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Summary 

Particulate matter (PM) pollution is recognized as a serious threat to health 

worldwide, as it has been linked to a broad spectrum of adverse chronic 

and acute human health effects. This has brought increased research, focus, 

and awareness on PM pollution, but there are still major knowledge gaps in 

the present understanding of the risks associated with PM exposure. It is 

well accepted that the current mass concentration metric is inadequate for 

assessing risk on its own, thus requiring additional air quality measures. 

However, existing scientific evidence is insufficient to estimate the relative 

importance of individual particle properties for specific health outcomes. 

Detailed physicochemical characterization of aerosols and individual 

particles is therefore essential in exposure scenarios as well as 

epidemiological and toxicological studies to close the current knowledge 

gaps and for determining the particle properties of most relevance for 

assessing PM hazard and risk. Though, there are many instruments for 

aerosol measurements, most bring no information on particle morphology, 

mixing state, and composition, which have been identified among the 

relevant parameters for evaluating PM health risks. 

Scanning electron microscopy (SEM) coupled with Energy Dispersive X-ray 

spectroscopy (EDS) has the potential to quantify many of the relevant 

particle properties. The method has been demonstrated qualitatively in the 

past, but lacks standard sampling and analysis procedures to ensure reliable 

and comparable results as well as strategies to minimize user intervention 

and optimize analysis time. These needs are addressed in this PhD work, 

which aims at characterizing a particle sampling method as well as optimize 

the subsequent SEM/EDS analysis, before demonstrating its potential for 

providing detailed characterization of complex aerosols.  

In this work impaction is investigated and characterized as an aerosol 

collection method for SEM/EDS analysis. A reproducible analysis procedure 

is developed to ensure a representative description of the sampled aerosol, 

which is verified by comparison to well-established techniques. 

Furthermore, a calibration approach is proposed and tested to estimate 
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airborne concentrations directly from sample number densities, and an 

expression is established for estimating optimal sampling times from 

airborne concentrations. Optimal microscope and quantification settings 

are investigated for analysis of individual aerosol particles, and the findings 

and trade-offs are discussed. Finally, the method is tested for analysis of 

complex aerosols, consisting of particles with considerably different 

physicochemical properties, varying in size, elemental composition, shape, 

and density. The results are compared to other established techniques, 

highlighting the detailed aerosol and single particle characterization 

obtainable by SEM/EDS analysis and thus its relevance for exposure and risk 

assessments. 
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Sammenfatning 

Partikelforurening er en anerkendt trussel mod sundheden i hele verden, da 

den er blevet knyttet til et bredt spektrum af akutte og kroniske 

sundhedsskadelige effekter hos mennesker. Dette har medført øget 

forskning, fokus, og opmærksomhed på partikelforurening, men der er 

stadig store videns huller i den nuværende forståelse af de risici, der er 

forbundet med partikel eksponering. Det er anderkendt, at den nuværende 

enhed, massekoncentration, er utilstrækkelig til at vurdere risikoen alene, 

og yderligere luftkvalitets mål er derfor påkrævet. Imidlertid er den 

nuværende viden ikke tilstrækkelige til at bestemme den relative betydning 

af individuelle partikelegenskaber for specifikke sundhedseffekter. En 

detaljeret fysisk-kemisk karakterisering af aerosoler og individuelle partikler 

er derfor essentiel i eksponeringsscenarier såvel som epidemiologiske og 

toksikologiske undersøgelser for at lukke de nuværende videns huller og for 

at bestemme de partikelegenskaber, der er mest relevante for vurdering af 

risici. Der findes på nuværende tidspunkt mange instrumenter til 

aerosolmålinger, men de fleste giver ingen information om 

partikelmorfologi, blandingstilstand, eller sammensætning, som alle er 

identificeret blandt de relevante parametre til at evaluere partikel 

sundhedsrisici. 

Scanningselektronmikroskopi (SEM) kombineret med energispredende 

røntgen spektroskopi (EDS) kan potentielt kvantificere mange af de 

relevante partikelegenskaber. Metoden er før blevet demonstreret 

kvalitativt, men mangler standardprøvetagnings- og analyseprocedurer for 

at sikre pålidelige og sammenlignelige resultater, og mangler strategier for 

at minimere brugerintervention og optimere analysetid. Disse behov 

imødekommes i dette ph.d.-arbejde, der har til mål at karakterisere en 

partikel opsamlingsmetode samt optimere den efterfølgende SEM/EDS-

analyse, og demonstrerer metodens brug og potentiale for at give en 

detaljeret karakterisering af komplekse aerosoler. 

I dette arbejde undersøges og karakteriseres impaction som en 

aerosolopsamlingsmetode til SEM/EDS-analyse. Der udvikles en 
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reproducerbar analyseprocedure for at sikre en repræsentativ beskrivelse 

af den opsamlede aerosol, som verificeres ved sammenligning med 

veletablerede aerosol måleteknikker. Desuden foreslås og testes en 

kalibreringsmetode for at estimere luftbårne koncentrationer direkte fra 

antallet af observerede partikler på den opsamlede prøve, og der etableres 

et udtryk for at anslå optimale prøvetagningstider fra luftbårne 

koncentrationer. Derudover undersøges optimale mikroskop- og 

kvantificeringsindstillinger for analyse af individuelle aerosolpartikler, og 

fundene samt de væsentligste fordele og ulemper mellem indstillinger 

diskuteres. Til sidst testes metoden til analyse af komplekse aerosoler, 

bestående af partikler med betydeligt forskellige fysisk-kemiske 

egenskaber, varierende i størrelse, elementær sammensætning, form, og 

densitet. Resultaterne sammenlignes med veletablerede teknikker, hvilket 

fremhæver den detaljerede aerosol- og enkeltpartikelkarakterisering, der 

kan opnås ved SEM/EDS-analyse og dermed dens relevans for eksponering 

og risikovurderinger. 
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1 Introduction 

Suspended liquid or solid particles are abundant in the earth's troposphere, where 

they are often referred to as aerosol, which is defined as a volume of air including 

the particles suspended in it. Alternatively, the particles alone are often referred 

to as particulate matter (PM). Particles are released from a wide range of both 

natural and anthropogenic sources1,2, or may be generated directly in the 

atmosphere from gaseous precursors3,4. Among the main natural contributors are 

sea spray, vegetation, biomass burning, volcanic activity, and wind, which carries 

dust, sand, and soil particles from the surface of the earth5. Anthropogenic 

sources are dominated by the transport sector, where particles are formed during 

combustion processes and from tire wear and road debris. Particles may also be 

released from everyday activities such as cooking6–8 and cleaning9,10 or from 

smoking, candle burning, and fireplaces9,11,12. Another significant source of 

anthropogenic PM is the industrial sector13, which emits particles during e.g. 

construction, fabrication, scrapping, and various combustion processes. 

Additionally, the recent development, production, and usage of nanomaterials 

have brought an increased concern, as to whether nano particles could be 

released during fabrication, handling, consumer usage, or disposal14–16. In the 

atmosphere particles can be transported over long distances before they are 

redeposited or washed out by precipitation. Hence, particles from many different 

sources may get mixed to form a complex aerosol.   

Particle exposure may pose a risk to human health, e.g. following inhalation and 

deposition in the lungs. Risk is determined by exposure and hazard, but despite 

exposure to PM being well known, the associated hazards and risks are far from 

trivial to assess. This owes to the complex nature of particles, which can vary 

individually in size, shape, and composition. Still, PM pollution has been ranked as 

the fifth leading risk factor for death worldwide, linking to a broad range of 

adverse health effects17–19. In response, a series of standards and legislations have 

been put in place to provide protection from excessive PM concentrations, in the 

form of ambient mean concentration level thresholds and occupational exposure 

limits (OEL). These regulations are mass based, but differentiate between PM2.5 
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and PM10 in ambient conditions, which refer to the total mass concentration of 

particles with aerodynamic diameters below 2.5 and 10 µm, respectively. In 

occupational settings, the mass concentration limits are instead defined for 

respirable and inhalable PM, with lower limits for particles of known adverse 

health effects. Though mass has proved a relevant and simple metric for 

regulating PM in the past, it is now well-accepted that mass alone is not an ideal 

metric for assessing the risk associated with PM exposure20,21. Instead, mass 

should only be used as an indicator of risk, as it is insufficient as basis for risk 

assessments on its own. Additional particle metrics are therefore needed to 

correlate PM exposure to observed health effects and identify the properties of 

most relevance for PM risk assessments, giving a better foundation for legislations 

and preventive strategies. 

There are currently many available aerosol characterization instruments, most of 

which detect number, size, mass, or estimate the surface area or lung deposited 

surface area (LDSA) of an aerosol population with a high time resolution. 

However, these instruments report equivalent diameters for non-spherical 

particles, describing the size of a sphere displaying the same behaviour as the 

particle under investigation. Therefore they do not bring any information on 

particle composition, mixing state, or morphology, which have been identified 

among the relevant metrics for assessing PM associated risk. Here scanning 

electron microscopy (SEM) coupled with Energy Dispersive X-ray spectroscopy 

(EDS) has the potential to quantify many of the needed individual particle 

parameters, from samples of particles collected onto a surface.  This method has 

been demonstrated and used in the past22–26, but it lacks verification under 

laboratory conditions as well as a thorough understanding of sampling efficiencies 

and deposition patterns for different aerosol particles and collection techniques. 

Additionally, the increased use of nanomaterials have brought a need for high 

resolution imaging, which is accompanied by a limited field of view, long analysis 

time, and high uncertainties from poor counting statistics. The method is 

therefore currently unable to ensure a representative and reproducible sample 

description, and lack standard procedures for particle collection, inter-comparison 

with other instruments, as well as validated measurement and sample analysis 
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strategies to minimize user intervention and optimize analysis time. The aims and 

goals of the research presented in this PhD work were therefore:  

 Develop and characterize a procedure to collect aerosol particles for SEM 

analysis. 

 Develop and validate a reproducible analysis procedure capable of 

providing a representative description of the sampled aerosol population.  

 Investigate optimal microscope settings for SEM/EDS particle analysis, in 

order to minimize beam influence.   

 Investigate the potentially detailed characterization obtainable by 

SEM/EDS analysis of a complex aerosol consisting of multiple particle 

types. 

The thesis is structured around four selected manuscripts, two of which are 

published, one which is submitted and one which is in draft form. The manuscripts 

describe the development, capabilities, and usage of a method for collecting 

particles via impaction with subsequent SEM/EDS analysis.  

Initially a detailed background is provided on particle and aerosol properties, as 

well as ambient and occupational exposure scenarios, legislations, and current 

characterization challenges. Furthermore the present understanding on PM 

health effects are summarized, with a focus on identifying particle properties of 

most relevance for hazard and hence risk assessment. The Background chapter 

concludes with an overview of available aerosol instruments and collection 

methods, discussing their individual strengths and weaknesses, which highlight 

the current needs for particle characterization. The Methods chapter gives a 

detailed description of the particle sampler and SEM/EDS instrument used 

throughout this work, along with their working principles and analysis procedures. 

The Results chapter, summarize the findings and conclusions of the four 

manuscripts. This leads to a comparison of capabilities and limitations of the 

developed method relative to other available techniques in the Discussion 

chapter. The Discussion chapter furthermore discusses current and future needs 

for particle characterization and exposure assessments. The findings throughout 
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this PhD thesis are then summarized in the Conclusion chapter. Finally, the thesis 

concludes with an Ongoing Work chapter, where current projects and preliminary 

results are presented, which was not included in the main structure of the thesis.  
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2 Background 

To understand current challenges and needs in aerosol characterization and risk 

assessments, this chapter initially summarizes aerosol and individual particle 

properties. Afterwards a broad overview is presented regarding ambient and 

occupational PM exposure scenarios, along with currently enforced legislations. In 

the following section, health effects of PM exposure are discussed, focusing on 

the identification of particle parameters of most relevance for assessing risk. 

Finally, an overview of common aerosol characterization techniques is presented, 

briefly describing operating principles, limitations, and strengths of the different 

instruments. 

2.1 Particle and Aerosol Properties 
Unlike gaseous molecules of the same compound, the physicochemical properties 

of particles can vary individually. This makes particle and aerosol characterization 

highly complex, since it is necessary to include both individual particle properties 

e.g. size, shape, mass, and composition, but also the overall aerosol properties, 

where the entire particle population is considered e.g. size distribution, 

concentration, and aerosol mixing state. To simplify the matter, particles are often 

grouped into smaller sub categories based on their appearance, behavior, or 

properties. The most common grouping is based on particle size, but since many 

airborne particles have irregular shapes, a single size measure is difficult to define. 

As a result, there are several different size measures, most of which are reported 

as diameter size bins, where the type of diameter depends on the detection 

method. The most common diameters include aerodynamic diameter, electric 

mobility diameter, optical diameter, and equivalent circular diameter, which will 

be discussed in more detail later. For now only the aerodynamic diameter will be 

used for size measure, which is defined as the diameter of an idealized sphere 

with unit density, displaying the same settling velocity as the given particle. 

Individual particles can vary up to five orders of magnitude in diameter from 

approximately one nanometer to 100 µm. To put this size difference into 

perspective, it is as closely related as the length of the louvre pyramid and the 
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diameter of the moon, which are 34 m and 3500 km respectively. Due to the large 

size span, individual particles can display significantly different physicochemical 

properties, including their aerodynamic behavior, electric mobility, and light 

scattering properties. The vast size span also results in a large span in surface 

area, which for an ideal sphere is related to the radius squared (r2), and an even 

greater span in volume and therefore also mass, which for a sphere is related to 

the radius cubed (r3).  

Particles close to one nanometer are almost exclusively formed in the air from 

gaseous compounds which cluster together. These clusters are readily formed in 

the atmosphere but also disappear via evaporation or collision with larger 

particles, also called agglomeration or coagulation. The clusters may also grow to 

larger and more stable sizes via condensation processes, which is referred to as 

nucleation27,28. Particles formed via nucleation are called secondary, as opposed 

to primary particles. Primary particles are emitted directly into the atmosphere 

from a broad range of sources, as discussed above, which can result in highly 

varying chemical compositions between individual particles. Particles are in 

constant equilibrium with their surroundings, and as a result, their composition 

will change with the local environment and over time as particles undergo 

condensation, evaporation, or coagulation processes29. Gaseous species can react 

with compounds on the particle surface, altering its chemical composition and 

potentially its polarity, hydrophilicity, or surface reactivity30–32. Reactions may 

furthermore take place inside the bulk of the particle, or the particle can undergo 

phase transition upon changes to the composition or temperature, distinguishing 

between solid, liquid, or glass particles33–38. These changes can all affect the 

physicochemical properties of a particle. It is therefore highly relevant to 

characterize and describe the chemical and/or elemental distribution within a 

particle, which is referred to as particle mixing state. Here particles can be 

externally mixed, displaying the same composition everywhere, or internally 

mixed, where the particle is separated into several smaller areas of homogeneous 

chemical or elemental distribution39. Internal mixing can occur if two primary 

particles coagulate without mixing or if a particle separates into a hydrophilic and 

hydrophobic phase39–41.  
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Morphology can also vary between individual particles. Morphology can be 

governed by a specific crystalline structure, relating to the chemical composition 

of a particle e.g. cubic NaCl, rod-like calcium sulfate, or fibrous asbestos42–45. 

Other shapes may be governed by the formation process where e.g. secondary 

particles are spherical, while soot particles consist of agglomerated primary 

spheres formed during combustion46–49. The degree of agglomeration for the 

primary spheres is often referred to as agglomeration state. Like composition and 

size, the shape may also change throughout the airborne lifetime of a particle, 

either from condensation or coagulation processes, allowing complex shapes 

where e.g. a fiber has coagulated with a square or sphere45.  

Apart from individual particle properties it is also necessary to consider the overall 

aerosol properties. One of the most commonly described aerosol properties is the 

number size distribution, as seen in the top of Figure 1. This is relevant to show 

which particle sizes are dominating the aerosol population, and often contains 

several concentration peaks at varying sizes. If it is assumed that particles are 

spherical and have unit density (or if the density is known), it is possible to 

calculate the surface area and mass distributions (Figure 1 mid and bottom, 

respectively). Due to the large size span the total particle mass of an aerosol is 

often dominated by the larger sizes, even at very low number concentrations, as 

can be seen in Figure 1. Here a synthetic particle population, representing a 

typical atmospheric aerosol has been described by its size, surface area, and 

volume distributions, assuming spherical particles with unit density. In the 

atmosphere, the overall size distribution often contains several particle modes, 

which are referred to as the nucleation (1-10 nm), Aitken (10-100 nm), 

accumulation (100-1000 nm), and course (>1000 nm) modes, as marked in Figure 

1. The sizes included in PM2.5 and PM10 have been marked on the volume 

distribution plot, showing the dominating mass of large particles.  
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Figure 1. Comparison of particle number (top), surface area (mid), and volume/mass (bottom) 
distributions of a synthetic aerosol consisting of modes at diameters of 1.5, 50, 500, and 8000 nm 
in number ratios 1 : 0.8 : 0.4 : 0.0005 for the Nucleation, Aitken, Accumulation, and Coarse modes 
respectively. Size ranges for determining PM10 and PM2.5 are marked on the volume/mass 
distribution plot. Concentrations on Y-axis are plotted as dX/dlogDp, to account for increasing size 
bins widths. 

Finally it is necessary to describe the aerosol mixing state, where the distribution 

of particle types within the entire aerosol population is described50. This is 

especially relevant for distinguishing relative PM contributions from different 

sources, as each particle type may cause different health effects.  

A visual summary of particle properties and appearances are shown in Figure 2. 

Here it is clear that particles are very complex, varying individually on a broad 

range of physical, elemental, and chemical parameters, which can all change 

dynamically. This dynamic change is highly challenging from characterization 

perspectives, seeing that particles can alter their physicochemical properties 

individually over the course of their airborne lifetime, during sampling, transport, 

or even during analysis. A detailed characterization of an aerosol population is 

therefore no simple task, and requires a combination of several instruments. This 

highlights the importance of identifying parameters of most relevance for 

assessing toxicological effects from different PM exposure, in order to reduce the 

information needed to provide a precise risk assessment. 
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Figure 2. Overview of some of the most commonly used particle characteristics 

2.2 Ambient Exposure 
Ambient PM exposure is a difficult measure, as it is highly dependent on the local 

area and activities. Here the anthropogenic activity (e.g. industrial, urban, or 

metropolitan)51,52, the local climate (e.g. temperate, arid, or tropic), the time of 

year, and the local environment (e.g. inland or coastal) are crucial factors for the 

aerosol number, mass, composition, and mixing state. The measured aerosol is 

furthermore sensitive towards the daily weather, time of day, wind direction, 

temperature, humidity, sampling direction, and sampling point53,54, making 

representative city or countrywide measurements difficult.  

Additional to PM from local sources, there is also a significant contribution from 

aerosols transported over long distances, as particles can stay airborne for long 

periods of time in the atmosphere. The airborne lifetime of PM can vary from 

minutes to weeks, depending on particle size, concentration of condensable 

gases, and particle number concentration. Typically particles in the 0.1-10 µm 

range stay airborne the longest, as they diffuse and grow slower than particles 

below 100 nm, while their smaller mass results in lower gravity-induced drag 

compared to particles larger than 10 µm55. Therefore most areas in the ambient 

environment present with aerosols dominated by local sources but with a 

significant contribution from surrounding regions. Due to this complexity it is not 
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possible to describe a general ambient aerosol, which instead requires local 

measurements, further challenging PM exposure and risk assessments on a city or 

country scale.  

To mitigate ambient air pollution the World Health Organization (WHO) has 

provided air quality guidelines for PM2.5 and PM10 as limit values of 24hr or annual 

mean mass concentrations. For PM2.5 the 24hr and annual mean limits are 25 and 

10 µg/m3 respectively, while PM10 limits are 50 and 20 µg/m3 respectively56 (the 

EU daily and annual limit values are 50 µg/m³ and 40 µg/m³ for PM10 and 25 

µg/m³ for the PM2.5 daily limit). Additionally the European Union has set target 

values for specific particle-bound chemical species with known adverse health 

effects including arsenic, cadmium, nickel, and benzo(a)pyrene (used as a 

measure for polycyclic aromatic hydrocarbons (PAH)), where annual mean limits 

are 1, 6, 5, and 20 ng/m3 respectively57. Since the risk of adverse health effects is 

highest where the exposure is highest, measurements in densely populated areas 

are in focus, where also the anthropogenic PM contribution is dominating. 

Therefore many major cities around the world have setup continuous 

measurement stations to monitor air pollution including PM, with data available 

from national ministry websites or various protective agencies e.g. United States 

Environmental Protection Agency, or European Environmental Agency. Ideally 

several stations within a city are needed to better describe local variations and 

provide more reliable data, but this requires significant funding and work effort as 

the analysis, data treatment, and instrument maintenance is highly time-

consuming.  

It has been shown that the aerosol numbers in urban environments are 

dominated by the Aitken mode from 10-100 nm, with total number 

concentrations ranging within 103-105 cm-3 measured by scanning or differential 

mobility particle analyzers (SMPS and DMPS, respectively), covering sizes from 

approximately 10 nm up to 1 µm52,54,58–60. It has furthermore been shown that 

new particle formation occurs as short events, where conditions allow airborne 

clusters of molecules to grow to stable particle sizes via condensation processes61. 

In such cases, the numbers are shortly dominated by the nucleation mode, before 

particles grow to Aitken mode sizes62,63. However, mass concentrations are still 
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dominated by larger particles as these have a much bigger volume as seen in 

Figure 1. Both PM10 and PM2.5 are therefore primarily governed by sizes near their 

upper cut-size, with a very limited contribution from the Aitken mode regardless 

of the higher number concentration64,65. Additional to number and mass 

measurements, some locations also measure elemental carbon, organic carbon, 

as well as elemental and chemical composition of filter collected PM. The 

composition measurements are made with varying detection methods e.g. atomic 

absorption spectroscopy, X-ray fluorescence spectroscopy, and mass 

spectrometry (MS). Despite varying local sources, common PM2.5 components in 

major cities have been determined as organic matter (measured as C, N, and O), 

elemental carbon, sulfate, nitrate, ammonium, and soil particles (measured as Al, 

Si, Ca, Fe, K, Mg, Ti, as well as several trace elements)1,66. From these 

measurements some of the major sources of urban PM have been estimated by 

receptor modelling and source oriented models67,68. Here traffic related, biomass 

burning, coal and oil burning, industrial related, secondary organic aerosol 

formation, and natural e.g. sea spray or dust related sources were found to be the 

main contributors1,69,70. However, almost all the composition measurements are 

both time and size integrated, analyzing the composition of PM2.5 filter samples 

collected over long periods of time e.g. 24hr. It is therefore not possible to 

distinguish between primary particles, making source identification highly 

challenging and uncertain. Additionally, the limited volume of the Aitken mode 

particles brings a limited contribution to the overall PM composition. As a result, 

the chemical and elemental compositions primarily give information on the 

sources of larger particles, which can result in misleading source apportionments 

for particle parameters other than mass. 

2.3 Occupational Exposure 
PM risk assessments are highly needed in occupational settings, as specific 

workplaces involve reoccurring processes that emit a high number of particles. 

Therefore workers can be exposed throughout an entire workday and potentially 

to high concentrations of PM, increasing the risk of adverse health effects.  
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Unlike the ambient environment, most occupational exposures are dominated by 

PM released from a single or a few point sources related to specific work 

procedures. The exposure is often close to the source, and therefore the 

composition, size, and shape of particles are almost exclusively influenced by the 

work processes and materials used. This also means that there is limited growth 

from condensation and coagulation, though studies have found that coagulation 

can be relevant for particle number concentrations exceeding approximately 104 

cm-3 71–73. At some workplaces a significant PM contribution can result from 

ventilation, bringing ambient PM inside. In such cases it is important to distinguish 

between background and process generated particles as these may possess very 

different physicochemical properties, hence posing different risk levels74,75.  

In order to minimize worker exposure to hazardous substances, OEL are enforced 

by national authorities. The OEL values are developed and defined by e.g. national 

research, the European Chemicals Agency or the US National Institute for 

Occupational Safety and Health (NIOSH). At the time of proposal the limits are 

defined based on most recent research on the hazards of a substance, particularly 

with respect to carcinogenicity, mutagenicity and toxicity to reproduction, and on 

the acute effects of exposure. OEL for PM are given in mg/m3, where distinction is 

made between respirable and inhalable dust. Here inhalable dust includes all 

particles that can enter the mouth and nose regions, while respirable dust only 

includes particles that can penetrate to the deeper parts of the lung, as will be 

shown later in Section 2.4. Distinction is made for some substances with known 

adverse health effects to further minimize worker exposure, e.g. respirable kaolin, 

quarts, and coal dust, which have lower OEL values than e.g. inert mineral dust76. 

A distinction is also made between particles and fibers, where fibers are regulated 

by number concentration (#/cm3) rather than mass concentration, which will be 

discussed in further detail later. As there are countless workplaces with potential 

exposure, it is not possible to conduct workplace measurements everywhere. A 

significant effort has therefore been made by Registration, Evaluation, 

Authorization, and Restriction of Chemicals (REACH), requiring companies to 

provide information on the hazards, risks, and safe use of chemical substances 

that they manufacture or import. This makes it possible to categorize substances 
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and materials of similar physicochemical properties, which could produce similar 

exposure and hazards upon use, handling, or disposal77,78. In addition, exposure 

models have been developed and made available to help industries assess risk 

and screen for cases with a potentially high PM exposure, in which case detailed 

workplace measurements are needed. Some of the REACH recommended 

exposure models include Stoffenmanager79–82, ECETOC TRA83,84, and Advanced 

REACH Tool85–87. The models assess risk based on several input parameters 

including material characteristics, quantity, hazard information for the substance, 

processes used, and exposure route. The models are however information limited, 

and due to the numerous conditions, materials, workplaces, and processes in the 

industry they do not always provide sufficiently accurate assessments82,88,89. 

Additional workplace measurements, as well as toxicological and epidemiological 

research are therefore urgently needed to further the understanding of PM 

exposure, hazard, and potential associated risks. 

There are many different exposure scenarios in the occupational environment 

displaying highly varying PM concentrations, size distributions, as well as particle 

and aerosol compositions. Some of the processes known to produce significant 

PM levels include powder handling90–93, spraying94–97, welding98–101, and 

mechanical processes, e.g. grinding, drilling, or sanding102–109. Significant PM 

emissions have also been measured in less industrial workplace settings, e.g. 

during cleaning and cooking activities110–114. From such studies it is clear that 

particle sizes are highly dependent on the source characteristics and emitted 

substance. Particles released during mechanical processes, e.g. sanding and 

drilling have been reported primarily between 10-100 nm103–106, while sizes 

varying between a few nm to several hundreds of nanometers have been 

measured from powder handling activites115,116. Apart from the size and number 

concentrations, also the composition of particles is highly varying in occupational 

settings where examples include Carbon black116,117, Ag75,118, SiO2
119, and various 

metal oxides, e.g. TiO2, Al2O3, ZnO, and Fe2O3
97,115,119–124. Finally, a broad range of 

particle shapes have been reported, depending primarily on the materials used, 

where some of the reported shapes include spheres, agglomerates125,126, 

nanotubes125,127–129, and fibers44,91. It is therefore clear that workplace aerosols 
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can vary significantly between workplaces, making risk screening tools, material 

grouping, and detailed workplace measurements highly needed to assess PM 

exposure and associated health risks.  

2.4 Health Effects 
Air pollution represents a considerable threat to human health, with exposure to 

outdoor PM2.5 ranked as the fifth leading risk factor for death worldwide, 

estimated to account for 4.2 million deaths and 103.1 million disability-adjusted 

life-years in 2015, according to the 2015 Global Burden of Disease Study19. 

Exposure to PM pollution has been shown to cause both local and systemic 

inflammation and have been linked to a broad spectrum of acute and chronic 

health effects, including respiratory and cardiovascular diseases as well as cancer 

and reproductive effects11,130–135. Though extensive research has been conducted 

on the matter of PM health effects, current evidence does not allow a precise 

differentiation to be made as to which particle properties are related to specific 

health outcomes, but still some conclusions can be drawn. 

It is well accepted that the main exposure route for PM is via the respiratory 

system, where aerosol deposition occurs through a combination of inertial 

impaction, gravitational sedimentation, and Brownian diffusion136,137. Here the 

aerodynamic particle size is the most important parameter for assessing where in 

the respiratory system a given particle is most likely to deposit via inertial 

impaction and sedimentation138, while the diffusional deposition is best described 

by the mobility diameter. This can be relevant knowledge for determining 

toxicological effects139–141. In order to differentiate between regions of the 

respiratory system, it is typically divided into head airways, tracheobronchial 

region (TB), and alveolar region as depicted in Figure 3. Additionally, ambient 

particles are often referred to as coarse (2.5 µm < PM < 10 µm), fine (0.1 µm < PM 

< 2.5 µm), or ultrafine (PM < 0.1 µm), depending on their aerodynamic size. The 

International Commission on Radiological Protection (ICRP) model can be used to 

calculate the fraction of deposited particles with a given aerodynamic size in 

different regions of the airways138, as depicted in Figure 3, where results for a 

nasal breathing person at rest are shown.  
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Figure 3. Left: Overview of the human respiratory system with marks for the three different 
regions, adapted from Kleinstreuer et al.

142
. Right: Particle deposition fractions in the three 

different regions of the respiratory system at particle aerodynamic sizes from 1 nm to 100 µm, 
along with the inhalable and total deposition fractions, calculated based on the ICRP deposition 
model described by Hinds

143
, for a nasal breathing person at rest.   

It is seen that coarse particles deposit primarily in the head airways due to their 

relatively high mass and inertia, resulting in deposition via impaction or 

sedimentation139,144. The ultrafine PM fraction deposit mainly by Brownian 

diffusion136,137, and therefore more often penetrate deeper into the lung, reaching 

the alveolar and TB regions. Particles in the fine size fraction have a lower mass 

and inertia than the coarse particles, but still diffuse much slower than the 

ultrafine size fraction, and therefore do not deposit as efficiently136,144. Though 

many studies have investigated health outcomes from exposure to ultrafine, fine, 

and coarse particles, a clear size dependent relationship have not emerged. Some 

studies report ultrafine particles as the major health issue145,146, highlighting their 

potential to penetrate the alveolar epithelium and translocate into systemic 

circulation, thereby accessing extra-pulmonary organs such as liver, spleen, heart, 

or brain136,147–150. Other studies find that exposure to the coarse size fraction has a 

stronger correlation with adverse health effects and immune system 

responses151,152. However, these studies are mainly epidemiological and on city or 

country scale or investigate toxicological effects from exposure to ambient PM 

collected via impaction. Therefore the studies do not differentiate between 

individual particle types within each size fraction, possibly obscuring underlying 

effects from varying particle properties. Additionally, the studies do not use PM of 
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the same composition and mixing state, hence questioning the comparability of 

the results. 

A general observation is that only those particles that end up in the human body 

can cause health effects, and that a greater particle surface area gives a higher 

contact with the lung and a potentially higher effect. Lung deposited surface area 

(LDSA) was therefore proposed as an alternative metric for assessing risk. The 

LDSA is determined as the total particle surface area in each size bin weighted by 

the lung-deposition probability. This gives a measure of the lung exposure from 

each particle size at the given concentration. LDSA can be determined from the 

size distribution by assuming spherical particles. Alternatively, it can be measured 

directly for particles from 20-300 nm via diffusion chargers, since LDSA is 

approximately proportional to the diffusion charger signal in this size range. LDSA 

has been shown to scale with toxic effects for bio-persistent particle types in both 

in-vitro and in-vivo studies, and is currently considered as one of the most 

promising risk metrics for PM exposure153,154. Additional research is however 

needed for porous particles, as these will have a higher total surface area 

compared to particles with a smooth surface. Though LDSA is highly promising, it 

cannot account for variations in composition and shape, and therefore needs 

additional information to give a more precise exposure assessment.     

Risk is determined by exposure and hazard, and therefore PM concentration is an 

obvious parameter of relevance for regulatory purposes. Currently mass 

concentration is the most commonly regulated metric, distinguishing between 

ambient PM2.5 and PM10. Therefore considerable research has gone into 

establishing dose-response relationships and identifying no observed effect levels 

(NOEL). However, due to the complexity of PM and the associated health effects, 

such relationships are challenging to determine, as they may also depend on 

individual particle properties and their biological mechanisms as well as the 

duration and resulting health effects of the exposure155. Therefore the debate of 

NOEL levels is still ongoing, with some research suggesting a near linear dose-

response curve without a NOEL133,156,157, while others report a non-linear trend158–

161. Additionally, the current convention of mass concentration limits has been 

challenged in order to target nano and ultrafine particles, which are poorly 
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represented by mass162,163. Therefore alternative regulation metrics such as 

number or surface area concentration have been proposed, which in some cases 

have shown a stronger correlation with e.g. inflammatory responses52,134,164. 

Overall, it is well accepted that even very low PM mass concentrations are 

associated with adverse health effects, indicating that additional metrics are 

needed.  

Apart from particle size and concentration, shape has been identified among 

relevant parameters for assessing toxicity, where especially bio-persistent fibers 

such as asbestos, are recognized as major health issues165. Fibers are defined, 

according to WHO, as particles longer than 5 µm with an aspect ratio (length to 

width ratio) higher than 3. The health effects of fibers stem primarily from the 

fibrous shape, which gives small aerodynamic sizes relative to particle volumes165. 

As a result, long fibers readily reach the lower respiratory airways, where other 

particle shapes with similar size are removed more efficiently in the upper airways 

by impaction and sedimentation 44. In the lower respiratory airways the natural 

defense of the lung is ill equipped to deal with the high aspect ratio shape, and as 

a result the fibers cannot be removed or pacified efficiently43. This has linked 

fibers to several pulmonary diseases including fibrosis, mesothelioma, and lung 

cancer166–169. Fibers are therefore regulated by number concentration rather than 

mass in occupational settings to differentiate them from other particles. Current 

fiber OELs range from 0.1 to 2 cm-3, depending on fiber composition. Several 

studies have furthermore indicated that exposure to high aspect ratio nano  fibers 

(HARN) e.g. carbon nanotubes or carbon nanofibers could also result in adverse 

health effects170–172. A more stringent OEL of 0.01 cm-3 has therefore been 

proposed to take precautionary measures until more data on their health effects 

are available173,174. 

Different adverse health outcomes have also been observed from exposure to 

particles of varying composition, where particularly transition metals and both 

organic and elemental carbon are recognized as potential risk drivers175–180. 

Therefore specific particle-bound chemical species are regulated, including 

arsenic, cadmium, nickel, and PAH57, as they are known human genotoxic 

carcinogens without an identifiable threshold below which they do not pose a risk 
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to human health57. However, the regulations are enforced as annual means and 

are measured by MS analysis of filter samples collected for PM10 analysis, 

providing only time and composition integrated results. Alternative composition 

related metrics have therefore been proposed to give a more general hazard 

assessment, including surface reactivity, oxidative potential, surface charge, 

solubility, and bio-persistency181–186. However, many of these properties are linked 

and not easily measured, making it highly challenging to isolate the health 

response from one given parameter.  

It is clear that PM exposure is linked to adverse health effects, but current 

scientific evidence is not sufficient to allow differentiation of health outcomes 

from individual particle types. Still, some properties of relevance have been 

identified including particle concentration (mass, number, or surface area), size, 

shape, and composition though currently a robust composition metric is not 

determined. This shows that a combination of particle parameters is needed to 

provide precise risk assessments, highlighting the importance of detailed 

physicochemical characterization of aerosols and individual particles. Detailed 

characterization is needed both in controlled exposure studies as well as 

workplace and ambient environments, in order to improve the current knowledge 

on PM exposure, hazard, and risk for regulatory purposes, source apportionment, 

and development of preventive strategies.   

2.5 Measurement Techniques and Working Principles 
As discussed in the previous section, it is evident that a comprehensive 

physicochemical characterization is a central need in risk assessments and for 

toxicological and epidemiological studies. There are currently many commercially 

available instruments for aerosol characterization, which can measure a broad 

range of both aerosol and individual particle parameters. However, no single 

technique can bring all the relevant information, and therefore a combination of 

several characterization techniques is needed. In this section, a short description 

and an overview of the most common techniques is presented. 
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In order to provide an overview, the numerous aerosol instruments have been 

divided into two separate categories based on their resolution capabilities in 

respect to time. The two categories are online and offline instruments, where 

online refers to a resolution of seconds to minutes, while offline instruments 

cover hours to days, and also those requiring aerosol sampling onto a surface. 

2.5.1 Online Instruments 

Online instruments are highly useful, as they provide near real-time 

measurements and therefore also information on aerosol evolution over time. 

This is a necessity for assessing risk, as aerosol concentrations and sizes can 

change on short timescales, depending on the local environment and emission 

sources as discussed previously. Online instruments can be further divided into 

two sub-categories namely size resolved, which can provide particle size 

distribution (PSD) measurements, and size integrated, providing only particle 

concentration without any size information.  

2.5.1.1 Size Integrated Instruments 

In order to determine particle concentrations, most instruments detect either 

scattered photons from particles interacting with a light beam or an electrical 

pulse from charged particles interacting with an electrometer.  

Diffusion chargers (DC) are examples of instruments utilizing electrical pulse 

signals to detect particles187. An aerosol sample is drawn into the instrument 

continuously. Here a fraction of the aerosol particles are charged by collision with 

ions produced by a unipolar corona discharge. Different instrument designs exist, 

either exposing the particles directly to the ion source or only to an ion cloud via 

mixing of two airstreams. An ion trap then removes excess ions not attached to 

particles, before the charged beam of particles are measured by e.g. a Faraday 

cage electrometer. The measured signal (current) is therefore proportional to the 

number of particle born elementary charges, which is a function of particle size. 

Consequently, the size distribution of the particles has to be known or assumed in 

order to determine the number concentration with a diffusion charger. The 

measured current is, however, directly proportional to the LDSA concentration 
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within the size range 20-300 nm, allowing them to report the LDSA and to 

estimate the geometric mean particle size within this range188–190. The LDSA is 

obtainable since the DC detection efficiency has approximate size-dependencies 

similar to those of the ICRP model for estimating particle deposition fractions in 

the alveolar (20-500 nm) and TB (20-200 nm) regions138,187. The DC instruments 

are often small, and even handheld devices exist with a high time resolution of 1 

s. They can provide concentration, mean size, and estimates of LDSA for sizes 

between 10-700 nm, though some discrepancies have been reported when 

comparing results to other instruments191,192. DCs are often used for initial 

workplace and screening measurements, due to their small size, low cost, fast 

response, and capability for estimating LDSA concentrations91,97. However, the 

instrument cannot provide size or composition information and therefore more 

comprehensive measurement techniques are needed for complex aerosol cases. 

The instrument is rarely used in atmospheric settings due to its limited size range.  

Particles can also be detected from their interaction with light, which is utilized by 

condensation particle counters (CPC). In this section only a single type of CPC is 

described, though there are many different designs available with detection 

capabilities in varying size ranges. The CPC uses a photodetector to measure 

particles based on 

their light scattering 

properties, which is 

highly size 

dependent. Therefore 

CPCs initially grow 

particles to a uniform 

size, in order to 

provide reliable 

particle detection193. 

An overview of a CPC 

instrument is shown 

in Figure 4.  

Figure 4. Overview of a CPC instrument 
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An aerosol is drawn into the CPC and exposed to a liquid soaked wick at slightly 

elevated temperatures, saturating the aerosol with a vapor. The vapor can be 

either butanol or water, depending on the CPC model. The saturated aerosol 

continues through a condenser unit, which lowers the temperature and 

supersaturates the gas phase with the given vapor. As a result the vapor 

condenses onto available surfaces, resulting in a rapid particle growth to a more 

or less uniform size, typically in the range 2.5-15 µm, depending on particle 

concentration and degree of supersaturation194,195. Here it is crucial that the 

temperature difference is so small, that new particle formation processes do not 

take place. The rapid growth allows particles as small as 5 nm to reach optically 

active sizes before detection, where particles interact with a laser and the 

scattered light is detected with a photodetector196. The CPC instrument counts 

particles in the size range 5-9000 nm with a 1 s resolution, and is also available as 

a handheld instrument. Additionally CPCs can be combined with particle 

separation instruments, allowing size resolved information e.g. SMPS instrument. 

Standalone CPCs are excellent tools, and are often used for initial screening and 

workplace measurements as well as long term atmospheric measurements, 

providing total number concentrations97,107,109,115. Additionally, they are used in 

laboratory and calibration of other instruments or collection methods. The CPC is 

common due its low cost, fast response, small size, and broad size detection 

range. For more detailed and size resolved measurements they are often 

combined to give SMPS or DMPS instruments, which are readily used in both 

atmospheric and occupational settings as well54,58,59.  

2.5.1.2 Size Resolved Instruments 

Size resolved instruments essentially rely on three different particle properties to 

separate, differentiate, or detect particles, namely their optical, electric mobility, 

or aerodynamic properties.  
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Optical particle sizers (OPS) 

are instruments that count 

and size particles based on 

their optical properties, or 

more precisely their light 

scattering property. An 

overview of an OPS 

instrument can be seen in 

Figure 5. Here an aerosol 

flow is drawn into the 

instrument, entering a 

sensitive area illuminated 

by an intense light source, 

often a laser. In the absence 

of a particle a light trap 

ensures that minimal light reaches the detector. Once a particle enters the 

sensitive area, the light is scattered onto a mirror and reflected to the detector. 

The amount of scattered light can be used to determine an equivalent spherical 

particle size by Mie theory197. This gives both number concentration and particle 

size information. Typical size ranges for optical detectors are 300-10000 nm 

divided in up to 16 bins, providing size distribution measurements at time 

resolutions down to 1s.  However, the amount of scattered light is also affected 

by the density, shape, and refractive index of the particle as well as the amount of 

light absorbed by the particle198,199. Therefore OPS instruments report size as an 

optical diameter, which may not be directly comparable to other particle size 

metrics. Another known issue for OPS instruments is counting errors, where more 

than one particle enters the sensitive area, before measurements of the previous 

particle were concluded200. As such OPS instruments can at high aerosol 

concentrations report fewer and larger particles, compared to the actual aerosol 

population. Still, the OPS instrument is often used in both occupational and 

environmental settings due to its low cost, fast response, broad size range, and 

limited maintenance requirement, which is crucial for long term measurements. 

Figure 5. Overview of an OPS instrument 
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Additionally, small and nearly handheld OPS’ are available, which make it suitable 

for initial workplace and screening measurements95,97.  

The electric mobility of particles can be used both for size measurements and to 

separate particles of different mobility sizes. In both cases the aerosol is initially 

charged similar to diffusion chargers, using either a radioactive source or a corona 

discharge. From here the instrument design depends on whether it is used to 

separate or size particles.  

Electric mobility sizing is used in e.g. Fast 

Mobility Particle Sizers (FMPS) and Electrical 

Aerosol Spectrometers (EAS)201. Here, only 

the FMPS is described, but the EAS is very 

similar, though it covers a broader size 

range by using two different charging 

techniques. An overview of an FMPS 

instrument is shown in Figure 6. In the 

FMPS the charged particles are introduced 

to a measurement region, consisting of a 

high voltage rod placed in the center inside 

a cylindrical casing. This produces a positive 

electric field spanning between the rod and 

the cylinder wall. Particles are introduced at 

the center near the high-voltage rod, while 

a particle free sheath flow runs along the 

cylinder walls. The rod repels charged 

particles outwards where they traverse the 

sheath flow, according to their electrical 

mobility. Multiple electrometers are 

situated at the inner walls of the cylinder, 

detecting the electric pulse from impacting 

particles. Hence the electric mobility 

diameter of an impacting particle can be determined from which of the 

Figure 6. Overview of an FMPS 
instrument 
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electrometers detected the pulse. This arrangement allows for concentration 

measurements of multiple particle sizes simultaneously. The FMPS technique can 

measure concentrations of particles ranging from approximately 5.6 to 560 nm 

divided into 32 size bins at a 1 s time resolution. However, the instrument has 

shown some inconsistencies when compared to other electric mobility particle 

sizers, indicating that it is only viable for sizes below approximately 200 nm202,203. 

The FMPS instrument has been used in both occupational and atmospheric 

settings, but due to its large size and 

higher cost, compared to the previous 

instruments; it is often limited to 

stationary atmospheric measurements, 

laboratory studies, or detailed analysis 

of workplace environments124. 

Electric mobility separation is 

performed by e.g. Differential Mobility 

Analyzers (DMA)204. An overview of a 

DMA column is shown in Figure 7. Here 

the charged aerosol is introduced into 

a laminar flow column with an 

adjustable electric field generated 

between a charged rod located in the 

center of the column and the grounded 

column walls. Particles are drawn 

towards the rod at different rates, 

depending on their electric mobility 

with a specific mobility reaching an exit 

slit at the bottom of the DMA. If it 

assumed that particles are spherical 

with unit density, the mobility reaching 

the slit can be calculated based on the 

DMA design parameters205: 

Figure 7. Overview of a DMA instrument 
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𝑍 =  
𝑄 𝑙𝑛(

𝑅𝑜𝑢𝑡𝑒𝑟
𝑅𝑖𝑛𝑛𝑒𝑟

)

2𝜋𝑉𝐿
 

Where Z is the selected particle electric mobility, Q is the sheath flow, Router and 

Rinner are the inner and outer radii of the column, V is the potential difference 

between the rod and the column wall, and L is the length of the column. Hence an 

ideal DMA can generate a monodisperse aerosol, consisting of particles with a 

specific electric mobility. In reality the transfer function, which describes the 

relation between electric mobility and fraction of particles reaching the exit slit, is 

triangular in shape, thereby transmitting some particles above and below the 

selected mobility205. By either scanning or ramping across a range of voltages the 

strength of the electric field can be altered, producing monodisperse aerosols of 

varying electric mobility particles. Afterwards the concentration of particles in the 

monodisperse aerosol can be determined, typically by a CPC, where the 

combination of the two instruments is referred to as an SMPS. Some 

discrepancies can occur for electric sizing, when measuring particles with non-

spherical shapes, as it can influence the drag experienced when traversing the 

sheath flow in the electric field206,207. Therefore DMAs have been shown to 

struggle when measuring fibrous particles. There are several commercially 

available DMA columns including the Nano-DMA208, dynamically covering 1-50 nm 

(in practice covering smaller adjustable ranges e.g. 3-22 nm) and the long DMA 

covering 10-1000 nm (in practice covering e.g. 22-900 nm). DMAs, especially 

coupled with CPCs are very common aerosol sizing instruments, as they can 

produce detailed size information in 32-64 bins on a timescale of seconds to 

minutes. DMAs are mainly used as components of other instruments or for 

generating monodisperse aerosols under laboratory conditions. In atmospheric 

settings the SMPS, DMPS, or hygroscopic tandem differential mobility analyzers, 

which all contain a DMA, are often used in long term measurement stations. 

However, due their significant size relative to handheld instruments, their use in 

occupational settings is limited to more comprehensive field measurements. 
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Particles can also be sized 

based on their 

aerodynamic properties, 

which is used in impaction. 

An example of a common 

online instrument, which 

uses impaction, is the 

Electric Low Pressure 

Impactor (ELPI)209. An 

overview of the ELPI 

instrument is shown in 

Figure 8. The ELPI is a 

cascade impactor 

consisting of 14 stacked 

orifice plates with several 

holes in each plate. Directly beneath the individual orifice plates are impaction 

plates, which are insulated from each other and connected to electrometers. 

Initially the ELPI draws in an aerosol, charging the particles by a unipolar corona 

discharge to a known positive charge level. The aerosol continues through the first 

orifice plate, where the aerosol is accelerated into high velocity jets. The 

impaction plate situated directly underneath forces the aerosol to make a sharp 

bend upon exiting each of the orifices. Here particles with high inertia will strike 

the plate, while smaller particles and gas molecules will be deflected before 

reaching the impaction plate. By decreasing the orifice diameter at each 

consecutive ELPI stage, the pressure drops and the aerosol is further accelerated. 

In addition the distance between the impaction plate and the orifice exit is 

reduced, allowing particles of decreasing size to impact. This makes it possible to 

measure the PSD as the sizes impacting on each stage are known and since the 

electric pulses measured by each electrometer is directly proportional to the 

number of charged impactions. Kernel functions for each stage are used to 

account for the size dependent impaction efficiency, allowing iterative calculation 

routines and data inversion to obtain the sampled aerosol size distribution. The 

Figure 8. Overview of the ELPI instrument 
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kernel functions are determined from the particle collection efficiencies and the 

amount of diffusion and image charge deposition at each impactor stage210,211. 

The ELPI has 14 size bins covering 6-10000 nm, providing size distribution 

measurements with a 1 s time resolution. The ELPI can experience issues from 

particles bouncing off plates and continuing to lower stages, but it can be 

minimized by applying impactor grease to the plates and cleaning them 

regularly212. The ELPI is a versatile and useful instrument, but it is significantly 

larger than the handheld instruments, and requires a powerful pump for 

operation. It is therefore mainly used in laboratory or detailed workplace 

measurements. As the ELPI requires routine maintenance and cleaning of 

impaction plates, its use in atmospheric measurement stations are limited.   

The Aerodynamic Particle Sizer (APS) is an example of another instrument that 

uses the principle of inertia to size particles. The aerosol and a sheath flow are 

constricted through a nozzle, accelerating the airflow into a narrow jet. Particles 

within the jet are also accelerated but to different velocities depending on their 

aerodynamic properties. The APS measures particle velocity by passing the 

particles through two separated laser beams with a mirror collecting the scattered 

light onto a photodetector. When a particle pass through both beams, it produces 

two pulses of scattered light, with the time delay between the pulses describing 

its velocity and hence its aerodynamic diameter. The APS can also be combined 

with the mechanism of the OPS, detecting the intensity of the scattered light, 

which via MIE theory can determine the optical particle diameter197. The APS 

detects particles in the 500-20000 nm size range using the aerodynamic 

measurement technique, while the optical sizing covers 370-20000 nm. The APS 

has a total of 52 size bins, providing size distribution measurements with 1 s 

resolution. However, particle density has a significant influence on the measured 

particle size, and the instrument often struggles with coincidence counts, where 

measurements of one particle are ongoing when another enters the laser, leading 

to misrepresentation of the aerosol population213,214. The APS has been used in 

both occupational and atmospheric settings. The instrument size however limits it 
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to more comprehensive workplace measurements, or permanent atmospheric 

measurement stations.  

 

The final online instrument included here is the aerosol mass spectrometer 

(AMS)215, which is depicted in Figure 9. The AMS has been named one of the most 

promising techniques in aerosol science, as it is currently the only commercially 

available instrument capable of providing individual particle size and chemical 

composition measurements in real-time216. The instrument draws in an aerosol 

through an aerodynamic lens with gradually decrease pressure until reaching 

approximately 250 Pa. Through the lens, particles are focused into a narrow beam 

and accelerated according to their aerodynamic size similar to the principle of the 

APS. The particle stream is continuously blocked or let pass by a rotating chopper 

wheel situated after the lens. This dissects the particle stream into small well-

defined bursts. The stream then enters the particle time of flight region, where 

particles separate according to their velocity before reaching the vaporizer. The 

commercial AMS uses thermal vaporization where particles impact onto a 600 C 

tungsten plate, though other vaporization techniques have been 

demonstrated217,218. None-refractory molecules are instantly vaporized upon 

touching the tungsten plate and the vapor is ionized with an ionization 

Figure 9. Overview of an  AMS instruments. The image is adapted from DeCarlo et al.
213

. 
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technique219. The commercial instrument uses electron ionization215, though other 

instruments in the community are using softer ionization techniques e.g. chemical 

ionization220,221 or laser induced ionization222. The softer ionization techniques 

minimize molecule fractionation and ease the identification process, but can be 

blind to species with a low affinity for the ionizing molecule. The ionized vapor 

molecules are pulled into a time of flight (ToF) mass analyzer. The ion trajectory 

can be either V or W shaped, where the W trajectory gives a longer path length, 

resulting in better separation and a correspondingly higher mass resolution219. In 

the ToF, molecules are separated based on their mass to charge ratio (m/z), 

allowing identification of specific molecules or fractions thereof. The travel time 

from the chopper wheel until reaching the tungsten plate is used to determine 

the particle aerodynamic size, which can be calibrated by determining when the 

ToF measures a burst of ions relative to the time where particles pass the chopper 

wheel. As a result the AMS can produce a PSD at each m/z, showing which 

molecules are present in which particle sizes223. However, the AMS is a highly 

complicated and calibration dependent instrument, as the fractionation pattern, 

ionization efficiency, and response time of each individual molecule depends on 

the applied vaporization and ionization techniques224. This complexity is still not 

fully understood, and some disagreements regarding data interpretation are still 

ongoing within the AMS community225–227. Furthermore the instrument measures 

m/z values, which are not always easy to interpret, especially for high m/z values 

or for hard ionization techniques where molecules are fractioned into many 

pieces. Finally, the AMS is limited to detection of non-refractory compounds, as 

molecules not vaporized cannot be ionized and detected. However, some studies 

in the literature report the detection of metals by combining the AMS with laser 

identification218. The AMS is a sensitive instrument, and is therefore rarely 

transported except for major field campaigns. This limits its use to stationary 

atmospheric measurements, or laboratory studies. Its use in occupational settings 

is so far very limited. 

An overview of the presented online instruments and their capabilities are 

presented in Table 1. 
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Table 1. Overview of common real-time aerosol instruments, their capabilities, and references to 
examples of their use. Instrument abbreviations are: AMS: Aerosol Mass Spectrometer, SMPS: 
Scanning Mobility Particle Sizer, DMPS: Differential Mobility Particle Sizer, ELPI: Electric Low 
Pressure Impactor, OPS: Optical Particle Counter, FMPS: Fast mobility Particle Sizer, APS: 
Aerodynamic Particle Sizer, CPC: Condensation Particle Counter, DC: Diffusion Charger. 

Online Instruments 

Category Instrument Size 
Range, 
nm 

Resolution, 
bins 

Time, 
s 

Measured 
parameters 

References 

Size Resolved 
Composition Resolved 
 AMS 40-

1000 
- 1-10 Size, mass, 

chemical 
composition 

3,215,228,229 

Size Resolved,  
Composition n.a. 
 SMPS/ 

DMPS 
1-50 
2.5-150 
10-
1000 

32-192 1-300 Size, number 54,116,117,204,206 

 ELPI 6-
10000 

14 10 Size, number 211,212,230,231 

 OPS 300-
10000 

16 1 Size, number 97,199,232 

 FMPS 5.6-560 32 1 Size, number 109,202 
 APS 300-

20000 
52 1 Size, number 203,233,234 

Size Integrated,  
Composition n.a. 
 CPC 5-9000 1 1 Number 97,115 
 DC 10-700 1 1 Number, 

LDSA 

187,189,235,236 

2.5.2 Particle Sampling 

For offline characterization methods, it is necessary to collect particles onto 

suitable surfaces, ensuring sufficient material for the analysis to work. Some 
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instruments may also require preprocessing steps, transferring particles to a 

desirable state or give them specific properties needed for detection237–240. As 

such it is important to determine how to sample particles. Here, brief overviews 

of common sampling techniques are presented and discussed. Focus is put on 

sampling for microscopy analysis, where knowledge of deposition patterns and 

sample loading are relevant for ensuring a representative analysis241. Longer 

sampling times than those discussed below may therefore be needed when 

sampling for mass or bulk analysis e.g. MS, PM10 or PM2.5 analysis. It is 

furthermore necessary to consider storage conditions, where it has been shown 

that particles should be stored under similar conditions as they were in while 

airborne242. All of the presented collection techniques are small and often 

handheld, making them transportable and allowing for use in initial workplace and 

screening measurements. 

One of the most common sampling methods is impaction, which will be described 

in more detail later. Impaction allows particles to be collected onto many 

different surfaces, as the impaction plate can be exchanged or equipped with any 

given surface e.g. a TEM grid243. Particle deposition is focused in the area directly 

under the impactor orifice. Here particles deposit in size dependent patterns, 

which has to be considered during analysis241,244,245. Impaction collects particles 

depending on their aerodynamic properties, primarily collecting sizes above a 

given size threshold, which can be controlled by the impactor design246. However, 

the steepness of the collection efficiency has some restrictions, limiting the 

feasible number of stages in cascade impactors and therefore also the size 

resolution. Impaction is a very efficient sampling technique, as it requires a high 

sample flow rate in order to collect nanometer particles. The technique therefore 

collects many particles focused on a small area, within a short timeframe often of 

seconds to minutes. This makes it possible to capture short peak emissions, but 

can also produce sampling artefacts in microscopy analysis, if particles deposit on 

top of each other. Sampling time is thus a crucial parameter to ensure sufficient 

collection with minimal co-deposition241. Particles may also bounce off the 
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impactor stage or break upon impact, which can lead to underestimation of large 

particles and overestimation of smaller ones247–250.  

Another common collection method is filtration. Here an aerosol is pulled through 

a filter with a specific pore size or design. Particles are collected on the filter both 

via diffusion, interception, and impaction. Diffusion is governing the collection of 

small particles; medium sized particles are collected both via interception and 

impaction, while large particles are primarily collected via. If the efficiencies for 

each of the three processes are superimposed it results in a U-shaped collection 

efficiency curve with a minimum, which is typically in the range between 100 and 

400 nm. There are currently many commercially available filters including 

polycarbonate, quartz, glass fiber, polyurethane foam, and Teflon 

(Polytetrafluoroethylene) filters. However many of the filters have uneven 

surfaces, which complicates particle detection, and therefore only polycarbonate 

filters are considered here as they present with EM suited surfaces251. For 

polycarbonate filters, small particles deposit primarily near or inside the pores, 

while larger particles can impact further away which has to be taken into account 

when analyzing the sample252. Polycarbonate filters can have varying pore sizes 

from several microns to 0.08 µm, collecting particles from microns to 30 nm. Pore 

sizes of 0.2 um has been shown efficient, since they produce relatively low 

pressure drops but still allow sampling down to 30 nm particles253. Like impaction, 

filtration is an efficient collection technique with relatively high flow, but particle 

deposition can take place in a larger area than for impactors. As a result, longer 

sampling times can be used for filters. However, as there is no size separation in 

filtration, the large size span of collected particles can become an issue via co-

deposition. Additionally, small particles may deposit inside the filter rather than 

on the surface, hence underrepresenting their numbers253. Finally, the holes of 

the filters can be challenging during image analysis procedures, as they can give 

artefacts that make it difficult to perform optimal particle recognition. 

An additional method utilizing filtration is the mini particle sampler (MPS)254,255. 

The MPS consists of two halves, which can be screwed together to form a narrow 

metal tube. The design allows a TEM grid to be fixated between the two halves. 
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By pumping an aerosol through the MPS, particles are filtered out of the air and 

onto the TEM grid via diffusion, interception, or impaction processes. Here it is 

vital that the TEM grid substrate contains holes for the air molecules to pass 

through. There are currently three commercially available TEM grid substrates 

with the necessary morphology namely, holey, lacey, and quantfoil carbon 

substrates. The holey carbon substrate is a smooth surface with varying and 

random pore sizes in the diameter range 0.6-1.2 µm. The quantfoil has systematic 

and well-defined pores e.g. 1.2 µm pore size with 1.3 µm between holes. The 

lacey carbon has larger holes, typically of several µm, which makes it resemble a 

spider web. Currently only the use of holey and quantfoil has been demonstrated 

with the MPS. Collection efficiency curves has been determined for particles in 

the range 5-300 nm, showing a minimum near 30 nm254,255. However, the method 

has been used for sampling particles up to several micrometers256. There are 

currently no studies available on deposition patterns, but most likely the MPS will 

show a pattern similar to that of polycarbonate filters, as it relies on similar 

collection processes. Small particles would therefore be expected near the pores, 

while larger particles can impact further away. The recommended flow rate 

through the MPS is 0.3 l/min to avoid deterioration of the carbon film. This allows 

for sampling times in the range 1-30 min, depending on total particle 

concentration. The technique is an easy method for collecting particles, but it has 

some shortcomings similar to those of filtration. As all particle sizes are collected 

on the same grid it can be difficult to capture both nano and micrometer sized 

particles in the analysis and co-deposition can become an issue. This can however 

be mitigated by removing the largest particles with a pre-separator e.g. an 

impactor or a cyclone. Additionally, the holes of the substrate can be challenging 

during particle recognition in image analysis. 

Thermophoretic (TP) sampling is less common, but has been demonstrated as a 

viable collection technique. A cold and a hot plate are situated closely together 

and the aerosol is drawn in between. The temperature gradient produced by the 

plates generates an increased flux of air and particles towards the cold plate, 

where particles deposit upon contact. TEM grids can be mounted on the cold 
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plate, so that particles deposit directly onto microscope suitable surfaces257. 

Particle deposition is most efficient for all sizes near the inlet, where the 

temperature gradient is highest. The deposition appears to be more or less 

homogeneous based on current knowledge, though tests for particles above 300 

nm are needed258. The collection efficiency of TP samplers are optimized by 

balancing flowrate and temperature difference. Generally very low flows of 

approximately 5-20 cm3/min are needed to reach collection efficiencies near 

100% for 15-240 nm particles257–259, though sizes up to 5000 nm have been 

observed as well257. Due to the low flow and relatively large deposition area (total 

area of e.g. 13x5 mm), TPs require long sampling times of one to two hours in 

order to reach sufficient coverage for a statistical analysis257. 

Electrostatic precipitation (ESP) is another commercially available collection 

method. An aerosol is drawn through a flow channel, where the aerosol particles 

are charged by a unipolar corona discharge. A collection plate of opposite charge 

is located downstream, producing an intense electric field. Any particles that carry 

a charge in the field drift toward the collection plate, at a velocity determined by 

their electrical mobility. Alternatively another operation principle may be applied 

where particles are charged and collected within the same region. TEM grids can 

be installed on the collection plate, allowing particles to be sampled directly onto 

a microscopy suited surface. The collection technique has been shown to produce 

a uniform deposition pattern across an entire TEM grid260. Since the ESP collects 

particles based on their electric mobility, it is best suited for sampling small 

particles in the range 50-300 nm, as larger particles have to high inertia to be 

affected by the electric field, while particles smaller than 50 nm are charged 

inefficiently259. Relatively low flows near 100 cm3/min are needed to allow 

particles to reach the surface, which results in sampling times ranging from 

seconds up to 10 minutes for particle concentrations between 106 and 104 cm-

3,261.   

An overview of the presented particle sampling techniques and their capabilities 

are presented in Table 2. 
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Table 2 Overview of common aerosol collection methods, their capabilities, and references to 
examples of their use. Method abbreviations are: MPS: Mini Particle Sampler, TP: Thermophoretic 
sampling, ESP: Electrostatic Precipitation. 

Sampling Techniques 

Method Size 
separation 

Size Range, 
nm 

Sampling 
time 

Collection pattern 

Impaction Yes > 6 S-mins Inhomogeneous 

Filtration No All S-min-hr Inhomogeneous 

MPS No > 5 Min-hrs Inhomogeneous 
(assumption) 

TP No < 300 Hrs Homogeneous 

ESP No 50-300 Mins Homogeneous 

2.5.3 Offline Detection Methods 

Offline techniques cannot offer time resolution, but since particles can be 

sampled for extensive periods or can be fixated onto substrates, additional 

measurement techniques are available, including microscopy and spectroscopy. 

This allows morphological and compositional analysis or analysis of sufficient 

material to identify very low concentration compounds and elements. 

2.5.3.1 Size Integrated Instruments 

Mass spectrometers are used to detect, identify, and quantify molecules in a 

sample based on the mass to charge ratio of ions produced from the molecules. 

The MS instrument consists of four components: inlet system, ion source, mass 

analyzer, and ion detector, with several methods available for each component. 

One of these methods, the AMS, was discussed previously. Offline MS instruments 

may also be equipped with a pre-separation stage before the sample enters the 

MS, in order to separate molecules before ionization e.g. a gas chromatograph. 

However, the separation step is becoming less important with the higher 

resolution and simultaneous data acquisition at all m/z values obtainable by ToF 
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mass analyzer compared to the older quadrupole technique that requires 

scanning through m/z values224. It is furthermore possible to operate MS 

instruments in tandem, so that each m/z value can be re-ionized e.g. by a harder 

ionization technique, producing further fractionation to help identify the original 

molecule262. Therefore countless configurations of the MS instrument are used in 

practice, depending on the desired capabilities263. Due to the many options of the 

MS, only brief mentioning of select components will be included here. The first 

step in MS analysis is the inlet system, which introduce a small amount of sample 

into the ion source. For offline MS the sample is often collected on a filter, where 

either direct vaporization is used e.g. laser desorption or thermal desorption264, or 

preprocessing steps are needed to extract particles from the filter into a 

solution265,266, before vaporizing via e.g. electrospray, thermal desorption, or via a 

nebulizer. Once aerosolized the molecules have to be ionized, in order to 

determine their m/z ratios. There are many different ionization techniques 

available, each with strengths and weaknesses. The most common ionization 

techniques include electron ionization267, chemical ionization268, 

photoionization269, and inductively coupled plasma (ICP)263. The main differences 

of the techniques are their energy and ionization efficiency, which determines the 

degree of fractionation and ion signal intensities produced by a given molecule. 

Therefore detailed databases are needed to identify molecules detected with 

hard ionization techniques, as they give a high degree of fractionation. 

Identification is simpler for softer ionization techniques as these primarily give a 

single peak e.g. M+1221 (protonation). However, the softer techniques can be blind 

to specific molecules or atoms, which have a low affinity for the given ionizing 

ion268. Once the sample is ionized, it is drawn into the mass analyzer component, 

where the most common are quadrupole and ToF analyzers. These separate ions 

based on their m/z ratio. ToF analyzers are more popular as these measures all 

m/z values simultaneously, while the quadrupole analyzers scan across m/z 

values. The scanning process can cause biases, since ions can reach the detector 

while it is scanning other m/z values, thereby missing sample information during a 

scan224. Finally the charge from an impacting ion is detected by an ion detector, 

allowing the m/z value to be determined from its travel time. MS is a highly 
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specific and detailed technique, where the offline analysis enables detection of 

low concentration components from extensive sampling periods. The analysis is 

often performed on PM2.5 or PM10 filter samples, where acid extraction and the 

hard ionization of ICP-MS is used to measure e.g. transition metal concentrations 

in the two mass fractions265. However, offline MS can only provide an integrated 

composition of the entire size fraction, making individual particle and source 

identification highly challenging. Additionally, as more mass is present in larger 

particles, the measured composition will have limited contribution from smaller 

size fractions relative to larger. Still, MS analysis is commonly used in atmospheric 

settings and laboratory studies, though it less common for PM measurements in 

occupational settings. 

2.5.3.2 Size Resolved Instruments 

Atomic Force Microscopy coupled with Infrared spectroscopy (AFM-IR) is a 

relatively new analysis technique that allows visualization of particles at ambient 

conditions, and provides chemical composition analysis of individual particles270. 

Particles are collected onto a smooth substrate and a tunable IR source is pulsed 

over a frequency range. The AFM probe is kept in contact with the surface and 

upon absorption of IR radiation; the thermal expansion of the sample causes the 

probe to oscillate at its resonant frequency. A photodiode is used to detect the 

amplitude of the oscillation, which is proportional to the IR absorbance, yielding 

an IR spectrum as a function of wavelength271. This allows for simultaneous single 

particle measurements of physical properties including hygroscopicity, surface 

tension, phase, and morphology by AFM with identification of functional groups 

by IR absorption271–273. The analysis has been shown to detect particles down to 

50nm, with accompanying IR spectra. However, the technique requires close to 10 

min for mapping a single particle, and is therefore highly time consuming, 

especially when collecting sufficient data for statistical analysis of a particle 

population274. The technique is relatively new, and with the long analysis time, it is 

currently ill suited for workplace or atmospheric measurements, limiting its use to 

detailed and conceptual laboratory studies. 
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Surface Enhanced Raman Spectroscopy (SERS) is another size resolved method 

that can provide offline single particle chemical analysis. Particles are collected 

onto a silver foil275 or a silicon standard with silver nanoparticles attached to it e.g. 

via impaction276. The sample is irradiated by a laser, which interacts with 

molecular vibrations, shifting the energy of the laser photons, which are collected 

onto a detector. The energy shift gives information on the vibrational modes in 

the illuminated area. Normally Raman signals are restricted to the diffraction limit 

of visible light (350 nm) for measuring vibrational modes, but with SERS the signal 

is enhanced by a surface, making it possible to detect particles down to 150 nm. 

This allows detection of vibrational modes from particles, providing information 

on functional groups within the particle. Additionally SERS can be used to map 

areas of a sample, providing spatial information of the individual vibrational 

modes to identify and distinguish particles277. SERS is often combined with an 

optical microscopy technique, which can visualize larger particles and deposition 

patters275. The analysis has been demonstrated to detect particles as small as 150 

nm, with maps and spectra acquired within a minute. However, the technique is 

limited to >150nm particles, and cannot provide detailed morphological 

information, though the fast analysis time makes it a viable method for 

characterizing larger particles. The method has been demonstrated for analysis of 

atmospheric particles, but is currently not employed regularly in either 

atmospheric or workplace measurements. 

Electron microscopy (EM) is a well-established technique that has been used in 

many scientific fields for decades. EM is among the most common offline 

techniques, since it allows visualization down to nanometer/angstrom resolution 

by utilizing the short wavelength of electrons. All electron microscopes consist of 

an electron source, electromagnetic lenses, apertures, and a set of detectors, 

which are kept under vacuum. The most common EM techniques are scanning 

and transmission electron microscopy, abbreviated SEM and TEM respectively. 

Both techniques require particles to be collected onto a smooth surface before 

analysis, where the TEM further requires the sample to be electron transparent. 

Images are obtained from the signals produced when a focused electron beam 
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interacts with the sample, either through elastic or inelastic interactions. In TEM, 

the transmitted electron beam is used for generating an image, while mainly the 

secondary electrons (SE) emitted from the sample are used in SEM. Both 

techniques can be combined with spectroscopic methods such as EDS, since the 

sample-beam interaction produces element specific X-rays. The combination of 

EM techniques and EDS therefore makes it possible to acquire nanometer 

resolution images that can distinguish individual particles, providing information 

on their shape and estimates of surface area278,279, while obtaining information on 

the spatial distribution of elements within the sample50,280. In this work, SEM 

analysis of particles down to 30 nm has been demonstrated, though sizes as small 

as 1 nm are detectable by TEM278. An image/EDS map can be acquired within 5-10 

minutes, which typically include tens to hundreds of particles. Hence EM/EDS can 

be used to provide sufficient data for statistical analysis of a particle population 

within 30-60 minutes. The analysis does however require vacuum, meaning that 

volatile organic compounds may evaporate before analysis242. Electron beam 

damage can also be an issue for specific particle types281–283. Additionally, only 

elemental composition is obtained, and it is therefore not possible to provide 

chemical information. Depending on the sample surface, it may also be necessary 

to coat the sample with gold or carbon, in order to minimize charging effects, or 

to transfer particles onto a more suitable EM surface284,285. These preprocessing 

steps should be used with care, as they can alter the original particles242. Still, 

microscopy techniques are currently the only methods capable of providing shape 

analysis and are therefore required for fiber detection165. EM analysis is often 

used as a supplementary analysis in occupational, atmospheric, and laboratory 

studies, but due to its time consuming analysis, it is rarely used in screening and 

initial workplace measurements. Furthermore the lack of standard procedures for 

sampling and analysis means that it is mainly used qualitatively rather than 

quantitatively. 

An overview of the presented offline instruments and their capabilities are shown 

in Table 3. 
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Table 3. Overview of offline aerosol instruments, their capabilities, and references to examples of 
their use. Instrument abbreviations are: EM: Electron Microscopy, EDS: Energy Dispersive X-ray 
Spectroscopy, AFM-IR: Atomic Force Microscopy Infrared Spectroscopy, SERS: Surface Enhanced 
Raman Spectroscopy, T/SEM: Transmission or Scanning EM, MS: Mass Spectrometry.  

Offline Instruments 

Category Instrument Size Range, 
nm 

Time Measured 
parameters 

References 

Size Resolved 
Composition Resolved 

 

 EM/EDS 1 <  Min-
hours/sample 

Size, number, 
morphology, 
elemental 
composition 

50,286–289 

 AFM-IR 50 < Min/particle Size, number, 
morphology, 
chemical 
composition 

271,274 

 SERS 150 < S-min/sample Size, number, 
chemical 
composition 

275,277,290 

Size Resolved 
Composition n.a. 

 

 TEM/SEM 1 < Min-
hour/sample 

Size, number, 
morphology 

46,48,91 

Size Integrated,  
Composition Integrated 

 

 MS - - Chemical 
composition 

65,291,292 

As highlighted in this section, there are many available instruments for 

characterizing aerosols and single particles. Online instruments are crucial for 

providing time resolved size and number information, while offline instruments 

can give a more detailed analysis of individual particle morphology and 

composition. However, each technique has limitations and there is currently no 

single method capable of providing all the necessary aerosol and single particle 
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properties discussed in Section 0. A combination of instruments and analysis 

techniques are therefore needed to link the observed health effects (Section 2.4) 

to exposure scenarios (Sections 2.2 and 2.3).  
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3 Methods 

This chapter provides the theory behind impaction as well as a short description 

of the impactor, which was characterized and used throughout this PhD. 

Impaction was chosen as the collection method in this work, since it is an efficient 

technique, allowing short sampling times, size separation, and can collect particles 

in a broad size range. The chapter furthermore gives a general overview of a SEM 

as well as the interactions and signals resulting from sample-beam interactions. 

Afterwards detailed descriptions of the microscope and detectors used in this 

work are presented, followed by a short demonstration of the applied image and 

particle shape analysis procedures, as well as the EDS analysis process. 

3.1 Particle Collection via Cascade Impaction 
As mentioned previously impaction 

can be used to collect particles onto 

impaction plates. In this section a 

more detailed description of the 

collection process in cascade 

impactors as well as the theory behind 

it is presented.  

An overview of a cascade impactor is 

shown in Figure 10. A cascade 

impactor consists of several 

consecutive impactor stages, each 

including an orifice and an impaction 

plate. An aerosol is drawn through the 

impactor and accelerated into high 

velocity jets by the orifices at each 

stage. The aerosol jet is forced to 

make a sharp turn upon exiting each 

orifice by the impaction plate situated 
Figure 10. Overview of a cascade impactor 
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directly underneath. This results in impaction of high inertia particles, while gasses 

and low inertia particles are deflected and remain airborne. The relationship 

determining whether a particle will impact or be deflected is described by Stokes 

number (Stk). Stokes number is a dimensionless measure often used in fluid 

dynamics to describe how fast a particle suspended in a fluid flow will adapt its 

velocity and trajectory to a new condition of forces. In impactors Stokes number is 

defined as the ratio of the particles stopping distance to the half-width of the 

orifice diameter (w)293, which for a given impactor design can be calculated by 

assuming spherical particles with unit density294: 

𝑆𝑡𝑘 =  
𝐶 𝑈 𝜌𝑝 𝐷𝑝

2

9𝜂𝑤
 

Where C is the Cunningham slip factor correction295, U is the particle velocity, ρp is 

the particle density, Dp is the particle diameter, and η is the viscosity of air. It is 

seen that the Stokes number only depends on particle properties, when the 

impactor geometry and flow conditions are fixed. Therefore particles of 

decreasing size can be collected by designing the impactor with decreasing orifice 

sizes, as it will further accelerate the aerosol jet between stages and increase the 

individual particle inertia. However, at atmospheric pressure, it is almost 

impossible to collect particles below approximately 0.5 µm by impaction. If 

particles in the nano-range are to be collected it is therefore crucial that the 

decreasing orifice size is accompanied by a pressure drop. This is necessary since 

the reduced pressure increases the mean free path in air (λ) allowing smaller 

particles to be less affected by drag forces, consequently increasing their Stokes 

number. This effect is accounted for in the calculation of the Cunningham slip 

factor correction: 

𝐶 = 1 +
2𝜆

𝐷𝑝
∗ (𝐴1 + 𝐴2 ∗ 𝑒

−𝐴3∗𝐷𝑝

𝜆 ) 

Where A1, A2, and A3 are experimentally determined coefficients293,296. Due to 

this requirement the ELPI needs a powerful vacuum pump in order to collect 6 nm 
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particles, though lesser handheld pumps can be used if the lower collection limit is 

raised to approximately 50 nm.  

The size where half of the particles impact (D50 or equivalently for round nozzle 

impactors √Stk50 = 0.49) is a common parameter for describing impactor 

capabilities. This size can be calculated theoretically, when the flow conditions 

and impactor design are known297–299. It is however necessary to consider the flow 

pattern in the impactor, as it influences the shape of the collection efficiency 

curve. Ideally, the impactor efficiency for each stage is a step function, meaning 

that all particles larger than D50 will impact, while all smaller particles remain 

airborne. In reality this curve is not a step function but instead takes an s-shape. 

The steepness of the curve is highly dependent on the flow conditions in the 

impactor, which is typically described by Reynolds number (Re). Reynolds number 

is another common dimensionless parameter in fluid dynamics, which can predict 

flow patterns in different fluid flow situations. At low Re flows are mainly laminar, 

while flows at high Re are turbulent and can form eddy currents, due to 

differences in the fluid speed and direction. For impactors, there are several 

design parameters which influence Re, including the ratios s/w and l/w294, 

indicated in Figure 10. For round nozzle impactors, the steepest collection 

efficiency curves have Re values between 500-3000, which can be achieved by 

following the design criteria described by Marple and Willeke246. However, there 

are limits to the steepness of the curve, despite using optimal design parameters. 

When collecting sizes of a few nm the curve typically extends across 10-20 nm, 

whereas curves for collecting µm sized particles extends over several hundred 

nanometers212. As a result there is a limit to how many stages it is feasible to 

combine, before the efficiency curves start to overlap significantly. The exact 

shapes of these curves are needed to describe the particle sizes collected onto 

each stage, and therefore also for determining airborne concentrations from 

measured impacts or microscopy analysis of the stage.  

Other relevant considerations for impactors include inlet losses, interstage losses, 

deagglomeration during impaction, and particle reentrainment often referred to 

as bounce. Inlet losses are mainly influenced by the flow direction and conditions 
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during sampling. In calm air the losses are minimal but when sampling from a 

stream of air e.g. wind, it is important to ensure isoaxial sampling to minimize 

losses25,243,246. Interstage losses refer to the loss from particles depositing onto 

impactor walls, when travelling between stages. Generally these losses are small 

of 5-10% overall246,300,301, but as they are size dependent it is relevant to consider 

their influence on the observed PSD. Deagglomeration is a process that can occur, 

when particles impact onto the collection plate. Since particles impact with a high 

inertia, they may break upon impaction, releasing smaller debris particles, which 

can be carried onwards to lower stages or left at the impact site247–249, as also 

shown later in Paper IV. This can be a significant issue for large and weakly 

bonded agglomerates or droplets, but will have little effect on tightly bonded 

particles e.g. crystals, sintered agglomerates, or aggregates such as soot302,303. 

Finally particle bounce is a necessary consideration for impaction, referring to the 

phenomenon where particles bounce off the impaction plate and are carried 

onwards to lower stages. The degree of bounce is generally small for liquid 

particles or when sampling at high humidity, regardless of the impaction 

surface246. However, bounce for dry solid particles can be significant and is 

strongly influenced by the type of impaction surface250. The maximum amount of 

bounce is observed with a dry and smooth surface, where the degree of bounce 

has been reported as high as 50%304. Bounce can be minimized by applying grease 

to the impactor stages, but this will make them unsuited for EM analysis26. 

Therefore bounce is a major uncertainty for EM analysis of impactor samples, as 

the degree of bounce may vary between particle types, shapes, and sizes, 

affecting the measured aerosol mixing state and PSD. 

3.2 Micro Inertial Impactor 
All particles analyzed throughout this PhD, have been collected via a three stage 

cascade impactor, which is referred to as Micro Inertial Impactor (MINI). An image 

of the MINI is seen in the bottom right of Figure 11, along with a schematic of an 

assembled and exploded view of a stage to the left, and drawings of available 

stage designs in the upper right. Each of the three MINI stages can be equipped 

with commercially available TEM grids or metal plates by installing either of the 

two stage designs. This allows particles to be collected directly onto EM suitable 
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surfaces, which are easily taken from the impactor and inserted directly into a 

microscope for analysis. Alternatively, impactor grease can be applied onto metal 

discs in the 1st and/or 2nd stages, which minimize bounce but restrict particle 

collection to the 3rd stage.   

 

Figure 11. Left: Schematic overview of an assembled and exploded stage view, from Brostrøm et 

al. 
241

. Right top: Drawings of the two available stage designs, which can equip either a TEM grid 

or a metal disc. Right bottom: Image of the MINI casing, inlet nozzle, exit nozzle, two orifices, and 
two impactor stages. 

The MINI has tapered round nozzles with diameters 1, 0.6, and 0.29 mm, and jet-

to-plate distance ratios (s/w) of 1.3, fulfilling the design criteria of Marple and 

Willeke246. A more detailed description of the design parameters are provided in 

the supporting information of Paper II. When sampling, a KNF pump (NMP 850 

KNDC, 12V, Model No.: B.1F32E1.A12VDC) is connected to the MINI outlet nozzle 

with a Tygon tube, drawing air through the impactor. The KNF pump gives a 

flowrate of 0.76 l/min through the MINI, when the smallest orifice is installed. 

Theoretical operation values at the given flow conditions are listed in Table 4.  
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Table 4. List of theoretical operation parameters for the three MINI stages, calculated by the 

method described by Raabe et al. 
297

. 

Stage Orifice 
diameter, 
mm 

Pressure 
out, kPa 

Flow out, 
cm3/s 

Velocity, 
m/s 

Re D50 [um] 

1st  1.0 100.8 12.67 16.2 1035 1.37 

2nd  0.60 99.6 12.69 45.6 1729 0.59 

3rd 0.29 52.6 24.31 346.0 3353 0.06 

 

When collecting particles onto TEM grids, it was noted that the substrate often 

broke upon particle impaction. Therefore different TEM grid designs and 

variations in substrate thickness have been tested to identify the best suited 

commercially available TEM grid for use as an impaction surface. London Finder 

grids with letter markings were tested, but the letters were found to disrupt the 

deposition pattern in some cases. Therefore simple grid designs without markings 

for orientation are recommended as they produce the simplest deposition 

patterns. The smallest mesh grids (mesh 400, meaning 400 squares per inch) 

minimized substrate breakage during sampling compared to larger mesh sizes e.g. 

200. To investigate the optimal substrate thickness for impaction, four different 

options were tested: 5-6, 10, 15-20, and 25-50 nm Formvar. The thickest option 

was found most efficient at withstanding particle impaction, and thus the 

standard 400 mesh, 50 nm Formvar grid is currently recommended as impaction 

surface. Here it can be advantageous to select the commercially available option 

with 1 nm carbon deposited on top, in order to minimize charging effects under 

the electron beam. However, some broken grid square may still occur, which can 

challenge particle detection. Thus, alternative smooth collection substrates could 

be investigated in the future, to overcome this issue and allow more reliable 

sample quality. 

The relatively high flow and efficient particle collection of the MNI, allow short 

sampling times ranging from seconds to minutes. This makes it possible to capture 

peak emissions, but makes it less suited for long term exposure assessments, 

though multiple samples can be collected. Overall, the operation of the MINI is 

simple and since it is small, it is transportable and thus ideal for field sampling. It 



3.3 - Scanning Electron Microscopy Methods 

 

   63 

 

can be connected to small battery-driven pumps and fresh TEM grids can be 

installed within a few minutes, if multiple samples are needed. TEM grid samples 

can be stored in a box until analysis in the microscope. Here studies in the 

literature suggest that the best storage options for particle samples, are in 

environments that resemble those conditions in which they were sampled, 

especially in respect to temperature and humidity242. 

3.3 Scanning Electron Microscopy 
A SEM consists of an 

electron source, apertures, 

condenser lenses, scanning 

coils or deflection plates, 

and an objective lens, 

which are all kept under 

constant vacuum. An 

overview of a field emission 

gun (FEG) SEM is shown in 

Figure 12. There are three 

common electron guns, 

namely a FEG, Schotkey-

emission gun, and a 

thermionic emission gun, 

but only the FEG will be 

described here. In a FEG 

SEM the electrons are 

extracted by an electrode 

from the tip of a thin FEG 

source and accelerated by another electrode to reach the desired beam 

acceleration voltage. One or two electromagnetic condenser lenses are used to 

adjust the width of the electron beam before reaching the objective aperture. By 

controlling the width of the beam, it is possible to adjust the number of electrons 

passing through the objective aperture, thereby regulating the beam current. 

After the objective aperture, a set of scanning coils are used to control the beam 

Figure 12. Overview of a field emission gun (FEG) SEM 
microscope 
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in x and y directions. This makes it possible to scan the beam in a raster pattern 

across the sample. Finally an objective lens is used for focusing, thereby 

controlling the final diameter of the electron beam reaching the sample.  

Once the electron beam reaches the sample, there are several different 

interactions that can occur, before the electrons are transmitted or absorbed 

within the sample, most of which are summarized in Figure 13.  

 

Figure 13. Left: Overview of possible interactions and signals, occurring when an electron beam 
interacts with a sample, exemplified by depicting a single atom. Right: Overview of an interaction 
volume and emitted signals from an electron beam hitting a bulk sample. 

The volume in which these interactions take place is named the interaction 

volume, depicted on the right in Figure 13. The size of the interaction volume 

depends on the electron mean free path in the sample, which in turn depends on 

acceleration voltage of the electron beam, as well as sample characteristics such 

as density and mean atomic number. The higher the density and mean atomic 

number, the smaller the mean free path and the smaller the interaction volume. 

Similarly, a lower acceleration voltage, gives a smaller interaction volume. For thin 

specimens, most electrons in the primary beam will be transmitted. The 

transmitted electrons can be used to generate scanning transmission electron 

microscopy (STEM) images305. Some electrons in the beam will undergo elastic 
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scattering, where the energy of the electron is conserved but its trajectory is 

altered by repulsive or attractive forces. This can cause stray electrons within the 

microscope, as well as backscattered electrons (BSE), which are reemitted from 

the sample. Since BSE have a high kinetic energy (> 50 eV) close to that of the 

electron beam, they can originate from deep within the sample and can be 

emitted from areas surrounding the beam position. If a BSE detector is installed 

above the sample, BSE that have been elastically scattered at an angle of 

approximately 180° can be detected. An image can thus be generated by 

normalizing the number of detected electrons at each beam position, to an 

intensity scale from 0-255. The degree of elastic interactions is heavily influenced 

by the mean atomic number in the sample and the sample density, resulting in a 

higher yield of BSE. As a result the corresponding BSE images appear brighter 

where heavy elements are located. This can be a fast method for navigating on a 

sample without structural features e.g. a polished surface. However, if the sample 

has topography more commonly, SE images are used for navigation. SE are 

produced via inelastic scattering when electrons in the beam interact with 

electrons in the sample itself, which are emitted as SE. A single primary electron 

or BSE can generate many SE, and the corresponding signal is therefore often 

stronger than the BSE signal, resulting in less noisy images. However, since SE 

production is relatively unaffected by sample density and mean atomic number, 

they do not provide information on heavy element location.  

SE have a lower kinetic energy (~10-50 eV) than BSE, meaning that SE generated 

deep within the sample are absorbed before reaching the surface. Therefore SE 

images usually contain more surface information than BSE images. However, 

there are two main types of SE; SE1 and SE2. SE1 refer to electrons emitted from 

the sample by interactions with the primary electron beam. As a result SE1 are 

emitted at a high angle in close proximity to the beam impact point, carrying high 

resolution and surface sensitive (topographic) sample information. SE2 are 

generated by BSE and are therefore emitted from a larger area than SE1 and 

reflect at a lower angle. These electrons contribute to lowering the resolution of 

the topographical information. Finally, SE may also be emitted from stray 

electrons or BSE hitting the interior of the microscope or stage, which are 
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sometimes referred to as SE3. These are less abundant than SE1 and SE2, but also 

contribute to lowering the image quality.  

Due to their lower energy, SE can be attracted efficiently by a low positive electric 

field, which draws them to a detector e.g. an in lens or an Everhart-Thornley 

detector (ETD)306. The in lens detector is situated inside the pole piece of the 

microscope, using an electric field to draw the low energy SE to the detector. As 

the in lens detector is situated directly above the sample, it is efficient at 

collecting SE1, but not SE2. Therefore in lens images present with a high 

resolution. However, the detector requires short working distances, to capture 

emitted electrons efficiently. The ETD is situated further from the sample at an 

angle, as seen in Figure 14. This means that it detects both SE1 and SE2, resulting 

in lower quality images. The placement of the ETD furthermore influences the 

number of detected electrons, depending on their emission point and direction. 

This can shield specific areas from the detector while highlighting others, resulting 

in shadows or bright areas on the images. The resolution of ETD images is 

therefore generally lower than in lens images, and carry less details of the surface 

structure.    

Upon emission of a SE, the sample atom is left with a vacant electron hole in its 

inner shell. This hole is filled when an outer shell electron falls into it, upon 

emission of a quantized X-ray, corresponding to the energy difference between 

the higher and lower energy states. Each element has a unique set of energy 

states, and thus the transition from higher to lower energy levels emit X-rays with 

frequencies that are characteristic for the given element. The X-rays produced by 

transitions are named by the number of shells traversed by the electron (α=1 and 

β=2), and the shell containing the electron hole (K, L, or M), as seen in Figure 13. 

Hence, it is possible to identify which elements are present within a sample by 

detection and analysis of the characteristic X-ray pattern produced upon beam 

exposure, which is referred to as EDS. It is furthermore possible to quantify the 

amount of a given element, by accounting for the emission efficiency of the given 

electron transition. For bulk samples, it is also necessary to account for 

interactions between the emitted X-rays and the sample itself. Since X-rays can be 

produced deep within the sample, they have to travel through it before reaching 
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the surface, allowing X-ray-sample interactions to occur. Here the stopping power, 

backscattering, absorption, and fluorescence effects should be considered, which 

depend on the sample matrix307–309. Such effects are accounted for by 

quantification algorithms, during analysis of the X-ray spectra e.g. via the ZAF, 

P/B-ZAF, or Phi-Rho-Z models307,310–313. The effects are however less important for 

thin samples, where X-rays are produced closer to a surface. This minimizes 

sample interaction and allows for simpler quantification models e.g. the Cliff-

Lorimer or zeta-factor models314,315, as will be discussed in Paper III.  

3.4 Microscope and Detector Configuration 
The SEM used in this PhD work was a Nova NanoSEM 600 (Thermo Fisher 

Scientific (former FEI), The Netherlands), equipped with an ETD SE detector, a 

XFlash 6|30 EDS detector, a XFlash FlatQuad (Bruker Nano, Germany) EDS 

detector, and an OPTIMUS TKD (Bruker, Germany), functioning as a STEM 

detector. The XFlash 6|30 is a 30 mm² silicon drift detector (SDD) with a solid 

angle of 0.0119sr. The XFlash FlatQuad is a 60mm2 annular SDD detector situated 

between the sample and the pole piece, with a solid angle of 0.95sr. Due to its 

position close to the sample, the FlatQuad diodes are shielded from high energy 

electrons emitted from the sample, which can potentially damage the detector. 

The shield consists of mylar foils of different thickness, which need to be adjusted 

to the incident eV. All detectors except the ETD are retractable. The OPTIMUS TKD 

detector was not operated with the FlatQuad detector, as the OPTIMUS emitted a 

high number of X-rays upon beam exposure, which obscured the sample EDS 

signals detected with the FlatQuad. The in-lens detector, which can potentially 

yield higher image resolution, cannot be operated when the FlatQuad is inserted, 

due to its requirement of a low working distance. Neither can the standard 

commercial BSE detector be fitted between the inserted FlatQuad and pole piece. 

Thus when using the FlatQuad, only the ETD can be used for imaging. 
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Figure 14. Overview of the detector setup in the SEM used throughout this PhD work. 

3.5 Image Analysis and Shape Descriptors 
Image analysis is a crucial step in microscopy characterization, necessary for 

extracting the physical particle parameters from the acquired greyscale images 

(intensities varying from 0-255). This is done by binarizing the image, where the 

intensities of pixels identified as particles are set to 255 and pixels identified as 

substrate are set to 0. Once the image is binarized, particle contours can be 

determined by zero crossing algorithms.  

The initial step is therefore to distinguish between pixels belonging to particles 

and those belonging to the substrate in the binarization step. As particles in SE 

images appear brighter than the substrate, a global threshold technique can be 

employed if the particles are collected onto a smooth surface and the images 

have minimal noise. Here all pixel intensities above the given threshold are set to 

255, while pixels below are set to 0. This was the main technique utilized 

throughout this PhD work. The method is effective for simple and high quality 

images, but struggles with substrate defects, noisy images, and image with 

uneven illumination. In cases with uneven image illumination an adaptive 

threshold technique was used instead. This method assess an individual threshold 
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for each pixel, by analyzing its local neighborhood e.g. 21x21 or 101x101 pixels 

with the assessed pixel in the center of the matrix. Typically the mean intensity of 

the neighborhood is determined and if the pixel in question is more than a given 

threshold above the mean, it is set to 255 otherwise it is set to 0. This makes it 

possible to obtain high quality image segmentation despite local bright or dark 

areas, which would not be possible with the global threshold316. When choosing a 

neighborhood size, it should be large enough to include both particle and 

substrate pixels, but not so large that it starts to mimic the results of the global 

technique. The method can struggle to recognize small particles with low 

intensities, which are situated near larger and brighter particles. In such areas the 

mean intensity is high, since it is affected by the large and bright particle, 

obscuring the smaller one. Similarly the method often flags the center of large 

particles as background pixels, since the mean intensity in their neighborhood is 

governed by that of the particle rather than the substrate.  

There are also many algorithms available methods, which aim to determine 

optimal adaptive or global threshold values automatically e.g. Phansalker317, 

Otsu318, or the triangle319. This can be an advantage when an image routine is 

used, where the microscope moves the stage automatically in a predefined 

pattern, acquiring an image and EDS spectrum at each position. This allows fast 

and unattended data acquisition and analysis, except for the initial pattern and 

routine setup.  However, the automated methods tested throughout this work, 

were found unreliable for use with varying image quality. Alternative image 

analysis methods are also available, which asses pixels by cluster analysis or by 

analyzing the derivative in x and y direction to identify intensity transitions e.g. K-

means320, edge detection321,322, and neural networks323. In this work only K-means 

and edge detection were tested, which were found to struggle due to the complex 

shapes and large size span of particles, as well as the varying noise level and 

quality between images. Though many techniques exist, there are currently no 

methods capable of providing a consistently high quality binarization. Image 

analysis of particles is therefore often performed manually, where the parameters 

are assessed based on the best estimate of the user, as was done in this work. 
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In Figure 15 an example of an SE image is shown on the left, along with the 

corresponding binarized image obtained via global threshold in the middle, and 

the final segmented image on the right. Once an image is binarized particles are 

clearly distinguished from the substrate, as seen on the middle image in Figure 15. 

This makes it possible to determine contours via zero crossing algorithms. 

Afterwards, it is necessary to exclude contours with an area below a given size 

limit before analysis. This is necessary as images always present with some noise. 

Therefore a single pixel above the threshold value is insufficient for indicating the 

presence of a particle. Instead a cluster of pixels above the threshold are needed 

to confirm the presence of a particle. The size limit for exclusion depends on the 

image quality and noise level, as well as the smoothness of the sample surface. 

Often this size can be minimized to 10-50 pixels when analyzing TEM grid samples 

where the surface is smooth. Additionally, it is necessary to exclude particles in 

contact with the edge of the image as their full size cannot be assessed. This can 

be seen on the right image in Figure 15, where particles on the image frame have 

been discarded (not marked in green).  

 

Figure 15. Left: Example of a SE image acquired from a particle covered Formvar coated TEM grid 
with part of the metal grid visible at the bottom. Middle: the corresponding binarized image. 
Right: the final segmented image, where recognized particles are marked in green. The scale bar is 
3 µm (right), and is equivalent for all images. 

From the final segmented image, the particle contours are distinguished, allowing 

individual particle measurements. This makes it possible to determine x and y 

coordinates of each particle as well as several different physical parameters. 

Common particle parameters are depicted in the visual summary of Figure 16. 
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Figure 16. Visual summary of common physical particle measures obtainable via image analysis. 

The parameters above can be determined by image analysis software e.g. 

ImageJ324 (or Fiji325), Digital Micrograph (Gatan, USA), or ESPRIT (Nano Bruker, 

Germany). Alternatively they can be determined by vision and machine learning 

libraries e.g. Image Processing Toolbox, PILLOW, or OpenCV326, which are available 

for programming languages such as Matlab and Python. Since the resolution of 

the image is known from the microscope, each parameter can be converted from 

pixel units to physical sizes, allowing comparison between image results.  

One of the major advantages of microscopy techniques is their ability to visualize 

particle shapes. However, in order to relate different shapes, they have to be 

converted to comparable values. This is done via shape descriptors, which are 

calculated based on the particle parameters displayed in Figure 16. A short 

description of common shape descriptors, along with their formulas are 

presented in Table 5. Additionally, the shape descriptors have been used on 14 

simple geometric shapes, and their values plotted for comparison in Figure 17. 

Table 5. Overview of common shape parameters and their formulas. 

Shape descriptors 

Parameter Formula Description 

Aspect Ratio 
𝐿

𝑊
 

Ratio between particle length and width, which can be 
defined from fitting a rotating box around the particle. 
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Circularity 
4𝜋𝐴

𝑃2
 

Ratio between radii of an equivalent circle calculated 
from the particle perimeter and area 

Convexity 
𝑃

𝑃𝐶𝑜𝑛𝑣
 

Ratio between particle perimeter and convex 
perimeter 

Roughness 
𝑃

2𝜋
𝐷𝐴𝑣𝑔

2

 
Ratio between particle perimeter and perimeter of 
and equivalent circle with radius equal to the average 
particle diameter 

Elongation 
Ratio 

𝐴

𝐿𝐹
2 

Ratio between particle area and the squared particle 
fiber length 

Curl 
𝐿

𝐿𝐹
 Ratio between particle length and particle fiber length 

Shape Factor 
𝜋𝑅𝑚𝑖𝑛

2

𝐴
 

Ratio between the area of the minimum inscribed 
circle and that of the particle 

 

Figure 17. The shape descriptors from Table 5 applied on the simple shapes displayed on the left, 
categorized as squares, circles, fibers, and agglomerates. 1/Aspect ratio was plotted to scale it 
between 0-1, for easy comparison with the other parameters. 

An important property of shape descriptors are their size independency, as they 

should distinguish particles solely based on their shape and not their size. 

Therefore most parameters are determined from expressions which scale 

between 0 and 1 or between 1 and infinity. Aspect ratio is one of the most 

common shape descriptors and is used to distinguish fibers, which have values 
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>>1, from morphologies with similar length and width, which take values close to 

1 (note that 1/aspect ratio is plotted in Figure 17 to make it scale between 0-1 

with the other parameters). Cross shapes, e.g. two overlapping fibers, are 

however challenging to express by aspect ratio as the shape presents with closely 

related width and length. Therefore other parameters such as circularity should 

also be considered for fiber detection, though it cannot differentiate fibers from 

agglomerates, giving values >>1 in both cases. Roughness and convexity both 

compare the perimeter of a smoothed particle surface to the actual particle 

perimeter. This makes them useful for distinguishing the rough surface of 

agglomerates from the smooth shapes of spheres and fibers. Thus a combination 

of shape descriptors is needed to differentiate between particle morphologies, 

making it possible to distinguish spheres, fibers, and high surface area 

agglomerates. 

3.6 Energy Dispersive X-ray Spectroscopy Analysis 
EDS analysis of a particle-covered area can be performed in two different ways: 

Either the image area is initially segmented and EDS analysis is limited to pixels 

recognized as particles, referred to as feature analysis. Alternatively, the entire 

image area is analyzed without distinguishing particles, which is referred to as 

mapping. In mapping the image is saved along with an EDS spectrum for each of 

the pixels in the image. Particles are therefore recognized after data acquisition, 

via image segmentation. Additionally, the elemental composition of a given 

particle is determined by summing and analyzing spectra from all pixels within the 

contour of the given particle. The advantages and disadvantages of the two 

methods are discussed in detail in Paper III. Quantification is necessary in both 

methods, and the first step is to perform a background subtraction, as a part of 

EDS spectra origin from background (bremsstrahlung) X-rays. Most commercial 

software have automated fitting algorithms, which can identify energy regions 

without emission X-ray peaks, and use these for fitting a curve to the background 

and subtract it. Afterwards the software fits the individual element peaks, while 

correcting for potential peak overlaps, which can occur between specific 

elements. Once a suitable fit is obtained, the area under each peak is determined 
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and converted to relative mass% or atomic% via a quantification model, which are 

also described in more detail in Paper III. An example of a segmented SE image is 

shown in Figure 18, along with the EDS spectrum of the particle marked in yellow. 

The area used for background fitting was determined automatically, and is 

marked as the light gray area, stretching from top to bottom. Using the spectrum 

values in this region, the background spectrum was fitted, marked in dark gray at 

the bottom. Afterwards each of the X-ray peaks was fitted and identified as an 

element with a corresponding energy transition. This gives a measure of the 

element abundances within the analyzed particle, when taking into account 

emission efficiencies of the energy transitions and potential sample interactions. 

 

Figure 18. Example of an EDS spectrum (right) of the particle highlighted in yellow on the SE image 
(left), using the Bruker ESPRIT software. The EDS spectrum is shown as a black curve, while the 
area used for background fitting is marked in light grey from top to bottom with the fitted 
background shown in the bottom in a darker shade of gray. Recognized and fitted element peaks 
are marked in colors with the given element indicated above the peak. Element emission lines are 
marked as thin vertical lines at the bottom of the spectrum, which corresponds to e.g. Lα, Lβ, Kα, 
or Kβ transitions with the height of the line indicating the relative efficiency of the emission. 

The image and EDS analysis can be performed with commercially available 

software e.g. ESPRIT (Nano Bruker, Germany), EDAX Genesis (Ametek, Mahwah, 

NJ, USA) or AZtec (Oxford Instruments, UK). The software used throughout this 

work was ESPRIT, which can return a single table, containing rows of individual 

particle parameters, including physical and elemental composition information.  
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4 Results 

In this chapter the analyses and results of the four manuscripts are summarized, 

highlighting findings and conclusions. For further detail of the studies, the reader 

is directed to the manuscripts themselves, which can be found in the Appendix. 

4.1 Paper I 
In this study, a risk assessment was conducted at an industrial research laboratory 

with potential worker exposure to airborne HARN and fibers. Particles fulfilling 

these definitions have been linked to adverse health effects, but there is currently 

no standard methodology for HARN detection. A new method was therefore 

tested for assessing airborne HARN and fiber concentrations directly from 

impactor samples using EM analysis. The results highlight potential challenges and 

future needs for estimating fiber and HARN concentrations in relation to current 

and proposed OELs when the fiber diameters reach sizes below 100 nm. 

Release and exposure to potential airborne HARN or fibers was assessed during a 

two-step process, which included pouring and mixing of Halloysite powders in a 

fume hood. Halloysites are rod-shaped aluminoscilicate particles with potential 

dimensions within the fiber and HARN definitions, questioning whether exposure 

to Halloysites produces similar risks. The MINI was used to sample airborne 

particles inside a fume hood during pouring. The samples were analyzed by STEM 

in SEM. A total of 20 images were acquired from the three impactor stages, from 

which 1895 particles were identified. The size and aspect ratio of each recognized 

particle was determined from the acquired images. To estimate airborne number 

concentrations from the sample grids, the NIOSH guidance established for fiber 

counting was used. The results were compared to the current fiber and proposed 

HARN OELs of 0.1-2 and 0.01 cm-3 respectively.  
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Figure 19. Left: Particle length distributions measured on the three impactor stage samples, with 
200 nm wide length bins. Right: Aspect Ratio of individual particles plotted against their length, to 
identify potential fibers. The insert shows the 5 particles identified with fiber-like structures. 

Figures were adapted from Koivisto et al. (2018)
91

.  

The three impactor stage samples showed similar particle length distributions, 

which are visualized in Figure 19, where fibers were sized into 200 nm wide bins. 

None of the detected particles fulfilled the fiber paradigm, as seen on the right in 

Figure 19, where the aspect ratio is plotted against particle length for each 

particle (fibers are defined as particle with length > 5 µm and aspect ratio > 3). 

Still, five particles were identified with dimensions near the fiber definition, 

marked as 1-5 in the right of Figure 19, which could potentially be categorized as 

HARN. However, the NIOSH fiber assessment strategy resulted in counting 

statistic uncertainties, which were too high for providing an estimate of fiber 

levels in the concentration range of the current fiber and proposed HARN 

legislations. This uncertainty resulted from the limited field of view in the high 

magnification images, necessary for resolving HARN fibers. Therefore the 20 

images acquired in the study, did not present with a sufficient particle count, to 

assess airborne concentrations at the needed precision. It was estimated that a 

total of 4000 images, were needed to determine if fiber concentrations were 

below the current OEL, while a total of 4x105 images were needed to ensure 

concentrations below the proposed HARN limit. It is therefore clear that an 

unreasonably large number of images are required, if the current fiber 

assessment strategy is applied under the conditions and assumptions of this 

study. It should be noted that a crude assumption of homogeneous particle 

number density across all three grids were assumed, in lack of more precise 
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characterization of the impactor collection method and deposition patterns. 

Therefore, an improved sampling and analytical strategy is required to quantify 

the presence of HARN at the current and proposed OEL. Here detailed 

understanding of sample deposition patterns and optimal particle load on 

samples are crucial for minimizing the needed analysis area. It is however relevant 

to consider co-deposition, which can become an issue, when sample load is so 

high that particles deposit on top of each other, potentially obscuring HARN 

fibers.  

4.2 Paper II 
This study investigates impaction as a collection method for EM analysis, focusing 

on ensuring reproducible PSD measurements, which adequately represents the 

sampled aerosol. In addition, an expression was developed, which links the total 

number concentration measured by SMPS to the sampling time needed for an 

optimal particle number density on the sample. Another expression was proposed 

for estimating airborne number concentrations base on the particle number 

densities observed on the grid, using a calibration parameter.  

A series of monodisperse test aerosols of polystyrene latex beads (PSL) was 

generated by a DMA and used to investigate particle collection efficiencies of the 

3rd MINI stage. Here a D50 of 73 nm was determined experimentally which is 

comparable to the theoretical value of 55 nm. Additionally, a collection efficiency 

expression was determined as a function of particle size, which can be crucial 

knowledge for assessing airborne concentrations and therefore needs to be 

considered in relation to particle sizes observed on the sample grid.  

A poly-disperse PSL test aerosol was used for investigating particle deposition 

patterns on TEM grids installed on the 3rd MINI stage. It was found that particle 

collection occurred almost exclusively underneath the impactor orifice, where 

particles deposited in a highly size dependent pattern, as seen in Figure 20. Due to 

the systematic deposition pattern, random imaging routines of the grid can result 

in PSDs, which misrepresent the sampled aerosol. To ensure a representative PSD, 

an imaging routine delivering reproducible results was proposed for analysis of 

impactor samples. The proposed routine consisted of a straight line of images 
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going through the center of impaction, covering a distance up to 1.5 times the 

impactor orifice radius on either side. The PSDs resulting from applying the 

routine in several directions and on several samples was evaluated by comparison 

to SMPS measurements. Good agreement was found between the PSDs measured 

via the imaging routine and SMPS measurements, as seen in Figure 20, indicating 

that the imaging routing provides a representative analysis. Using this knowledge, 

an expression was proposed for linking number densities observed on the grid to 

airborne concentrations, which is crucial for describing the initially sampled 

aerosol from offline observations. The expression employed an experimentally 

determine calibration factor A, which accounts for several complex and unknown 

factors, including the effective particle collection area, wall losses, and particle 

bounce. Each of these factors are difficult to measure and can rely on individual 

particle characteristics including size, shape, and composition as well as impactor 

characteristics e.g. wall roughness, design, and collection surface. Therefore a 

simple calibration approach was attempted though the simple A parameter may 

be insufficient to link observations from more complex samples. Still, it may be 

Figure 20. Left: Particle number densities detected on the sampled TEM grid as a function of 
distance from impact center for particle sizes with Deq < 80 nm (top), 80 < Deq < 160 (2

nd
 row), 

160 < Deq < 240 (3
rd

 row), and 240 nm < Deq (bottom). Right: PSD obtained from the proposed 
imaging routine (blue bars) compared to PSD measured by SMPS, which has been converted to a 
linear size bin scale, and adjusted with the collected efficiency expression described previously. 
Error bars on SEM data was determined from counting statistics (√N), while the red shaded area 
corresponds to standard deviation of the 5 SMPS scans combined with the uncertainty of the 

collection efficiency expression. Figures are reprinted from Brostrøm et al. 
234

. 
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more precise than the assumptions in Paper I. The A parame6ter was determined 

to 1.12∙106 ± 0.60∙106 µm2 based on the PSL sample and SMPS measurements. 

Finally, an expression was determined for estimating the optimal sampling time 

from total number concentrations measured by SMPS, assuming an aerosol 

dominated by 100-200 nm sized particles. This allows a graphical description 

where optimal sampling time can be read, when the total number concentration 

is known. The figure is provided in Paper II.  

4.3 Paper III 
This work focuses on EDS analysis of thin electron transparent and beam sensitive 

samples, comparing two different generations of EDS detectors; a traditional 

XFlash 6|30 SDD and a new annular XFlash FlatQuad (Bruker Nano, Germany) 

situated between the sample and the pole piece. Additionally, the procedure for 

EDS analysis is described and necessary considerations are discussed for choice of 

EDS acquisition time, quantification model, and EDS method e.g. feature analysis 

or mapping.  

The analyzed samples consisted of NaCl particles in the size range 30-800 nm. 

Particles were aerosolized by an atomizer from a solution of NaCl, and were 

collected directly onto TEM grids with the MINI. NaCl is a known beam sensitive 

compound, which degasses Cl upon exposure. As a result, the degree of beam 

damage can be assessed by plotting Na/Cl ratios, which will be 1 for fresh NaCl 

crystals and enriched in Na after beam damage. To investigate beam damage as a 

function of beam exposure, the samples were analyzed at acceleration voltages of 

5, 10, and 20 keV, with different acquisition time settings for both feature and 

map analyses. 

It was shown that the new design of the FlatQuad detector (shown in Figure 14) 

makes it possible to achieve 2-3 orders of magnitude higher X-ray count rates 

compared to the XFlash 6|30. This allows for a significant reduction in EDS 

acquisition time, while obtaining X-ray spectra with higher counts and lower 

uncertainties from counting statistics. The improved spectrum quality with the 

FlatQuad provided consistent Na/Cl ratios close to 1 at short acquisition times, 

while ratios primarily varying between 0 and 2 were measured at the same 
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settings with the XFlash 6|30, as seen in Figure 21. At longer acquisition times, no 

measurable changes were observed with the XFlash, while the FlatQuad found 

increasing Na/Cl ratios, consistent with the expected beam damage. It was 

therefore concluded that short EDS acquisition times below 1s are necessary for 

feature analysis, in order to minimize beam damage of NaCl particles and 

potentially other beam sensitive compounds. Additionally it was concluded that 

the older XFlash 6|30, should be used with care when analyzing beam sensitive 

samples, as it requires long acquisition times, and potentially destroy the sample 

before reaching quantifiable X-ray counts. 

 

Figure 21. Ratio of measured Na and Cl atomic% against particle size in pixels for SEM/EDS feature 
analysis conducted with the XFlash 6|30 (top) and FlatQuad (bottom) detectors at acceleration 
voltages of 5 (left), 10 (middle), and 20 (right) keV with 1, 5, or 15 seconds acquisition time. The 
dotted red line marks the 1:1 ratio expected for NaCl crystals. It should be noted that beam 
exposure per pixel is not constant as the acquisition time is divided between available pixels 
within each given particle, resulting in long pixel exposure for small particles and short pixel 
exposure for large particles. 

To investigate the results from different quantification models, the X-ray spectra 

measured with the FlatQuad were quantified with P/B-ZAF and Cliff-Lorimer 

models, and the resulting Na/Cl ratios were plotted for different settings of 

analyses. It was found that the Cliff-Lorimer based quantification gave more 

consistent ratios, while P/B-ZAF ratios shifted with acceleration voltage setting, as 
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it corrects for sample interactions, which are limited with thin samples. Hence 

Cliff-Lorimer is recommended for thin specimen analysis e.g. particles on TEM 

grids. 

Finally a comparison was made between feature analysis and mapping, 

highlighting advantages and disadvantages of the two methods. When working 

with traditional detectors and with a lower count rate, the feature analysis 

provides an advantage by limiting EDS analysis to particles rather than the entire 

image. Thus analysis time is not wasted on areas without particles and acquisition 

time can be shortened. In addition, a higher number of counts can be obtained 

from smaller particles, as the exposure time can be defined per particle. However, 

feature analysis requires online image segmentation to distinguish particles from 

the substrate before conducting the EDS analysis. This can be an issue when 

setting up analysis routines, where a large area of the sample is analyzed 

automatically, since the segmentation result can depend on the image quality. In 

addition, the segmentation cannot be redone after acquisition, since EDS data is 

only available from previously recognized areas. Feature analysis is also sensitive 

to sample drift, as it initially segments the image to identify particles, and then 

directs the beam to their determined position. In between these two steps, the 

sample may drift, which can cause the beam to miss the particle completely 

during EDS analysis. For mapping the acquisition time can only be set as a pixel 

dwelltime, which does not distinguish between particle and background area. This 

makes the analysis slower, and can result in limited X-ray counts from small 

particles consisting of only a few pixels. However, mapping measures and saves an 

X-ray spectrum for all pixels, providing information on the spatial distribution of 

elements within the image. Thus, individual particle mixing states can be 

visualized, and the image segmentation can be performed offline and revised if 

necessary. Mapping is thus better suited for automated analysis routines, as 

variations in image quality can be accounted for during post analysis 

segmentation. In addition, an X-ray spectrum of the substrate is obtainable from 

maps, which can be subtracted from the individual particle spectra to reduce 

substrate contribution, as described in the paper. Finally, mapping is less sensitive 

towards sample drift as the image is produced during the EDS analysis itself. 
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4.4 Paper IV 
In this study four laboratory generated aerosols were compared by 

characterization via SMPS, ELPI, and SEM/EDS analysis of samples collected with 

the MINI, using the previously described imaging routine. The aerosol particles 

included variations in size, shape, and composition, in order to challenge the 

SMPS and ELPI instruments as well as the SEM/EDS analysis. The aerosols 

consisted of NaCl, Halloysite, Printex90, or a mixture of all three particle types. 

It was found that all three measurement techniques agreed well when measuring 

NaCl particles, as seen in Figure 22. Additionally the SMPS and ELPI instruments 

were found to agree well for all samples, despite anticipated discrepancies when 

measuring fibers. Discrepancies were expected for fibers, as their aerodynamic 

diameter measured by the ELPI is mainly influenced by fiber width, while the 

electric mobility measured by SMPS is influenced by fiber length. The lack of an 

offset was hypothesized to stem from the aerosolizing method, which in the 2nd 

stage EM images was found to produce large and near spherical agglomerates of 

both Printex90 and Halloysites, resulting in similar shapes and instrument 

responses. When comparing Halloysite and Printe90 results, large discrepancies 

were observed between the 3rd stage SEM/EDS results and the two online 

instruments. The SEM/EDS analysis primarily detected particles near 100 nm, 

while the two online instruments detected large particles near 1 µm. This 

disagreement was hypothesized to stem from agglomerates shattering upon 

impaction, resulting in a release of smaller fragments detected as particles in the 

SEM analysis. The hypothesis was tested by reviewing deposition patterns on the 

TEM grids. Here small areas displayed a concentrated number density of small 

particles, which could be impaction debris, thus supporting the hypothesis. A 

good agreement between all instruments was found for the complex aerosol, due 

to the abundance of NaCl particles, which correlate well between instruments.  
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Figure 22. Particle size distributions of the four aerosols: NaCl (red), Halloysite (cyan), Printex90 
(magenta), and complex (green), determined by SMPS (top row), ELPI (second row), and SEM 
analysis of the 2

nd
 (third row) and 3

rd
 (bottom row) MINI stage samples. Vertical dotted lines 

represent the relevant D50 cut-offs for the MINI. Gray areas mark sizes which are outside the 
detection limit of the method. It should be noted that the y-axis concentrations are not scaled 
between plots, and that SMPS and ELPI data are presented as number concentrations (cm

-3
), while 

SEM data is presented as number densities (µm
-2

) with uncertainties determined from counting 
statistics as √N. SMPS and ELPI uncertainties are determined from standard deviations of the 
averaged runs, covering 3 minutes before to 3 minutes after impactor collection.   

In addition, the expression developed in Paper II was tested for linking number 

densities observed on the 3rd stage impactor grid to airborne concentrations. Due 

to the sampling artefacts of Printex90 and Halloysites, the estimate was only 

made for the pure NaCl sample, which was compared to SMPS and ELPI results. 

The expression was found to reproduce PSD shapes very well, but underestimated 

airborne number concentrations by factors of 5-10. The earlier measured A factor 

from PSL calibration experiments was thus too low for the NaCl experiment. This 

could be explained by the installation of impaction plates in the 1st and 2nd 

impactor stages, which were not installed when the A parameter was determined 

in Paper II. It is therefore clear that the impactor can for now only be used to get 

an estimate of the total particle number concentrations within a factor of 10. 
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However, additional work on calibration with multiple stages and an improved 

understanding of the impactor can provide more precise particle number 

measurements.  

Finally, the capabilities of EDS mapping was demonstrated for the complex 

aerosol sample. It was shown that the three particle types can be distinguished, 

while information on individual particle mixing states is provided, as seen in Figure 

23. This allows distinction between primary particles, even if they are parts of 

agglomerates. Based on this knowledge a classification scheme was developed to 

categorize particles by elemental composition. This allowed for class specific size 

and shape analysis of the complex aerosol, where it was shown that NaCl particles 

were primarily of sizes close to 100 nm, fitting well with observation from the 

pure NaCl aerosol. Halloysites were found to dominate sizes from approximately 

200-2000 nm, whereas Printex90 dominated sizes from 0-100 nm as well as sizes 

above 2000 nm. The shape analysis showed that fiber-like shapes were exclusive 

to classes containing Halloysite particles, while the most circular and dense 

shapes were observed for NaCl particles, as expected.  

 

Figure 23. Left: SE image overlaid by an EDS map from the complex aerosol sample, with colors 
corresponding to those specified in the left corner. It should be noted that overlapping colors are 
blended so e.g. NaCl particles are orange due to yellow Cl and red Na. Right: Classified image of 
the one on the left with colors corresponding to different categories. Color codes are given in 
Paper IV. 
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In conclusion, impaction of large agglomerates can lead to fractionation upon 

impact, resulting in a misrepresentation of the sampled aerosol, by a decreased 

number of large particles and an increased number of smaller ones. Image 

analysis of SEM/EDS derived elemental maps can distinguish individual particles 

and provide information on their elemental composition and mixing state. This 

allows particle classification as well as class specific size and shape analyses. The 

information is obtainable without any prior knowledge of the sample, which is 

beneficial for particle source identification. A map can be acquired in 5-10 min, 

resulting in overall analysis times of approximately 1 hour per sample. The 

analysis can be automated, minimizing user intervention to the initial setup of the 

procedure. However, a detailed understanding of the sampling method is needed 

to account for deposition patterns and varying collection efficiencies, in order to 

link offline sample observations to the originally aerosol. 
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5 Discussion 

In spite of increased research, focus, and awareness on PM pollution during the 

past decades, there are still major knowledge gaps in PM risk assessments20,77. 

The gaps are present in the current toxicological and epidemiological 

understanding of the hazards associated with exposure to PM, but also as 

limitations in exposure measurements18,327,328. A detailed physicochemical 

characterization of aerosols is therefore among the key parameter for closing the 

knowledge gaps. There are currently many available instruments for 

characterizing aerosols, but no single method can measure all the necessary 

particle properties. Online instruments are crucial for time resolved size and 

number information, while offline instruments are needed for more detailed 

aerosol and single particle characterization.  

This work has focused on aerosol characterization via SEM/EDS analysis of 

impactor collected samples, which has the potential to measure many of the 

particle properties relevant for exposure and risk assessments. However, the 

method currently lacks procedures for collecting and analyzing aerosol samples, 

ensuring a representative description. This work has aimed to develop and 

streamline the analysis process, by following the goals presented in Chapter 0: 

 Develop and characterize a procedure to collect aerosol particles for SEM 

analysis. 

 Develop and validate a reproducible analysis procedure capable of 

providing a representative description of the sampled aerosol population.  

 Investigate optimal microscope settings for SEM/EDS particle analysis, in 

order to minimize beam influence.   

 Investigate the potentially detailed characterization obtainable by 

SEM/EDS analysis of a complex aerosol consisting of multiple particle 

types. 

The first and second goals were addressed in Papers I and II, investigating and 

characterizing impaction as a particle collection method and establishing an 
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imaging routine for reproducible and representative SEM analysis. These goals will 

be discussed in Section 5.1. Goal 3 focuses on the SEM/EDS analysis, investigating 

the quality of results obtained from different settings and detectors, which was 

investigated in Paper III, and will be discussed in Section 0. The final goal of 

demonstrating and investigating the results obtainable by the impactor-SEM/EDS 

analysis was addressed in Paper IV. Here the results were compared to well-

established methods, which will be further discussed in Section 0.    

5.1 Particle Sampling 
All offline techniques require particle sampling. In addition, single particle analysis 

methods, such as microscopy and spectroscopy, require a comprehensive 

understanding of the sampling method to ensure a descriptive aerosol 

characterization. Thus, knowledge of deposition patterns, collection efficiencies, 

effective collection area, and particle losses for the applied sampling method is 

crucial in linking observations and measured characteristics to the original 

aerosol.  

The work in Paper I addressed the initial aim of this PhD, showing that fibrous 

particles can be collected efficiently onto TEM grids via the MINI. Impactor-

SEM/EDS analysis could thus prove a valuable tool for exposure assessments of 

HARN, where the current analysis procedure is complex, requiring preprocessing 

steps prior to EM analysis, including suspension of the sample and transfer to 

more EM suited surfaces43,44,165. In Paper I it became obvious that there is a need 

for a deeper understanding of impaction to improve analysis strategies and 

reduce uncertainties from counting statistics. In the paper, airborne fiber 

concentrations were estimated under the assumption that particles deposit 

equally and homogeneously across the entire area of the TEM grids from all three 

stages. These assumptions resulted in major uncertainties that would require 

thousands of images to overcome. However, the uncertainties could be 

significantly reduced by acquiring lower magnification images on the 1st and 2nd 

impactor stages, where the large particles are primarily collected. This would have 

increased the imaged area relative to the total particle collection area, and hence 

improve counting statistics. Additionally, the results presented in Paper II, show 
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that particles almost exclusively impact directly underneath the impactor orifice. 

This suggests that the effective particle collection area is significantly smaller than 

the entire grid as assumed in Paper I. Thus, the needed number of images and 

counting uncertainties assessed in Paper II can be reduced by revising the 

effective particle collection area based on the finding in Paper II.  

Impaction has been demonstrated as a collection method for SEM/EDS analysis in 

the past, but only as a qualitative method22–26. This is mainly due to impactor 

complexities, including wall losses, collection efficiency, efficient collection area, 

and deposition patterns. The work in Paper II has contributed to closing these 

gaps by improving the current understanding and highlighting necessary 

considerations when analyzing aerosol samples collected via impaction, thus also 

addressing the second goal of this PhD. It was shown that particle deposition 

occurs almost exclusively directly underneath the orifice, and that deposition 

patterns are inhomogeneous and size dependent. As a result, random imaging 

routines cannot be used to obtain representative descriptions of impactor 

samples. Instead a reproducible imaging routine was proposed for ensuring 

representative PSD measurements on impactor grids. The routine showed good 

results for PSL beads in the size range 40-300 nm, when compared to online SMPS 

measurements. Based on these measurements an expression was proposed to 

link the number density distribution of the 3rd stage grid to airborne 

concentrations. The expression proposed the use of an experimentally 

determined calibration factor, A, to provide a metric for the previously limiting 

impactor complexities. The A factor was determined to 1.12∙106 ± 0.60∙106 µm2, 

based on PSL experiments. However, when the factor was used to estimate 

airborne NaCl concentrations in Paper IV, it was found to underestimate the 

number concentration by factors of 5-10. The discrepancy may have been caused 

by the presence of impaction plates on the 1st and 2nd stages in Paper IV, which 

were not installed during collection of particles in Paper II. The plates influence 

the flow path through the impactor and could therefore increase wall losses or 

diffusion losses at the 1st or 2nd stages, requiring a higher A factor to compensate. 

Alternatively, it could have been influenced by changes in the overall PSD shape, 

since the A factor currently does not take size differences into account. The same 
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expression was used to estimate optimal sampling times from SMPS measured 

total number concentrations, in sampling of PSL bead aerosols dominated by 100-

200 nm sizes. This made it possible to ensure high particle number densities while 

minimizing co-deposition, which is crucial for ensuring high quality samples and 

reliable results from the characterization. The expression was tested when 50-200 

nm NaCl particles were sampled in Paper III and Paper IV, and gave good results in 

both cases. However, when collecting Printex90 and Halloysite particles of 

approximately 1 µm in Paper IV, the expression was found to overestimate 

sampling times by 1-2 orders of magnitude. This discrepancy could be caused, 

either by the much larger particle sizes, or by sampling artefacts observed on the 

grids when particles shattered upon impact.  

The work in this PhD has also shown the limitations of impaction as a collection 

method. Impaction collects a high number of particles in a short time and in a 

small area. This can be both an advantage and a disadvantage, since it makes it 

possible to capture peak emissions close to a source and gives good counting 

statistics, but will quickly result in overloaded samples. Therefore longer and more 

integrated samplings are not possible, unless the aerosols are very dilute. In 

addition, the work in Paper IV showed that larger agglomerates can fracture upon 

impact, which can misrepresent the original aerosol. Alternative sampling 

methods, such as those described in Section 2.5.2, should therefore also be 

investigated and compared. Some of these methods require long sampling times, 

and collect particles via softer deposition mechanisms, e.g. diffusion or 

interception, which can prove relevant in specific scenarios. Therefore an array of 

available collection methods with different strengths and weaknesses will make it 

possible to choose the method best suited under the given circumstances. 

However, regardless of the specific collection method, a thorough understanding 

of the method is crucial, to fully utilize the detailed characterization obtainable by 

offline analysis e.g. SEM/EDS. Here knowledge of deposition patterns, total 

collection area, collection efficiency curves, and particle losses are critical.  

Overall this work has made a significant contribution to the current understanding 

and usage of impaction as a particle collection technique for SEM/EDS analysis. 

However, further research is needed to extend the findings to larger particle sizes, 
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as mainly particles in the 40-300 nm range was used in the present experiments. 

Consequently, additional work is needed to characterize the 1st and 2nd impactor 

stages, where the shapes of the impactor collection efficiency curves, wall losses, 

and effective collection area are currently unknown. A deeper understating of the 

proposed A parameter is also needed, in order to provide a more precise and 

robust link between offline observations and the originally sampled aerosol. 

5.2 SEM/EDS Analysis 
As discussed in this work, detailed physicochemical characterization of aerosols 

and particles are highly needed for risk assessments. Here SEM/EDS analysis has 

the potential to measure many of the relevant parameters for risk assessments 

when it is combined with detailed knowledge of the sampling method. 

Paper III addressed the third aim of this PhD, by contributing to the current 

knowledge on EDS analysis of particles, especially in relation to capabilities within 

the field of detectors. The work showed that the recently developed annular EDS 

detector may provide a substantial increase in X-ray count rates. This can reduce 

acquisition times considerably, while yielding higher X-ray counts, improving 

counting statistics, and consequently more reliable element quantification. As a 

result, sufficient X-ray counts for qualitative analysis can be obtained within one 

second from single particles down to tens of nanometers and from beam sensitive 

compounds before decomposition. This is an important advancement, since 

extensive acquisition times and low X-ray counts have previously been major 

limitations for SEM/EDS analysis of aerosols289,329. Hence, it is now possible to 

obtain sufficient data for statistical analysis of a sampled particle population 

within an hour, compared to tens of hours with previous detectors. In addition, 

the analysis can be automated, minimizing user intervention to the initial routine 

setup. The study also showed that choice of quantification model is important, 

where Cliff-Lorimer was found most reliable for analysis of thin samples with 

limited X-ray and sample interaction. Finally, it was shown that the new detector 

design has made EDS mapping a viable analysis strategy, as the acquisition time 

can be reduced to 5-10 minutes for each map (1-2 hours per sample). This makes 

the analysis less sensitive to variations in image quality, as image segmentation 
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can be performed manually after data acquisition, further reducing the need for 

supervision during analysis.  

The work in paper IV addressed the final aim of the PhD, by demonstrating the 

capabilities of SEM/EDS for analysis of complex aerosols collected by impaction. 

The samples were analyzed by EDS mapping, which was shown to provide single 

particle size, morphology, mixing state, and elemental composition information 

within a reasonable timeframe. This is highly relevant as these properties have 

been identified among those relevant for assessing hazard and risk20,131. The 

measured properties furthermore made it possible to describe the aerosol mixing 

state by classifying particles based on their composition, size, or shape. This 

allowed class specific information and easily distinguished the three primary 

particle types, since agglomerates were shown to consist of these three types in 

different combinations. Such information is crucial for source identification, 

exposure assessments, and preventive strategies50,238. In addition, classes 

containing the fibrous halloysites were easily distinguished, showing that the 

method is particularly relevant for fiber sampling and detection. Though some 

gaps still remain for linking number densities to airborne concentrations, 

estimates within a factor of 5-10 was obtained directly from the observed number 

densities of NaCl particles. The study thus showed that impactor-SEM/EDS 

analysis can deliver very detailed aerosol and single particle information even 

without any prior knowledge, making it an excellent tool for exposure 

assessments. This is further supported by the small and transportable MINI 

design, which allow for field measurements and collection of particles directly 

onto EM suitable surfaces, which can be brought to the microscope for analysis. 

There are however, some limitations of the method, which are important to 

consider. As the analysis is conducted under vacuum, many volatile gases may 

evaporate prior to or during the analyses. Beam interactions can also be an issue, 

though they were shown to be manageable based on the work in Paper III. 

Furthermore the analysis cannot provide chemical composition measurements 

nor information on functional groups, which are also relevant for hazard 

assessments162. The method also has limitations for detecting carbon and oxygen 

in particles, due to low X-ray yields and substrate X-ray contribution. Finally the 
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method is offline, and therefore cannot give time resolved information. The 

method should therefore be coupled with online instruments to determine when 

and where to sample, allowing the analysis to provide a more detailed description 

at relevant locations and relevant times.  
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6 Conclusion 

This PhD has addressed the current need for detailed aerosol and single particle 

physiochemical characterization by: 

 Providing a profound understanding of impactor sampling for single 

particle analysis by EM (Paper I and Paper II). 

 Developing an analysis procedure to ensure reliable and reproducible size 

distribution measurements from EM (Paper II). 

 Proposing and testing a calibration based method to calculate airborne 

number concentrations from EM measured number densities of impactor 

samples (Paper II and Paper IV). 

 Providing and demonstrating a method for estimating optimal sampling 

times, in order to ensure high quality samples (Paper II, Paper III, and 

Paper IV). 

 Identifying optimal EDS settings, and discussing trade-offs between 

analysis strategies for single particle characterization (Paper III). 

 Showing the significantly improved EDS analysis times and more reliable 

element quantification obtainable from recently developed EDS detectors 

(Paper III). 

 Highlighting EDS mapping as a viable analysis strategy for providing single 

particle mixing state, identifying primary particles, and allowing more 

reliable automated analysis procedures (Paper III, and Paper IV). 

 Demonstrating the detailed physicochemical characterization obtainable 

by SEM/EDS analysis of complex aerosol mixtures (Paper IV). 

 Showing that relevant parameters for targeted risk assessment can be 

derived by SEM/EDS (Paper I and Paper IV). 

 Validating the overall analysis procedure by comparison to well-

established instruments in controlled environments (Paper II and Paper 

IV). 

The work has thus provided a profound understanding of impactor sampling and 

the subsequent SEM/EDS analysis for aerosols and single particles. A reproducible 
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analysis strategy for ensuring comparable and representable results was 

developed and verified by comparison to well-established techniques. In addition, 

a simple calibration approach was proposed and tested for estimating airborne 

concentrations directly from sample number densities. The expression proved 

useful and capable of providing concentration estimates within a factor of 10, but 

needs additional work to give more precise estimates and to extend its use to 

sizes larger than a few hundred nanometers. The same expression was shown 

reliable for estimating optimal sampling time from airborne number 

concentrations, which is crucial for ensuring high quality samples and results. This 

work has furthermore shown the strengths and weaknesses of impaction as a 

collection method. The main strength of impaction is in the efficient particle 

collection and small deposition area, enabling quick sampling and efficient sample 

analysis. However, impaction is ill-equipped for long term measurements and for 

collecting large and loosely bonded agglomerates, which may break upon impact. 

Thus, a similar level of characterization and understanding is needed for 

alternative sampling methods, which may be better suited for given aerosols or 

desired timeframes.   

This PhD work has also demonstrated the capabilities of current EDS detectors in 

analysis of thin and electron sensitive samples. It was shown that the recent 

advances with the annular detector design can significantly increase count rates, 

allowing shorter acquisition times, improved counting statistics, and more reliable 

element quantification. This is important for particle analyses, as it makes EDS 

mapping a viable analysis strategy by reducing map acquisition times to a few 

minutes, while providing sufficient counts for element quantification of particles 

in the tens of nanometer range. EDS maps can provide information on individual 

particle mixing states, and is thus highly relevant for source apportionment, as 

primary particles are easily distinguished. Maps furthermore allow for manual and 

offline image segmentation, which makes automated analysis routines more 

reliable, since they become insensitive towards varying image quality, which is an 

issue in feature detection methods.   

Finally, this PhD has demonstrated the thorough physicochemical characterization 

obtainable by SEM/EDS analysis, and its potential for providing information on 
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many of the relevant and highly needed aerosol and single particle properties for 

e.g. targeted risk assessment. This was done by analysis of a complex aerosol, and 

comparison to well-established instruments in a controlled environment. The size, 

shape, and composition information obtainable by SEM/EDS was shown crucial 

for identifying primary particles and agglomerates thereof. The information 

furthermore allowed particle classification, which proved efficient for 

distinguishing Halloysite fibers and their agglomerates, from other classes via 

shape analysis. Thus SEM/EDS analysis can provide important aerosol and single 

particle properties, without any prior knowledge of the sample. Instead the main 

uncertainty for the analysis was found to lie in the link between offline 

observations and the original aerosol. Thus, more detailed understandings of 

collection methods are crucial for further improving the results and 

characterizations obtainable by SEM/EDS. Research and studies for understanding 

and characterizing particle sampling methods should therefore be a high priority, 

establishing a robust link between offline sample observations and the particle 

exposure scenarios in which they were sampled.  
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7 Ongoing Work 

In this section a brief description is provided of currently ongoing projects, which 

have also been conducted during this PhD work, but was not included in the main 

structure as they go beyond the scope of the thesis. The section presents 

preliminary data, which is expected to lead to publications in the future. 

7.1 In-Situ EM 
The main focus in this PhD work has been to characterize aerosols and individual 

particles for exposure and risk assessments in relation to human health. However, 

aerosols also have a major influence on climate both through direct interaction 

with sunlight and indirectly through their role as cloud condensation nuclei (CCN) 

in cloud formation330,331. The fate and role of particles in the atmosphere are 

governed by their physicochemical properties, which is highly complex due to 

their diversity and constant equilibrium with changing surroundings, as described 

previously. As a result, nanoscale particles are among the major uncertainties in 

current climate models and predictions of global warming332. In cloud formation, 

particle size, chemical composition, and atmospheric lifetime/degree of oxidation 

have been identified among the 

crucial parameters for estimating 

CCN activity31,333. However, CCN 

experiments are often performed 

with online instruments, assuming 

spherical homogeneous particles, 

thereby excluding potentially 

important properties. Recent 

studies have furthermore shown 

that CCN properties can be altered 

by condensing gaseous compounds 

e.g. volatile organic compounds 

(VOC)30 onto the surface of 

particles. The influence and 

importance of particle viscosity, phase separation, and molecular partitioning 

Figure 24. Overview of an in-situ TEM holder, 
inserted into a TEM. 
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between phases is therefore still debated334,335. Thus, additional research and new 

methods are needed to help close the knowledge gaps in the current 

understanding of gas-particle interaction. 

In the past, environmental electron microscopy techniques (E-TEM or E-SEM) 

have been used to visualize deliquescence of various atmospheric particles in 

order to determine their role as CCN336,337. This has made it possible to investigate 

how growth processes are influenced by particle morphology, coating, phase 

state, and composition. However, ETEM operates far below atmospheric pressure, 

which will cause volatile compounds to evaporate. In addition, ETEM exposes the 

inside of the microscope to the condensing or reacting gas, thereby limiting the 

available gasses to a select few. 

These limitations can be overcome by using specially designed in-situ TEM or SEM 

holders, where particles are sealed from the vacuum of the electron microscope. 

An example of an in-situ TEM holder is shown in Figure 24. The holder consists of 

inlet and outlet channels as well as two separable chips with electron transparent 

SiNx windows that allow visualization down to a few nanometers. Though the 

technique has been used for studying catalysts as well as particles and 

electrochemical processes in liquid environments, it has thus far not been used 

for atmospheric research.  

In-Situ EM enables a vast combination of experimental conditions, altering not 

only the physicochemical properties of the particles but also the reacting gas 

mixture. This makes it possible to study condensation and oxidation processes of 

particles, by visualizing their change in different gaseous environments. In 

addition, the method can be combined with EDS or electron energy loss 

spectroscopy (EELS), thereby providing images with nanometer resolution as well 

as elemental maps or pixel spectra with chemical bonding information via EELS. 

Hence, the spatial distribution of elements and their bonding environment can be 

measured inside particles during atmospherically relevant condensation or 

oxidation processes. 

To demonstrate the method, preliminary studies have been conducted during this 

PhD work, where NaCl particles were generated with an atomizer and collected 
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onto the SiNx windows. The particles were visualized in a TEM and exposed to air 

with an increasing humidity. The humidity was controlled by using two syringe 

pumps, one containing a small amount of silica gel to produce dry air and another 

with a wet paper towel to produce air with a humidity near 100 RH%. By 

controlling the flow from each of the syringes, the humidity could be changed 

inside the in situ TEM holder, though some issues with the precision was evident. 

Still, this allowed visualization of the deliquescence process of NaCl crystals under 

increasing humidity as well as the recovery of large crystals after partial 

drying/deliquescence, as seen in Figure 25. 

 

Figure 25. Frames from a movie of preliminary in situ results, where NaCl crystals activate as CCN 
after exposure to air with increasing humidity, raising from approximately 50 to 80 %RH (at 200s) 
and then decreased to 50 %RH again. A movie was acquired of the process, from which select 
images are displayed, captured at 10, 90, 190, and 230s. Scale bar is 2 µm. The arrows in the 
corner indicate increasing or decreasing humidity. 

The preliminary studies were however conducted without reliable and precise 

humidity measurements, and more controlled studies were therefore needed. At 

the end of this project, two sensor systems were built consisting of a SHT7x 

temperature/humidity sensor (Sensirion) and a MPX4250A pressure sensor (NXP). 

The sensors were connected to an Arduino Uno board, and a script was written in 

Arduino and python to read, save, and plot the data live. This allow for 

temperature, humidity, and pressure readings at the holder inlet and outlet 

channels, providing more precise measures for the humidity inside the holder. 

The overall system is thus ready for use and has shown promising results in 

experiments under the optical microscope. The system is therefore expected to 

provide publishable results in the near future. 
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7.2 Limit of Detection Algorithm  
Another ongoing project focuses on developing an image analysis algorithm to 

estimate the smallest detectable particle size from SEM and STEM images. There 

is currently no simple and well-established method to evaluate the resolution in 

EM images, and it is thus not possible to determine the limit of detection for 

particle analysis. Though electron microscopes report a pixel resolution, this value 

is not equal to the smallest distinguishable object in the image. This can easily be 

realized by considering that at least three pixels are needed to see a transition 

from substrate to particle and back to the substrate. However, there are 

additional and more complex contributions that has to be considered. Images 

always present with some noise, resulting from defocus, astigmatism, as well as 

microscope or sample limitations. Therefore only particles presenting as a cluster 

of pixels are detectable from the image noise, but the size of this cluster will vary 

between images, depending on the actual image resolution. Though there are 

methods to measure the resolution of EM images, these require several images of 

the same area, or require direct interaction with the microscope to control focus 

and/or astigmatism during the analysis338–344. The goal of this project was to 

enable a resolution measure directly from a single image, which can be performed 

offline. A description of the algorithm process is provided below, followed by 

examples of its use on synthetic images with a known resolution and on real SE 

images in a focus series. 

The novelty in this algorithm is the observation that particles in EM images show 

intensity responses similar to a step function h(x) convolved with a Gaussian 

function g(x), as seen in Figure 26.  

𝑔(𝑥) = 𝛽𝑒
−

𝑥2

2𝜎2 

ℎ(𝑥) =
1

2
(1 + 𝑠𝑔𝑛(𝑥)) 

The particles may vary in size, but no matter how large, they present a plateau 

region with Gaussian blurred step edges, or a simple Gaussian shape for sizes near 

the resolution limit. This means that the most general description of the signal is a 

step function convolved with a Gaussian blur, where the smallest detectable 
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object is related to the shape of the Gaussian function operating on the image. 

Therefore, the key parameter for estimating image resolution is the standard 

deviation σ of the blurring function, as it controls the shape of the Gaussian.  

 

Figure 26. Original SE image (left) and a profile plot of pixel intensities for pixels on the yellow line 
of the SE image (middle), showing the intensity profile of particles. Linear combinations of step 
and Gaussian functions are shown on the right, which take shapes that resemble the particle 
profiles. 

However, as there can be many particles on an image, which can vary individually 

in size, shape, position, and intensity, it is necessary to assess the Gaussian blur 

based on the entire image. This can be done efficiently by converting the image 

signals from the spatial domain to a representation in the frequency domain via a 

Fast Fourier Transform (FFT). Though FFT analysis is a common tool for analyzing 

EM images, a short description is provided here, regarding the processes relevant 

for this algorithm.  

In FFT analyses of an image f, each row and column of pixels (x,y) are treated as 

individual data arrays. The values in each array are decomposed and described by 

weighted basis functions consisting of sine and cosine waves with increasing 

frequencies. The mathematical expression for the two-dimensional FFT of an 

image with dimensions (M, N) is given by: 

𝐹(𝑘, 𝑙) = ∑ ∑ 𝑓(𝑥, 𝑦) ∗ 𝑒
−2𝜋𝑖(

𝑥𝑘
𝑀

+
𝑦𝑙
𝑁

)

𝑁−1

𝑦=0

  

𝑀−1

𝑥=0

, {
𝑘 = 0, 1, 2 … , 𝑀 − 1
𝑙 = 0, 1, 2 … , 𝑁 − 1

 

Where F(k,l) is the Fourier transform in the form of a complex number valued 

output image in frequency space obtained by running through all values of k and l. 
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The resulting image contains both amplitude and phase information, where the 

phase relates to the position of the individual basis functions. In this analysis the 

position is of little importance and is discarded by taking the absolute value of the 

complex number valued output image, leaving only the magnitude spectrum 

|F(k,l)|. The magnitude spectrum can be displayed as an image with frequencies k 

and l running along the image axes, and the corresponding amplitudes displayed 

as pixel intensities. Here it should be noted that signals in the magnitude 

spectrum are mirrored in the real and negative halves of the Fourier transform. 

This means that the magnitude spectrum consists of four quadrants, where the 

upper-right quadrant is a mirror of the lower left, while the upper-left is a mirror 

image of the lower right, with low frequency components at the corners, as 

indicated in Figure 27. The main component in the magnitude spectrum is the DC 

component, which correspond to (k,l) = (0,0). However, the amplitude of the DC 

component is typically so high that other components are not visible, resulting in 

a dark image. Therefore the natural logarithm of the magnitude spectrum is 

acquired to visualize the amplitudes at other frequencies. In addition, the 

magnitude spectrum is often shifted, so the DC component is placed in the image 

center and so that frequencies increase outwards. An example of the processes 

described up until this point are shown in Figure 27 for an SE image. 

 

Figure 27. A schematic of the workflow when conducting the initial DFT conversion. The original SE 
image is transformed from spatial domain (left), to the magnitude spectrum in the frequency 
domain (middle left). The low amplitudes are visualized by acquiring the logarithm of the DFT 
(middle right), and low frequency components are shifted to the center of the image (right). 

The image type displayed on the right in Figure 27 will from hereon be referred to 

as FFT. The FFT shows that the majority of the image information is in the low 

frequency components near the center of the image, since it is brighter, 



7.2 - Limit of Detection Algorithm Ongoing Work 

 

   105 

 

equivalent to higher amplitudes. The amplitude decreases with increasing 

distance from the center, corresponding to an increase in frequency. This is due to 

the limited image information captured by highly oscillating basis functions at high 

frequencies. The lines extending from the center to the edges of the image are 

referred to as Gibbs phenomenon, and appear since the data is not continuous at 

the edges of the image. This can produce some issues, but will be ignored for 

now. The FFT can be difficult to read directly, though it can visualize linear 

patterns in the original EM image, which will produce bright spots in the FFT. This 

is often used for analysis of crystal structures and lattices. However, for the 

resolution estimates in this algorithm the transition from high to low amplitude as 

a function of frequency is of interest, whereas the direction is unimportant. To 

describe this transition, the frequencies are normalized by the highest obtainable 

frequency in the two image directions, to account for non-quadratic image 

dimensions (different maximal k and l values). Thus, the image scale is the same in 

either direction, where 0 is the image center, 0.5 is the shortest distance from the 

center to the image frame, and 0.707 is the distance to the image corners 

(√(0.52+0.52)). Pixels are then binned according to their Euclidean distance from 

the center, resulting in elliptical bins. The mean amplitude is calculated for each 

bin and plotted against the elliptically normalized frequencies, as seen in Figure 

28. 

 

Figure 28. The FFT image (left), with examples of the elliptical bins used for averaging amplitudes 
with the same frequencies. The elliptical shape is necessary to account for non-quadratic image 
dimensions, which also why the frequencies are normalized by the image dimensions in the mean 
amplitude plot (right).   
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Since the convolution of the step and Gaussian function fits well in spatial domain, 

it should also fit well in the frequency domain. Therefore the curve in Figure 28 

can be fitted with the FFT converted convolution function, which gives the 

following expression for the mean amplitude F(v) as a function of frequency v: 

𝐹𝐹𝑇(𝑔(𝑥) ∘ ℎ(𝑥)) =  𝐹(𝑣) =  𝑐 + ln (1 +
𝑏 ∗ 𝑒−(𝑎𝑣)2

𝑣
) 

Where a and b are linked to the β and σ parameters from the Gaussian function 

by FFT conversion factors, while c is an arbitrary scaling parameter, describing the 

asymptotic value at high frequencies.  

To verify the analysis procedure a series of tests were performed with a synthetic 

image, which was blurred with Gaussian functions of known σ values. The image 

consisted of white circles of varying size on a black background with perfect 

resolution (step function transitions). To visualize the analysis, a few of the test 

images at each step are shown in Figure 29, including the original image, 

examples of blurred images, the corresponding FFTs, and plots from the elliptical 

binning procedure as well as fits from the proposed expression. 
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Figure 29. Tests of the FFT analysis algorithm using a synthetic image of white circles on a black 
canvas (left). The original image was blurred with a Gaussian kernel with known σ values of 1, 2, 3, 
4, or 5 (first column of images), and the FFT of each image was determined (second column of 
images). The right plot shows the results of the elliptical binning procedure (solid lines) and the 
fits using the proposed expression (dotted lines) for each Gaussian blur.  

It is seen that the expression is able to fit the binned data very well regardless of 

the blur. Therefore only the FFT conversion factors are missing, linking the fitted a 

parameters to the σ of the original Gaussian functions. This was investigated by 

using the algorithm as in Figure 29, but on 100 blurred images with varying σ. The 

fitted a parameters are plotted against the σ values in Figure 30.  
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Figure 30. Fitted a parameters plotted against the σ values for 100 blurred images, using the same 
procedure as in Figure 29. A line describing the near linear relation is also shown, with the formula 
in the legend.  

It is seen that there is a near linear relationship between the fitted a parameter 

and the σ value, with the linear relation described by a = 2σ √2π. Some 

discrepancies are observed at σ values, corresponding to very blurred images, but 

for images near focus it performs very well. Thus, the algorithm can give an 

estimate of the actual resolution of an image, which can be described via the σ. 

Alternatively, σ can be converted to the full width at half maximum (FWHM) of 

the Gaussian (FWHM = 2σ √(2ln(2))), which is a more common resolution 

measure. 

To further test the algorithm it was used on a series of SE images acquired at the 

same location of a sample, but with different focus settings. The image series was 

made by altering the focus in small steps, starting at high defocus values (under 

focus), going through the focus point, and ending at highly over focused settings. 

Since the σ value is not known for real images, instead the working distance of the 

sample was used. This should result in a parabolic shape, where the focus point is 

a global minima and the resolution decrease at both over and under focus. The 

working distances of the focus series are plotted against the FWHM determined 

by the algorithm in Figure 31.  
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Figure 31. Results from using the algorithm to assess the resolution of SE images in a focus series. 
Three images from the focus series are shown above, and arrows mark the corresponding point in 
the FWHM vs Working distance plot. 

Figure 31 shows that the algorithm gives resolution estimates which follow the 

expected shape. The focus point is a global minima and the resolution decrease at 

both over and under focus. At the focus point, the smallest resolvable object in 

the image is estimated to be approximately 4 pixels wide. Upon close inspection 

of the image in focus, it was found that a typical transition from substrate to 

particle required 2-3 pixels. A good agreement was therefore found with the 

resolution estimated by the algorithm. Thus, the developed algorithm can be used 

to estimate a limit of detection for particle analysis directly from EM images 

without any prior knowledge. 

The algorithm is written in Python, using the openCV package326, and is thus open 

source. The script only requires an image as its input, and can be run in 

approximately 2.23 seconds (determined by timing 1000 script iterations). The 

algorithm returns the σ value of the Gaussian as a resolution estimate, as well as 
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its standard deviation error estimated from the covariance of the fitted a 

parameter.    

Currently the algorithm is being improved to account for image stigmatism, which 

can rotate the elliptical shape of the FFT. This result in low quality fits, and thus 

gives poor resolution estimates, meaning that it currently cannot be used for 

astigmatic images. The algorithm is also being optimized to try and account for 

the Gibbs phenomenon, which can give artificially high mean amplitudes in the 

elliptical binning plot. Still, the currently achievable results are promising.     
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A R T I C L E I N F O
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Nanofiber counting
Occupational exposure limit

A B S T R A C T

Halloysite nanotubes (HNTs) are abundant naturally-occurring hollow aluminosilicate clay mineral fibers with a
typical diameter < 100 nm and an aspect ratio of up to 200. Here we assessed the potential inhalation exposure
to HNTs in an industrial research laboratory. Inside a fume hood, ten times 100 g of HNTs were poured at rate of
0.5 kgmin−1, which increased concentrations from the background level up to 2900 cm−3 and 6.4 μm2 cm−3.
Inside the fume hood, the respirable mass concentration was 143 μgm−3 including background particles.
Outside the fume hood we did not measure elevated concentrations. We classified 1895 particles according to
their length and aspect ratio. Five particles were in aspect ratio > 3 and in length > 2 μm. These particles were
agglomerated and/or aggregated particles where the longest individual fiber was 2 μm in length. The occupa-
tional exposure limits for refractory mineral fibers vary from 0.1 to 2 fibers cm−3. Following standard protocols
for fiber analysis, detection of 0.1 fibers cm−3 would require analysis on 4× 104 images when the filter loading
is good. Thus, the fiber sampling and quantification procedures needs to be improved significantly if nanofi-
bers< 100 nm in diameter are included in regulatory exposure assessment. Due to very limited toxicological
information of HNTs we recommend avoiding inhalation exposure.

1. Introduction

Halloysite nanotubes (HNTs) are a low cost and naturally occurring
abundant clay mineral of the kaolin group (Joussein et al., 2005). HNTs
are hollow insoluble mineral fibers with lengths of up to 30 μm and
aspect ratio values of up to 200 (Makaremi et al., 2017). They are
characterized by high mechanical strength and modulus, and due to
their hollow nanostructure they are widely used for loading and con-
trolled release of functional compounds (Makaremi et al., 2017; Yang
et al., 2016; Huang et al., 2016; Saif and Asif, 2015; Lvov et al., 2016a).
HNTs are used in, e.g., self-healing anticorrosive coatings (Wei et al.,
2015), hydrogen production and storage (Sahiner and Sengel, 2017; Jin
et al., 2017), pharmaceutical excipients (Hanif et al., 2016; Lvov et al.,
2016b; Yendluri et al., 2017), biomedical applications (Liu et al., 2016;
Bonifacio et al., 2017), cosmetics (Saif and Asif, 2015), active food
packaging materials (Shemesh et al., 2016; Tas et al., 2017; Krepker

et al., 2017), water treatment (Yu et al., 2016), and for improvement
the mechanical properties and thermal stability of polymer composites
(Liu et al., 2014). Globally, HNTs annual production is over 50,000
metric tonnes (Lvov et al., 2008), which is similar to that of carbon
fibers (40,000 t/y; Gutiérrez and Bono, 2013), and approximately 10
times higher than the production of carbon nanotubes which is only ca.
4000 t/y (De Volder et al., 2013).

Pulmonary exposure to long and poorly soluble fibers is associated
with a high risk of serious adverse health effects (e.g. Lippmann, 1988).
It has been shown that mesothelioma and pleural plaques are caused by
biodurable fibers thinner than ~0.1 μm and longer than ~5 μm while
cancer and pulmonary fibrosis are caused by fibers thicker than
~0.1 μm and longer than ~20 μm (Lippmann, 1988). This phenomenon
of inhalable, long and biodurable fibers is denoted the fiber paradigm,
and fibers fulfilling the criteria are defined as WHO fibers (Lippmann,
1988, 2014; Harrison et al., 2015). Another important hazard indicator
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for HNTs is their high aspect ratio and large specific surface area. For
mineral fibers with a diameter in the range of 0.15 and 2 μm and a
length above 2 μm, fibrosis correlated with the surface area of the fibers
(Lippmann, 1988, 2014; Stayner et al., 2008, 2013; Hwang et al.,
2014). While airway exposure to short carbon nanotubes, ~0.3 μm in
length, was shown to cause fibrosis and long lasting inflammation
(Pauluhn, 2010; Poulsen et al., 2015, 2016, 2017).

The occupational exposure limits (OELs) for refractory mineral fi-
bers fulfilling the fiber paradigm generally vary from 0.1 to 2 fi-
bers cm−3 (Harrison et al., 2015; Nielsen and Koponen, 2018). For high
aspect ratio nanomaterials (HARN), such as non-entangled carbon na-
notubes, carbon nanofibres, and nanocellulose, with fiber lengths over
ca. 5 μm, a more stringent OEL of 0.01 fibers cm−3 has been proposed
for precautionary reasons (Mihalache et al., 2017). Gebel et al. (2014)
proposed that biodurable HARN that do not meet the fiber paradigm
may be classified as granular biodurable particles (GBPs). GBPs are
classified as low toxicity particles, which may however cause in-
flammation and acute phase response (Moreno-Horn and Gebel, 2014;
Saber et al., 2014), which in turn are risk factors for cardiovascular
disease (Saber et al., 2014).

Stanton et al. (1981) showed that pleural dose to 40mg of two
different types of HNTs in hardened gelatin implanted on to the pleural
surface resulted in formation of pleural sarcomas in 9 of 53 rats (17%)
2 years post-exposure as compared to 3 of 488 sham-treated controls
(0.6%). Kaolin, a platy sheet silicate with similar chemical composition
as HNTs, has been shown to induce cytotoxicity and genotoxicity in
isolated rat alveolar macrophages (Gao et al., 2000). Unmodified HNTs
have shown to induce very low cytotoxicity in the following human cell
types: carcinoma cells, peripheral blood lymphocytes, primary umbi-
lical vein endothelial cells, intestinal cells, and epithelial cells (Ahmed
et al., 2015; Vergaro et al., 2010; Nan et al., 2008; Lai et al., 2013).
However, as HNTs have similar dimensions as short carbon nanotubes
(CNTs), they may potentially cause pulmonary inflammation and acute
phase response following pulmonary exposure as previously reported
for CNTs (Saber et al., 2013, 2014; Poulsen et al., 2015, 2017; Jaurand,
2017).

Here, we studied HNTs release and exposure during a two-step
loading process where HNTs are mixed with essential oil. The product is
used for example in active food packaging materials, which have been
reported to reduce bacterial growth by up to seven orders of magnitude,
thereby increasing the shelf life of perishable foods (Shemesh et al.,
2016; Tas et al., 2017; Krepker et al., 2017). Here we assessed workers
inhalation exposure by measuring air concentrations using diffusion
chargers and by sampling airborne particles for gravimetric and elec-
tron microscopy analysis. Subsequent risk assessment was performed
based on HNTs exposure levels in fiber number, surface area, and mass
concentrations. Finally, we discuss the potential challenges in fiber
counting when the fiber diameter is< 100 nm.

2. Experimental section

2.1. Measurement strategy

Particle concentrations were measured from different locations
named here as fume hood (30 cm above the mixing bowl), near-field at
a height of 1.5m, breathing zone, and incoming ventilation air using
four miniature diffusion size classifiers (DiSCmini, Matter Aerosol AG,
Wohlen, Switzerland) and four respirable particle samplers (Fig. 1). The
DiSCminis were equipped with 0.7 μm pre-separators and ca. 50 cm
Tygon sampling hoses. The DiSCminis readings were compared before
the measurements started by sampling room air aerosol for 240 s within
with 10 cm radius. The DiSCminis showed good agreement between all
four instruments when measuring at the same location (Fig. 2) as has
also been observed in previous studies (Bau et al., 2017). The correla-
tions as compared to average values measured by the DiSCminis were
for N from 0.63 to 0.87, LSDA from 0.69 to 0.90 and Dp,DM from 0.60 to

0.77 (Table S6, Supporting Information).
Respirable particles were collected on a pre-weighted 37mm Teflon

filters with a 0.8 μm pore size (Millipore, Billerica, MA, USA) using a
BGI Model GK2.69 (Qs=4.2 Lmin−1) Triplex cyclones (BGI Inc.,
Waltham, MA, USA; Stacey et al., 2014). Three control blind filters
were used to correct for handling and environmental factors. Filter
weighing was completed in a climate controlled weighing room at 50%
relative humidity and 22 °C after at least 24-hour acclimatization. The
fume hood air flow was measured using a hot wire anemometer (BL-30
AN, Voltcraft, Hirschau, Germany).

2.2. Particle sampling and characterization

The sample was collected at a flow rate of 0.5 Lmin−1 (model NMP
830, KNF Neuberger, Germany) using a Micro Inertial Impactor
(Kandler et al., 2007), consisting of three stages, each equipped with
Nickel TEM grids with a Formvar carbon foil. This sampling technique
has been used successfully in environmental (Lieke et al., 2011; Kandler
et al., 2011; Nguyen et al., 2017), occupational (Jensen et al., 2015;
Kling et al., 2016; Koivisto et al., 2018), and combustion particle stu-
dies (Lieke et al., 2013). The Micro Inertial Impactor samples particles
up to ca. 30 μm in diameter depending on the sample flow's iso-axial
behavior (Kandler et al., 2007). The calculated d50 cut-off diameters by
inertial impaction are 1.3, 0.5, and 0.05 μm for the impaction stages.
The particle collection size ranges by inertial impaction are:

• Stage 1: 1.3 μm < dp < ~30 μm
• Stage 2: 0.5 μm < dp < 1.3 μm
• Stage 3: 0.05 μm < dp < 0.5 μm

Here we took overview images of the samples from each stage
which was used to locate the impaction spots which were analyzed in
further detail at higher magnifications, sufficiently high for resolving
the nano-scale dimensions suspected in the sample.

The analysis was made at the Center for Electron Nanoscopy,
Technical University of Denmark, using a FEI Nova NANO Scanning
Electron Microscope 600, which was used in scanning transmission

Fig. 1. Layout of the laboratory and sampling locations of Incoming Air of
mechanical ventilation air inlet (IA), Near-Field (NF), and Fume Hood (FH).
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electron microscopy mode to enhance the contrast between substrate
and particles. The microscope was operating at an acceleration voltage
of 15 kV, and at high vacuum. Images were acquired mainly at mag-
nifications of 15 k, resulting in resolutions of approximately
6 nm pixel−1. A few images were also acquired at higher magnifications
of up to 40 k, corresponding to resolutions of 2 nm pixel−1 (not shown).

Images were post-processed using python version 2.7 and the open
source Computer Vision package (OpenCV v. 3.1; Bradski, 2000). Par-
ticles were recognized when their intensities were lower than a speci-
fied threshold, and their area larger than a preset minimum. The
minimum area was set to 10 pixels (diameter of approximately
3 pixels), since this was found to be the limit for recognizing particles
based on the signal to noise ratio of the images. All the images had
similar contrast and brightness, which made it possible to segment the
images using a simple global threshold value of 120, meaning that
pixels with intensities below 120 were marked as particles. The image
analysis did not correct for cases with particle co-depositions, as well as
agglomerates and aggregates, since only simple thresholding and con-
tour recognition were used before sizing. The area, equivalent diameter
(calculated from the area), and aspect ratio were determined for each
recognized particle, where aspect ratio was defined as the ratio between
the longest, DBB,L, and shortest, DBB,s, sides of a bounding box (including
rotation).

2.3. Fiber counting

The sample air fiber concentration Cf (m−3) is

= × =

×
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where f (fibers m−2) is the fiber surface density, AC (m2) is the effective
collection area of the filter, V (m3) is the sample volume, Nf (−) is
number of counted fibers, ngf (−) is the number of analyzed graticule
fields, Agf (m2) is the graticule field area. The number of graticule fields
needed to find a fiber (Nf=1) is

=

×

∝

×
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where dgf (m) is the diameter of the graticule field area. NIOSH esti-
mated inter-laboratory precision for asbestos fibers counted using a

phase-contrast microscope counted from 100 graticule fields (NIOSH,
1994a). This should be applicable to the fiber counting from images
taken by using electron microscope (NIOSH, 1994b). NIOSH defined
the limit of detection as the inter-laboratory variability upper 95%
confidence limit on a measured value is 300% grater (4 times) than the
measured value (Ashley and O'Connor, 2016; NIOSH, 1994a). This re-
quires counting of at least 5.5 fibers (NIOSH, 1994a).

2.4. Alveolar lung deposited surface area (LDSA) and pulmonary
inflammation

Assuming that the HNTs and GBPs induce lung influx of PMN to at a
similar degree, the HNT exposure potency to induce pulmonary in-
flammation can be estimated by comparing the deposited surface area
dose with the NOEL1/100 of 0.11 cm2 g−1 for GBPs (Koivisto et al.,
2016). The NOEL1/100 was based on the relationship between poly-
morphonuclear neutrophilia (PMN) influx in the lungs of rats and mice
after a single intratracheal instillation of GBPs and the particles dry
powder Brunner-Emmett-Teller (BET) surface area dose normalized
with lung weight (cm2 g−1; Schmid and Stoeger, 2016). The deposited
alveolar surface area dose can be calculated by multiplying the LDSA
concentration with the inhaled volume. The inhaled volume was esti-
mated for a 70-kg male having a respiratory minute volume of
25 Lmin−1 (ECHA, 2016). During 8-h exposure this corresponds to an
inhaled volume of 12m3. The deposited alveolar dose was normalized
using 840 g the weight of the lungs from a 70-kg male (Molina and
DiMaio, 2012). The uncertainties of this risk assessment technique are
discussed in detail by Koivisto et al. (2016).

2.5. Work environment and pouring and mixing processes

In the present study, Dragonite HP™ was mixed at a weight ratio 1:1
with carvacrol (C10H14O; product code 101839118, Sigma-Aldrich,
Steinheim, Germany; CAS: 499-75-2). Both the pouring and the sub-
sequent mixing were performed in a fume hood (POTTEAU, 180
W×120 H×70 D, V=1.5m3) located at an industrial research la-
boratory (Fig. 1). Air velocity at the fume hood opening was 0.43m s−1

at an opening height of 10 cm, the smallest opening possible (opening
area 1800 cm2). The laboratory (room height 2.64m) was ventilated by
natural air exchange and local exhaust ventilations. The replacement

Fig. 2. Particle a) N and b) LDSA concentrations and c) average particle diameter during pouring of Dragonite HP™ and Carvacrol into a mixing pot and during
mixing. Averaging time was 10 s. Thick horizontal lines show the PM4 collection times and solid and dashed vertical lines show respectively start and end times of the
I) DiSCmini instrument comparison, II) Pouring process, and III) Mixing process. Figure c) grey lines shows background concentration averaging times BG1 and BG2.
Horizontal lines shows the respirable particle collector sampling periods.
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air was outdoor air entering via open windows and mechanical venti-
lation inlets. The laboratory room ventilation rate was not known.

Dragonite HP™ was first divided into ten aluminum trays covered
with aluminum foil and dried at 120 °C overnight. Each tray contained
ca. 100 g of dried HNTs. From the trays a total of 936 g HNT was poured
from ca. 20 cm height into a 6.7 L stainless steel mixing bowl during
12min. The bowl was attached to a mixer with a K-beater mixing tip
(Titanium Major KMM020, Kenwood, 1 Kenwood Business Park, New
Lane, Havant, UK). After pouring the HNTs, the mixing bowl was
covered a splashguard and then 936 g of carvacrol was added through
an inlet. The mixing power was increased gradually from 0 to 1 in
power scale from 0 to 8 in arbitrary units. The mixing time was 18min
including a 3-minute pause when residual powder on the mixing bowl
sides was scraped. After mixing, the resulting suspension was placed
under vacuum at room temperature for 1 h induce carvacrol to loading
into the HNT lumen. Finally, the mixture was packed and stored in
amber glass containers.

3. Results and discussion

3.1. Dragonite HP™ powder characterization

Halloysite nanotubes (Dragonite HP™, Applied Minerals Inc., New
York, US; CAS: 1332-58-7) is a natural aluminosilicate clay
(Al2Si2O5(OH)4·nH2O; molecular weight 258.16 amu in anhydrous
form) which mainly presents a hollow tubular morphology. According
to the manufacturer, the inner diameter of the tube ranges from 15 to
45 nm and outer diameter from 50 to 70 nm. Length wise, 80 to 98% of
the particles are< 2 μm.

Supporting Information contains details of our Dragonite HP™
powder characterization (Figs. S1–S4 and Tables S1–S4). The bulk
density measured by Mercury porosimetry was 0.73 g cm−3 and ap-
parent density was 2.11 g cm−3 (Fig. S2 and Table S1, Supporting
Information) and average surface area was 42 ± 4m2 g−1 as de-
termined by BET analysis nitrogen adsorption isotherms (Table S2,
Supporting Information). The HNTs powder X-ray diffraction revealed
that the major crystalline phases are kaolinite and halloysite 7A;
whereas quartz is present as a minor phase (N/A wt%; Fig. S3,
Supporting Information). The elemental composition as determined by
inductively coupled plasma atomic emission spectroscopy, X-ray pho-
toelectron spectroscopy, and Fourier-transform infrared spectroscopy
are shown in Tables S3, S4, and Fig. S4, Supporting Information.

3.2. Airborne particle measurements

Particle concentration levels were measured in parallel with
DiSCminis and respirable particles collectors from inside the fume
hood, in the near field, the breathing zone, and at the incoming ven-
tilation air supply (Fig. 1). At all measurement locations, the initial (at
time point 10:10 in Fig. 2) particle number, N (cm−3), and lung de-
posited surface area, LDSA (μm2 cm−3), concentrations were measured
to be ca. 14,000 cm−3 and 38 μm2 cm−3, respectively. After 90min, N
and LDSA values decreased to ca. 3000 cm−3 and 14 μm2 cm−3, re-
spectively (see Fig. 2). In contrast, the mean particle diameter measured
by the DiSCmini, Dp,DM (nm), was initial 30 nm and increased within
90min to ~53 nm, see Fig. 2c. Pouring was performed between
10:36–10:48 and at 10:55 the mixing process started and lasted for
28min (Fig. 2). Two background concentrations were calculated for
both the pouring (BG1) and the mixing (BG2) processes, i.e., average
concentrations measured before and after the process (Fig. 2c).

The pouring process increased the particle number concentrations
in the fume hood from ca. 4800 cm−3 up to 7700 cm−3 for ca. 10 s
(Fig. 2a). On average, the pouring process did not have a significant
effect on the N concentrations within the fume hood (Fig. 2a; Table S5,
Supporting Information). However, the LDSA peak concentrations in-
creased from the BG1 level of 20.9 (± 1.5) μm2 cm−3 to an average
value of 27.3 (± 5.1) μm2 cm−3 (Fig. 2b), and Dp,DM increased from the
BG1 diameter of 62 (± 4) nm to an average of 102 (± 18) nm
(Fig. 2c). These peak concentrations were not observed outside the
fume hood at far-field or the breathing zone (Fig. 2). The mixing step
was not found to significantly increase the concentrations in the fume
hood. There was no significant difference between the process con-
centrations and their respective background concentrations when
averaged over the whole process period (see Table S5, Supporting In-
formation).

The average respirable mass concentrations in the fume hood was
143 μgm−3. Whereas, the average concentration values were below the
detection limits in the near-field (103 μgm−3), breathing zone
(71 μgm−3), and incoming ventilation air (41 μgm−3), respectively.
The respirable mass sampling periods are shown in Fig. 2a.

3.3. Fiber measurements and analysis

A sample was collected for a scanning transmission electron mi-
croscopy (STEM) analysis during pouring of the Dragonite HP™ using a
three stage micro inertial impactor. The sampling time was set to ap-
proximately 1min and sample volume 0.5 L. STEM images were ac-
quired for quantitative size analysis following a straight line going

Fig. 3. Micrograph from the 3rd impactor stage (d50= 50 nm) sampled during pouring of Dragonite HP™ a) before segmentation and b) after segmentation. Circled
particles in a) fulfilled the aspect ratio > 3 and length > 2 μm and were labelled as 4 and 5 (see Fig. 4b).
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through the center of the impaction spot for each impactor stage, to
capture any potential size distributions in the impaction patterns. Fig. 3
shows an example of images acquired from the last stage of the im-
pactor both before and after segmentation. The particles were sized into
200 nm wide bins from 0 to 5000 nm according to bounding box longest
dimension, DBB,L, to illustrate their fibrous nature (Fig. 4a). Distribution
of the deposited particles in different stages were similar and all de-
tected particles were<5 μm long (Fig. 4). Note that the number of
particles does not represent the total particle number count in the air
sample volume.

A total of 1895 particles were analyzed from twenty images and
classified according to their aspect ratio and length (Fig. 4b). Five in-
dividual fibers, with an aspect ratio > 3 and length value > 2 μm,
were identified and numbered 1 to 5 (Fig. 4b). Particle no. 1 was a
single HNT fiber with few small HNT fragments, and particles no. 2 to 5
consisted of multiple HNTs fibers (Fig. 4b). Particles no. 2 and 4 were
fiber aggregates most likely formed by co-deposition (see Fig. 4b
magnifications in the legend). Consequently, none of the analyzed
particles fulfilled the paradigm of a WHO fiber.

In this study, the images were analyzed at a magnification level of
15,000 which corresponds to a pixel size of 6 nm. The image resolution
was 1600× 1381 which result to a graticule field, Agf (m2), of
8.0× 10−11 m2 and the number of graticule fields, ngf (−), was 20. The

particles were collected on three TEM grids where the single grid area
was 7×10−6 m2 and the total effective collection area, Ac (m2), was
21× 10−6 m2. We found one fiber with a characteristic length above
2 μm. Assuming uniformly deposited particles across the collection
grids the concentration of fibers> 2 μm in length would be 27 fi-
bers cm−3 according to the Eq. (1) in the Experimental section. Ac-
cording to the National Institute for Occupational Safety and Health
(NIOSH) inter-laboratory variability (Ashley and O'Connor, 2016;
NIOSH, 1994a, 1994b) there is a 90% probability, due to inter-la-
boratory variability, that other laboratories measures 0.2 to 8 fibers
(−83% to +660% of the mean count) when one laboratory has found 1
fiber using our analytical conditions. Considering this subjective inter-
laboratory uncertainty, the true concentration of> 2 μm fibers could in
our study be in the range from 4.5 to 200 fibers cm−3. However, be-
cause the collection efficiency and distribution of deposited particles in
the sampler applied here are not well known, the uncertainty range is
higher.

Currently, there are no standard nanofiber collection techniques
designed for workplace atmospheres. However, even using a perfect
sampler, the challenging factors to detect a fiber with a thickness below
100 nm are:

• Low fiber density (m−2) on the sample grid potentially as a fraction

Fig. 4. Statistical analysis of the Micro Inertial Impactor samples: a) particle length distribution (raw counts μm−2) and b) particles classified according to their
aspect ratio where dashed line shows the region of particles with aspect ratio > 3 and length > 2 μm which are shown in the legend. In figure b) legend red squares
shows 3× magnification from the particles intersection.
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of abundant other shorter fibers (see Fig. 4a)

• Presence of high background ultrafine particle concentrations in
workplace atmospheres (Viitanen et al., 2017) that becomes visible
in nanofiber detection.

• A small graticule field area due to a small pixel size and image re-
solution.

For an ideal single TEM grid sampler, with a 100% sampling effi-
ciency and uniform particle deposition, the fiber density would be
7.1×107 fibers m−2 (71 fibers mm−2) for a 0.5 L sample for a target
fiber concentration of 1 fibers cm−3. According to Eq. (2), only one
fiber is expected to be found from ca. 180 images, when using the same
graticule field as used in this study. According to NIOSH re-
commendation, at least 5.5 fibers should be counted to reduce the inter-
laboratory upper limit variability to 300% (4 times) than the measured
value. Thus, finding 5.5 fibers would increase the number of images to
ca. 1000. Now, there should be a 90% probability that any laboratory
would find a mean fiber count of 5.5 (range 2 to 22 fibers corre-
sponding to an observed fiber concentration of 0.4 to 4 fibers cm−3).
Ensuring that the fiber concentration is below 1 fibers cm−3, the
counting should be made for a target concentration level of 0.25 fi-
bers cm−3. This would result in 4 times lower fiber density and increase
the required number of images to 4000. If target fiber concentration
would be reduced from 1 fibers cm−3 to 0.01 fibers cm−3, as proposed
for> 5 μm HARN, the required number of images would be 4×105

following the same strategy. Even-though automated electron micro-
scopy and imaging technologies are progressing quickly these years
(e.g. Temmerman et al., 2014), a different analytical strategy must be
established to enforce proposed regulatory exposure limits on the level
of 0.01 fibers cm−3. A particular challenge is the fibers and rods with
diameters in the few nm-range.

3.4. Risk assessment

Despite relatively extensive mining and industrial use of HNTs and
the possibility that a fraction of the HNTs may fulfil the fiber paradigm,
we were not able to find occupational exposure studies considering
occupational exposure to HNTs (Debia et al., 2016; Ding et al., 2017).
In this study, we showed that pouring of ca. 100 g HNTs at rate of
0.5 kgmin−1 releases high amounts of particles (release rate N/A)
leading to airborne particle concentrations of up to 2900 particles cm−3

for ca. 10 s (Fig. 2a). The DiSCmini particle number concentration
measurement is sensitive to impaction of large particles at the diffusion
stage so the reliability of this measurement is challenging to estimate
(Koivisto et al., 2016).

In the fume hood the LDSA concentrations were on average elevated
0.7 μm2 cm−3 from the BG1 level of 20.9 μm2 cm−3 (see Table S5,
Supporting Information). During 8-h exposure this corresponds to a
human equivalent dose of 1× 10−4 cm2 g−1 which is ca. 103 times less
than NOEL1/100 of 0.11 cm2 g−1 for GBPs assigned by Koivisto et al.
(2016). The background LDSA concentration is also ca. half of the
average geometric mean urban background levels of 44.2 μm2 cm−3

(geometric standard deviation 2.2) in European cities (Koivisto et al.,
2016). Moreover, the chemical composition of the HNTs analogous bulk
material is kaolinite for which the OEL varies between 2 (respirable
fraction) and 10 (total dust) mgm−3 in Europe. In our measurements,
we found (within the fume hood) a respirable mass concentration of
background particles and HNTs fibers of 143 μgm−3, which is well
below the lowest OEL in Europe. These analyses represent the potential
exposure if HNTs had been handled without using the fume hood when
the potential for exposure is the highest. The concentrations outside the
fume hood, at near-field and breathing zone, remained at the back-
ground concentration level during pouring.

We did not find any> 5 μm fibers after analyzing 1895 particles.
The longest confirmed single fiber was ca. 2 μm in length (Fig. 4b).
However, due to the small analyzed sample, the concentration levels of

fibers between 2 and 5 μm and>5 μm in length can be estimated only
with a very large uncertainty interval. Twenty images were analyzed
while 4×104 images should have been assessed before any conclusions
can be made in the OEL range of 0.1 to 2 fibers cm−3 and 4×105 times
more for the proposed OEL for> 5 μm HARN (Schulte et al., 2010;
Boulanger et al., 2014; Mihalache et al., 2017). We could not detect any
fibers or fiber-related risks outside the fume hood according to the
DiSCmini and respirable mass concentration measurements. This is in
line with Fonseca et al. (2018) who showed that a fume hood is an
efficient exposure control for nanomaterial powder handling.

On the other hand, there is limited data regarding the pulmonary
toxicity of HNTs exposure. Sub-chronic inhalation studies in rats using
CNTs which were too short to fulfil the fiber paradigm resulted in
sustained inflammation and fibrosis (Pauluhn, 2010; Boulanger et al.,
2014; Ma-Hock et al., 2009) with a lowest-observed-adverse-effect-level
of 100 μgm−3. NIOSH (2013) and researchers from the European Joint
Research Centre have both proposed OELs for carbon nanotubes in the
order of 1 μgm−3 (Mihalache et al., 2017). If HNTs have similar effects
following pulmonary exposure as CNTs with similar dimensions, then
the observed exposure levels of 143 μgm−3, including background
particles and HNTs from the pouring process, would be considered high
as it exceeds the proposed OEL for CNTs (of any length) by>100 fold.
Currently, the HNTs inhalation exposure risk assessment requires more
pulmonary toxicity studies, preferably conducted with direct inhalation
exposure.

4. Conclusions

The longest individual HNTs fiber observed was 2 μm long and there
were no fibers with lengths> 5 μm. By following the NIOSH guidance,
the uncertainties related to fiber count were too high to estimate fiber
concentration levels. To reach occupational exposure limits in the range
of 1 cm−3, the analysis should have been done at least for 4000 images,
which was not reasonably feasible due to limited resources and un-
certainties on the collection efficiency of the applied sampling tech-
nique. An improved sampling and analytical strategy is required to
quantify the potential presence of nanofibers at the currently proposed
0.01 cm−3 for high aspect ratio nanomaterial fibers in the working
environment. The challenge is particularly great for fibers with dia-
meters in the few nm-range. More sophisticated particle sampling and
comprehensive image analysis techniques are needed before regulatory
exposure limits in units of fibers cm−3 are implemented to cover fi-
bers< 100 nm in diameter. The risk assessment based on surface area
and mass concentrations did not show significant exposure risk when
compared to NOEL1/100 level for granular biodurable particles or OEL
level of the analogous bulk material in chemical composition, kaolinite,
respectively.
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ABSTRACT

Air pollution is one of the major contributors to the global burden of disease, with particulate matter (PM) as one of its central
concerns. Thus, there is a great need for exposure and risk assessments associated with PM pollution. However, current
standard measurement techniques bring no knowledge of particle composition or shape, which have been identified among the
crucial parameters for toxicology of inhaled particles.
We present a method for collecting aerosols via impaction directly onto Transmission Electron Microscopy (TEM) grids, and
based on the measured impactor collection efficiency and observed impact patterns we establish a reproducible imaging
routine for automated Scanning Electron Microscopy (SEM) analysis. The method is validated by comparison to scanning
mobility particle sizer (SMPS) measurements, where a good agreement is found between the particle size distributions (PSD),
ensuring a representative description of the sampled aerosol. We furthermore determine sampling conditions for achieving
optimal particle coverage on the TEM grids, allowing for a statistical analysis. In summary, the presented method can provide
not only a representative PSD, but also detailed statistics on individual particle geometries. If coupled with Energy-dispersive
X-ray spectroscopy (EDS) analysis elemental compositions can be assessed as well. This makes it possible to categorize
particles both according to size and shape e.g. round and fibres, or agglomerates, as well as classify them based on their
elemental composition e.g. salt, soot, or metals. Combined this method brings crucial knowledge for improving the foundation
for PM risk assessments on workplaces and in ambient conditions with complex aerosol pollution.

Introduction
Air pollution is a growing issue, now recognized as one of the major contributors to the global burden of disease, with particulate
matter (PM) as one of the central concerns1. Particles are released from a wide range of both natural and anthropogenic
sources, where especially the transport sector is a major contributor in the urban environment2. The main indoor sources
include cooking, smoking, and cleaning with sprays or vacuum cleaners3. In industrial settings examples of particle sources
with high exposures include powder handling, sanding, spray painting, welding, and combustion processes4, 5. Additionally the
use of nano materials in every day products is increasing rapidly and nanosized particles are now common constituents in for
example pharmaceuticals, cosmetics, electronics, and food packaging6–8, leading to new exposure scenarios during production,
use, and disposal9. Exposure to particles for workers, users, and the general public is therefore evident; however the risks
associated with exposure from the different sources are not trivial to evaluate, due to the complex nature of aerosols as well as
their adverse health effects.

Risk is related to exposure, and the main exposure route for particulate matter is via the respiratory system; with the
aerodynamic size governing where in the respiratory system the particles are most likely to deposit10. Particles larger than 1
µm deposit mainly in the upper airways, whereas ultrafine, sub 1 µm particles, and nanoparticles are more likely to reach the
deep parts of the lungs, depositing in the tracheobronchial and alveolar regions11.

Current exposure limits in legislation are mass based, which in the past has proven a useful and simple metric for associating
particle levels with a wide range of health outcomes; however, there are also many cases where mass has been found insufficient
for assessing risk. These cases include situations where a low PM mass results in high risk, for example if particles consist of
biologically potent materials e.g. transition metals, or if the particle population is dominated by a large number of nanoparticles



with a limited contribution to the overall mass12. Cases also occur where the PM mass is dominated by low-toxicity components
such as solvable salts or crustal dust posing little risk to human health13. It is therefore well accepted that mass is not an ideal
metric for risk assessments, and at best is only a rough indicator of risk. In fact, studies have shown that the particle number or
total particle surface area, which is not necessarily related to mass, can be better descriptors for e.g. inflammatory and oxidative
stress responses14, 15. It has furthermore been recognized that particle shape, especially in the case of fibres, is an important
parameter for determining toxicological effects upon inhalation16, 17. Assessing risk of PM hence requires detailed information
of the particle size distribution (PSD).

There are currently many instruments available to characterize PSDs. Some of the most common include Electric Low
Pressure Impactors (ELPI), Diffusion Chargers (DC), Scanning Mobility Particle Sizers (SMPS), Nanoparticle Surface Area
Monitors (NSAM), Condensation Particle Counters (CPC), and Optical particles Sizers (OPS)18, 19. These instruments measure
either or both the number and diameter of particles, with a high resolution in both size and time, giving real-time data within a
few seconds or minutes. All the instruments operate in specific size regimes within the nanometre to micrometer range. Some
instruments give additional information e.g. estimates of total particle surface area, lung deposited surface area (LDSA), or
mass concentration, assuming spherical particles with a fixed density. The mass of an aerosol may also be determined by
weighing a filter or a stage in a controlled environment both before and after pulling air through the filter. Here larger particles
can be removed prior to sampling using an impactor or a cyclone. By combining the different measurement techniques it is
therefore possible to characterize a PSD in terms of size, number, and mass, as well as to obtain estimates of surface area and
LDSA. However, none of the mentioned instruments give information on particle morphology or composition. It is therefore not
possible to distinguish between different types of particles as fibres/agglomerates or between particles from different sources.
New and additional measurement techniques are therefore needed to give a more detailed description of aerosol populations
in terms of size, number, shape, composition, and surface area. This will enable establishment of standard procedures for
quantifying and regulating particulate exposure and the associated health risks. Such individual particle statistics will help
discriminate between particle origins and hence facilitate a better understating of the sources and their health risks, bringing
crucial knowledge for the development of preventive strategies.

Electron microscopy (EM) is an analysis technique, which allows visualization of particles down to the nanometre scale,
thereby providing physical information on the single particle level e.g. geometric size, agglomeration state, and shape20, 21.
EM can furthermore measure the elemental composition of individual particles when combined with energy dispersive x-ray
spectroscopy (EDS or EDX), enabling a more detailed description of aerosol populations22, 23 than the real time instruments.

The most common EM techniques are Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy
(SEM), where TEM allows for the highest resolution, down to Angstrom scales. Transmission electron microscopy analysis
is however a time consuming process for obtaining statistically robust data on shape, composition, and size distributions of
aerosol populations. Furthermore the high TEM resolution is often not required for aerosol particles larger than a few tens
of nanometres. Scanning electron microscopes provides a lower resolutions, but recent advances have made it possible to
automatically scan large areas of a sample, process the acquired images, locate particles, and perform subsequent EDS analysis
without user intervention except for the initial setup24, 25. As a result, automated SEM/EDS analysis makes it possible to obtain
sufficient data on the single particle level to allow for a meaningful statistical analysis of an aerosol population, including
both physical and elemental composition data26. Electron microscopy is however, an offline measurement technique and
therefore only provides detailed information some time after sampling. It should therefore be used in combination with real
time instruments, enabling online number and size data along with a more detailed characterization from automated SEM/EDS.
Real time instruments are furthermore useful to estimate sampling times for achieving reasonable particle densities on collected
samples, and are necessary to identify crucial processes, where sampling is relevant, e.g. peak emissions of industrial processes,
or at relevant times of day in the ambient environment.

In order to use SEM it is necessary to collect the airborne particles onto a surface. There are currently many collection
methods e.g. thermophoretic precipitation27, filtering, electrostatic collection, and impaction28, 29. Each method collects the
particles onto a surface, where common choices include aluminum foil, silver foil30, polyurethane foams, Teflon filters, quartz
fibre filters31, and TEM grids of different design and substrate type. The samples can then either be inserted directly into the
electron microscope or may need additional steps before analysis. For some filters the preparatory steps involve dissolving the
particles in a liquid and transferring them to a different surface, which is better suited for imaging32. The steps may also include
drying or freezing to stabilize or maintain specific particle characteristics in the vacuum of the microscope33, or applying a
conductive coating to avoid charging under the electron beam34. However, it is generally undesirable to have preparatory steps,
since they may alter the state or appearance of the particles before analysis35. An additional consideration is the sampling
time, since it governs the particle load on the sample. If the sampling time is too short, it will not be possible to conduct a
statistical analysis on the few particles, while sampling too long results in particle co-deposition making it difficult to distinguish
individual particles and assess if they were airborne as agglomerates or single primary particles. In literature, the broad range of
collection techniques, substrates, and filters make it difficult to compare samples and results, as there are currently no available
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Figure 1. Drawings of a stage and jet of the MINI impactor. Views are presented as assembled and exploded for easy
visualization.

standard operating procedures ensuring a representative and reproducible description of a sampled aerosol population.
The aim of this work is to develop a standard operating procedure for collecting airborne particles directly onto Form-

var/carbon coated TEM grids using a three stage cascade impactor36. The impaction technique allows for short sampling
times, typically 5-30 seconds, while the TEM grids provide a conductive, thin, and uniform substrate. This eases the image
processing, minimizes charge effects under the electron beam, and allows for direct analysis by both SEM and TEM without any
preparatory steps. In this work we focus on the impactor stage that samples the smallest diameter particles from approximately
50 to 600 nm, which is in the size regime that pose the greatest challenge for current legislation due to their low contribution
to the overall particle mass. The impactor stage cut-off diameter (D50) and an expression for the collection efficiency (Ceff)
curve are determined using spherical polystyrene particles with unit density. The collected aerosol samples are investigated by
SEM in order to visualize the impaction patterns, which are compared to published computational and experimental studies
of particle deposition patterns in tapered circular jets of impactors37, 38. Using the knowledge of the impaction pattern an
imaging routine is established. The PSD resulting from the imaging routine is compared to SMPS measurements, ensuring a
reproducible and representative sample description. Tests are furthermore conducted to estimate an optimal sampling time
as a function of particle number concentration by minimizing co-deposition. Finally the method is overall compared to data
obtainable with other standard methods.

1 Materials and Methods

1.1 Impactor
Particles were collected with the Micro INertial Impactor (MINI)36, which consists of three stages that can each be equipped
with TEM grids. Drawings of one of the stages equipped with a TEM grid is shown in Figure 1. The impactor has tapered
round nozzles with diameters 1, 0.6, and 0.29 mm, and jet-to-plate distance ratios (S/W) of 1.3, which fulfills the design criteria
described by39 and40. A cross sectional view of the impactor design and the design parameters can be found in the SI.

A diaphragm gas pump model NMP 830 (KNF Neuberger, Germany) was used for sampling, resulting in a flow rate of
0.76 L min

−1 through the impactor, measured with a Gilian Gilibrator-2 (Sensidyne, USA). At ambient conditions this yields
theoretical D50 of 1.36, 0.59, and 0.055 µm41 and Reynold numbers of 1030, 1710, and 3320 for the three stages, respectively.
The Reynolds numbers are therefore within or close to the 500-3000 range ensuring sharp collection efficiency curves at the
cut-off sizes42. In this work only the final stage of the impactor was studied, equipped with 400 mesh nickel TEM grids coated
with a 25-50 nm Formvar film with 1 nm carbon deposited on top (Electron Microscopy Sciences (EMS), USA). Thinner
Formvar options were tested but these often resulted in large areas with broken film and are therefore not recommended. The
400 mesh option was chosen as it offered the smallest areas of unsupported film and was thought to stabilize the substrate most
efficiently, while the thin carbon layer was found sufficient to avoid charging effects under the electron beam. In this study
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London finder grids were used, which offer unique markings on the grids for easy orientation; however, these marking were
often found to interfere with the patterns in the impact areas, and it is therefore recommended to use grids with a simple and
regular design instead. Nickel grids were chosen as they are magnetic and can be held in place with magnets, which were
inserted into the impactor stages from the bottom. This ensures minimal movement of the grid during sampling.

1.2 Electron Microscopy and Image Analysis
Electron microscopy samples were analyzed with a Nova NanoSEM 600 (FEI, The Netherlands), equipped with an OPTIMUS
TKD detector (Bruker, Germany), functioning as a scanning transmission electron microscopy (STEM) detector. The STEM
detector gives a high contrast between substrate and particles, and was found more efficient than the traditional secondary
electron (SE) detector for visualizing the small low contrast particles. Since this eases the image segmentation, only images
from the STEM detector were used for analysis. The microscope was operated in high vacuum mode with acceleration voltages
of 10-20 keV and a probe current of 12 nA. Overview images were acquired at magnifications of 500-1000, while image
sequences were all performed at 20k magnification, corresponding to a resolution of 3.7 nm/pixel. The Esprit software (Bruker,
Germany) was used for automated image acquisition procedures.

Images were analyzed using a Python script with the OpenCV package43, where a manually set global or mean adaptive
threshold was used for segmentation. A more detailed description of the segmentation procedure and the determination of a
particle detection limit from the images are described in the SI.

1.3 Setup for Measuring Collection Efficiency
A setup was designed to experimentally determine the Ceff curve and D50 for the lowest stage of the MINI impactor. The D50
value for the stage was theoretically determined to 55 nm, meaning that it would collect the majority of particles in the ultrafine
and nano regimes, since the D50 of the middle stage was determined to 590 nm. The experimental setup is shown in Figure 2.

Figure 2. Schematic of the experimental setup for determining impactor collection efficiency.

The setup consisted of a constant output atomizer model 3076 (TSI, USA), operated at a back pressure of 2 bars. The
atomizer generated aerosols of spherical polystyrene latex beads (PSL) from a solution made by mixing 2 drops of 1 wt%
solutions (Bangs Laboratoriets inc., USA) of 42 ± 0.5 nm, 75.8 ± 1, 102.7 ± 1.3, 150 ± 1.9, and 207 ± 2.6 nm into 100 ml of
nanopure water with a resistivity of 18 MΩ.cm. The solution was sonicated for 5 minutes prior to use, in order to minimize
agglomeration. From the atomizer, the aerosol was passed through two silica dryers, decreasing the relative humidity from 100
% to 16 %, which slowly increased to 20 % during experiments. A differential mobility analyzer (DMA) model 3082 (TSI,
USA) was operated statically to generate a monodisperse aerosol from the dried aerosol flow, at a sample flow rate of 1.79
l/min with a sheath flow of 17.9 l/min. To measure the collection efficiency as function of size, a series of experiments were
conducted where the DMA produced monodisperse aerosols from 20 to 200 nm in steps of 10 nm. The number concentration
of the monodisperse aerosol was determined after the DMA with a CPC model 3772 (TSI, USA), while another part of the
aerosol was sampled with the impactor, followed by a CPC model 3776 (TSI, USA) operated at low flow mode (0.3 l/min).
Polyvinyl chloride (TygonTM) tubing (ID = 4.8 mm) was used for all connections to minimize electrostatic losses44. Tube
lengths from the DMA to the CPC and MINI impactor were kept as short as possible with lengths of 25 and 27 cm respectively.
Prior to experiments the two CPCs were tested in parallel, where they showed similar readings allowing direct comparison
between them. Excess air after the impactor was led to an exhaust. At each DMA setting the CPCs measured for a minimum of
two minutes. The fraction of particles removed was determined from the ratio between the number concentration before and
after the impactor. The impactor was operated both with and without a TEM grid collection plate. The configuration without a
collection plate was used to investigate the overall number of particles lost due to wall deposition in the flow path, impactor,
and inside the KNF pump. It was not possible to separate the three loss contributions, and therefore only the overall loss of
particles was determined. The configuration with a collection plate was used to determine the number of particles impacting on
the TEM grid. It was assumed that losses to walls, the orifice, and the pump were the same for both configurations, making it
possible to calculate Ceff as the difference between the fractional removals. A test was also performed with a TEM grid stage
installed under the 0.6 mm orifice followed by the critical 0.25 mm orifice, which was installed to maintain the same flow

4/16



Figure 3. Schematic of the experimental setup used to generate a poly disperse aerosol for investigating impaction patterns
and optimal sampling times.

conditions. The test was performed to investigate if the sub 590 nm size distribution was affected by the higher stages. The
results were similar to the case without a collection plate installed, showing minimal influence from the higher stages.

1.4 Setup for aerosol characterization
A rearranged version of the previous setup was used for determining the optimal sampling time and for investigating the
impaction pattern on the TEM grids. A schematic of the setup is shown in Figure 3.

The aerosol was diluted with HEPA filtered room air. The degree of dilution was regulated with a needle valve, controlling
the flow from the original aerosol, with excess going to an exhaust. Part of the diluted aerosol was led to the DMA and CPC
model 3776, which was operated as a SMPS with a sample flow of 0.3 l/min and a sheath flow of 3.0 l/min. These settings
allowed for scans ranging from 17.5 to 532.8 nm. The rest of the diluted aerosol was led to the impactor for particle collection.
To visualize the impaction patterns for a broad range of particle sizes, an aerosol consisting of PSL beads was made from one
drop of 42 ± 0.5, two drops of 102.7 ± 1.3, three drops of 207 ± 2.6, and six drops of 505 ± 6.4 nm 1 wt% PSL solutions
(Bangs Laboratoriets inc., USA) into 100 ml of nanopure water. The solution was sonicated for 5 minutes before use.

2 Results and Discussion

2.1 Collection Efficiency and Cut-off Diameter
The particle number concentrations measured before and after the impactor for all selected particle sizes, both with and without
collection plate, are shown in the SI. The fraction of particles removed by the impactor (Ceff) was calculated as the ratio between
2 minute average concentrations measured before and after the impactor for each DMA selected size, as depicted in Figure 4.
Uncertainties in removal efficiency are determined from the standard deviations of the CPC measurements during the 2 minute
intervals, while uncertainties in particle size are determined as the half width of the DMA transfer function45.

From Figure 4 it is seen that a fraction of all sizes of particles are removed while going through the impactor both with and
without a collection plate installed. For the case without a collection plate the removal is decreasing with increasing particle
size. The highest removal is seen at 20 nm where 92 ± 20 % of the particles disappear when going through the impactor.
A lower limit of removal is reached for particles larger than approximately 120 nm, from which 10-20 % of the particles
disappear when going through the impactor. Since these losses occur without a collection plate installed they must be attributed
to removal processes other than impaction, which are most likely wall losses, evaporation or fractioning in the jet, or losses
within the KNF pump. It was not possible to separate these individual processes, while maintaining the 0.76 l/min flow through
the impactor and their relative contributions are therefore not known. For the case with a collection plate installed, the highest
removal is seen at 20 nm as for the case without a collection plate, indicating that similar processes are governing the removal
for particles of this size. However, a significantly higher removal is observed for particles above 50 nm, which must be due to
particles impacting onto the collection plate. From 70 nm and up the collection efficiency starts to increase before levelling to
approximately 65 % for particles larger than 120 nm. Ideally the removal should rise to 100 % with all particles impacting on
the collection plate, but since these are hard and relatively dry spheres (RH% = 16-20 %), a significant particle bounce effect
was expected46, 47. Assuming that the losses to walls, the orifice, and the pump are equivalent for both impactor configurations,
it is possible to obtain the Cexp

eff curve describing the fraction of particles impacted onto the TEM grid by subtracting the two
data sets, as seen in Figure 4. The resulting data points give a s-shaped curve, which can be fitted with the Sigmoid function
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Figure 4. Experimentally determined collection efficiency curves for the 0.29 mm orifice both with (blue) and without (green)
impaction plate installed. The difference between the two impactor configurations is plotted in red along with a fitted collection
efficiency curve (black). The marked D50 value of 73 nm was determined from the fitted curve.

shown in Equation (1)48:

CFit
eff =

cmax

1+ D50
d

2s (1)

Where d is a given particle diameter, s is a fitted steepness parameter, and cmax is the asymptotic collection efficiency
reached at particle sizes much larger than D50, which theoretically is 1, but may be lower for non-ideal conditions due to e.g.
particle bounce. It was assumed that the cmax value was reached at 120 nm, from where the first decrease in removal efficiency
was observed. The cmax parameter was determined to 0.53 ± 0.1, which was found as the average removal of particles larger
than 120 nm. The fit resulted in a steepness parameter of 2.29 ± 0.8 and a D50 value of 73 ± 8 nm, which is close to the
theoretical D50 value of 55 nm. The determined collection efficiency curve for the MINI impactor is compared to commercially
available impactors in the SI.

2.2 Deposition pattern
The PSL aerosol was measured via SMPS in order to obtain a rough estimate of the total number concentration, which was
determined to approximately 500.000 cm−3. The aerosol was sampled for 10 seconds with the impactor. An additional sample
was collected for 10 seconds after diluting the aerosol to a total number concentration of approximately 100.000 cm

−3. The
grids were analyzed by SEM at 10-20 keV and varying magnifications. The grids were found to have localized areas with
significantly higher number densities (µm−2) than the rest, covering an area of approximately 6x6 squares on the TEM grid
(approximately 0.1 mm2). These areas were concluded to be the parts of the grids situated directly under the impactor orifice
during sampling, and will be referred to as impaction spots. The size of the impaction spots were found to fit well with the
orifice size, which has a diameter of ca. 0.29 mm. For easy visualization, an example of an overloaded and a sufficiently loaded
impaction spot are shown in Figure 5. The estimated position and size of the impactor orifice are marked with green circles,
while two of the imaged areas used for further analysis are marked in red and blue on the right image of Figure 5.

The particle number densities far from the impact centers were typically an order of magnitude lower than within the
impaction spots. However some areas near the very edge of the grids, displayed varying number densities, with some
approaching the same level as within the impact areas, while others remained an order of magnitude lower. This indicates that
streamlines vary locally near the edge of the grid, making it difficult to define a standard imaging routine in this area, while
number densities between the edge and the impact area contain too few particles to allow for a statistical analysis without
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Figure 5. Two examples of impaction spots: Left image depicts an overloaded impaction spot, while the right is sufficiently
loaded. Estimated positions of the impactor nozzle are marked in green. The Impaction spot on the right image was
investigated further by acquiring two series of images. Imaged areas marked in red and blue.

having to acquire hundreds of images. Furthermore particles outside the impact area were typically sub 100 nm, with only
few in the 100-200 nm regime, and none above. It was therefore concluded that the larger particles were almost exclusively
collected within the impact area, while particles near the impactor cut-off were collected both within and outside. As a result
focus was put on analyzing the impact areas, since the analysis should capture the full range of particle sizes.

Within the impact areas, local particle size distributions were found to vary with distance from the center of impaction. To
investigate, a series of images were acquired in a straight line, passing through the center of impaction, covering a distance of
up to 1.5 times the orifice radius on either side. The imaging routine was performed once on the grid from the diluted aerosol,
while two parallel routines were performed on the undiluted sample, marked in red and blue on Figure 5. The two parallel
measurements were made to determine the variation between PSDs measured from different areas of the same sample, while the
diluted sample was included to investigate variations between different samples of the same but diluted aerosol. The routines
were all performed at 20 keV and at 20k magnification with a pixel size of 3.7 nm. This resulted in 39, 27, and 28 images from
the red area, blue area, and diluted sample, respectively. The distance from each of the acquired images to the estimated center
of impaction was calculated based microscope coordinates. Each image was analyzed using a manually set global or mean
adaptive threshold to distinguish particles from substrate. A total of 1195, 938, and 365 particles were recognized from the
three image sequences, which were further divided into four size bins based on their equivalent circular diameter (ECD): 0-80,
80-160, 160-240, and >240 nm. The limits of the size bins were chosen to separate the expected PSL sizes of approximately
40, 100, 200, and 500 nm. To visualize the impaction pattern the number density within each image for each of the four size
bins were plotted against the normalized radial distance from the impact center in units of orifice radius. The resulting plots
for the image sequence marked in red on Fig 5 are shown in the left side of Figure 6. Since the STEM detector is unable to
produce images when the electron beam is situated on the nickel grid these images were discarded prior to analysis, and are
therefore represented as grey areas in the plot. As a result the red bars are arranged in clusters of 5-6 bars, with each cluster
representing images within the same grid square. From the plots on the left hand side of Figure 6 it is seen that particles below
80 nm (top left plot), which include particles close to and below the impactor D50 at 73 nm, were found within the entire area
underneath the impactor nozzle as well as in the periphery area. The particles were found almost homogeneously distributed
within the imaged area, with a slight increase near the impact center. Particles between 80 and 160 nm (second plot on the
left), representing particles just above D50, were observed within the entire area directly underneath the nozzle, but showed
lower number densities in the periphery area. The highest number densities were observed at approximately one orifice radius
from the center. Particles with ECD between 160 and 240 nm (third plot on the left) were also observed within the entire area
underneath the nozzle, but had much lower densities in the periphery area. Furthermore the highest number densities were
found closer to the impact center than for the smaller bins. Particles with ECD larger than 240 nm (bottom left plot), were
concentrated in a small area close to the impact center and were rarely found further than half an orifice radius from the impact
center.
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Figure 6. Left side: Particle deposition pattern found from the image sequence marked in red on Figure 5, visualized as
particle number density from each acquired image for each size bin, plotted against the normalized radial distance from the
impact center. Grey areas represent discarded images acquired on the Ni grid. Right side: Comparison of the three samples,
plotted as fraction of particles from each size bin within each grid square for the three different image data sets plotted against
the absolute normalized radial distance from the impact centre. The red and blue data sets are from the areas marked in Figure
5, while green is from the diluted aerosol. A Gaussian distribution was fitted to the data points (black dashed line) for easy
visualization of the impact trend.
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It is worth noting that the number densities from different locations within the same grid square can vary significantly,
which is most likely due to local flow conditions. This effect can be seen in Figure 5, where the suspended film appears to
deflect between the grid bars under the jet pressure, leading to a limited impaction in one side of the squares and an enhanced
deposition in the other. To even out this effect the average number of particles for each size bin within each grid square was
determined. From this the overall fraction of particles within each grid square for each size bin was calculated, for each of the
three data sets. The fractions are plotted against the absolute normalized radial distance, since the impact pattern is expected
to be symmetrical around the impact centre. The resulting plots are shown in the right side of Figure 6, where each color
represents a different data set, with the imaged area for the red and blue data points marked in Figure 5, while the green data
set was obtained from the diluted aerosol sample. A Gaussian distribution was fitted to the data points for easy visualization
of the impact trend. The particles below 80 nm show a homogeneous deposition trend, indicating deposition is governed by
diffusion rather than impaction as expected near the impactor cut-off. Furthermore these particles are on or close to the limit of
detection for the microscope. For the three larger size bins clearer deposition peaks are observed, which shifts according to
particle size. This clearly illustrates that an increase in particle size, shifts the highest probability of deposition towards the
impact center, while narrowing the area in which the particles are impacted. Neglecting particles smaller than the impactor
cut-off, the broadest peak is observed for the size bin just above the impactor cut-off, where a deposition fraction close to zero
is reached at approximately 1.5 times the orifice radius. It is therefore necessary to include images up to a distance of 1.5 times
the orifice radius to capture all particle sizes above the cut-off.

The observed pattern can be compared to computational studies by37 and experimental studies by38, where the deposition
probability was described as a function of distance to the impact center and particle size. Both studies found that particles
larger than the impactor D50, are governed by their inertia and will deposit mainly in the area directly under the nozzle. Both
studies furthermore show that tapered nozzles generate an aerodynamic focusing effect due to the converging flow in the jet,
which changes the size of the impacted area as a function of particle size. Particles much larger than D50, impact in a localized
area smaller than the nozzle close to the impact center, while particles near D50 impact within the entire area underneath the
nozzle and up to a distance of 1.5 times the orifice radius. The computational study of37 furthermore found that the number
density of particles with a given size sharply increase near the edge of their impact area, due to the focusing effect. This trend
was however less obvious in the experimental study of38, where only minor increases were observed at the edges. Particles
smaller than D50 were in both studies found to be governed mainly by the jet streamlines, resulting in a more homogeneous
diffusion based deposition within and outside the impacted area, with only a small fraction of the particles being collected.

These findings fit very well with the impaction pattern observed in this study, where particles close to and below D50 were
observed in the entire imaged area, while particles larger than D50 were concentrated underneath the nozzle. Additionally, the
same correlation between particle size and impact area was observed, where an increase in particle size result in a decrease in
impact area, with the highest number densities found close to the edge of the impacted area rather than near the center. However
we did not observe the sharp increase in number density near the very edge of the impact area as described by37, but rather
found trends similar to those described by38.

Based on the observed impaction patterns it was concluded that the PSD observed from individual images was highly
dependent on the distance from the impact center. As a result it is necessary to acquire a series of images, representing all
distances from the center of impaction to a distance of 1.5 times the orifice radius, in order to include particles from D50 and up.
Beyond 1.5 times orifice radius, mainly particles near and below D50 are deposited with number densities typically an order of
magnitude lower than within the impaction spot.

2.3 Comparison to SMPS measurements
The total PSD obtained from EM analysis was found as the average of the PSDs from each of the individual images in the
imaging sequence presented in the previous section. The data set used in this section is the imaged area marked in red on Figure
5 with 1195 particles recognized after segmentation.

In order to determine if the imaging pattern yielded a representative PSD, a comparison was made to the PSD measured via
SMPS, which was found as an average of 5 runs prior to sampling with the impactor. Since spherical latex beads were used
with a density of approximately 1, the assumptions of the SMPS hold for the primary particles, allowing direct comparison
between the mobility diameter of the SMPS and the ECD from the SEM analysis when taking the impactor collection efficiency
into account. This was done by multiplying each of the number concentrations in the SMPS size bins with the corresponding
impactor CFit

eff for that given particle size determined from the fitted function shown in Figure 4. Furthermore the size bins of the
SMPS were converted from log scale to the linear scale used in the SEM analysis, to allow a direct comparison between the
relative shapes of the two PSDs, as plotted in Figure 7. The SMPS log normal PSD can be found in the SI, along with the
linear converted PSD and the CFit

eff corrected PSD for comparison. The Error bars on the SMPS PSD in Figure 7 are found as
the standard deviation of the 5 SMPS scans along with the uncertainty of the CFit

eff function, found from the experimental data
(Cexp

eff ). Error bars of the SEM PSD were found from counting statistics as
√

N.
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Figure 7. PSD obtained from SEM analysis (blue) plotted with the linear translated and CFit
eff adjusted PSD from the SMPS

(red). Error bars on the SEM data are given as
√

N, while the red shaded area indicates the standard deviation of the five SMPS
scans and the experimental uncertainty of the CFit

eff expression in Figure 4. The blue shaded area indicates the size detection
limit of the SEM, meaning that number concentrations in this area are highly uncertain.
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It is seen that the SEM PSD has clearly distinguishable modes at approximately 50, 140, and 210 nm. The SMPS PSD
has a peak at 120 nm with shoulders at 150 and 210 nm, showing reasonable agreement with the 140 and 210 nm peaks of
the SEM PSD. Despite the circularity of particles in the 140 and 210 nm size bins (Fig. 10 in the SI), we cannot exclude a
possible aggregation of finer particles that could explain some of the differences between the SMPS and SEM particle size
distributions. The SEM mode at 50 nm is below the impactor cut-off and is therefore not present in the SMPS PSD, as the
number concentration below D50 are reduced by the CFit

eff correction. Furthermore, the detection limit of the SEM, with the
settings used here, is between 20 and 90 nm depending on image quality, and the exact number concentration and size of
particles in this range is therefore highly uncertain, as described in the SI. However, the 50 nm peak does show that particles
below the impactor cut-off can be collected on the lowest stage of the MINI impactor, but it is not possible to relate their
number concentration to that of the larger sizes. If sub D50 particles are of interest it is recommended to investigate the sample
using TEM rather than SEM to overcome the resolution issues. It should be noted that the limit of detection and size uncertainty
will be lower for particles consisting of higher Z elements than carbon, as they provide a better contrast on the SEM images.
Particles close to 100 nm are slightly underestimated in the SEM PSD compared to the SMPS PSD. This can be partly explained
by the uncertainties in the determined D50 and collection efficiency expression, where a small shift to a larger D50 could explain
why fewer 100 nm particles are found within the impact area, which could be the case if D50 is dependent on bounce effects.
Alternatively the difference may arise from particles depositing outside the impacted area as they are close to the impactor D50,
making them under represented within the imaged area. This could furthermore explain why the ratio between the 210 and 140
nm peaks is slightly higher for the SEM PSD compared to the SMPS.

In order to investigate the reproducibility and uncertainty using the proposed image sequence, a comparison was made
between the PSDs resulting from the two parallel image sequences (marked in red and blue in Figure 5). An additional
comparison was made between two perpendicular imaging routines, acquired from the diluted aerosol sample, giving a total of
four different image sequences. The resulting PSDs are shown in the SI, along with the SMPS measurements for comparison.
In general a good agreement was found between the shapes of the PSDs for particles larger than D50. All four PSDs displayed
the main modes at approximately 140 and 210 nm with only minor shifts, which were most likely caused by uncertainties from
the image quality or the manual image segmentation process. Furthermore the ratios between the two peaks were similar for all
four samples. However, for particles close to or below D50, a significant variation was observed between the samples, again
related to the limit of detection for the microscope. A mode below D50 was however evident in all SEM PSDs, but it shifted up
to 30 nm between samples. Above the impactor cut-off the imaging routine was able to give reproducible PSDs both for data
sets acquired from the same sample and from different samples of the same aerosol before and after dilution.

The total number concentration of the sampled aerosol is highly relevant for cases where most online measurement
techniques are known to struggle e.g. in cases with fibers or complex mixed aerosols with varying composition and density.
Based on the agreement with SMPS, the number concentration can be estimated from SEM for particles larger than D50 as the
uncertainty below that size becomes to large. In order to link the measured impactor number densities(NImp,d p) to the measured
total aerosol concentrations(CSMPS) the following equation was used:

tQCSMPS = A
∞

∑
d p=73

NImp,d p

CFit
e f f ,d p

(2)

Where t is the sampling time, Q is the flow rate through the impactor, CFit
e f f ,d p is the impactor collection efficiency for

size d p, and A is assumed to be a constant to be determined. Apart from A, all parameters in Equation 2 are known for the
four image sequences described earlier. The A parameter was found to be 1.12∗106 ± 0.60∗106, showing that the estimate
has an uncertainty of approximately 50% for these samples. In cases where aerosols consist of particles rather similar in
composition and shape, it would therefore be possible to estimate a total particle number concentration from impactor samples
alone. Impaction can then be used as a stand alone method if a series of samples are collected with varying sampling times
to achieve a range of coverages. It should however be noted that the A parameter may be affected by bounce effects or if
larger/smaller particles are investigated than here.

2.4 Sampling time
A series of samples were collected with the impactor to estimate the optimal sampling time, since the particle loading on a
TEM grid is essential for its use in EM analysis. Three aerosols were generated with the setup described previously; yielding
total SMPS number concentrations of approximately 10.000, 100.000, and 500.000 cm−3, which were dominated by particles
between 100 and 200 nm. Each of the three aerosols were sampled 3-4 times with the impactor, collecting between 5 and 60
seconds, yielding a total of 10 samples, displaying a broad range of particle coverages on the grids. To assess if the samples
were overloaded they were analyzed by SEM, where the highest populated areas were assessed manually and imaged. These
areas were typically at a distance of 100 µm from the impact center, corresponding to a distance of 0.7 times the orifice radius.
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The particle loading was assessed by determining the percentage of the imaged area recognized as particles. Examples of
segmented images are shown in the SI, along with a table containing the total number concentration measured by SMPS,
the sampling times, and the determined coverages. The total number of particles going through the impactor (Sp) during
each sampling was calculated using: Sp = tQCSMPS. The impactor Ceff was not used here. Based on the observations it was
concluded that a higher than optimal coverage would lead to significant agglomerate formation from co-depositing particles on
top of each other. It was furthermore concluded that a lower boundary of particle coverage also exists where a meaningful
statistical analysis is no longer possible. The upper and lower limits for Sp were determined to be 6.7∗107 and 3.9∗106 particles,
as samples within this range contained sufficient particles for analysis, without significant co-deposition. Based on these limits
and by rearranging the equation to t = Sp/(QCSMPS), the total particle number concentration can be linked to sampling time.
The expressions are plotted in Figure 8, which can be used to read the optimal sampling time based on a total particle number
concentration measured by e.g. SMPS or CPC. The midpoint between the two sampling limits is marked with a red dashed line,
and should be interpreted as the optimal sampling time.

Figure 8. Plot of t = Sp/(QC), where the determined upper and lower limits for number of sampled particles(Sp) has been
inserted. The plot links the total number concentration (Q) measured by e.g. SMPS to the sampling time (t), ensuring sufficient
sample coverage. The hashed area is within the upper and lower limits, while the red dashed line marks the optimal sampling
time.

Before using this graph to determine the optimal sampling time, it should be noted that it was determined from a PSD
dominated by 100-200 nm particles, without taking into account the impactor collection efficiency. The optimal sampling time
may therefore vary with other impactors or if other particle sizes are dominating. Furthermore the optimal sampling time may
change depending on the collection efficiency of the particles, where a higher sticking coefficient (less bounce) would need
shorter sampling times. It is therefore recommended to collect several samples both with higher and lower sampling time than
the optimal found from Figure 8, thereby obtaining TEM grids with a broad range of particle number densities.

2.5 Suitability for risk assessment
The developed method has unique features that will be valuable for the required characterization of aerosol particle populations.
In terms of use, the impactor is small and easy to transport, making it possible to collect samples with minimal equipment.
Sampling times are short, typically below a minute, allowing for sampling of peak emissions. The TEM grids in the impactor are
easy to exchange and store, allowing for several samples to be collected during a field measurement. It can be advantageous to
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have an estimate of aerosol particle concentration prior to impactor collection, as it makes it possible to estimate a sampling time
for optimal coverage on the TEM grids. Samples can also be collected without such an estimate, but then it is recommended to
vary the sampling time significantly (e.g. 1,10,100 sec) to ensure a broad range of particle coverages, allowing total number of
particles to be estimated based on calibrated A factors for the sampling system. An automated image acquisition routine, using
the proposed image sequence, can analyze a sample in 30-180 minutes, depending on the particle coverage. The analysis will
give up to 40 images at 20k magnification, with a detection limit between 50 and 100 nm, as well as the elemental composition
of each individual particle from the automated EDS analysis performed on all particles located by the segmentation procedure.
Automated EDS analysis is not presented in detail in this work, as the elemental composition of the carbon based particles
would not be distinguishable from the carbon based Formvar substrate. Some preliminary results from an ongoing study are
presented in the SI as an example of automated EDS analysis. Alternatively, many examples of automated EDS analysis can be
found in the literature49–52.

Careful visual inspection should be performed to ensure the segmentation is trustworthy before extracting physical
parameters for individual particles including area, ECD, circularity, and aspect ratio etc. Two different examples of circularity
and aspect ratio distributions for the particles detected from the image sequence marked in red on Figure 5 are presented in the
SI. Here high circularities close to one and low aspect ratios are found for the 210 nm peak, indicating spherical particles, while
the less clear 120-150 nm peak, indicate that this peak could contain a significant number of agglomerates. The circularity
between the two peaks drop, while the aspect ratio increases, which suggests that intermediate sizes of the aerosolized particles
are dominated by agglomerates rather than single spheres. This becomes even more obvious in the SI plot, where PSDs are
plotted for particles fulfilling specified shape criterias e.g. only high circularity particles (circularity > 0.90).

The fiber paradigm is of high importance in toxicological assessments, but existing online aerosol analysis instruments
are known to have difficulties with measurements of fiber samples. Fibers’ pathway through the impactor system must be as
particles of sizes somewhere between their smallest and largest dimension. The method will likely perform equally well for
particles and fibers with dimensions in the tested range, given the uniform weighting of the different particle sizes from the
images when taken across 1.5 times the impactor orifice diameter as discussed with Figure 6. For fibers a lower deposition
density will likely be preferable to avoid co-deposition.

3 Conclusion
This work has provided a reproducible quantification procedure for collecting, imaging, and analyzing aerosol populations using
impaction onto TEM grids and automated SEM analysis. Transmission mode SEM images gave better contrast than secondary
or backscatter detection for the carbon (low Z) dominated particles. A clear particle size dependent impact pattern was observed
(Figure 6), similar to what has been reported in the literature. Based on the observed pattern a simple and reproducible imaging
routine was established, in order to ensure that all particle sizes were represented by the analysis. The PSD resulting from the
imaging routine was compared to SMPS measurements (Figure 7), showing good agreement between PSD shapes for particles
with ECD larger than the impactor cut off diameter D50. The procedure can determine shape distributions for the sampled
aerosol, as shown in the SI, enabling a highly detailed individual particle analysis capable of distinguishing particle types e.g.
fibers, agglomerates, and single particles if the recommendations to avoid co deposition of particles is followed (Figure 8).
The method can provide an estimate of the total particle number concentration of the sampled aerosol using the determined
parameter A and Equation 2. The method is off-line and can be used alone but should preferably be coupled with fast response
instruments to provide real-time data for assessing concentration fluctuations and to determine when, where, and possibly
how long to collect samples. If coupled with EDS, elemental composition distributions can also be measured, to distinguish
harmless particles e.g. sea salt or crustal dust from hazardous particles e.g. transition metals or soot, as exemplified in the SI.

The method is therefore capable of giving a detailed aerosol characterization beyond what is achievable by the more
common real-time instruments such as SMPS, ELPI, CPC, diffusion chargers, or FMPS, by providing both size, shape, and
composition distributions of an aerosol population in time windows of a few minutes, and is expected to allow a reasonable fiber
assessment as well (currently under investigation). The more precise statistical data on physical and elemental composition
achievable by the proposed method will make it possible to distinguish different types of particles and their relative contribution
to the aerosol population53, 54, and hence provide an improved foundation for risk assessments, exposure assessments for
epidemiological studies, and the development of preventive strategies for e.g. aerosol pollution.
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ABSTRACT

Supporting Information to the manuscript titled: Improving the foundation for particulate matter risk assessment by individual
nanoparticle statistics from electron microscopy analysis

Impactor Design Parameters
The design parameters used in the fabrication of the MINI impactor are specified in Table 1, while the abbreviations are
indicated in the cross sectional view shown in Fig. 1.

Criteria value
s/w 1.3
l/w 1 for w > 0.5 mm, else 0.5 mm
ws 3 for w > 0.5 mm, else 1.5 mm
α 45◦

Dt 10.0 mm
Ds 9.95 mm
Df 7.00 mm
Dc 4.00 mm
fd 0.90 mm
fh 1.20 mm

O-rang spec. 8 mm x 1 mm

Table 1. Dimension used in the design of the MINI impactor. Abbreviations are specified in Figure 1.



Figure 1. Cross section view of a MINI impactor stage and jet. Measures of the marked dimensions are provided in Table 1.
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Image segmentation and detection limit of SEM
Choice of segmentation method was based on the quality of the treated image, where the best results for noisy images were
found with the adaptive technique, while a simple global threshold was sufficient for high contrast images. Recognized particles
touching the image borders were discarded, as well as particles with equivalent circular diameters (ECD) smaller than 20 nm (5
pixels). The size criteria was chosen to minimize the number of miss classified substrate artefacts, which often occurred on
noisy images, where the 40 nm low contrast latex particles were difficult to distinguish on the Formvar film. However, the
actual size limitation of particle detection and uncertainty in measured particle size are difficult to assess as they depend on the
thickness and elemental composition of both substrate and particle as well as microscope settings such as acceleration voltage
and magnification. To further complicate the issue, focus and astigmatism may change between individual images, resulting in
additional uncertainty. Many techniques currently exist for assessing particle size uncertainty and limit of detection from EM
images1, 2, but no standard methodology currently exists.

In this work the limit of detection was assessed by analyzing the intensity histograms of the acquired images, fitting a
Gaussian distribution to the intensity peaks, corresponding to the substrate pixels. This gave a mean intensity for the substrate
pixels in each image along with a substrate intensity standard deviation (σ ), describing the level of noise in the given image.
The σ value varied between intensities of 1 and 30, depending on the quality of the image. It was assumed that particles could
be distinguished from the substrate, once the pixel intensity reached values deviating 3σ from the substrate mean, as this
corresponds to the base of the Gaussian histogram peak, as seen in the top right plots of Figures. 2 and 3. The number of pixels
needed to reach this deviation was found to be both particle size and image quality dependant. For low noise images, the sigma
value was close to 1 and the number of pixels needed to deviate from the mean by 3σ was 2-4 pixels for sub 100 nm particles.
As a result the smallest detectable particles on a low noise image was 4-8 pixels, including both sides of the particle, which
corresponds to roughly 15-30 nm. For noisy images this limit increased by a factor of three, leaving the smallest detectable
particles between 45 and 90 nm. Examples of a low noise and noisy image are shown in the top left of Figures 2 and 3, while
their Gaussian fitted histograms are shown in the top right. Examples of profile plots for a large and small particle from both
the noisy and low noise images are shown in the bottom of Figures 2 and 3, where the transition from substrate mean intensity
to mean minus 3σ has been marked. It should be noted that these particle detection limits were assessed for low contrast latex
beads, and will be much lower for higher contrast particles. However, samples may need to be analyzed by TEM rather than
SEM, if the majority of the particles are below 50 nm and consist of low Z elements with a weak contrast.

For particles larger than 200 nm, the number of pixels needed to reach the three sigma deviation was smaller, typically 1-2
pixels for low noise images and 3-7 pixels for noisy images. These values can be used as indicators of sizing uncertainties,
which therefore vary from 7-50 nm, depending on the image quality.
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Figure 2. Top Left: Example of a noisy STEM image. Top Right: Histogram of the noisy image, where the substrate peak has
been fitted with a Gaussian function to determine the mean and σ values. Bottom: A profile plot of the pixel intensities going
across a large and a small particle from the noisy image. The number of pixels needed to go from mean substrate intensity
below the 3σ deviation is marked.
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Figure 3. Top Left: Example of a low noise STEM image. Top Right: Histogram of the low noise image, where the substrate
peak has been fitted with a Gaussian function to determine the mean and σ values. Bottom: A profile plot of the pixel
intensities going across a large and a small particle from the low noise image. The number of pixels needed to go from mean
substrate intensity below the 3σ deviation is marked.
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CPC Data for Determining Impactor Collection Efficiency
The monodisperse size distributions selected by DMA and detected by CPCs before and after the MINI impactor.

Figure 4. PSDs generated from atomizing a solution of 100 ml nanopure water with 2 drops of 42 ± 0.5 nm, 75.8 ± 1, 102.7
± 1.3, 150 ± 1.9, and 207 ± 2.6 nm 1 wt% PSL solutions. Particle sizes were selected with a DMA and measured with two
CPCs, one before and one after the impactor, which was installed with a 0.29 mm orifice either with or without an impaction
plate underneath. A schematic of the setup used, is shown in the main text.
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Comparing MINI to Commercial Impactors
If it is assumed that the D50 and steepness parameter are unaffected by bounce, the cmax value in Equation found in the main
text can be changed to one. This allows a direct comparison to more well characterized and commercially available impactors,
as shown in Figure 5, where the Ceff curves of the second to last stage of the ELPI and the last stage of the Berner impactor are
plotted for comparison3, 4.

It is seen that the sharpness of the MINI impactor Ceff curve is slightly lower than for the commercially available impactors,
however the D50 are very close with values of 54, 63, and 73 nm for the ELPI, Berner, and MINI impactor respectively.
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Figure 5. Comparison of CFit
eff curves for the last stage of the MINI impactor, second to last stage of the ELPI, and last stage of

the Berner impactor.
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Conversion of SMPS PSD and PSD Comparison

Figure 6. PSDs obtained as an average of five SMPS runs prior to sampling with the impactor. The error bars are determined
as the standard deviation between the five runs. The size bins of the red PSD are log normal and plotted directly from the
SMPS data. The blue PSD has been converted from the log scale to a linear scale, using the size bin limits of the TSI
instrument manual and the SMPS transfer function. The green PSD has been corrected for Ceff using the fitted expression
found in the main text. Here the Ceff uncertainty was not included in the error bars.

PSDs determined from analyzing impacted PSL aerosols, using the linear imaging routine are presented in blue in Fig. 7.
The average of five SMPS runs, which were converted from log scale to linear scale, and which were measured 2 minutes
before to 2 minutes after the EM sampling are presented in red for comparison. Errors on the EM data is determined from
counting statistics as 1/sqrt(N). The SMPS errors were found as standard deviations from the five SMPS runs, as well as from
the uncertainties in the collection efficiency expression in the main text. The top PSD in Fig. 7 is from the impactor sample
marked in blue in the Figure found in the main text, while the middle and bottom PSDs in Fig. 7 are from the same aerosol
sample, using perpendicular imaging routines.
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Figure 7. Top: PSD of sample 4 from Table 2. Middle: PSD of sample 4 from Table 2. Bottom:PSD of sample 7 from Table 2
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Sampling Time
Measured particle number concentrations, sampling times, number of particles entering the impactor, and sample coverages for
the 10 collected impacted aerosols used to determine the optimal collection time are presented in Table 2.

Table 2. Measured particle number concentrations, sampling times, number of particles entering the impactor, and sample
coverages for the 10 collected impacted aerosols used to determine the optimal collection time. Abbreviations include the total
particle number concentration measured via SMPS C, sampling time with the impactor t, and number of sampled particles Np
determined from the Equation found in the main text. Coverage refers to the percentage of the imaged areas recognized as
particles.

Sample Number, # C, cm
−3 t, s Np, # Coverage, %

1 4.80e5 60 3.6e8 35.9
2 5.10e5 30 1.9e8 40.7
3 5.21e5 20 1.3e8 27.1
4 5.30e5 10 6.7e7 13.9
5 1.00e5 30 3.8e7 14.1
6 8.50e4 20 2.1e7 4.9
7 9.40e4 10 1.2e7 4.1
8 9.40e4 5 6.0e6 3.6
9 1.00e4 30 3.9e6 4.5
10 1.00e4 20 2.5e6 1.6

When visualizing the grids in the SEM it was easily seen that samples 1-3 were overloaded, with very distinctive and highly
populated impaction spots. Here the most populated areas were dominated by closely spaced and often very large agglomerates
consisting of hundreds of PSL beads. Outside the most populated areas the samples still contained many smaller agglomerates
of 10-15 PSL with the number decreasing with increasing distance to the impact center. Samples number 4 and 5 had much
fewer and smaller agglomerates in the densely populated areas, typically consisting of a few to tens of PSL beads. In the less
populated areas, the samples were dominated by single beads with few agglomerates of 2-5 beads, which could have been
airborne as agglomerates. Samples 6-9 had almost no agglomerates in the less populated areas and displayed only very few in
the high populated areas, which consisted of only a couple of PSL beads. Sample 10 had much less particles than the previous
samples, and displayed only a weak impaction spot, which was barely visible from overview images. However, the sample still
contained some agglomerates, indicating that the sampled aerosol contained airborne agglomerates along with the single PSL
beads. In general sample 10 had a very low number density, which could make it challenging to do a statistical analysis.

Segmented images of the highest populated areas of samples 1, 4, 6, and 10, as listed in Table 2 are show in Fig. 8.
Recognized particles are marked in red, which were used to determine the coverage.
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Figure 8. Segmented images of the highest populated areas with recognized particles marked in red, which were used to
determine sample coverage. Top Left: Sample 1 from Table 2. Top Right: Sample 4 from Table 2. Bottom Left: Sample 6 from
Table 2. Bottom Right: Sample 10 from Table 2.
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EDS Examples
Here we present some preliminary automated EDS analysis results from an ongoing study. The sample was collected using the
MINI impactor, with the presented results from the third and lowest stage. The sampled aerosol consisted of NaCl particles
mixed with Halloysite fibres, which are composed of Si, O, and Al. The NaCl particles were generated with an atomizer, while
the Halloysite fibres were aerosolized with a brush generator. The images presented in Fig. 9 include the original secondary
electron image (left), the same image with recognized particles classified using a classification scheme, and finally three
overlaying EDS maps of Si (cyan), Na (yellow), and Cl (red). The image was segmented using a global threshold. Particles
touching the edge of the image frame were discarded as well as particles with an EDS lower than 30 nm. Here the limit of
detection could be decreased to 30 nm, since the contrast of the Si and NaCl dominated particles was better than for the PSL,
used in the present study. From the images it is seen that automated EDS can be used to successfully distinguish particles of

Figure 9. Left: Secondary electron image of the NaCl/Halloysite sample. Middle: Classified image, where pure NaCl
particles are marked in red, Halloysite+NaCl particles are marked in blue, pure Halloysite particles are marked in cyan, and
white particles are unclassified. Right: Overlaying EDS maps of Si (cyan), Na (yellow), and Cl (red)

different elemental compositions. Furthermore, the use of EDS maps can further distinguish the elemental distribution within
a recognized particle, making it possible to determine the mixing state of the particle e.g. homogeneous or phase separated.
Combining the EDS results with shape and size data, allows for a thorough and highly detailed characterization of a complex
aerosol.
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SEM Shape Distributions
Examples of shape distributions are presented as circularity and aspect ratio box plots for the specified size bins. Aspect
ratio was determined as the ratio between the longest and shortest dimensions of a rotated bounding box, while circularity
was calculated as 4πArea/perimeter2. It is also possible to plot the particle ECD against the circularity or aspect ratio of
the individual particles in a scatter plot. This allows for quick identification of single particles that fulfill the fiber criteria
or can be classified as high aspect ratio nanoparticles (HARN). A disadvantage of using the boxplot on the whole particle

Figure 10. Particle size, circularity, and aspect ratio distribution plots for the dataset from the imaged area marked in red in
the Figure found in the main text. The circularity and aspect ratio data are presented as box plots, where the box extends from
the lower to upper quartile, with a line at the median. The whiskers extending from the box show the range of the data, while
outliers are plotted as individual points. The expected PSL primary sizes of 40, 100, 200, and 500 nm are marked by red shaded
areas.

population is that all particles with a given size are pooled together, which can make it difficult to locate high or low aspect
ratio particles. An alternative method is to plot a PSD with specifed shape criterias, so that the PSD only includes particles e.g.
low circularity. This makes it easier to distinguish primary particle sizes from those dominated by agglomerates. Example
of such plots are presented in Fig. 11. Based on the low aspect ratio and high circularity plots, it is evident that the circular
shapes and therefore primary particles are dominating for sizes of approximately 40, 100, 140, and 200 nm. These sizes fit well
with the expected PSL sizes, which are marked by red shaded areas. The only size not fitting the expected PSL sizes is the
140 nm peak, which may be composed of dense agglomerates, as they can have near circular shapes. For the low circularity
and high aspect ratio particles it is seen that the number peaks are located in between the primary PSL sizes, indicating that
agglomerates are dominating these sizes. Furthermore it is seen that the number of 100 and 200 nm sizes are much lower than
the surrounding, showing that fewer agglomerates were found at the primary PSL sizes.
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Figure 11. Particle size distribution for particles fulfilling specified shape criteria. Top left: PSD for particles with an aspect
ratio lower than 1.5. Top right: PSD for particles with a circularity above 0.9. Bottom right: PSD for particles with an aspect
ratio higher than 2.0. Bottom right: PSD for particles with a circularity below 0.7. The expected PSL primary sizes of 40, 100,
200, and 500 nm are marked by red shaded areas.
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Abstract 

Scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (EDS) is a powerful 

analysis tool used in several scientific fields, as it can give detailed size and morphological information on 

the nanometer scale, while at the same time providing elemental composition data. This study compares 

the capabilities of a traditional EDS detector to a recently developed annular EDS detector, when analyzing 

electron transparent and beam sensitive NaCl particles collected on a TEM grid. The optimal settings and 

parameters for single particle analysis are identified, such as EDS acquisition time, and quantification 

method. Additionally, we show that mapping has become a viable option compared to feature detection 

methods, which only scan segmented regions, as the increased count rate obtainable with the annular 

detector can produce high quality maps in 7-15 minutes per image compared to hours for the traditional 

EDS detector. Finally we discuss advantages and disadvantages of mapping and feature analysis.  

Introduction 

Scanning electron microscopy (SEM) is capable of imaging samples with nanometer resolution, providing 

information on size and morphology. When coupled with energy dispersive X-ray spectroscopy (EDS) the 

method can identify and quantify elements heavier than beryllium, by analysis of electron-excited 

characteristic X-ray peaks. This makes SEM/EDS a powerful characterization tool applied in a broad range of 

fields including environmental(Kandler, 2009; Kling et al., 2016; Laskin et al., 2006; Laskin and Cowin, 2001), 

material(Lee et al., 2004; Sathirachinda et al., 2010; Yowell et al., 2004), and health(Koh et al., 2008; Lee et 

al., 2015; Stebounova et al., 2011) sciences. The method is however subject to many sample specific 

uncertainties including morphological effects, sample-matrix interactions, and radiolytic beam sensitivity, 

with important choices relating to settings prior to analysis as well as during data treatment. Choices prior 

to analysis include acceleration voltage setting and EDS acquisition time, while during data analysis, choice 

of quantification method as well as the quality of background X-ray subtraction, deconvolution, and peak 

fitting procedures have a significant influence on the results(Newbury and Ritchie, 2014, 2013). All of these 

choices strongly affect the success of the analysis and the quality of the results. Preferably, the choices 

should be evaluated on a case by case basis depending on sample and available equipment. 

This study was done to provide guidance on identifying settings and parameters of highest relevance for 

single particle analysis such as EDS acquisition time and quantification method. The focus is on the analysis 

of thin electron transparent samples and highlights issues relating to beam sensitive compounds. 

Additionally a comparison is made between a traditional side mounted EDS 30 mm² Silicon Drift Detector 
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(SDD) and a newly developed annular EDS 4 × 15 mm2 SDD, situated between the pole piece and the 

sample. The new detector configuration achieves a much larger solid angle and therefore significantly 

higher X-ray count rates than previous designs. This reduces the needed acquisition time without sacrificing 

counts, and is thus optimal when analyzing beam sensitive samples where the elemental composition may 

be altered during EDS analysis. In such cases it is important to minimize beam exposure, while ensuring a 

sufficient number of X-ray counts to reduce the uncertainty from counting statistics. This study uses NaCl 

particles collected onto TEM grids, firstly as NaCl is present in many types of samples such as aerosols, 

biological, and environmental samples. Secondly it was used because alkali halides are known beam 

sensitive compounds, which causes difficulties for standard EDS detectors, due to degassing of halides from 

the NaCl surface upon beam exposure(Allen et al., 1998; Cazaux, 1995; Egerton et al., 2004).  

The increased count rate of the annular detector furthermore opens new possibilities, where EDS mapping 

of the entire imaged area becomes a viable option. This allows for offline image segmentation compared to 

performing online image segmentation to reduce the EDS analysis to only a selected subset of pixels – often 

referred to as feature analysis or particle detection. The study concludes with a comparison between 

mapping and feature analysis, highlighting available options and discussing the advantages and 

disadvantages of the two methods when analyzing electron transparent samples.  

Materials and Methods 

Aerosol Generation and Collection 

The sampled aerosol was generated with a constant output atomizer model 3076 (TSI, USA), which was 

operated at a back pressure of 2 bar. The atomizer generated aerosols from a solution of 1 g NaCl (purity 

≥99.0%, Sigma-Aldrich, USA) in 500 ml nanopure water. From the atomizer, the aerosol was passed through 

two diffusion dryers model 3062-NC (TSI, USA) installed with freshly dried silica gel, decreasing the relative 

humidity from 100 to less than 10 RH%. The dried aerosol was sent into a small Plexiglas chamber of 

approximately 0.5 m3. A SMPS was used to monitor the total number concentration in the chamber, which 

consisted of a differential mobility analyzer (DMA) model 3082 (TSI,USA) and a condensation particle 

counter (CPC) model 3776 (TSI, USA). The SMPS was operated in low flow mode (0.3 l/min) with a sheath to 

aerosol flow ratio of 10. The aerosol was sampled from the chamber with a 3-stage cascade impactor, using 

a diaphragm gas pump model NMP 830 (KNF Neuberger, Germany), giving a flow rate of 0.76 L min-1, and 

impactor D50 values of 1.36, 0.59, and 0.073 µm for the three stages respectively. Each stage was fitted with 

commercially available 400 mesh nickel TEM grids coated with a 25-50/1 nm Formvar/Carbon film (Electron 

Microscopy Sciences (EMS), USA), where carbon ensured minimal charging effects. This allowed the 

atomized NaCl particles to be collected directly onto TEM grids and analyzed by SEM without any 

preparatory steps. Appropriate particle coverage was achieved by sampling for 5 seconds with the impactor 

at a total number concentration of approximately 3.5e5 cm-3 measured by the SMPS. This fits well with the 

recommendation of Brostrøm et al.(Brostrøm et al., 2019). Particles were observed only on the lowest 

impactor stage, consistent with expected NaCl sizes in the range of 100-200 nm, as the lowest stage collects 

particles with diameters from approximately 73 to 590 nm(Brostrøm et al., 2019).  

Electron Microscope 

The sampled grids were analyzed in high vacuum (HV) mode with an Everhart-Thornley secondary electron 

detector in a Nova NanoSEM 600 (Thermo Fisher Scientific (former FEI), The Netherlands), equipped with 

both a XFlash 6|30 and a XFlash FlatQuad (Bruker Nano, Germany) EDS detectors. The XFlash 6|30 is a 30 
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mm² SDD delivering an energy resolution of 123 eV at Mn Kα. The detector is situated 44 mm from the 

sample surface, with a corresponding solid angle of approximately 0.0119sr. The XFlash FlatQuad (from 

here on referred to as FlatQuad) is a 60 mm2 retractable annular detector situated between the pole piece 

and the sample at a sample distance of roughly 3 mm, with a corresponding solid angle of approximately 

0.95sr. The FlatQuad is designed with a center hole for the incident electron beam to pass through and with 

four individual 15 mm2 SDD quadrants mounted radially around it, see SI, reaching an energy resolution of 

126 eV at Mn Kα. The four quadrants make the detector insensitive to potential sample shielding effects 

upon positioning, and achieve a much higher solid angle than the XFlash. A schematic of the two detector 

configurations are shown in the SI. Since the FlatQuad is situated directly above the sample it is also 

exposed to more high energy electrons emitted from the sample. The FlatQuad is therefore equipped with 

a mylar shield to absorb the incoming electrons and avoid damaging the detector. The thickness of the 

shield is increased with acceleration voltage, since higher energy electrons will be emitted from the sample. 

The available thicknesses are 1, 1+2, or 1+6 µm for acceleration voltages below 6, 12, and 20 keV 

respectively. Along with the high energy electrons, a fraction of the low energy X-rays will be absorbed by 

the shield, depending on its thickness. As a result the detection of X-rays is limited by acceleration voltage 

in the high energy region, and by absorption from the mylar shield in the low energy region. This has to be 

taken into account when quantifying low Z elements at high acceleration voltages, as a large part of the 

emitted low energy X-rays will be absorbed before detection. The FlatQuad detector was not inserted when 

performing EDS with the standard XFlash detector as it could otherwise block the X-rays leaving the sample.  

The microscope was operated at acceleration voltages of 5, 10, or 20 keV, an aperture size of 50 µm, and a 

spot size setting of 3.5, resulting in probe currents of 0.11, 0.16, and 0.19 nA for the three acceleration 

voltage settings, respectively. All SEM/EDS analyses were performed at 10k-12k magnification with pixel 

resolutions of approximately 7.1 nm/pixel.  

For all SEM/EDS analyses the ESPRIT 2 software (Bruker Nano, Germany) was used. To distinguish NaCl 

particles from the substrate, images were segmented using a fixed global threshold. The segmentation and 

EDS analysis was performed in two different orders for comparison: 

a) Feature analysis: Image segmentation is made prior to EDS analysis, in order to distinguish particles 

from the substrate and limit EDS analysis to pixels recognized as particles. The beam is set to scan 

the entire area of each particle and EDS acquisition times are set as livetimes, meaning the beam 

exposure time per particle irrespective of size.  

b) Mapping: An EDS map of the entire image is acquired and image segmentation is performed as a 

post processing step. For maps the EDS acquisition time is set as a dwelltime, referring to the beam 

exposure per pixel, as particle pixels are not yet distinguished from the surrounding substrate. 

In both cases, spectra of all individual pixels within the contour of a single recognized particle were 

summed and analyzed as one. To remove the bremsstrahlung X-ray contribution from spectra, a 

background was fitted and subtracted before further analysis. The background fit was performed using the 

SEM fitting option available with the ESPRIT software, where suited areas for fitting (areas without peaks) 

were identified automatically. The fitting curve follows the shape of a bremsstrahlung X-ray background, 

taking into account absorption of low energy X-rays in the detector window. Generally the automated post 

processing algorithms functioned well, but in isolated cases the procedures fitted the background to areas 

with peaks, or completely missed relevant peaks. Therefore, all individual particle spectra were manually 
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inspected and critically evaluated on a case-by-case basis before trusting the results. Data handling, 

processing, and visualization of the EDS results were performed with Python 3.6.  

Quantification Methods 

Quantification models are needed to convert measured X-ray counts to concentrations in the form of mass 

or atomic percentages. There are several different quantification models available with commercial EDS 

software, though it is not always considered how big an influence the models have on the determined 

concentrations or which model to use for which samples.  

The most common quantification method for EDS analysis is the P/B-ZAF method, which allows for a 

standardless, semi quantitative analysis, while taking into account matrix interactions, such as fluorescence 

and absorption(Wendt, 1978; Wendt and Schmidt, 1978). It is recommended and preferably used for thick, 

polished, and homogeneous samples. However, for thin specimens the electron-sample interaction is very 

limited and most matrix effects should therefore be ignored as it can otherwise lead to unnecessary 

corrections. In this study we compare the P/B-ZAF method to the alternative Cliff-Lorimer method, which is 

better suited for thin samples(Cliff and Lorimer, 1975). Both methods P/B-ZAF and Cliff-Lorimer are 

available in the Bruker ESPRIT 2 software.  

The P/B-ZAF is a true standardless method as opposed to the standard based ZAF(Armstrong and Buseck, 

1975), where a reference sample with known composition is needed for quantification. Instead, P/B-ZAF 

uses the characteristics of the bremsstrahlung electrons in the sample spectrum as a reference sample – 

hence using the spectrum background (B) as a reference for a given peak (P). The ESPRIT software 

determines the weight fraction of elements by iterative comparison between a standard database and the 

solutions to a set of nonlinear equations, taking the form of Eq. (1). 

(1) (
𝑃

𝐵
)

𝑖
=

𝐼𝑖,𝑐ℎ𝑎𝑟

𝐼𝑖,𝑏𝑟
= 𝑐𝑖 ∗ 𝜔𝑖 ∗ 𝑞𝑖 ∗

(𝑍∗𝐴∗𝐹)𝑖,𝑐ℎ𝑎𝑟

(𝑍∗𝐴)𝑖,𝑏𝑟
 

Where 𝐼𝑖,𝑐ℎ𝑎𝑟 and 𝐼𝑖,𝑏𝑟  are the number of characteristic and bremsstrahlung X-rays of an element 𝑖 in a 

sample, while 𝑐𝑖 is the mass fraction, 𝜔𝑖 is the fluorescence yield, and 𝑞𝑖 is the relative emission rate of the 

given energy transition within element 𝑖. The Z, A, and F factors correct for sample matrix influences, where 

Z corrects for stopping power and backscattering effects which are atomic number dependent(Duncumb 

and Reed, 1968), while the A and F factors correct for self-absorbing and fluorescence effects(Philibert, 

1963; Reed, 1965).   

For thin specimens, the produced X-rays have a low probability of interacting with the sample, making it 

feasible to ignore absorption and fluorescence effects. This relates the weight fractions of elements A and B 

to the measured number of characteristic X-rays (𝐼) for two elements by a Cliff-Lorimer factor 𝐾𝐴𝐵, using 

Eq. (2).  

(2) 
𝑐𝐴

𝑐𝐵
= 𝐾𝐴𝐵

𝐼𝐴

𝐼𝐵
 

By convention Cliff-Lorimer factors are given relative to silica, so the factor for any two elements can be 

determined from the ratio of their silica factors using Eq. (2). For samples containing more than two 

elements Eq. (3) and (4) are needed, which can be combined with Eq. (2) for the multi element expression 

In Eq. (5): 

(3) 𝑘𝐴𝐵 =
𝑘𝐴𝐶

𝑘𝐵𝐶
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(4) ∑ 𝑐𝑖 = 1𝑖=𝐴,𝐵,𝐶..  

(5) 𝑐𝐴 =
𝐾𝐴𝑆𝑖∗𝐼𝐴

∑ 𝐾𝑖𝑆𝑖∗𝐼𝑖𝑖=𝐴,𝐵,𝐶..
 

The Cliff-Lorimer factor KiSi depends on both instrument and element specific factors, but it is independent 

of the composition of the sample. The factors can therefore be determined for all instrument settings, 

either experimentally or through theoretical calculation. The experimentally determined factors are more 

precise, reaching relative errors as low as 1%, while the theoretically factors can have systematic relative 

errors as high as 15-20%(Watanabe and Williams, 2006). However, multiple standard thin-films with known 

composition are required to determine the experimental factors, which is often not an option.  

Alternatively the Cliff-Lorimer method can be improved significantly by employing zeta factors, which takes 

thin sample X-ray absorption into account, while allowing the use of pure element standards(Watanabe 

and Williams, 2006). This is a significant advantage compared to the complex standards needed for 

determining Cliff-Lorimer factors, but still requires routinely maintenance and commercial standards. The 

zeta-factor method can however provide EDS results of a much higher quality than Cliff-Lorimer, especially 

for light elements. Additionally it can provide detector efficiency estimates and sample thickness 

measurements. In this work however, a standardless approach was used as this is the practically feasible 

option in typical settings, and therefore only P/B-ZAF and theoretical Cliff-Lorimer factors automatically 

determined by ESPRIT were used in the comparisons below. 

Results and Discussion 

A series of images were acquired of the NaCl sample at 5, 10, or 20 keV. The ESPPRIT software feature 

analysis was used for automated image acquisition, image segmentation, and subsequent EDS analysis of 

the individual particles. At each acceleration voltage, three different image/EDS procedures were 

performed, to study the time dependence of the beam induced Cl loss. For all three voltage settings, 

measurements were conducted with particle livetime set to 1, 5, or 15 seconds. For the 15 seconds livetime 

setting, the total number of particles for EDS analysis was limited to 100, in order to reduce the overall 

acquisition time. The analyses for all combinations of acceleration voltage and livetime settings were 

performed both with the XFlash and the FlatQuad EDS detectors, but in different areas of the sample to 

avoid accumulated beam damage influence. A table of all 18 setting combinations is shown in the SI, along 

with the nine SE images of the areas used for EDS analysis with the XFlash detector in SI. Results from a 

feature analysis performed at 20 keV with the FlatQuad using a 15s livetime setting is shown in Figure 1. 
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Figure 1. Top left: SE image of the NaCl sample at 20 keV. Top Right: Segmented SE image, where all pixels categorized as 

particles are marked in green. Bottom: The EDS spectrum of the particle marked in yellow on the segmented SE image. X-rays 

are binned into 5eV energy bins. The y-axis is square root scaled for easier visualization. The original spectrum is in black, while 

the fitted background is in dark grey at the bottom. The areas used for fitting the bremsstrahlung background are marked as 

light gray columns. Fitted element peaks are presented in various colors with the name of the element written above the 

primary peak. Element specific emission lines are also presented as thin vertical lines in the bottom of the spectrum using the 

element respective colors, with the height of the line indicating its relative intensity. 

From the spectrum it is seen that many elements apart from pure NaCl are detected, including Al, Si, Sn, Cr, 

Fe, and Cu. These elements can be attributed to the setup as transmitted or stray electrons hit the sample 

holder, detector housing, or microscope chamber. A substantial carbon peak is also visible, which originate 

from the Carbon/Formvar substrate and to a lower extend from potential volatile organic compound 

contamination.  Quantifying this spectrum using Cliff-Lorimer gave the atomic percentages presented in 

Table 1. Here oxygen was included in the fitting procedures, but was deconvoluted prior to determining 
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atomic percentages. This was done as it has a very low X-ray yield, making it difficult to quantify. Oxygen is 

therefore sometimes determined based on stoichiometry rather than based on its X-ray count(Newbury 

and Ritchie, 2014). 

Table 1. X-ray counts for elements found in the spectrum presented in Figure 1, along with the Cliff-Lorimer determined atomic 

percentages, as well as absolute and relative 1 sigma errors estimated by the ESPRIT software. Oxygen was deconvoluted before 

calculating atomic percentage concentrations. 

Element At. No. X-ray Count Atomic% Abs. error, % (1 sigma) Rel. Error, % (1 sigma) 

C 6 14807 68,22 1,32 3,17 

Na 11 27449 10,73 0,41 3,26 

Cl 17 312575 7,72 0,44 3,19 

Ni 28 3096 5,37 1,66 10,34 

Al 13 77223 5,31 0,25 3,36 

Cu 29 27879 0,81 0,11 4,03 

Mg 12 4953 0,66 0,05 6,40 

Sn 50 41905 0,61 0,40 10,70 

Fe 26 17299 0,35 0,06 5,62 

Cr 24 8191 0,14 0,04 10,09 

Si 14 1572 0,07 0,03 26,29 

O 8 15 - - - 

As seen from Table 1, the dominating element was found to be C, with the two second most abundant 

elements being Na and Cl, which fits well with the expected pure NaCl particle on a carbon substrate. 

Substantial concentrations of Ni and Al were also detected, originating from the Ni TEM grid, and the 

sample holder, which is primarily Aluminum. The remaining elements were identified as trace elements, 

making up less than 1 At% each. It should however be noted that the absorption of low energy X-rays by 

the thick mylar shield necessary at 20 keV, makes the quantification of light elements such as C highly 

uncertain. This can partly be seen when comparing the measured spectrum with the gray background fit in 

Figure 1, showing a relatively poor agreement at low keV. This effect is not captured in the error estimates 

of the ESPRIT software in Table 1. 

Detector Comparison 

A common challenge in EDS analysis is the number of counts needed to obtain a sufficient precision. For 

example 10k, 2.5k and 0.4k counts in a peak are needed to reduce the relative uncertainty of the element 

fraction to 1, 2, or 5%, if based on counting statistics alone. For relatively low solid angle detectors with 

designs similar to the XFlash, it can be challenging to reach total peak counts higher than 1000 within the 

short acquisition times needed when working with beam sensitive compounds. However, when positioning 

detectors between the pole piece and the sample as for the FlatQuad, a much greater solid angle can be 

achieved, increasing the X-ray count rate substantially. To demonstrate the outcome of the two detector 

designs, the EDS spectra of NaCl particles with an equivalent circular diameter (Deq) of approximately 100 

and 500 nm at 5, 10, and 20 keV, using either 1 or 15s livetime for both the Xflash and FlatQuad detectors 

are presented in Figure 2. The spectra are presented without background subtraction, which is why the 5 

keV spectra drop to zero counts at 5 keV, as the incident electrons cannot generate X-rays with energies 
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higher than the beam. 

 

Figure 2. EDS spectra of NaCl particles with Deq of approximately 100 and 500 nm acquired at 5, 10, or 20 keV, using either 1 (Top 

row) or 15s (Bottom row) livetime for the FlatQuad (Left column) and the XFlash (Right column). The Deq of the corresponding 

NaCl particles are shown in the legends. Y-axis is in log scale, showing the total number of X-ray counts during the entire 

acquisition period, for each 5 eV energy bin. 

When comparing spectra from the FlatQuad and the XFlash detectors it is clear that the numbers of counts 

in the FlatQuad spectra are several orders of magnitude higher when operating at the same conditions. As 

a result the FlatQuad spectra contain clearly distinguishable element peaks containing thousands of counts, 

while the XFlash can barely detect the major components Na and Cl at 1s livetime. Furthermore the 

number of bremsstrahlung X-rays are limited for the XFlash when using short acquisition times, which 

complicates background fitting and subtraction procedures. 

To investigate which settings allowed for low relative errors compared to the acquisition time, the number 

of X-rays detected in the Na peak of each particle EDS spectrum, was plotted against the particle area in 

pixels in Figure 3. Only counts in the Na peak region were plotted, since Cl degasses during beam exposure 

as will be discussed later. The plot includes all combinations of acceleration voltage, livetime, and detector 

type. All elements listed in Table 1 were included in the identification list, and the Na X-ray counts were 

determined after background subtraction. For all images the pixel size was approximately 7.1 nm as in 

Figure 1. 
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Figure 3. Total X-ray counts in the Na peak detected during the EDS livetime for each individual particle spectrum after 

background subtraction, for all combinations of the three acceleration voltages, three livetimes, and two detectors, plotted 

against particle size in pixels. The dashed black lines mark 1, 2, and 5% relative error based on counting statistics as √N, where N 

refer to the number of detected Na X-rays. Pixel size was approximately 7.1 nm for all images.  

From Figure 3 it is seen that the number of X-ray counts in the Na peak is highly dependent on particle size, 

as more electrons will pass through smaller particles with zero loss, resulting in lower X-ray yields. Here it 

should also be noted that though EDS livetime is constant, the dwelltime is not. This means that smaller 

particles will be subject to a higher beam exposure, as the fewer pixels will be scanned more intensively 

during the same livetime. As a result, the smaller particles will be more exposed to beam damage, though 

this should not be an issue for Na. 

It is furthermore seen from Figure 3 that an increase in acceleration voltage does not necessarily result in 

higher X-ray counts for electron transparent samples, as would otherwise be expected for bulk samples. 

This is due to the loss in interaction volume when increasing the acceleration voltage, as more electrons 

pass through the thin sample without detectable interaction(Friel and Lyman, 2006). This was exemplified 

by estimating the interaction volumes of flat bulk NaCl samples for the three acceleration voltages by 

performing Monte Carlo simulations using Casino v3.3(Demers et al., 2011). Here maximum penetration 

depth of approximately 0.4, 1 and 4µm were found when simulating 10000 electron trajectories for 

acceleration voltages of 5, 10, and 20 keV respectively. As the average equivalent diameter of the analyzed 

NaCl particles is 215 ± 205 nm, the 10 and 20 keV settings will have a significantly higher fraction of zero 

loss electrons. This effect is however mitigated slightly by the corresponding increase in probe current, 

which rises from 0.11 to 0.16 and 0.18 nA for 5, 10, and 20 keV respectively. The net effect is an inverse 

relation between the number of X-ray counts and acceleration voltage setting, with the highest counts 

obtained at 5 keV setting, though the effect is not visible for the low counts of the XFlash detector.    
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Finally it is clear that the livetime needed to ensure relative errors below e.g. 2%, can be decreased by 

orders of magnitude when using the FlatQuad detector compared to the XFlash. Even the 15s livetime for 

the XFlash is approximately an order of magnitude lower in counts, compared to the FlatQuad at 1s 

livetime. This reduces the overall acquisition time for EDS spectra from hours to minutes and opens for new 

possibilities such as mapping of the entire image, rather than limiting EDS to pixels recognized as particles.      

Beam Sensitivity 

For NaCl particles, beam damage can be observed directly when comparing images before and after EDS 

analysis, as seen in Figure 4, which shows the NaCl sample analyzed at 20 keV with 15s livetime. Here it 

should be noted that particles touching the edge of the image were excluded from the analysis. 

 

Figure 4. SE images of NaCl particles before (top) and after (bottom) EDS analysis performed at 20 keV with a particle livetime of 

15s. Pixel resolution was 7.1 nm. 

Figure 4 clearly shows the severity of beam damage for NaCl, with most of the particles transformed to 

craters after the EDS analysis. Even particles with a size near 1 µm have almost completely disappeared 

during the 15s livetime, while many of the smaller particles are no longer visible. It is therefore obvious and 

well known that beam exposure can alter the shape, size, and elemental composition of beam sensitive 

samples. To prove elemental alteration, Na/Cl ratios were plotted against particle size in pixels as shown in 

Figure 5, for all combinations of acceleration voltage, livetime, and detector types. As all particles are NaCl, 

a Na/Cl ratio of 1 is expected. Here all individual particle EDS spectra were analyzed using the Cliff-Lorimer 

quantification method, allowing determination of atomic percentages of Na and Cl. 
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Figure 5. Atomic percentage ratio of Na to Cl measured with the XFlash (top) and the FlatQuad (bottom) EDS detectors, using 

particle livetimes of 1, 5, or 15 seconds at 5 keV (left), 10 keV (middle), and 20 keV (right) plotted against particle size in pixels. 

All spectra were quantified with Cliff-Lorimer. The expected Na/Cl ratio of 1 is marked by a red dotted line.  

At 5 keV the XFlash detector shows a large variation in the Na/Cl ratio regardless of particle size, though the 

variation decreases with increasing particle size. This is expected since the beam exposure per pixel is 

longer for smaller particles, which combined with their smaller mass for interaction with the beam, results 

in an a much higher degree of beam damage. The NaCl ratio varies between 0 and 5.2, showing a high 

uncertainty in the determined atomic percentages of both Na and Cl. This can be explained by the very low 

number of X-ray counts obtained with the XFlash detector at 5 keV, as seen in Figure 3, where all livetimes 

yield less than 1000 Na X-ray counts. The same trends are observed at 10 and 20 keV for the XFlash, though 

variation is reduced for the 1s livetime, due to the slightly higher counts at 10 and 20 keV compared to 5 

keV. Regardless, the Na/Cl ratio still varies between 0.5 and 4.3 for 10 keV, and between 0.5 and 2.7 at 20 

keV, indicating that the determined atomic percentages of both Na and Cl are highly uncertain. 

The Na/Cl ratios determined using the FlatQuad detector display much less and more predictable 

variations, as the number of X-ray counts increased by at least an order of magnitude for all settings, 

reducing the atomic percentage uncertainties substantially. A ratio slightly above 1 is observed for the 1s 

livetime at all three acceleration voltages, though a slight increase in the ratios occur at 20 keV as the 

particle sizes decrease. However, when the livetime is increased to 5 or 15s a significant rise in the Na/Cl 

ratios is observed, which is most evident for small particle sizes. This is consistent with the expected 

mechanism where halides degas from the particle surface upon beam exposure, resulting in depletion of Cl 

and a following relative enrichment in Na, observed as a rise of the Na/Cl ratios. In contrast, the XFlash 

measures Na/Cl ratios varying around 1, showing that the counts were too low to clearly distinguish the 

beam damage from the uncertainty in measured at%. The severity of beam damage, even at relatively short 

livetimes, highlights the importance of minimizing beam exposure when working with beam sensitive 

samples. This is however challenging for low solid angle detectors, as long exposure times are needed to 

reach X-ray counts sufficient for reducing the relative uncertainties below 1-5%. A detector with a large 
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solid angle and potentially high X-ray count rates at short exposure time is therefore needed for analysis of 

beam sensitive samples.  

Quantification Method 

The Na/Cl ratio data presented in the previous section was used for testing quantification models, by 

comparing analysis results from P/B-ZAF and Cliff-Lorimer quantification. Since the uncertainty of the ratios 

detected with the XFlash detector was shown too high to distinguish beam damage effects, only the EDS 

data from the FlatQuad detector was used in the comparison. In Figure 6, the Na/Cl ratios obtained from 

the two quantification models are plotted against particle size. 

 

Figure 6. Atomic percentage ratio of Na to Cl determined with the Cliff-Lorimer quantification model (top row) and P/B-ZAF 

method (bottom row) measured with the FlatQuad EDS detector, using particle livetimes of 1, 5, or 15 seconds at 5 keV (left), 10 

keV (middle), and 20 keV (right) plotted against particle size in pixels. The expected Na/Cl ratio of 1 is marked by the blue dotted 

lines.  

Here it is clearly seen that the choice of quantification model can have a significant influence on the 

measured atomic percentages. The Cliff-Lorimer model shows the least variation between acceleration 

voltage settings, with ratios slightly above 1 for all 1s livetime measurements. The ratios increase for longer 

exposure times with the highest increases for small particles, due to the more intense beam exposure as 

discussed previously. Similarly the P/B-ZAF method shows low variation of the 1s livetime ratios, and an 

increased variation for the longer exposures, especially for small particles. A smaller spread is observed 

between P/B-ZAF ratios, at all livetime settings measured at 5 and 10 keV compared to Cliff-Lorimer, 

whereas a very similar spread is seen at 20 keV. However, all P/B-ZAF ratios are shifted as the acceleration 

voltage is increased. This is most evident when comparing the 1s livetime setting, where the 5, 10, and 20 

keV P/B-ZAF ratios center around 0.6, 1, and 1.6. This shows that the P/B-ZAF corrects for acceleration 

voltage dependent matrix artefacts, which can produce unnecessary shifts in the measured concentrations. 

As a result P/B-ZAF can misrepresent the elemental composition of thin samples. Cliff-Lorimer results are 
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more robust, predicting ratios close to 1 for all acceleration voltage settings. However, slight increases in 

ratios are observed at 5 keV. This could be attributed to the smaller interaction volume at 5 keV, meaning 

that a greater degree of sample interaction will occur. Therefore the assumption of minimal sample 

interaction in the Cliff-Lorimer method is less accurate. Ideally, the choice of quantification model should 

be assessed individually between particles, depending on their size and resulting degree of sample 

interaction. This highlighting the importance of choosing suitable quantification models when performing 

EDS analysis. Here the Cliff-Lorimer model was shown to give more robust results for electron transparent 

samples compared to the P/B-ZAF model.   

Comparison of Mapping and Feature analysis 

The increased count rates and the following decrease in acquisition time achievable with the FlatQuad 

detector, opens the possibility for using mapping as opposed to feature analysis. Here the two techniques 

are compared and their advantages and disadvantages are discussed. 

Feature analysis  

Feature analysis can greatly reduce the time needed to perform EDS analysis, as all pixels not recognized as 

particles are excluded from the analysis, which is often the majority of the image. This is a major advantage 

when analyzing with low solid angle detectors that need a long exposure time to reach sufficient X-ray 

counts. Feature analysis also makes it possible to set a fixed EDS livetime per particle, set a minimum 

number of X-ray counts needed per particle, or set a fixed pixel dwelltime. Minimum count requirements 

can be used to ensure sufficient X-ray counts from particles of all sizes or composition, while fixed pixel 

dwelltimes can be used to minimize beam damage for sensitive samples. However, the segmentation can 

be difficult and often gives poor results when automated imaging is used for analysis of multiple areas or 

images in sequence. A poor segmentation can result in a large number of substrate areas being 

misclassified as particles, which can increase the overall analysis time extensively, and in worst case require 

the automated analysis to be aborted or discarded. Furthermore, it is not possible to redo the image 

segmentation afterwards, as the EDS analysis is limited to the predetermined pixels. Finally, feature 

analysis is highly sensitive to sample drift throughout the entire analysis, which can make the beam 

completely or partially miss targeted particles, linking EDS results from a neighboring area to the given 

particle. Here it can be very challenging to determine whether drift occurred during the analysis, unless an 

SE image is acquired both before and after the analysis to compare particle positions. Ultimately the entire 

analysis may need to be repeated, which can be an issue for beam sensitive samples, as the previous 

SEM/EDS analysis may have altered the shape or composition of already analyzed particles, hence requiring 

a new sample area.  

Mapping  

Mapping generally takes longer to perform than feature analysis, as all pixels are included in the EDS 

analysis. Furthermore, it is only possible to use fixed pixel dwelltimes, as particles are not yet distinguished 

from the substrate. This results in very low beam exposure for small particles, making their determined 

elemental compositions highly uncertain. However, unlike feature analysis, mapping allows for offline 

image segmentation, since both SE and EDS signals are stored individually for all pixels. This opens up for 

multiple post processing options, such as segmentation based not only on the SE image, but also on 

elemental maps generated from EDS data. Images and individual particles can therefore be visually 

screened for specific elements of interest. Additionally, the element distributions available in maps provide 
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information on the mixing state of individual particles. This information is highly useful when classifying 

particles, since primary particles of different composition are easily distinguished, even if they exist in an 

agglomerated form, consisting of several different primary particles. Finally, mapping makes it possible to 

subtract the EDS contribution originating from the sample substrate, from each individual particle, as will 

be demonstrated later. 

Dwelltime and Livetime comparison  

For fixed pixel dwelltimes, small particles consisting of only a few pixels will have very low beam exposure, 

yielding low X-ray counts. This is exemplified in Figure 7, where the Na X-ray count of individual particles 

are plotted against their area in pixels, for particles analyzed by feature analysis with 1s livetime and for 

four maps with pixel dwelltimes of 64, 128, 256, and 512 µs/pixel, respectively. Each analysis was 

performed in different areas of the sample to avoid beam damage. The acquisition times of the maps were 

approximately 4, 7.5, 15, and 30 minutes, respectively, while the feature analysis was completed in 

approximately 3 minutes with 142 particles in total (and some deadtime between particles). 

 

Figure 7. Total X-ray count in the Na peak for individual particle EDS spectra after bremsstrahlung background subtraction for a 

feature analysis with 1s livetime and four EDS maps with pixel dwelltimes of 64, 128, 256, and 512 µs. Particle sizes are displayed 

as area in pixel on the bottom x-axis and as equivalent circular diameters in nm in the top x-axis, both in logarithmic scale. All 

analyses were performed at 10 keV and at 10k magnification, corresponding to a pixel size of 7.1 nm. A global threshold was 

used to segment the images. 

It is seen in Figure 7 that the X-ray count in the Na peaks are much higher for small particles when using 

feature analysis with a fixed particle livetime, compared to the fixed pixel dwelltime applied in mapping. 

This is because the overall exposure time is fixed for feature analysis but decreases with size for mapping. 

The particle X-ray yield in mapping is therefore highly particle size dependent, while size is less significant 

for fixed livetimes where all particles are exposed for the same amount of time. However, the X-ray yield 
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with fixed livetimes is still influenced by the particle volume, which determines the fraction of incoming 

electrons that interact with the particle (assuming the same elemental composition). Since volume is 

proportional to area, the fixed livetime X-ray yield still has some size dependency. This is particularly 

evident at small sizes where many electrons transmit, while it is insignificant for larger sizes where the 

majority of the interaction volume is within the particle. However, if this volume dependency is ignored, 

the particle size where mapping yields higher counts than fixed livetimes can be calculated, as presented in 

the SI. For a feature analysis with 1s livetime the crossing points are at particle sizes of approximately 

15600, 7800, 3900, and 1950 pixels for map dwelltimes of 64, 128, 256, and 512 µs, respectively. For the 

images presented here, which have a pixel resolution of 7.1 nm/pixel, these sizes correspond to equivalent 

circular diameters of approximately 1000, 700, 500, and 350 nm, for the four dwelltimes respectively. The 

particle sizes at the crossing points can be reduced by performing the map analysis at higher magnification, 

thereby increasing the number of pixels within each particle. This will however reduce the area covered in 

each image and thereby increase the overall analysis time if the same area is to be analyzed. This shows 

that the feature analysis with a fixed livetime is better suited for EDS analysis of small particles compared to 

maps with a fixed pixel dwelltime. It should however be noted that the smaller particles are subject to 

intense beam radiation for fixed livetimes, and the method is therefore less suited for beam sensitive 

samples.  

Classification of particles 

As opposed to the integrated elemental composition obtained by feature analysis, the individual pixel data 

in maps enables visualization of the internal mixing state of particles. This makes it possible to distinguish 

fully mixed particles, aggregates, and agglomerates. In the NaCl sample an area contained trace 

contamination by aluminosilicate particles from an earlier experiment in the aerosol system. An SE image 

from this area is shown in Figure 8 (left), along with the results from a feature analysis, where particles 

were classified based on their elemental composition(middle), as well as an overlay of element maps 

(right). The overlaying element maps show X-ray counts of various elements, which have been normalized 

so that the highest count corresponds to a pixel intensity of 255. 

 

Figure 8. Left: SE image of an area of the NaCl sample contaminated with aluminosilicate particles. Middle: Classified image from 

a feature analysis with a livetime of 1s, where particles with Na+Cl at% higher than 4 are shown in red, while particles with Si 

at% higher than 2 are cyan (overwriting the Na+Cl criteria). Right: Overlaying element maps displaying X-ray counts for Na(red), 

Al(blue), Cl(yellow), Ni(magenta), and Si(green). The maps were acquired with a pixel dwelltime of 256 µs. Inserts depict a zoom 

in on the same agglomerate particle consisting of NaCl particles and an aluminosilicate fiber. 

Figure 8 shows that much more detail is available from the map compared to the classified image. Overlay 

of the red Na and the yellow Cl maps yield orange particles, corresponding to NaCl crystals, which as 
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expected are fully mixed. A vague blue color covers the entire image, which originates from the Al 

background signal generated when transmitted or stray electrons hit the sample holder or other stage parts 

of the microscope. A similar effect would be seen if the element maps for carbon and oxygen had been 

included, as they are the main components of the Formvar substrate. Cyan colored particles are also 

observed, originating from overlay of green silicon and blue aluminum maps, consistent with the presence 

of aluminosilicate particles. The map furthermore enables visualization of the mixing state of particles. 

Hence the cyan colored particle near the center of the classified image, and highlighted in the insert, 

reveals that an aluminosilicate particle has coagulated with several smaller NaCl particles. In contrast, the 

feature analysis shows only an integrated particle composition, and can therefore not distinguish the four 

primary particles. The knowledge of particle mixing state can be highly useful for identification of particle 

sources in complex atmospheric aerosols. Additionally maps can be analyzed offline, yielding tables with 

physical and elemental composition results for each individual particle similar to that obtained by feature 

analysis. Maps can therefore produce the same results as feature analysis, while further providing 

supplementary information on individual particle mixing state.   

Subtraction of substrate EDS contribution 

Mapping offers the option of subtracting the substrates contribution from the individual particle EDS 

spectra. This can be done by determining the mean X-ray count per pixel in the substrate for each detected 

element and subsequently subtracting it from the individual particle X-ray counts, taking into account the 

varying particle size. The substrate subtraction will highly influence small particles, with a substantial 

contribution from the substrate, but less so for larger particles. It may be necessary to set negative X-ray 

counts to zero, in cases where the substrate contribution was overestimated. Afterwards the X-ray counts 

can be converted to mass% via Eq. (5) and then to at% if needed. Figure 9 shows examples of substrate 

subtraction made by segmenting an SE image into two phases, namely a particle phase, containing all pixels 

with intensities above a set threshold value, and a substrate phase consisting of all pixels with intensities 

below a given threshold. The resulting phase separated image can be seen in the SI. The mean substrate 

pixel X-ray count for all elements were determined from the size and spectrum of the substrate phase, 

which was subtracted from the individual particle spectra after multiplying with the given particle size in 

pixels. 

 

 

Figure 9. Ternary plots of at% for Na, Cl, and the sum of all other detected elements, determined from a map acquired at 10 keV 

with a dwelltime of 512 µs/pixel. Left: Plot of particle EDS data without substrate subtraction. Right: Plot of particle EDS data 

with substrate subtraction. Data points are colored according to particle area in pixels, displayed on the colorbar. The 1:1 line for 

the Na/Cl at% ratio is plotted as a red dotted line. 
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Before substrate subtraction the measured Na + Cl concentration vary from approximately 20 to 50 at% for 

all NaCl particles, while the remaining concentration is made up of C, O, Ni, or Al, originating from the 

substrate or inside of the microscope (left plot in Figure 9). It is furthermore seen that the Na + Cl content 

increase with particle size, with the highest concentrations found for the largest particles, as less electrons 

are transmitted. After substrate subtraction (right plot in Figure 9) the data points are shifted along the 1:1 

line of the Na/Cl ratio, showing that the procedure can distinguish and remove contributions from 

substrate and microscope, while maintaining particle element ratios of Na and Cl. The resulting Na + Cl 

concentrations range from approximately 30 to 90 at%, hence approaching pure NaCl particles. It is 

furthermore seen that the size dependency has disappeared, as the substrate contribution for small 

particles have been significantly reduced. This allows for high Na + Cl concentrations even for small 

particles with limited X-ray counts. Substrate subtraction can hence be a useful tool when analyzing small 

particles, where significant contributions from substrate and microscope are an issue.  

The discussed advantages and disadvantages between using feature analysis and mapping are summarized 

in Table 2. 

Table 2. Summary of advantages and disadvantages for mapping and feature analysis.  

 Feature analysis Mapping 

EDS scan setting Livetime, dwelltime, minimum x-ray count Dwelltime 

Overall analysis time Depends on setting (shorter) Constant (longer) 

X-ray count small particles Depends on setting Low 

X-ray count large particles Depends on setting High 

Drift sensitive Yes No 

Segmentation Online Offline 

Revise segmentation No Yes 

Element segmentation No Yes 

Particle mixing state No Yes 

Substrate subtraction No Yes 

 

Conclusion 

The SEM/EDS analysis of electron transparent beam sensitive NaCl particles was performed with two types 

of EDS detectors for comparison, namely the XFlash 6|30, 30 mm2 SDD, representing traditional SDD 

detectors, and the newly developed annular FlatQuad 4x15 mm2 SDD detector. In this study the annular 

detector was found to have a superior count rate, allowing for a significant reduction in EDS acquisition 

time, while ensuring a counting statistics uncertainty below or close to 2%, even for 1s particle livetimes. 

For feature analysis an EDS livetime of 1s was found optimal for minimizing beam damage of NaCl particles, 

as it resulted in Na/Cl ratios close to 1 for all acceleration voltages. Longer livetimes resulted in enrichment 

of Na, indicating beam damage consistent with mechanisms reported in the literature. Additionally, atomic 

ratios of Na/Cl were compared for quantification with Cliff-Lorimer or P/B-ZAF. The P/B-ZAF model was 

found to correct for sample matrix effects, which do not occur in thin samples. As a result a shift in Na/Cl 

ratios was observed depending on acceleration voltage, as seen in Figure 6. This shows the importance of 

quantification model choice, and indicates that Cliff-Lorimer is better suited for electron transparent 

samples. Finally, a comparison was made between EDS mapping and feature analysis, as mapping was 
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found to be a viable option due to the increased count rates obtainable with the annular detector. The 

advantages and disadvantages of the two methods are summarized in Table 2, where especially offline and 

additional segmentation options as well as the higher degree of detail are noteworthy advantages for 

mapping. Overall, it was shown that the recent advances in EDS detectors allow for detailed sample 

information on a very short timescale, which enables accurate analysis of nanoparticles and beam sensitive 

samples, and makes SEM/EDS analysis more applicable in a broad range of scientific fields.  
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Supporting Information 

Microscope configuration 
A sketch of the detector configurations inside the SEM is shown in SI Figure 1. The FlatQuad detector was 

retracted when performing EDS measurements with the XFlash detector, as it would otherwise block a 

large fraction of the generated X-rays. 
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SI Figure 1. Schematic overview of EDS detector setup in the microscope. 

 

SI Figure 2. Left: Image of the bottom of the FlatQuad detector, showing the four SDD quadrants and the retractable Mylar 

shield. Right: Plot of the theoretically calculated solid angle of the FlatQuad detector and measured output count rate (OCR) 

against the sample-detector distance, showing the optimal count rate at a distance of approximately 3 mm. The solid angles 

were calculated according to Nestor J. Zaluzec, Detector Solid Angle Formulas for Use in EDS, Microsc. Microanal. 15 (2009), 93. 

Images reprinted with permission from QUANTAX FlatQUAD Brochure, Bruker Nano GmbH, Berlin, Germany.  
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Overview of Analyses 
In this section an overview is presented of the different microscope software and hardware settings used 

when analyzing the NaCl sample. Furthermore the 9 different images used for feature analysis with the 

XFlash EDS detector are shown. 

Image 

Number, # 

Livetime, s Acceleration 

Voltage, keV 

Detector 

1 1 5 XFlash 

2 5 5 XFlash 

3 15 5 XFlash 

4 1 10 XFlash 

5 5 10 XFlash 

6 15 10 XFlash 

7 1 20 XFlash 

8 5 20 XFlash 

9 15 20 XFlash 

10 1 5 FlatQuad 

11 5 5 FlatQuad 

12 15 5 FlatQuad 

13 1 10 FlatQuad 

14 5 10 FlatQuad 

15 15 10 FlatQuad 

16 1 20 FlatQuad 

17 5 20 FlatQuad 

18 15 20 FlatQuad 

SI Table 1. Overview of microscope settings for the EDS feature analyses, using either the XFlash or FlatQuad EDS detectors. 
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SI Figure 3. The 9 images used for feature analysis with the XFlash detector, with image 1 (from SI Table 1) in the upper left 

corner and image 9 in the lower right corner. For feature analysis the images were segmented with a global threshold and 

particles touching the edge of the image were discarded. 
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Dwelltime and Livetime comparison 
A comparison of beam exposure per particle for various particle sizes, when setting either a fixed livetime 

(feature analysis) or fixed dwelltime (mapping) is presented in the left plot of SI Figure 4. Alternatively, the 

beam exposure per pixel for various particle sizes, when setting either a fixed livetime or dwelltime is 

presented on the right.  

 

SI Figure 4. A comparison of livetimes (left) and dwelltimes (right) as a function of particle size, for different map and feature 

analysis settings. Particle sizes are displayed as area in pixels in the bottom x-axis and as particle equivalent circular diameter in 

pixels on the top x-axis.  

From the livetime plot on the left it is seen that the beam exposure and therefore also x-ray yield for 

particles consisting of only a few pixels, is orders of magnitudes lower for maps compared to feature 

analysis with a fixed livetime. However, as the particle sizes increase the map will reach livetimes similar to 

those presented for the feature analysis. The particle sizes where maps yield more x-rays than feature 

analysis depend on the specific dwelltime and livetime settings, but typically lie in the range between 

particle areas of 2000 and 15000 pixels, corresponding to equivalent circular diameters of 50 and 140 

pixels.  

When comparing pixel dwelltimes on the right, it is similarly seen that the pixels in smaller particles are 

exposed to the electron beam for orders of magnitudes longer when using a fixed particle livetime 

compared to a fixed dwelltime. As a result, smaller particles are more vulnerable to beam damage for fixed 

livetimes, as they will be scanned more intensely during the analysis. 
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Overall there is a trade-off between x-ray yield and risk of beam damage, which should be carefully 

considered before setting up the analysis. If the composition of small particles is of interest the livetime and 

minimum x-ray yield settings available with feature analysis can be useful, though they bring an increased 

risk of beam damage. Alternatively, mapping can be performed at higher magnification, which will increase 

the number of pixels in the smaller particles, but will at the same time reduce the sample area covered by 

the analysis. 

Procedure for background subtraction 

When analyzing samples by mapping, it is possible to remove the substrate x-ray contribution from 

individual particles by segmenting the image into two separate phases, namely a particles phase and a 

substrate phase, as seen in SI Figure 5. For SE images the particle phase will include all pixels with intensity 

above a given threshold, while the substrate phase will contain pixels below a given threshold.  

 

SI Figure 5. Left: SE image of the NaCl sample. Right: Phase separated SE image, where pixels in the particle phase is yellow, 

while pixels in the substrate phase are magenta. 

Since EDS results are available for all pixels, a spectrum corresponding to the entire substrate phase can be 

generated and element peak areas identified. By dividing the x-ray counts in each element peak by the area 

of the substrate phase in pixels, a mean substrate pixel spectrum can be obtained. If it is assumed that the 

substrate x-ray contribution per pixel is constant, despite it being underneath a particle, the contribution of 

the substrate can be removed from all particles. Here it is necessary first to scale the mean substrate pixel 

spectrum to match the size of the particle, by multiplying with the particle area in pixels before subtracting 

it from the particle spectrum. Once subtracted the x-ray counts can be converted to mass% or at% via Eq. 

(5). The python code for substrate subtraction used in this paper is available upon request. The code was 

written to function directly on results obtained with ESPRIT.  
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Abstract 

Particulate matter (PM) pollution is a central public health concern, recognized as a major contributor to 

the global burden of disease. However, the complexity of particles makes it difficult to determine the risk 

associated with PM exposure, which is therefore often reduced to a simple PM mass limit, despite it being 

well accepted that mass alone is not an ideal metric. Additional measurement techniques are thus needed 

for detailed physicochemical characterization of PM and identification of the particle properties of most 

relevance for toxicity, and hence regulatory purposes. 

We hypothesize that scanning electron microscopy coupled with energy dispersive X-ray spectroscopy 

(SEM/EDS) can be applied in analysis of impactor collected samples for detailed physicochemical 

characterization of PM, identifying particle properties of relevance for toxicity, and hence supplement 

outcomes from already established aerosol instruments.  

We investigated the hypothesis by SEM/EDS analysis of impactor collected samples of laboratory generated 

complex PM aerosols. The results are furthermore compared to measurements from two well-established 

aerosol instruments; SMPS and ELPI. We highlight the capabilities of SEM/EDS analysis by developing and 

implementing a classification scheme directly from the measured data, to distinguish primary particles and 

agglomerates of different types, facilitating source identification while enabling class specific size and shape 

analysis. Hence, we show that SEM/EDS can provide a detailed physicochemical characterization and 

improve the foundation for PM exposure and risk assessments. 

Introduction 

Particulate matter (PM) is a major public health concern found in both ambient and occupational settings. 

Epidemiological and toxicological studies have linked short and long term PM exposure to a broad spectrum 

of acute and chronic health effects including lung, heart, and immune system diseases as well as cancer and 

reproductive effects1–4. As a result PM is recognized as a major contributor to the global burden of 

disease5,6. Exposure to outdoor PM2.5 is estimated to account for 4.2 million deaths and 103.1 million 

disability-adjusted life-years in 20157. 

Despite the well-known problem of PM pollution, the related exposure and risk assessments are 

exceptionally challenging, due to the complex nature of particles. The overall number concentration can 

vary from thousands to millions per cubic centimeter, while each individual particle can vary in shape, 
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composition, mixing state, and orders of magnitude in size. Additionally, particles are in constant 

equilibrium with their surroundings, meaning that the physicochemical properties of individual particles 

will change throughout their airborne lifetime.     

Current exposure limits and guidelines are mass based. In ambient environments PM2.5 and PM10 are 

regulated, referring to total PM mass of particles with aerodynamic diameters below 2.5 and 10 µm, 

respectively. In occupational settings, guidelines for mass concentration exposure limits are set for 

inhalable and respirable particle fractions, with lower exposure limits suggested for specific particles with 

known adverse health effects. In the past mass has proven a useful and simple metric for assessing PM 

exposure relative to associated health risks. However, mass fails to give an adequate risk assessment where 

PM is dominated by small particles with limited contribution to the overall mass1,8, by insoluble high aspect 

ratio fibers, or by highly reactive particles9–12, as such particle characteristics may be associated with 

substantial risks even at a low PM mass exposure. Oppositely, risk may be overestimated for exposures 

dominated by harmless particles e.g. soluble salts13. It is therefore well accepted that mass is not an ideal 

metric for risk assessments, bringing a need for additional descriptive measures. Current knowledge 

suggests that particle number, size, shape, density, surface area, surface reactivity, mixing state, and 

composition are among the crucial properties11,13–15. Still, no single particle property can adequately 

describe the risk associated with PM exposure14,15 and probably combinations of metrics are needed. This 

highlights the importance of providing a detailed physicochemical characterization of particle populations 

to help identify the properties of most relevance for risk assessments. 

A wide range of commercially available instruments exist, which can measure particle size distributions 

(PSD) with high time resolution, assuming spherical particles with a fixed density. Such instruments are 

crucial for quick screening measurements e.g. on the evolution of a particle populations during work 

processes or in ambient conditions. The most common instruments include Electric Low Pressure Impactors 

(ELPI), Diffusion Chargers (DC), Scanning Mobility Particle Sizers (SMPS), Condensation Particle Counters 

(CPC), and Optical Particles Sizers (OPS). However, none of these give information on particle shape, 

density, surface reactivity, mixing state, or composition. There are available instruments that can measure 

chemical composition at a high time resolution, where especially the Aerosol Mass Spectrometer (AMS) is 

utilized in atmospheric studies16–18. Still, the AMS cannot give morphological information or mixing state of 

particles, as it measures size by time of flight (TOF), and particle integrated chemical composition in the 

form of mass to charge ratio spectra (m/z)16. It is therefore necessary to combine several measurement 

techniques to give a detailed characterization of a complex aerosol.  

In this study we demonstrate the characterization of complex aerosols consisting of several particle types, 

using SMPS, ELPI, and scanning electron microscopy (SEM) analysis coupled with energy dispersive X-ray 

spectroscopy (EDS) of samples collected by impaction, expanding on our previous work19. Here SEM/EDS 

analysis can measure some of the much needed particle properties, including morphology, elemental 

composition, and mixing state of individual particles. Four aerosols consisting of NaCl, carbon black 

(Printex90), Halloysite fibers, and a mixture of all three types are characterized. The PSD obtained with the 

three methods are compared, and the additional information obtained by SEM/EDS analysis is 

demonstrated with detailed shape, composition, and mixing state being reported on a single particle basis. 

Finally the possibilities and limitations in using impaction based SEM/EDX to measure PSD is discussed to 

assess if the method can provide sufficient information. 
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Methods 

Aerosols and Choice of PM  
Four closed chamber experiments were conducted, where different aerosols were characterized, namely a 

pure NaCl aerosol, a pure Halloysite aerosol, a pure Printex90 aerosol, and a complex aerosol containing a 

mixture of the three. The three types of particles were chosen as they possess significantly different 

physicochemical properties, each representing a unique class of real-life particles, both challenging the 

capabilities of the two well-established aerosol instruments (SMPS and ELPI) and that of the SEM/EDS 

analysis.  

The NaCl aerosol was generated by atomization of a solution containing 1.0 g NaCl (purity ≥99.0%, Sigma-

Aldrich, USA) in 500 ml nanopure water. Atomization of NaCl solutions is a well understood process, 

generating a single mode in the range 40-150 nm, depending on the NaCl concentration and the back 

pressure. NaCl particles were chosen as they are abundantly present in ambient air samples. Furthermore,  

all alkali halides are known electron beam sensitive compounds20–22. This poses a challenge when 

performing SEM/EDS analysis, where the elemental composition, shape, and size of the individual NaCl 

particles may change during measurements, which of course must be minimal for aerosol analysis. As a 

result, relatively short EDS acquisition times are required, which was fulfilled by using EDS map dwelltimes 

of 128 or 256 µs/px, as shown in previous work. 

The Halloysite aerosol was produced with a brush generator, aerosolizing a Halloysite powder (Dragonite 

HP™, Applied Minerals Inc., New York, US; CAS: 1332-58-7). Halloysites are naturally-occurring hollow 

aluminosilicate clay mineral fibers (Al2Si2O5(OH)4
. nH2O) with a density of 2.54 g/cm3, widths of 20-150 nm, 

and lengths ranging from 0.05-1.5 µm, resulting in aspect ratios of 5-1023,24. In a previous study an aerosol 

of the Halloysite powder was analyzed, which showed typical particle lengths below 1 um and aspect ratios 

primarily between 1-524. Halloysite fibers were used, as the fiber shape is known to cause discrepancies for 

real-time instruments, due to their inherent assumption that particles are spherical. Additionally, fibers are 

known to cause adverse health effects upon human exposure, making a reliable quantification of high 

importance9,25–27. Fibers have been shown to be specifically challenging for electric mobility measurements, 

since the charge distribution and drag experienced during electrical classification can differ significantly for 

fibers compared to spheres of an equivalent geometry28,29. Additionally the aerodynamic diameter of fibers 

is typically governed by their width, while their electric mobility is also influenced by their length. Therefore 

a significant difference was expected between PSD of electric mobility diameters (SMPS) compared to 

aerodynamic diameters (ELPI)30. 

The Printex90 aerosol was generated by aerosolizing a carbon black Printex90 powder (Orion Engineered 

Carbons, Frankfurt, Germany, CAS# 1333-86-4), also using the brush generator. The Printex90 used in this 

study consists of carbon based spherical particles with a reported density of 2.1 g/cm3 and diameters of 

approximately 14 nm, which has been shown to form agglomerates ranging from <100 nm to micrometer 

sizes31. However, PSDs of the aerosolized powder has been shown to consist of two modes with sizes of 

approximately 30 and 200 nm32. Printex90 was used as it resembles soot, which is a major contributor to 

global air pollution, making it a highly relevant study compound. Additionally the pure carbon composition 

makes it similar to the Formvar substrate of the TEM grids. This means that EDS spectra of all particles will 

contain a substantial carbon peak from the substrate regardless of their composition, making Printex90 



4 
 

particles difficult to identify. Carbon is also a light element and therefore has poor contrast in SE images, 

challenging the detection of particles with diameters <100 nm in the SEM/EDS analysis.  

Experimental Setup 
A set of batch experiments were conducted where each of the four aerosols were generated in a closed 0.5 

m3 Plexiglas chamber (Figure 1). The Plexiglas chamber was installed with 3 inlets and 3 outlets, made from 

copper pipes. The inlet pipes were approximately 30 cm long with inner diameters (ID) of 8 mm, reaching 

further into the chamber than the 15 cm outlet tubes with 4 mm ID. Polyvinyl chloride (TygonTM) tubing 

(ID = 4.8 mm) was used for all connections leading to or from the copper pipes. All tubing was kept as short 

as possible, 30-50 cm, to minimize electrostatic losses33. One outlet was connected to a SMPS, consisting of 

a Classifier 3082, Neutralizer 3088, DMA 3081, and a CPC 3776 (TSI Inc., USA). The SMPS was operated in 

low flow mode (0.3 l/min) with an aerosol to sheath flow ratio of 1:10, detecting particles in the size range 

17.5-532.8 nm. Another chamber outlet was connected to an ELPI (Dekati Ltd, Finland). The ELPI requires a 

flowrate of 10 l/min, so air sampled from the chamber was diluted with HEPA filtered room air with a 

dilution ratio of 1:10. The remaining outlet from the chamber was used to collect aerosol particles for 

SEM/EDS analysis, using a three stage cascade impactor (MINI) with D50 values of 1.36, 0.59, and 0.073 µm, 

according to the method described by Brostrøm et al.19. All impactor samples were collected with a 

sampling time of 5 seconds, which for NaCl fitted well with the optimal sampling time determined from the 

expression presented by Brostrøm et al.19. However, for the Halloysite and Printex90 aerosols the 

expression predicted optimal sampling times of 500-600 seconds, which would have resulted in 

overpopulated grids. This discrepancy was most likely due to the much larger particle sizes of the Halloysite 

and Printex90 particles, compared to the 100-200 nm sizes used when developing the expression. 

Alternatively, it could be due to the sampling artefacts, described later. In this study the first impactor stage 

was equipped with an aluminum disc smeared with impactor grease (Dekati Ltd, Finland) to remove most 

particles with aerodynamic diameters above 1.36 µm and ensure minimal bounce to lower stages. The 

second stage was equipped with a Nickel disc, as the substrate of the TEM grids were found to break upon 

impaction of the larger particles19. The final MINI stage was installed with commercially available 400 mesh 

nickel TEM grids coated with a 25-50/1 nm Formvar/Carbon film (Electron Microscopy Sciences (EMS), USA. 

Here the smooth surface of the substrate on the TEM grids was found crucial for detecting sub 100 nm 

particles as e.g. even polished Ni disks appeared too rough. A schematic overview of the experimental 

setup is shown in Figure 1.  



5 
 

 

Figure 1. Schematic overview of the experimental setup. The HEPA filter inlet was left open to the room, in order to equilibrate 

the pressure as instruments pulled air from the chamber.  

Constant atmospheric pressure in the chamber was provided by connecting a HEPA filter at one of the 

inlets. Another inlet was connected to a constant output atomizer model 3076 (TSI, USA), which was 

operated at a back pressure of 2 bar, generating NaCl aerosols. The NaCl aerosol passed through two 

diffusion dryers model 3062-NC (TSI, USA) installed with freshly dried silica gel before reaching the Plexiglas 

chamber, reducing the relative humidity to below 10 RH%. The final inlet was connected to a PALAS Brush 

Generator (RBG 1000, Karlsruhe, Germany), which was operated at 1200 rpm with a feedrate of 110 mm/h 

and a backpressure of 1 bar, resulting in a flowrate of 2.8 m3/h. The brush generator was loaded with either 

Halloysite powder, carbon black Printex90 powder, or with a mixture of the two. The brush generator 

consists of a piston that can be raised, feeding the loaded powder into a rotating steel brush, which carries 

small amounts of the powder into a flow of pressurized air, hence aerosolizing the powder. 

The experiments were performed as batch experiments, where aerosol production with the atomizer, 

brush generator, or both was limited to short bursts. This generated high particle number concentrations, 

which slowly decreased over time. At several different concentrations for each aerosol, impactor samples 

were collected for detailed analysis by SEM/EDS. Between experiments the chamber was vented for 

approximately an hour until particle number concentrations dropped to levels near the initial background 

concentration, to ensure minimal cross contamination between experiments. 

Electron Microscope 
The sampled TEM grids and nickel plates were analyzed in high vacuum (HV) mode with an Everhart-

Thornley Secondary Electron (SE) detector in a Nova NanoSEM 600 (Thermo Fisher Scientific (former FEI), 

The Netherlands). All samples were analyzed at 10 keV, which was sufficient to produce X-rays peaks of the 

relevant elements. An aperture size of 50 µm and a spot number of 3.5 with a probe current of 0.16 nA was 

used. An XFlash FlatQuad (Bruker Nano, Germany) EDS detector was used to measure the elemental 

composition of particles by mapping the entire imaged area. Maps from the second stage of the impactor 

were acquired with a pixel dwelltime of 256 µs with acquisition times of approximately 4 minutes, while 

maps from the third stage were acquired with 128 µs dwelltime resulting in roughly 8 minutes/map, due to 

a larger image size. The EDS analysis was only performed on the complex impactor samples, while only SE 

imaging was used for analysis of samples containing a single primary particle type. Images and maps 
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performed on samples from the 2nd impactor stage had resolutions of 57.1 nm/pixel, while 3rd stage images 

had resolutions of either 5.5 or 7.3 nm/pixel. To give a representative sample description, all impactor 

samples were analyzed by acquiring a series of images or maps in a straight line going through the center of 

impaction, according to the method described by Brostrøm et al.19. The method and proposed imaging 

routine has so far only been tested on the 3rd impaction stage, but as a similar deposition pattern was 

observed on the 2nd stage, the method was also applied here. A fresh TEM grid and Ni disc were also 

investigated to ensure no particles were recognized on a clean sample. Images of the clean samples are 

presented in SI Figure 1. Here it was found that particles with an equivalent circular diameter below 400 nm 

could not be distinguished on the rough surface of the Ni disc, while the resolution limit for the TEM grid 

was estimated to ca. 20 nm. 

The ESPRIT 2 software (Bruker Nano, Germany) was used for analysis of all map data, while a custom 

python 3.6 code with the openCV package34, was used to analyze images (available on request). For both 

map and image data sets, segmentation was performed on the SE images with a manually set global 

threshold, to distinguish particles from the substrate. Particles touching the edge of the frame were 

excluded from the analysis. Here the area (A), perimeter (P), as well as the length (L) and width (W) of a 

rotated bounding box for each individual particle were determined. From these measures the equivalent 

circular diameter (Deq = 2√(A/π)), aspect ratio (AR = L/W), and circularity (Ci = 4πA/P2) were calculated, 

where AR is efficient for distinguishing straight fibers, while Ci gives values of 1 for perfect circles and 

values smaller than 1 for elongated shapes. In the remainder of this work, all particle sizes presented from 

SEM analysis will be reported as Deq. The particle data resulting from each image of the same stage and 

sample were collected in a single table to represent the sampled aerosol. For EDS analysis, the spectra from 

each pixel within the contour of a single recognized particle were summed and analyzed as a single 

spectrum. The bremsstrahlung X-ray contribution was removed by subtracting a background fit, which was 

performed using the SEM fitting option in ESPRIT with relevant fitting areas identified automatically. 

Element quantification of samples on the TEM grid were performed using the Cliff-Lorimer quantification 

model, which ignores most matrix interactions and is therefore suited for thin electron transparent 

samples35,36 as discussed previously. Maps acquired on the Ni disc samples were quantified with the 

standardless P/B-ZAF method, as matrix interactions could no longer be ignored on the bulk Ni disc 

substrate. Further data handling, processing, and visualization of results from the ESPRIT software were 

performed with Python 3.6.  

Results and Discussion 

To give an overview of the experimental process a time series plot of the size distributions and total 

number concentrations measured by ELPI throughout all aerosol experiments are presented in Figure 2. 

The collection times of the impactor samples presented in this study, have been marked as vertical dotted 

lines. A similar plot of the SMPS data is presented in SI Figure 2. 
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Figure 2. Total number concentration (top) and size distribution (bottom) time series plots measured by ELPI over the course of 
all aerosol experiments. Gray areas on the top plot indicate experiment periods, with the studied aerosol specified at the top of 
the plot, while the white areas indicate times where the chamber was flushed. Dotted vertical lines indicate the times where the 
impactor samples studied in detail were collected, while the vertical dashed lines indicate particle production either from the 
brush generator or atomizer, releasing a burst of particles into the chamber.   

Size Distribution Comparison 
The number of images, image resolution, total imaged area, and total number of particles detected from 

each stage of the four aerosols as well as the particle coverage measured by SEM/EDS are reported in Table 

1. Here the average total number concentrations measured by ELPI and SMPS during 3 min before to 3 min 

after impactor sampling are also presented.  

Table 1. A table showing the number of images (Nimg), image resolution, total imaged area in um
2
, total number of recognized 

particles from both impactor stages for each of the sampled aerosols (Np) and the particle coverage on each grid, determined 
from total area covered by particles divided with the total imaged area (Coverage). Additionally the average total number 
concentrations measured by the SMPS and ELPI from 3 min before to 3 min after impactor collection are also reported (these 
were the same for all 2

nd
 and 3

rd
 stage samples of the same aerosol). No impaction spot was observed on the second stage of the 

pure NaCl sample, as expected for such small particles, and therefore an image series of this stage was not acquired. 

Aerosol Stage, 
# 

Nimg,  
# 

Resolution, 
nm/px 

Imaged Area,  
um2 

Np,  
# 

Coverage, 
µmp

2/µmimg
2 

NSMPS, 
cm-3 

NELPI, 
cm-3 

NaCl 2 - - - - - 5.2∙105 6.5∙105 
 3 25 7.3 4823 4594 0.020   
Halloysite 2 10 33.2 30854 241 0.016 3.1∙103 3.8∙103 
 3 19 5.5 1630 3731 0.026   
Printex90 2 12 33.2 37025 210 0.031 3.8∙103 4.7∙103 
 3 19 5.5 1630 3383 0.030   
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Complex 2 11 57.1 34030 498 0.048 1.5∙104 9.8∙103 
 3 12 7.3 2315 5797 0.033   

Typical SE images before and after segmentation from both stages of the four aerosol samples are shown in 

SI Figure 5 and SI Figure 6. The recognized particles were binned according to their Deq, using the size bins 

of the ELPI. Particle number densities for each size bin and each sample were determined by normalizing 

particle counts with the total imaged area. This allows comparison between number densities found on the 

same stage for different samples. However, a comparison between the two stages cannot be made directly, 

as the particle sizes and impact area on the 2nd stage are significantly larger than those of the 3rd stage. 

Finally, the particle count in each bin was divided by the ELPI bin width to give number densities in the form 

dNSEM/dlogDp.  

For comparison with SMPS and ELPI measurements the average size distribution was determined from 

scans covering 3 min before to 3 min after impactor sampling (marked by dotted lines in Figure 2)Error! 

Reference source not found.. The standard deviation between scans within this time frame was used as an 

error estimate. To allow direct comparison between all size distributions, the high size resolution of the 

SMPS data was reduced to that of the ELPI, by resizing the measured SMPS number concentrations, using 

the ELPI size bins, before converting to dN/dlogDp (the data before conversion is shown in SI Figure 3). The 

PSDs for each aerosol obtained by SMPS, ELPI, and from SEM analysis of the 2nd and 3rd MINI stages are 

presented in Figure 3. 

 

Figure 3. Particle size distributions of the four aerosols: NaCl (red), Halloysite (cyan), Printex90 (magenta), and complex (green), 
determined by SMPS (top row), ELPI (second row), and SEM analysis of the 2

nd
 (third row) and 3

rd
 (bottom row) MINI stage 

samples. Vertical dotted lines represent the relevant D50 cut-offs for the MINI stages, corresponding to 1.36, 0.59, or 0.073 µm. 
The 2

nd
 stage should therefore collect particles with sizes from 0.59-1.36 µm, while the 3

rd
 stage should collect particles from 

0.073-0.59 µm. Gray areas mark sizes which are outside the detection limit of the method, which for SMPS is from 16-533 nm, 
and which for SEM/EDS was based on measurements of the clean TEM grid and Ni disc. It should be noted that the y-axis 
concentrations are not scaled between plots, and that SMPS and ELPI data are presented as number concentrations (cm

-3
), while 
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SEM data is presented as number densities (µm
-2

) with uncertainties determined from counting statistics as √N. SMPS and ELPI 
uncertainties are determined from standard deviations of the averaged runs, covering 3 minutes before to 3 minutes after 
impactor collection.   

NaCl particles are compact and very homogeneous in shape, which is close to the assumption made in the 

algorithms of both the ELPI and SMPS (squares vs spheres). Consequently, a very good agreement was 

found for the NaCl PSDs between all the applied techniques. For smaller particle sizes, all methods found 

one mode centered at the 96-156 nm bin. The modes determined by SMPS and ELPI were slightly broader 

towards the smaller sizes compared to the SEM mode, but this was expected as the mode spans across the 

3rd MINI stage D50 at 73 nm, from where a decreasing fraction of the particles is collected. No particles were 

observed on the 2nd MINI stage, which should primarily collect particles above its D50 at 590 nm, fitting well 

with the lack of particles larger than approximately 500 nm in the SMPS and ELPI measurements. The 

measured sizes were consistent with those expected when aerosolizing NaCl solutions with the atomizer, 

which typically produce particles with diameters close to 100 nm37.  

For the Halloysite aerosol the SMPS showed a main mode near its upper detection limit at 256-382 nm as 

well as a much smaller mode near its lower detection limit. Here it should be mentioned that the SMPS size 

range stops at 532.8 nm. An artificial number reduction can therefore occur in the 382-604 nm bin, which is 

only partially within the SMPS size range, compared to the fully resolved 256-382 nm bin. Taking this into 

account, the main SMPS mode fitted well with the ELPI measurements, which covered a broader size range, 

showing a mode centered on the 604-949 nm size bin. The ELPI also detected an additional smaller mode at 

the 31-55 nm bin. This smaller ELPI mode could be linked to the SMPS mode indicated at the lower 

detection limit, with the size offset resulting from the two diameter types reported by the instruments. An 

overall good agreement was found between the SMPS and ELPI measurements despite the anticipated 

discrepancies, since the electrical mobility of fibrous particles is influenced by the length whereas the 

aerodynamic behavior is more associated with the width28. The sizes measured by ELPI were therefore 

expected to be significantly smaller than those measured by the SMPS. However, when inspecting the SE 

images from the 2nd stage of the Halloysite sample, it was seen that the larger particles consisted of fibers 

gathered in bundles with shapes close to that of a large sphere, as shown in the SI. This could explain the 

absence of discrepancies if the Halloysites were aerosolized as large and near spherical agglomerates, and 

would also explain the relatively large particle sizes observed in both the SMPS and ELPI size distributions. 

The SEM analysis of the 2nd Halloysite stage showed one mode, peaking across two bins from 382-949 nm, 

which fitted very well with the SMPS and ELPI measurements. However, the 3rd stage showed a single mode 

peaking at the 55-96 nm bin, which is at a concentration minimum of the SMPS and ELPI distributions.     

The Printex90 aerosol showed a PSD almost identical to that of the Halloysite aerosol for the SMPS and 

ELPI. Again the SMPS showed a mode not fully resolved at its upper size limit as well as an indication of a 

smaller mode at its lower size limit. The highest ELPI concentration was measured in the 604-949 nm d50 

size bin, with a smaller mode at the 31-55 nm bin. Since the primary particle size of the Printex90 powder 

was approximately 14nm, the 604-949 nm particles must be agglomerates consisting of several hundreds to 

thousands of primary spheres. Agglomerates have been reported in previous studies of Printex90, but at 

significantly smaller sizes of 30-200 nm32. Here it should be noted that the aerosolizing technique used 

when determining the previously reported agglomerate sizes, differed from the brush generator applied 

here. It was therefore hypothesized that the brush generator acts as a soft aerosolizing method, producing 

very large and loosely agglomerated particles. The SEM analysis of the 2nd Printex90 stage found the 
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highest number density in the 2470-3660 nm bin, which is much larger than the ELPI peak concentration at 

the 604-949 nm bin. However, when inspecting the SEM images, exemplified in SI Figure 5, it is seen that 

many of the detected particles consist of overlapping micrometer sized particles. These could have been 

airborne as individual particles, and formed via co-deposition, which would give significantly smaller sizes 

and higher number densities. The 3rd stage of the Printex90 sample showed a single mode, almost identical 

to that of the Halloysite 3rd stage, with the peak density at the 55-96 nm bin. Again this is in poor 

agreement with the size distributions measured by SMPS and ELPI, which both display concentration 

minima in the 55-96 bin.  

The complex aerosol should ideally be a mixture of the above, resembling a combination of all three size 

distributions, assuming no agglomeration while airborne, which is reasonable with the short time from 

generation to detection. The complex PSD measured by SMPS displays a single mode at the 55-96 nm bin, 

which is slightly smaller than the mode observed for the pure NaCl aerosol. Sizes larger than the 55-96 nm 

mode show an elevated number concentration compared to the pure NaCl aerosol, indicating the presence 

of larger particles. This is consistent with the particle sizes observed for the pure Halloysite and Printex90 

aerosols, with modes at the upper limit of the SMPS size spectrum. The broader size range of the ELPI 

shows three modes centered at the 31-55, 96-156 and 604-949 nm d50 size bins. The mode near 100 nm is 

consistent with the mode observed for the pure NaCl aerosol, while the 31-55 and 604-949 nm modes fits 

well with the pure Halloysite and Printex90 measurements. As such the complex aerosol measured by 

SMPS and ELPI does resemble a mixture of the three primary size distributions, but without any prior 

knowledge it would not be possible to distinguish between the particle types. The 2nd stage of the complex 

aerosol shows a peak concentration in the 604-949 nm bin, which fits well with the ELPI observations. The 

3rd stage sample presents with a size distribution very similar to that of the 3rd stage Printex90 and 

Halloysite samples, peaking at the 55-96 bin. This fits well with the SMPS measurements, while it is in 

between the two lowest ELPI modes. Still, the complex aerosol shows better correlation between the ELPI, 

SMPS, and SEM size distributions, in comparison to the measurements of the pure Printex90 and Halloysite 

aerosols.     

It should be noted that some of the TEM grid squares broke upon particle impaction, with a total of 3, 1, 4, 

and 4 broken squares for the NaCl, Halloysite, Printex90, and complex samples respectively, as seen from 

the overview images presented in SI Figure 4. It was therefore not possible to pass all of the imaged areas 

directly through the impact center, as seen in SI Figure 4, where also an estimated orifice position and the 

imaged areas have been indicated. This could reduce the representation of particle sizes near the upper 

collection limit for the 3rd stage (590 nm), as these typically impact near the center of impaction38. 

However, as this would not produce any particles in the 55-96 nm range, it still cannot explain the poor 

correlation between the 3rd stage size distribution and those determined by SMPS and ELPI.    
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Figure 4. SE images showing examples of inhomogeneous particle densities on the 3
rd

 stage of the Halloysite (left) and Printex90 
(right) impactor samples. Areas with number densities significantly higher than the surroundings have been circled in red dashed 
lines. 

To further investigate the large discrepancies between the real time and SEM results observed for the pure 

Printex90 and Halloysite aerosols, the SEM images were carefully reviewed. Here it was noted, that the 

deposition patterns on the 3rd stage of both aerosols, were often not homogeneous, but instead presented 

with several small areas with a dense population, as seen in Figure 4. This pattern was especially observed 

near the center of impaction, and was most obvious for the Printex90 sample. The pattern gives strong 

indications that larger particles have impacted onto the substrate and either shattered upon impaction or 

bounced off the substrate, leaving smaller residual particles behind. The same process could have occurred 

on the 2nd impactor stage, but here it would not have been visible due to the roughness of the Ni disc 

surface. It would however have decreased the number of large particles and furthermore have significantly 

increased the number of smaller particles, which could then have been transported onwards to the 3rd 

stage. This offers an explanation for the large discrepancies between the real time and SEM size 

distributions, where the SEM results display a dominating mode at the 55-96 nm, while the real time 

instruments measure higher concentrations for the micrometer sized particles. 

For the pure NaCl sample, particles were more homogeneously distributed, indicating that the NaCl 

aggregates/crystals do not break upon impaction, hence the reasonable agreement between all 

instruments. It was therefore concluded, that careful evaluation of particle deposition patterns is necessary 

when performing electron microscopy analysis of aerosol particles collected via impaction. Here samples 

should be inspected for non-homogeneous deposition, where small sample areas present with a dense 

particle population. Such areas could indicate agglomerate fracturing, artificially increasing the number 

density of smaller compared to larger particles. Ideally, impaction should not be used to collect aerosols 

containing large agglomerates, where alternative sampling methods should be applied instead. However, 

impaction is well suited for sampling homogenous, stable, and non-agglomerated materials very well. 

In previous work19, an expression was proposed for linking airborne concentrations to the number density 

of particles observed on samples from the 3rd impactor stage (Nimp,Dp, µm-2). In this work the expression was 

tested by estimating number concentrations for each size bin of the NaCl sample (CEM,Dp, cm-3), which was 
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compared to SMPS and ELPI results. To estimate airborne concentrations, it is necessary to consider the 

impactor collection efficiency at each particle size (Ceff,Dp, unitless), as well as the total volume of air that 

passed through the impactor during sampling, which is calculated from the sampling time (t, s) and 

flowrate through the impactor (Q, cm3/s): 

𝐶𝐸𝑀,𝐷𝑝 =
𝐴𝑒𝑓𝑓

𝑄∗𝑡∗𝐶𝑒𝑓𝑓,𝐷𝑝
∗ 𝑁𝑖𝑚𝑝,𝐷𝑝  (1) 

The Aeff parameter is an experimentally determined calibration metric to estimate the influence of several 

unknown contributions, including the effective particle collection area, particle wall loss, and particle 

bounce. The effect of each of these contributions are difficult to measure and may depend on particle 

characteristics e.g. size, type, and physical state as well as impactor characteristics e.g. design, wall 

material/roughness, and impaction surface. In previous work a simple approach was taken, estimating the 

Aeff parameter from calibration experiments with polystyrene latex beads (PSL), where a value of 1.12∙106 ± 

0.60∙106 µm2 was found. The parameter therefore currently does not vary between particle sizes. The 

airborne concentrations in the pure NaCl experiment estimated from EM data are compared to SMPS and 

ELPI results in Figure 5. Due to the impaction artefacts observed on the Halloysite, Printex90, and complex 

samples, the expression could not be used for those data.   

 
Figure 5. Airborne number concentrations estimated using Eq. (1) from EM data of the 3

rd
 impactor stage of the NaCl experiment 

(blue), compared to airborne concentrations measured by SMPS (left in red) and ELPI (right in green). Errorbars on the EM data 
include counting statistics, the uncertainty of the Aeff parameter, and uncertainties of the Ceff expression estimated by altering 
D50 according to previously determined uncertainties (73±8 nm). The uncertainties of the SMPS and ELPI data are represented as 
the standard deviation of the averaged SMPS or ELPI scans. Dark grey areas are outside the SMPS size detection limits, while the 
hashed area represents particles too small to be recognized during EM analysis.   

It is seen that the shape of the NaCl PSDs are similar for the EM, SMPS, and ELPI data. This indicates that 

the impactor SEM/EDS analysis can reproduce airborne size distributions. However, the airborne number 

concentrations estimated from Eq. (1), are factors of 8-9 lower than SMPS results, and factors of 5-10 lower 

than the ELPI data, if sizes near and above the 2nd stage D50 of 590 nm are excluded. The earlier measured 

Aeff factor from PSL calibration experiments is therefore apparently too low for the NaCl experiment. There 

are several possible explanations for the observed discrepancies, with the most likely being the installation 

of impaction plates in the 1st and 2nd impactor stages, which were not installed during the PSL experiments 

where the Aeff parameter was determined. This installation will alter the flow pattern through the impactor 

and could result in increased diffusion losses or wall losses, requiring a higher Aeff parameter to correct. 

Many previous studies have investigated bounce and losses in impactors, but never in relation to 
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microscopy analysis. It is therefore clear that the impactor can for now only be used to get an estimate of 

the total particle number concentrations within a factor of 10. However, additional work on calibration 

with multiple stages and an improved understanding of the impactor will lead to more precise particle 

number measurements. Considering that the ELPI and SMPS are measuring with differences of up to a 

factor of 5 on the complex aerosol, the impaction method can in some cases give an independent measure 

with far more additional information than the two standard methods. 

Elemental Particle Classification 
To demonstrate the elemental composition information obtainable from SEM/EDS analysis, the 2nd and 3rd 

stage samples of the complex aerosol were analyzed by EDS mapping. With the FlatQuad EDS detector the 

EDS analysis of an area was performed in 4-8 minutes, allowing an entire sample to be analyzed in 1-2 

hours, without user interference except for the initial setup of the analysis. Maps allow for elemental 

distribution images of the analyzed area, by displaying X-ray counts within the element specific energy 

regions of the EDS spectra of each pixel. Here normalization is used to display the counts within the 0-255 

pixel intensity range. To increase the counting statistics of individual pixel spectra they were summed in 4x4 

pixel areas, which decreased the map pixel resolution, but gave a higher map quality with more reliable 

counts. An SE image acquired on the 3rd stage of the complex sample along with the corresponding 

individual element maps of C, O, Ni, Al, Na, Si, and Cl as well as a map overlaying all the individual element 

maps are shown in Figure 6. A similar figure for an area of the 2nd stage is shown in SI Figure 7, but here 

absolute scaling of element X-ray counts were necessary, due to the high counts of the bulk Ni disc. 
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Figure 6. Top left: A Secondary electron image of an area of the complex aerosol sample from stage 3. Top middle: An overlay of 
all elemental maps of the secondary electron image. Individual element maps of C, O, Ni, Al, Na, Si, and Cl are also shown, with 
the given element marked in the left bottom corner of each map. Maps were generated by summing pixel EDS spectra in 4x4 
areas and converting the X-ray count in each element energy region to a normalized pixel intensity of a given color. The online 
deconvolution setting in the ESPRIT software was used to correct for possible peak overlaps.  

As seen from Figure 6, mapping can be used to visualize the spatial distribution of elements in a sample, 

distinguishing particles of different compositions. Maps are highly useful to distinguish primary particles 

and to obtain information on the mixing state of agglomerates, as seen on the overlay of all maps at the 

top center image of Figure 6. Obvious orange NaCl particles are observed from the overlaying yellow Cl and 

red Na maps, as well as cyan colored Halloysite fibers from the blue Al and green Si maps, and magenta 

Printex90 particles from the C map. The different primary particles are easily distinguishable, even without 

any prior knowledge of the sampled aerosol. Additionally it is possible to identify the mixing state of 

agglomerates consisting of the different primary particles. This knowledge can be crucial for distinguishing 

primary particle types in an unknown aerosol sample, providing information on the mixing state of 

individual particles. This can also give indications of the primary particle sources by distinguishing e.g. soot, 
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metal particles, or salts, and hence bring relevant information for PM exposure, risk assessments, and 

pollution abatement strategies39–42.  

However, the maps have to be interpreted with care as the X-ray count in each 4x4 pixel area of the thin 

electron transparent sample is very low, which was necessary to minimize beam damage and acquisition 

time. For instance, all elements show an elevated number of X-ray counts on the bulk Ni grid at the bottom 

of the image. This increase is not related to the presence of the elements, but simply from the elevated 

number of X-rays in the spectrum background, from the stronger interaction between the electron beam 

and the bulk Ni grid. Due to the low X-ray count in the 4x4 pixel spectra there is a significant uncertainty in 

the peak fitting algorithms and background subtraction procedures, which makes it challenging to properly 

correct for the elevated background count. Therefore elements can appear in areas of the map which are 

simply related to an elevated background, rather than the presence of the given element. As such, an 

elevated X-ray count can also arise from large bulk particles, displaying elements, which are not actually 

present. This uncertainty is however reduced, when the composition of individual particles are 

investigated, as the X-ray count in particles consisting of hundreds to thousands of pixels are significantly 

higher than the 4x4 pixel areas of the map, allowing for a higher quality background correction. It is also 

possible to display maps of the mass% or atomic% of elements, but with the low X-ray counts in the 4x4 

pixel areas at short acquisition times, these maps have a significant error on all concentrations, and rarely 

give any useful information. For cases with non-beam sensitive particles, the acquisition time can be 

increased, allowing better counting statistics and more reliable maps, albeit at the cost of longer analysis 

time.  

Since the primary particle types of the sample can be visualized directly from the EDS maps, the relevant 

particle classes are already known, when setting up a classification scheme. Additionally, the mixing state of 

all particles is also visible from the EDS map, and the classification scheme can therefore be setup and 

perfected by iteratively altering the composition criteria of each defined class to ensure particles falling into 

the correct categories. This method was used to setup a classification scheme, differentiating particle types 

in the SEM/EDS analysis of the complex sample. Particles were divided into eight different classes, 

depending on their individual elemental composition. Since Si was specific to Halloysite fibers, while Na and 

Cl were specific for NaCl particles, it was found that very low thresholds of ≥1 at% were optimal for 

distinguishing these classes. A much higher criterion of ≥60 at% was needed for the Printex90 class, as all 

particles displayed significant carbon content due to contributions from the TEM grid substrate. Additional 

classes were set up to identify agglomerates of the primary particle types, using combinations of the 

primary class criteria. The eight classes are listed in Table 2, along with their respective elemental 

concentration criteria.    

Table 2. Elemental composition criteria of the particle classification scheme used to divide individual particles into classes of 
primary or agglomerated particles consisting of combinations of primary particles. The colors listed in the last column 
correspond to those used in the classified particle images presented later. 

Classes C, at% Si, at% Na, at% Cl, at% Color 

NaCl - - ≥1% ≥1% Red 

Halloysite - ≥1% - - Cyan 

Printex90 ≥60% - - - Magenta 

NaCl + Printex90 ≥60% - ≥1% ≥1% Orange 
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NaCl + Halloysite - ≥1% ≥1% ≥1% Blue 

Halloysite + Printex90 ≥60% ≥1% - - Green 

All ≥60% ≥1% ≥1% ≥1% Purple 

Unclassified <60% <1% <1% <1% White 

An example of an SE image from an area of the 3rd impactor stage of the complex aerosol sample overlaid 

with relevant elemental maps are shown in Figure 7, along with the corresponding classified image made 

with the scheme and color codes presented in Table 2. The original SE image of the same area is displayed 

in SI Figure 8. 

 

Figure 7. A SE image overlaid with relevant EDS maps (left) from the complex aerosol collected at the 3
rd

 impactor stage, along 
with the classified particle image (right). Classification was made with the scheme presented in Table 2. Color codes of the 
classified image are stated in Table 2. 

From Figure 7 it is seen that the classification scheme presented in Table 2 is able to distinguish primary 

particles and agglomerates, as well as separate agglomerates into relevant classes consisting of 

combinations of the primary particles.  

It can however be challenging to produce a classification scheme, which functions optimally at all sizes. 

Here especially the small sizes with limited X-ray counts can present with an overestimated number of 

carbon based particles, as the substrate gives a substantial and highly varying contribution to the overall X-

ray count. This could be improved by increasing the pixel dwelltime, which would increase the X-ray count 

and lower the uncertainty from counting statistics, but would increase the analysis time and the risk of 

beam damage. One might run a fast map for beam sensitive elements such as Cl in NaCl and then a longer 

one for elements that can withstand irradiation. Additionally, it can be challenging to define when a particle 

is an agglomerate e.g. if a 70 nm NaCl particle coagulates with a 1 um Printex90 particle, should it then still 

be considered an agglomerate, despite limited contribution from the NaCl particle to the overall particle 

physicochemical properties. Still, it is possible to generate a classification scheme, based on the EDS map 

without any prior knowledge of the sample, which can distinguish most primary particle classes and 

agglomerates. This provides information on the mixing state of the entire aerosol, and allows for class 

specific size and shape information, which can be presented as class separated size distributions as shown 
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in SI Figure 9. Alternatively, the aerosol mixing state can be displayed as the relative abundance of each 

class in the overall PSD as exemplified in Figure 8. Here the complex aerosol size distributions of the 2nd and 

3rd MINI stages have been class segmented and normalized. The total number of particles found in each 

ELPI size bin is written above it. 

 

Figure 8. The relative abundance of particle classes in each size bin of the size distributions found on the 2
nd

 (top) and 3
rd

 
(bottom) stage of the complex aerosol sample. The number of particles in each bin is written above the size bin, which 
corresponds to the numbers of the complex sample in Figure 3. 

From Figure 8 it is seen that approximately 40% of all particle sizes on the 2nd impactor stage consist of 

Halloysite and Printex90 agglomerates, while the primary Halloysite fibers are almost exclusively seen 

below 2 µm. Printex90 particles are observed at all particle sizes, but has the highest relative abundance at 

the larger sizes above 2 µm. These observations are consistent with the 2nd stage pure aerosol samples, 

where the Printex90 mode was found at much larger sizes (2470-3660 nm) than the pure Halloysite mode 

(382-949 nm), seen in Figure 3. Additionally, a complete absence of NaCl is observed on the 2nd stage, 

where the smaller primary particles of the NaCl were not expected, though agglomerates of NaCl could still 

occur. This could be explained from a limited X-ray contribution of Na and Cl when an approximately 100 

nm NaCl particle agglomerates with micrometer sized Halloysite or Printex90 particles. Alternatively it 

could be that agglomerates were not present in the sampled aerosol, and those observed on the 3rd stage 

were primarily formed from co-deposition of NaCl particles on top of other particles or vice versa. 

For the 3rd stage distribution, 20-30% of all particle sizes consist of Halloysite and Printex90 agglomerates, 

while pure Printex90 particles dominate sizes below 100 nm, making up almost 40 % of the analyzed 

particles. This fits well with the 3rd stage pure Printex90 size distribution observed in Figure 3, where the 

mode is located at 55-96 nm. Some contribution to the Printex90 class at small sizes could also stem from 

the limited X-ray counts of the small particles, giving a substantial and varying contribution from the 

substrate. The relative abundance of Printex90 particles decrease as the size increase and is reduced to a 
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minor constituent above 200 nm. The NaCl particle class is only found at sizes smaller than 500 nm, with 

the highest abundance observed from 100-200 nm. From the individual size distribution of the NaCl class, 

shown in SI Figure 9, it is seen that the mode is located at 96-156 nm, consistent with sizes reported from 

analysis of the pure NaCl aerosol in Figure 3. The NaCl+Halloysite class is a minor constituent at all sizes of 

the aerosol, representing between 5-10%, but with increasing relative abundance at larger sizes, though an 

equivalent drop in the number of detected particles also occur. From approximately 200 nm the Halloysite 

particles become the most abundant, composing 30-50% of the overall particle number. Here it should be 

noted that the number of particles also drop as the size increase, so when examining the pure Halloysite 

size distribution presented in SI Figure 9, it is seen that the classified Halloysite mode is located from 156-

256 nm. This is at a substantially larger size than the distribution found from the 3rd stage pure Halloysite 

sample in Figure 3, where the mode is located at 55-96 nm. Finally, a substantial fraction of unclassified 

particles are also observed at sizes below 100 nm, most likely due to the low X-ray yield of the small 

particles, making it difficult to give accurate composition measurements.  

Morphology Classification 
The SEM/EDS analysis also provides morphological information on each individual particle, which can be 

combined with the elemental class information, making it possible to generate shape distributions for each 

class in the aerosol, as shown in in Figure 9. Here each particle was binned into 0.1 AR bins, for each class 

found on the 3rd stage of the complex aerosol sample. 

 

Figure 9. Aspect ratio distributions for each particle class detected on the 3
rd

 stage of the complex aerosol sample. Particles were 
divided into aspect ratio bins with a width of 0.1. Particle numbers on the y-axis include all particles in the given class detected 
across all 12 images. 
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From Figure 9 it is seen that the AR distribution of NaCl is very narrow and centered close to 1, with only a 

few particles presenting ratios above 1.5. This fits very well with the dense and square shapes expected for 

NaCl particles. The Printex90 AR distribution is centered at 1.3-1.4, which is less square than the NaCl. 

Additionally the distribution is much broader displaying a significant number of particles with aspect ratios 

as high as 2. This indicates that the Printex90 class contains a significant number of agglomerates, since the 

primary spheres should present primarily with AR values close to 1. The Halloysites show a much broader 

aspect ratio distribution, ranging from 1.2 to 6, which is consistent with the expected fibrous shape and 

with the AR values reported in previous studies23,24. Additionally, it is seen that all agglomerate classes 

involving Halloysites (All, Printex90 + Halloysite, and NaCl + Halloysite) display relatively broad aspect ratio 

distributions, typically extending up to 3 or 4, whereas the other classes (Printex90, NaCl + Printex90, and 

Unclassified) rarely show aspect ratios higher than 2. It is therefore clearly seen that the Halloysite class has 

a shape which differs significantly from the two other primary particles, a shape which is also descriptive 

for all agglomerates of Halloysites. This demonstrates that shape distributions can be important tools, for 

distinguishing fibers from other particle shapes, and allows identification of particle classes with fiber-like 

shapes even without any prior knowledge of the sample. This can be crucial knowledge, as the fibrous 

shape is known to cause adverse health effects, making it of high relevance to identify fiber exposure24,26. 

Conclusion 

Four different aerosols consisting of NaCl, Halloysites, Printex90, or a mixture of the three particle types 

(complex) were measured by SMPS and ELPI, and were characterized by SEM/EDS analysis of impactor 

collected samples. The PSDs derived by SMPS and ELPI were in good agreement for all four aerosols (Figure 

3), despite expected discrepancies for the fibrous particles. It was hypothesized that the brush generator 

used for aerosolizing the powders, produced large and near spherical agglomerates of the smaller primary 

sizes, resulting in similar shapes and similar size distributions for the two particle types. This was supported 

by observations of large µm sized agglomerates on the 2nd impactor stage. The SMPS and ELPI 

measurements agreed well with the impactor-SEM determined size distributions for the NaCl and complex 

aerosol samples. However, large discrepancies were observed for the Halloysite and Printex90 aerosols 

upon comparison of the PSDs (Figure 3). Here it was found that the Printex90 and Halloysite impactor 

samples presented with inhomogeneous particle deposition, where high number densities of small particles 

were observed in localized areas of a few µm2 (Figure 4). This indicated that large Halloysite and Printex90 

agglomerates had shattered or bounced upon impaction, leaving behind small residue particles, which 

resulted in overestimated number densities of small particles relative to larger ones. It was therefore 

concluded that impactor samples should be scanned for inhomogeneous particle deposition, with localized 

areas presenting with high number densities. If such areas are present, the analysis could misrepresent the 

airborne size distribution, so alternative and softer collection methods should be used.  

Airborne number concentrations were estimated from a previously derived expression, based on number 

densities of the NaCl impactor sample, which was compared to the SMPS and ELPI measurements. Good 

agreement was found for the PSD shape, but the expression was found to underestimate airborne 

concentrations by a factor of 5-10. Therefore, additional work is needed on calibration and for improving 

the current understanding of the impactor. In return this will make it possible to provide more precise and 

reliable particle number measurements, which combined with the highly detailed characterization 
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obtainable from SEM/EDS analysis, can bring many of the relevant parameters for exposure and risk 

assessments of particles.  

The SEM/EDS analysis of impactor collected aerosol samples was demonstrated, providing elemental maps 

of the entire analyzed area, as well as the elemental composition of all individual particles. The elemental 

maps facilitated a quick and direct identification of the primary particle types and of individual particle 

mixing states even without any prior knowledge of the sample (Figure 6). This insight was used to develop 

and implement a classification scheme, dividing individual particles into relevant classes based on their 

elemental composition (Table 2). The classification scheme was easily optimized by iterative alteration of 

the class criteria based on comparison between the classified image and elemental maps (Figure 7). It was 

shown that the classification performed well for larger sizes, though some discrepancies were observed for 

small particles with limited X-ray counts. This could be improved by increasing the map dwelltime of 128 

µs/px, but would also increase the analysis time and risk of beam damage, which has been shown an issue 

for NaCl. The particle classification made it possible to determine the aerosol mixing state by plotting the 

relative abundance of each class in the overall PSD (Figure 8). The observations matched well with 

measurements of the individual NaCl, Halloysite, and Printex90 aerosols, showing that the SEM/EDS 

analysis is capable of differentiating between particle types, when analyzing complex aerosols. Finally, the 

classification of particles allowed class separated size and shape analysis (SI Figure 9 and Figure 9). Here a 

class specific aspect ratio distribution was demonstrated, where the fibrous nature of the Halloysite 

particles was easily distinguished, along with the dense cubic structure of the pure NaCl particles. 

Overall it was shown that SEM/EDS analysis of impactor collected samples can give a detailed aerosol 

characterization, beyond what is achievable by SMPS and ELPI. The analysis can provide sufficient particle 

data for statistical analysis of a sampled aerosol population within 1-2 hours per sample, and the 

acquisition process can be automated to minimize user intervention except for the initial setup. The 

analysis results include size, shape, mixing state, and elemental composition data for each individual 

particle. Thus, particles can be classified based on their physicochemical properties, distinguishing primary 

particles and agglomerates in complex aerosols, and permits class specific analyses. This is especially 

relevant in exposure scenarios with multiple PM sources where source apportionment is needed e.g. 

ambient conditions40–42 or where a complex aerosol is generated directly from a single source e.g. welding 

processes12. Additionally, identification of specific particles can be targeted, e.g. iron containing or fibrous 

particles, which are highly relevant for risk assessments11,26. The method can also be used to estimate 

airborne concentrations within a factor of 10, though additional research is needed to further strengthen 

the link between sample observations and the originally sampled aerosol. Here alternative sampling 

methods should also be investigated, to sample aerosols unsuited for impaction e.g. weakly bonded 

agglomerates. Still, SEM/EDS analysis can bring crucial knowledge for identifying particle properties of most 

relevance for PM risk assessments, exposure assessments, epidemiological studies, and the development of 

preventive strategies for PM pollution. 
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Supporting Information 

Images of a clean TEM grid and Ni disc 
A clean TEM grid and a clean Ni disc were also investigated by SEM to ensure that no particles were 

detected, see SI Figure 1. The images bear no indications of particles on the clean TEM grids. However, the 

rough surface of the Ni disc could be misinterpreted as particles, but the surface roughness typically 

displayed as areas with poor contrast and Deq < 400 nm. Particles generally present with much higher pixel 

intensities, and a global threshold could therefore be used to distinguish particles from the surface of the Ni 

disc, if segmented areas with Deq < 400 nm were excluded from the analyzes. As the 2nd impactor stage 

primarily collects particles larger than the 590 nm cut-off, this criterion should not have a significant effect 

on the results.       
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SI Figure 1. Overview and up to 20k magnification images of a clean Ni disc and TEM grid. 

 



25 
 

Time Series SMPS 

 

SI Figure 2. SMPS total number concentration and size distribution time series plots, over the course of all aerosol experiments. 
Gray areas on the top plot indicate an experiment, with the used aerosol specified at the top of the plot, while the white areas 
indicate times where the chamber was flushed. Vertical dotted lines indicate times where the impactor samples analyzed in 
detail were collected, while vertical dashed lines indicate times where the atomizer or brush generator was active to release a 
burst of particles into the chamber. It should be noted that the SMPS was disconnected in the cleaning periods. 
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Size Distributions – SMPS and ELPI 

 

SI Figure 3. Particle size distributions measured by SMPS (left) and ELPI (right) of the four aerosols: NaCl (red), Halloysites (cyan), 
Printex90 (magenta), and the complex aerosol (green). Particle size distributions are determined as averages of scans from 3 
minutes before to 3 minutes after the dotted lines marked in Figure 2, with error bars representing standard deviations within 
this timeframe. It should be noted that the y-axes are not equally scaled, and that size ranges differ between ELPI and SMPS. 
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Overview images of the four aerosol samples 

 
SI Figure 4. Overview images of the 2

nd
 and 3

rd
 stage impactor samples for each of the four aerosols. Red dashed circles are 

estimated impactor orifice positions, while the yellow lines represent the imaged areas to give a representative sample 
description. No impaction spot was found on the 2

nd
 stage NaCl sample so no markings were made there. 
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Example images from the 2nd stage of the four aerosol samples  

 

SI Figure 5. Secondary electron images from the 2
nd

 impactor stage. Original SE images (left) and segmented (right) images of the 
NaCl sample (top), Halloysite (second row), Printex90 (third row), and complex aerosol (bottom). Particles were collected onto 
TEM grids, and images were segmented with a manually set global threshold. 
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Example images from the 3rd stage of the four aerosol samples  

 

SI Figure 6. Secondary electron images from the 3
rd

 impactor stage. Original SE images (left) and segmented (right) images of the 
NaCl sample (top), Halloysite (second row), Printex90 (third row), and complex aerosol (bottom). Particles were collected onto 
Ni discs, and images were segmented with a manually set global threshold. 
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Individual element maps of an area of the 2nd stage complex sample 

 

SI Figure 7. Secondary electron image (top left) of an area of the complex aerosol stage 2 sample shown along with the 
corresponding individual element maps of C (top right), O (mid left), Ni (mid), Al (mid right), Na (bottom left), Si (bottom mid), 
and Cl (bottom right), as well as an overlay of all maps (top middle). Maps were generated by summing pixel EDS spectra in 4x4 
areas and converting the X-ray count in each element energy region to a normalized pixel intensity of a given color. The absolute 
X-ray scaling as well as the online deconvolution settings in the Esprit software were used. The Ni map is not included in the 
overlay of all maps, as it was found to dominate the image, making it difficult to distinguish the other elements. 
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SE image of classified area 

 

SI Figure 8. Original SE image corresponding with the maps and classified images from the 3
rd

 stage complex aerosol displayed in 
Figure 7. 
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Class separated size distributions of the 3rd stage complex aerosol  

 

SI Figure 9. Size distributions of the individual classes identified from the 3
rd

 impactor stage of the complex aerosol sample. 
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