.325 

P 34.15% 0.939 Si 80.30% 10.302 Si 83.45% 11.814 Si 71.72% 8.809 

S 36.75% 0.964 P 37.59% 0.713 P 24.34% 0.469 P 27.13% 0.619 

Cl 45.18% 2.350 S 47.97% 0.935 S 43.39% 1.538 S 42.86% 1.051 

K 85.45% 1.822 Cl 53.83% 3.297 Cl 52.71% 4.533 Cl 59.16% 1.620 

Ca 53.91% 1.466 K 87.97% 1.563 K 87.62% 1.667 Ar 0.14% 0.001 

Ti 3.68% 0.109 Ca 52.33% 1.264 Ca 52.71% 2.033 K 86.58% 2.247 

V 0.15% 0.001 Ti 3.46% 0.121 Ti 5.42% 0.150 Ca 64.65% 2.190 

Cr 0.15% 0.001 Mn 1.65% 0.025 Cr 0.42% 0.001 Ti 3.90% 0.087 

Mn 1.07% 0.013 Fe 84.51% 14.643 Mn 0.83% 0.006 Cr 0.29% 0.001 

Fe 87.14% 15.277 Cu 0.45% 0.028 Fe 80.39% 11.252 Mn 0.72% 0.020 

Cu 1.07% 0.029 Zn 1.05% 0.047 Cu 0.56% 0.005 Fe 81.10% 15.113 

Zn 0.92% 0.062 As 0.15% 0.029 Zn 1.39% 0.305 Cu 0.43% 0.004 

Br 0.77% 0.035 Br 0.15% 0.001 Br 0.28% 0.002 Zn 1.15% 0.451 

Mo 2.30% 0.054 Zr 0.15% 0.012 Zr 0.28% 0.017 Zr 0.43% 0.032 

Sb 0.15% 0.002 Mo 1.80% 0.084 Mo 1.67% 0.017 Mo 3.32% 0.093 

Ba 0.15% 0.010 Cd 0.15% 0.023 In 0.14% 0.000 W 0.14% 0.001 

Ce 0.15% 0.001 Sb 0.15% 0.002 Ba 0.28% 0.014 Pb 0.14% 0.064 

Pb 0.15% 0.017 Ba 0.15% 0.009       

   Ce 0.15% 0.004       

   Ta 0.15% 0.001       

   Ir 0.15% 0.002       

   Pb 0.15% 0.023       

   Rn 0.15% 0.001       
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Table A.12 – Chemical composition of the PM2.5-10 deposited on lower leaf side samples from the train site. 

Sample 1L Sample 2L Sample 3L Sample 4L 

  
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

 
PM2.5-10 

particles 
(%) 

Mean 
content 

(%) 

N 3.17% 0.260 N 5.05% 0.318 N 5.39% 0.945 N 0.29% 0.053 

O 100.00% 67.593 O 100.00% 71.118 O 99.80% 70.455 O 99.86% 61.697 

Na 3.03% 0.188 F 0.14% 0.276 Na 2.23% 0.126 F 0.43% 0.013 

Mg 49.57% 0.786 Na 2.74% 0.144 Mg 12.80% 0.445 Na 38.38% 1.422 

Al 87.32% 6.344 Mg 31.02% 0.652 Al 23.09% 2.172 Mg 43.43% 1.055 

Si 95.10% 14.428 Al 51.66% 4.019 Si 37.13% 7.136 Al 55.84% 3.325 

P 25.94% 0.524 Si 64.07% 11.352 P 38.66% 1.447 Si 71.72% 8.809 

S 30.98% 0.616 P 31.17% 0.594 S 41.86% 1.738 P 27.13% 0.619 

K 96.97% 2.705 S 56.85% 2.240 Cl 4.03% 0.120 S 42.86% 1.051 

Ca 49.57% 0.818 Cl 3.03% 0.050 K 58.41% 1.728 Cl 59.16% 1.620 

Ti 5.33% 0.135 K 93.22% 2.272 Ca 34.35% 0.811 Ar 0.14% 0.001 

Mn 0.29% 0.004 Ca 43.43% 2.015 Ti 0.97% 0.016 K 86.58% 2.247 

Fe 83.43% 5.471 Ti 4.18% 0.072 V 0.14% 0.001 Ca 64.65% 2.190 

Zn 0.29% 0.005 Cr 0.29% 0.001 Mn 0.28% 0.006 Ti 3.90% 0.087 

Br 0.14% 0.012 Mn 0.87% 0.005 Fe 45.06% 11.895 Cr 0.29% 0.001 

Zr 0.14% 0.001 Fe 56.28% 4.826 Cu 0.42% 0.006 Mn 0.72% 0.020 

Mo 2.74% 0.108 Mo 1.73% 0.037 Zn 1.25% 0.685 Fe 81.10% 15.113 

Np 0.14% 0.002 Pd 0.14% 0.006 Br 0.28% 0.005 Cu 0.43% 0.004 

   Tm 0.14% 0.000 Zr 0.14% 0.002 Zn 1.15% 0.451 

   Np 0.29% 0.005 Mo 2.09% 0.180 Zr 0.43% 0.032 

      Sn 0.14% 0.002 Mo 3.32% 0.093 

      Sb 0.14% 0.011 W 0.14% 0.001 

      Ba 0.14% 0.002 Pb 0.14% 0.064 

      La 0.14% 0.002    

      Ce 0.14% 0.005    

      Ta 0.28% 0.018    

      W 0.14% 0.004    

      Pb 0.14% 0.038    

      Np 0.14% 0.002    

 

 

 


