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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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1 INTRODUCTION 

A clean unpolluted air supply is essential to public 
health and to the global environment itself. However, as a 
result of industrialization, the existing air quality is 
considerable deteriorated, in particular, in high populated 
cities and developing countries. Nowadays, the 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 (Phalen, 
2002), resulting on a gradual, but continuous, change of 
the atmosphere’s composition. 

The World Health Organization (WHO) defines air 
pollution as the contamination of the indoor or outdoor 
environment by any chemical, physical or biological agent 
that modifies the natural characteristics of the atmosphere 
(WHO, 2014), having a significant role in the development 
of respiratory and cardiovascular diseases, as well as 
cancer (WHO, 2011). In reports released this March, 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 (WHO, 2014). In the case of 
the European Union (EU), poor air quality is the main 
environmental cause of premature death causing more 
human loss than road traffic accidents and having a strong 
impact in people’s quality of life (EC, 2014). The major 

public health concern pollutants include carbon monoxide, 
ozone, nitrogen dioxide, sulfur dioxide and particulate 
matter (PM) (WHO, 2014).  

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). 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; Zeger et al., 2008; Zhang et al., 2008; 
Pascal et al., 2014). In urban areas, the PM issue is more 
evident due to more and more intense sources. An 
European Environment Agency’s (EEA) assessment 
(EEA, 2013) 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 (WHO, 2005)). 
The major sources contributing to high PM levels in a city 
are, among others, transport, industry, power generation 
units, domestic fuel burning and resuspended dust 
(Moreno, 2003; Urbat et al., 2004; Braniš, 2006; 
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Sant’Ovaia et al., 2012; Sharma et al. 2013). 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 (WHO, 2010), 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 (World 
Bank Group, 2014). 

Conventional air pollution monitoring stations assess 
the current pollutant concentrations but 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 
e.g. traffic-derived PM10 values decrease not only with 
increasing distance from the road, but also with increasing 
height (Hofman e tal., 2013). Therefore, PM data from the 
conventional monitoring stations may be a weak indicator 
of individual human exposure.  

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 (Weber et al., 
2014). Urban vegetation (such as street trees, herbaceous 
roadside vegetation, vertical green and roof gardens) has 
a proven capability to capture small particles (Freer-Smith, 
et al. 2005; Litschke, et al. 2008; Mitchell, 2010) by leaf 
deposition or in-wax encapsulation (Terzaghi, et al., 2013), 
preventing the air quality deterioration. 

Urban PM usually contains magnetic particles 
(Flanders, 1994; Rai, 2013) so the use of tree leaves as 
passive collectors of atmospheric PM, which are then 
submitted to magnetic techniques provides, a rapid, easy 
and relatively cheap strategy, in addition to the classical 
air quality monitoring systems. Several studies (e.g. 
Matzka, et al., 1999; Moreno, 2003; Kardel, et al., 2011 
and 2012; Hofman, et al., 2013) confirmed the saturation 
isothermal remanent magnetization (SIRM) of tree leaves 
to be a suitable bio-indicator to investigate air quality at 
high spatial resolution as a significant relation was found 
between leaf SIRM and the cumulative mean PM10 and 
PM2.5 concentrations (Hofman, et al., 2014). Alongside 
with biomagnetic PM monitoring, it is also important to gain 
insight in its composition and particle size distribution.  

The aim of the present study was the assessment of 
leaf deposited PM2.5-10 from five different locations in 
Antwerp, representative of different urban activities, using 
SIRM-based biomagnetic analysis and scanning electron 
microscopy (SEM), combined with energy-dispersive X-
ray spectroscopy (EDX). The SIRM signal is an estimator 
of the ferro(i)magnetic PM content, while SEM analysis 
combined with EDX is able to provide information of 
particle size and elemental composition for a large dataset 
of leaf deposited particles. In order to accomplish the main 
goal, different specific objectives 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 
from various pollution sources; and 

 the comparison of both analytical techniques, SIRM 
and SEM. 

2 MATERIALS AND METHODS 

In terms of experimental methodology, this study 
comprised three different stages (A, B and C). Experiment 
A consisted on the optimization of leaf sample preparation 
for SEM analysis. Experiment B used both SIRM and SEM 
standard procedures to analyze the PM content deposited 
on leaves from different pollution sources. While SIRM-
based method is a bulk analysis, the SEM technology 
consists on a surface level analysis. Considering this, the 
biomagnetic analysis should be performed only at a 
surface level so that a comparison with the SEM technique 
is possible. Experiment C thus consisted on the 
application of SIRM and SEM analyses to study leaf 
surface deposited particles. 

2.1 STUDY AREA 

In Antwerp, leaf samples were collected from five 
different locations, in an attempt to assess the influence of 
different types of urban activity. Samples were collected 
near the following pollution sources: inside a forested 
area, in a rural area, near a crossroad with high intensity 
traffic, near an industrial complex and near a train line (see 
Table 1). It didn’t rain during the sampling of leaves for 
Experiment B (which happened on March 27 and April 16) 
and on the three days prior sampling. The sampling 
collection of leaves for Experiment C was made on May 7 
and 8, being registered 5 and 5.4 mm daily sum of 
precipitation, respectively (Luchtbal station, Flemish 
Environment Agency, VMM).  

Table 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 

 
The research was carried out within the Environmental 

Ecology and Applied Microbiology research group of the 
Department of Bioscience Engineering, University of 
Antwerp, with the exception of SEM analysis, which was 
carried out at the AXES (Antwerp X-ray Analysis, 
Electrochemistry and Speciation) group, with the aid of an 
experienced technician, Walter Dorriné. 
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2.2 TEST SPECIES  

Common ivy leaves (Hedera sp.) were used as 
vegetation samples as they are easy to find and 
extensively widespread within the urban environment 
under study. 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. 

2.3 SCANNING ELECTRON MICROSCOPY (SEM) 

Of every collected ivy leaf, a small portion (<1 cm of 
diameter) was removed using a metallic puncher, from the 
center of the leaves and between its principal veins. Each 
small leaf portion (subsamples) was fixed on top of a 
metallic stub, using carbon-impregnated double-sided 
tape, and left to dry (see 3.1). The metallic stubs with the 
subsamples were stored and labelled in well storage 
boxes. On the day of the SEM analyses, the subsamples 
were carbon coated, transported to the AXES facility group 
and set in the appropriate metallic holder that goes inside 
the microscope. Surface level imaging and chemical 
composition analysis were carried out using the INCA 
software, Oxford Instruments (UK). 

The carbon coating process was made using a CED 
010 (Balzers Union). 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 (Science Lab, 2013). 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 had 20.00 
kV.  

2.4 BIOMAGNETIC ANALYSIS (SIRM) 

After the removal of subsamples for SEM analysis, the 
remaining leaves were submitted to a SIRM-based 
biomagnetic analysis. The leaves were tightly packed with 
cling film and pressed in a 10 cm3 plastic container. The 
sample pots were magnetized with a pulsed field of 1T 
using a Molspin pulse magnetizer (Molspin Ltd., UK). After 
magnetization, the magnetic intensity of the sample pots 
(SIRM equivalent, in mA m-1) was measured using a 
calibrated Molspin Minispin magnetometer (Molspin Ltd., 
UK). The leaves were then removed from the sample pots 
and from the cling film and submitted to a leaf area meter 
LI-3100C (Licor Biosciences, USA), in order to determine 
their surface area. 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. Each 
leaf sample was measured twice in the magnetometer and 
in the leaf area meter, to reduce measurement errors. The 
reported values are the mean of the two measured values. 

The SIRM signal of empty pots (0.22±0.01 mA m-1) was 
considered to be the blank signal, subtracted from all 
measured values. 

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) to obtain SIRM values for 
normalized leaf area, expressed in A.  

2.5 LEAF SURFACE DEPOSITED PARTICLES  

In Experiment C, the described procedures of SEM (see 
2.3) and SIRM analysis (see 2.4) were adapted to obtain 
SIRM values only due to leaf deposited particles, and not 
due to particles encapsulated into the wax layer. The 
experimental setup was based on a protocol previously 
described (Hofman, et al., 2014), where the basic concept 
is to wash the leaves in order to retain the surface 
deposited particles within a washing solution, which is 
subsequently filtered (Figure 1). 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). 

Ivy leaves were collected from the five sampling sites: 
32 leaves per site, distributed in 4 sample sets. Each 
sample set (i.e. composed by 8 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. The resulting washing water was labelled and 
stored in glass bottles inside a dark room (17.7°C±0.3), to 
avoid the growth of algae, before filtration. The leaf area 
of the washed leaves was determined and subsequently 
they were bio magnetically analyzed, in order to obtain the 
corresponding SIRM values normalized for surface area. 
Before filtration, the washing water was stirred to 
resuspend the particles for at least 2h at 150rpm on a KS 
260 basic shaker (IKA) and the filtration system was 
mounted, using a glass filter funnel (47 mm) connected to 
a vacuum pump. For each glass bottle, 100 mL of the 
particles-containing water was filtered through the filtration 
system using a 10 µm pore size filter. The resulting filtrate, 
was hand shaken (for about 10 seconds) and immediately 
submitted to the second vacuum filtration, using a 3 µm 
pore size filter. The loaded filters (of 3 and 10 µm pore 
size) were stored in Petri dishes and dried at room 
temperature for 3 days. After that, they 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. The removed filter 
portions were fixed on top of the metallic stubs and stored 
in well storage boxes, until the SEM analysis (see 2.3). 
Parallel to this, the remaining filters were submitted to the 
SIRM standard procedure (see 2.4), in order to obtain 
SIRM values normalized for the remaining filter area.  
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Figure 1 - Detailed view of the main steps of the experimental protocol followed in Experiment C. 

3 RESULTS AND DISCUSSION 

3.1 LEAF SAMPLE PREPARATION  

Despite the coating of leaf samples, the SEM method 
requires samples to be dehydrated since the microscope 
works under high-vacuum conditions. If the drying process 
is not effective, samples would be much more susceptible 
to the electron beam, leading the subsequent 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 
(MyScope, 2013) and might produce unwanted artefacts, 
complicating the SEM analysis. Unless samples are dried 
enough, higher magnifications and smaller spot sizes are 
usually responsible for sample charging. The drying 
conditions could thus be evaluated by observing the 
effects of the electron beam exposure on the samples. In 
Experiment A, neighboring leaves were collected from one 
source site (near the R11 road, Antwerp), to collect 
enough samples to study the upper and lower surface 
sides. After collection, samples were dried at room 

temperature (22.0°C±0.2) or at 50ºC using an oven 

(Binder, USA) and subjected to different drying periods. 
In the microscope, high magnification was used 

(3000×) in order to analyze the samples subjected to 

different drying conditions, but no significant cracks were 
observed in any of the samples. The lack of cracks within 
the leaves shows that dehydration was sufficient to 
prevent damages caused by the electron beam, either 
after using 50ºC or room temperature for drying. With this 
experiment, it was observed that the temperature value 
isn’t critical for drying leaves, probably because of the 
additional drying provided by the carbon coating step, 
during which the samples are submitted to high vacuum 
conditions. A minimum of 3 days minimal appeared to be 
sufficient to dry the samples at room temperature. 
Therefore, all SEM analyses were done with leaf samples 
that were dried at room temperature, as it is simpler and 
easier, during 3 days minimal.  

3.2 SEM IMAGES 

The SEM images obtained for the upper and lower leaf 
surface side samples (Figure 2) were related to the leaf’s 
structure (Urbat, et al., 2004). At the upper side of the 
leaves, the outer layer visible in the images is the cuticle, 
which is covered with wax to prevent water loss. The 
quantity of wax usually depends on the intensity of incident 
light (Koch, et al., 2003). The lower leaf side samples 
exhibit a rather curious structure, the stomata, small 
natural openings that allow gas exchange with the 
atmosphere. 
 

 

 

Figure 2 – Secondary electron images obtained from SEM 
analysis of common ivy leaves: upper leaf surface side (top) 

and lower leaf surface side (bottom). 
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3.3 PM ANALYSIS 

Ivy leaves collected from the different sampling sites 
(8 per sampling site) were analyzed via both SIRM and 
SEM standard procedures. The calculated SIRM values 
normalized for leaf area ranged from 19.9 to 444.0 µA 
(Figure 3). A direct comparison between the SIRM results 
obtained in this work and those published is not possible 
due to differences in tree species, sampling height, 
sampling time and pollution source type. Nevertheless, the 
obtained values appear to be reasonably in line with 
former published SIRM values (Mitchell R., 2009; Kardel 
et al., 2011; Hofman et al., 2014). The first study 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 
(Mitchell R., 2009). 

Figure 3 – Boxplots of the leaf SIRM values normalized for leaf 
area for the different pollution sources. 

The forest sampling site presented the lowest SIRM 
values, followed by the rural and the road sites, while the 
industrial and train sites exhibited the highest SIRM 
signals. This suggests that the train and industrial sites 
exhibit the highest PM levels, as SIRM is strongly 
correlated to PM mass (Maher et al., 2008). This way, leaf 
SIRM is confirmed to be a proxy for atmospheric PM 
concentrations, revelatory of contrasting urban habitat 
quality, as concluded by Kardel et al., 2012. PM is not 
homogeneously distributed, 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 (Marcazzan 
G.M., 2001), Rome (Moreno, 2003), Cologne (Urbat et al, 
2004), Guangzhou (Wang et al., 2006) and Braga 
(Sant’Ovaia et al., 2012). Biomagnetic techniques is 
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; McIntosh et al., 
2007). The presented boxplots (see Figure 3) also provide 
an idea about the range of values within each sampling 
site. The leaves from the forest site presented the most 
uniform SIRM results, while those from 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 it exhibits, besides significant 
vehicle traffic, a very high volume of stops and starts due 
to the fact that it is located in a crossroads. 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 
(Ntziachristos et al., 2009), so the resulting PM also differs 
with break wear.  

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 separated by 
less than 400 meters straight, 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 was slightly higher than the mean value for the 
forest site. While the forest site is distant from roads, the 
rural sampling site is located near low-traffic roads, mainly 
used by the townsfolk, which shows that the presence of 
vehicle traffic, even when reduced, results in the release 
of magnetisable PM. 

There were no significant differences between the two 
leaf surface sides or between the different sources in 
terms of PM size distribution (Figure 4). Although the PM 
definition (PM10 or PM2.5 e.g.) 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 – Size range distribution of the analyzed leaf surface 
deposited PM according with the sampling source and the leaf 

surface side: upper side (top) and lower side (bottom). 

The median diameter (or 50th percentile) of leaf 
deposited particles showed to be around 3 µm, along the 
different sampling sites, as well as for both surface leaf 
sides. These results are in agreement with (Muxworthy, et 
al., 2001), where SEM observations indicated that 
atmospheric magnetic PM is related to a grain size of 0.2–
5 µm. This is important to health related studies, as grains 
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<4.6 µm can be inhaled into the bronchial region (Rizzio 
et al., 1999), while particles c.a. 2.5 µm comprise the 
‘high-risk’ respirable PM, able to penetrate to the ciliated 
regions of the lung  (Environment Agency, 2013).  

The majority of the leaf 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, i.e., the PM deposition on both 
leaf sides, if the estimation between the upper and lower 
sides are similar, contrary to the verified in the industrial 
site.  

The main goal of Experiment B was, 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. Since SIRM is a 
proven bio-indicator of the ferro(i)magnetic content (Kardel 
et al., 2012; Hofman et al., 2013), the obtained SIRM 
values should be compared to the mean weighted content 
in iron of the analyzed leaf surface deposited PM2.5-10 
(Figure 5 a)). For the upper leaf samples, the increase of 
SIRM values was not followed by an increase of the iron 
content. 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 
signal. 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 and the 
weighted mean content in Fe (Figure 5 a)). 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. The difference 
between results from both leaf sides might be explained 
by the fact that the lower surface side is probably more 
protected from meteorological conditions than the upper 
side. In the usually more exposed upper side, 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 (Tomašević and Aničić, 2010). 
The content in Fe was very uniform between both sides for 
the rural and industrial sources, but the same was not 
verified within the forest, train and road sites (the last one 
in particular), suggesting that the leaf distribution and the 
plant structure itself might be an explanation for the 
difference of results, as well as the local atmospheric PM.  
Figure 5 b) shows the comparison between SIRM values 
and the mean content in Fe considering the total surface 
of leaves, i.e. both upper and lower sides. With exception 
of the road site, the increase of the total content in Fe 
corresponded to an increase of SIRM. The road source 
displayed the most intriguing result: it presented the 

highest mean content in Fe (≈14% of total PM weight), 

however, its SIRM value was only in third place 
considering all five different sampling sites (see Figure 5 
b)). The PM from road sources is mainly derived from 
combustion, vehicle tire and brake wear and also road 
surface wear (Ntziachristos et al., 2009). In general, 
combustion produces small spherules containing Fe while 
different molecular structures could be released from the 
abrasion of brake wear (Ntziachristos, et al., 2009). The 
high intensity of brake wear verified in the road source 
(located close to a crossroads 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. 
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. 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, Lehndorff et al., 2006, 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.  
 

 

Figure 5 - Comparison between the mean SIRM values and the mean content in Fe: a) within the upper and lower leaf side samples and b) 
for the total leaf surface for the different pollution sources.

0

100

200

300

400

500

0% 5% 10% 15%

M
ea

n 
S

IR
M

 (
µ

A
)

Mean Fe content (%, v/v)

0

100

200

300

400

500

0% 5% 10% 15% 20%

S
IR

M
 (

µ
A

)

Mean Fe content (%, v/v)

       Forest 
       Rural 
       Road 

       Industrial 
       Train 

       Upper Side 

       Lower Side 
       Total Leaf 
 a) b) 



A comparative study between biomagnetic analysis and scanning electron microscopy of particulate matter deposition on urban green 

 
7 

The same author (Lehndorff et al., 2006) 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 is predominantly bound to minerals that 
carry a remanent magnetization (Urbat et al., 2004). If high 
magnetisable iron-based particles of grain size < 2.5 µm 
were present, they would not be considered for the iron 
content determination, due to experimental settings, but 
they would obviously be accounted for the bulk SIRM 
signal. Therefore, SIRM signal would be disproportionately 
higher than the content in iron. However, the obtained 
results for the leaves from the road (see Figure 5 b)) 
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). On the other 
side, it is not completely clear how the contribution of 
different iron-based particles for the SIRM signal works, 
being plausible to think that the PM released from the road 
traffic source might exhibit chemical structures not 
detectable by SIRM, as happens with hematite, but that 
contribute to the total iron content. 

3.4 LEAF SURFACE DEPOSITED PARTICLES  

The last part of this work (Experiment C) consisted on 
the study of leaf surface deposited particles originating 
from the same different pollution sources (see 2.5). 
Because two pore size filters were used, this experiment 
resulted in the following components: washed leaves, 10 
µm filters and 3 µm filters. A total of 160 leaves (5 
sampling sites × 32 leaves) and 40 filters (5 sampling sites 
× 4 sample sets × 2 pore size filters). Figure 6 shows the 
contribution of the different components (washed leaves, 
filters of 10 µm and 3 µm) to the total SIRM values, 
defined as their sum. Within all pollution sources, the 3 µm 
filters presented the lowest contribution (less than 20%) in 
terms of magnetisable content while the 10 µm filters and 
the washed leaves revealed different contributions 
amongst the different sampling sites. These 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. Dzierzanowski and co-workers (2011) 
performed gravimetric analysis to quantify deposited and 
in-wax trapped PM 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 the significant correlation between the total 
SIRM and the total weight of surface deposited particles 
described by Hofman et al. (2014).  

The 10 µm filters revealed the highest contribution 
within the road site, corresponding to about 75% of the 
total SIRM, and 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), 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 (Moreno, 2003).  

Hofman and co-workers 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 (Hofman et 
al., 2014), but a direct comparison with the present results 
obtained is not possible. 

Figure 6 - 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. 

In the same study and using a comparable procedure, 
Hofman et al. (2014), 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) would dominate the magnetisable total content. 
However, the results provided by the parallel SEM 
analyses showed that the majority of the particles retained 
by 10 µm filters are significantly smaller than 10 µm in 
diameter (see Figure 7), 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, 
suggesting, once again, the importance of PM2.5 in air 
pollution. The particle size distribution between the 
different pollution sources was relatively consistent, for the 
10 and 3 µm pore size filters (Figure 7 and Figure 8).  

 
 

Figure 7 - Size range distribution of the particles held by the 10 
µm pore size filters for the different pollution sources.  
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Near 70% of all the particles retained by the 10 µm 
pore size filters were in fact smaller than 10 µm (in terms 
of ECD), while around 20% of the particles retained by the 
3 µm filters were smaller than 2.5 µm. This should be 
explained by the phenomena of particulate agglomeration 
(Figure 9), impaction toward the filters and blocking of 
particles in the non-porous region of the filters, as all of 
these contribute to the retention of particles smaller than 
the pore size of the used filters. 

 

 

Figure 8 - Size range distribution of the particles held by the 3 
µm pore size filters for the different pollution sources. 

 

Figure 9 - Secondary electron image of an agglomerate of 
particles retained in a 10 µm filter (magnification of 1,000×). 

No significant differences were observed between 
these SIRM values (of leaf surface deposited particles) 
and the SIRM values obtained from Experiment B (bulk 
leaves) (see Figure 10) in terms of relative order of the 
sampling sites (train, industrial, road, rural and forest, by 
this descending order). Besides the experimental 
procedure, there is an important distinction between those 
two experiments. In Experiment B, the SIRM of the entire 
leaves was calculated so the obtained magnetic signal 
comprises the total PM in terms of encapsulated and 
surface deposited particles. However, in Experiment C it 
was not taken into account the fraction of surface 
deposited particles approximately lower than 3 µm. Most 
particles within PM2.5 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 with both experiments for the forest and 
rural sites, if the size fraction below 3 µm presents no 
significant magnetisable content for these two sampling 
sites. The difference in magnitude of the SIRM values 
obtained in leaves from the train, industrial and road sites 
might also be explained by this since Matzka and co-

workers reported that the particle size of magnetic grains 
coming from roadside trees dominantly falls in the range 
of PM2.5 (Matzka et al., 1999). In addition, the applied 
washing and filtration procedure do not enable the 
quantification of water-soluble particles, so the obtained 
results still underestimate the SIRM signal of the total leaf 
surface deposited particles (Hofman et al., 2014). 

 
 
 
 
 
 
 
 
 
 
 

Figure 10 - Mean total SIRM values obtained for the bulk leaves 
(Experiment B) and through the sum of washed leaves and 

surface deposited particles retained by 3 µm and 10 µm filters 
(Experiment C), for each analyzed sampling site. 

4 CONCLUSIONS 

While long-term PM monitoring with high-spatial 
resolution based on physico-chemical monitoring, for 
example, is practically impossible and highly expensive, 
biomonitoring offers the possibility for a more time and 
cost effective PM monitoring (Kardel, et al., 2012), in 
particular, by making use of the magnetic properties of 
PM.  

This project allowed the analysis of leaf surface 
deposited PM using SIRM and SEM analytical methods. 
Although the link between the outcomes provided by both 
methods was not completely clear, it was demonstrated 
that the combined use of SIRM signal and SEM features 
is of undeniable value for a better assessment of the PM 
content captured by tree leaves. The automatic software 
used within the SEM analysis allowed a large database of 
information concerning leaf surface deposited particles, in 
terms of chemical composition and particle diameter, 
among others. Further studies can be done using the 
collected data, e.g. in terms of statistical treatment, to 
better understand the system.  

Both methodologies used 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. Under those conditions, both leaf samples and 
aerosols could be collected and analyzed via SEM in order 
to evaluate the vegetation capability to retain particulate 
matter from the atmosphere, without the effect of 
meteorological conditions. In terms of SIRM methodology, 
it would also be important to understand possible effects 
of particle structure on the intensity of the signal.  
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