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Summary 

Exposure to nanoparticles has been associated with adverse effects on human health. When the 

exposure route is inhalation, nanoparticles can cause pulmonary inflammation which may be more 

severe than from fine particles, while significant associations between nanoparticles and 

cardiovascular morbidity have also been also observed. Consequently, industrial processes which 

release airborne nanoparticles into workplace air have become an issue of growing concern with 

regard to occupational exposure and potential health hazards for workers. Nanoparticles emitted by 

industrial activities may be engineered and used as input/output in a process, or formed 

unintentionally as a result of a given industrial activity and are referred to as process-generated 

nanoparticles. The latter have high probability to be released from high energy processes (e.g. 

thermal) and to impact exposure in various scenarios at diverse industrial settings. 

The present PhD Thesis has three main objectives: to identify nanoparticle sources in industrial 

settings and characterize their release mechanisms, to characterize the different exposure scenarios, 

and to assess the effectiveness of mitigation strategies for exposure reduction. These objectives were 

addressed by applying an integrated assessment of nanoparticle exposures in real-world scenarios. 

All of the industrial scenarios studied were related to the ceramic industry (e.g. laser ablation of 

ceramic tiles, thermal spraying of ceramic coatings). The results obtained are presented in the form 

of four scientific papers. 

The first scientific publication (1) identified pulsed laser ablation of ceramic tiles as a source of 

process-generated nanoparticles. This work studied the mechanisms controlling nanoparticle 

formation and release during ablation of different types of ceramic tiles. High particle number 

concentrations were detected (3.5×104 to 2.5×106 cm-3) for all of the tiles and with both lasers 

assessed (near- and mid-infrared). Different particle release mechanisms were identified: during 

ablation with the near-IR laser particles were emitted through melting and nucleation, while 

emissions from the mid-IR laser were attributed to melting and mechanical shockwaves. Particle 

number and mass emissions were dependent on the tile surface characteristics as well as the laser 

parameters. 

The second publication (2) characterized nanoparticle emissions and their impact on exposure 

during thermal spraying of ceramic coatings in a real-world industrial scenario. High particle number 

(>106 cm−3; 30–40 nm) and mass (60–600 μgPM1 m−3) concentrations were recorded inside the 

spraying booths, which impacted exposure in the worker area (104–105 cm−3, 40–65 nm; 44–87 

μgPM1 m−3). Irregularly-shaped, metal-containing particles (Ni, Cr, W) were sampled from the worker 
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area and a direct link between the spraying activity and exposure was established. In terms of particle 

number count, 90% of the particles were nanoparticles with sizes 26–90 nm. The third publication 

(3) discussed the hygroscopic properties of these nanoparticles, which were monitored online with 

an HTDMA. The nanoparticles emitted were found to take up moderate amounts of water when 

exposed to elevated relative humidity (87% RH), with their hygroscopicity being distinguishably 

lower compared to that of the atmospheric background aerosol particles present in the workplace 

air. Thus, particle hygroscopicity was identified as a useful metric to discriminate process-generated 

from background particles in workplace air. 

Finally, the fourth scientific publication (4) quantified the effectiveness of mitigation strategies 

implemented during four different exposure scenarios under real-world settings. The nanoparticle 

removal efficiency of source enclosure combined with local exhaust ventilation was quantified to 

range between 65-99%, The highest efficiency was achieved by the combined use of a strong local 

exhaust ventilation with full enclosure (99.8%), tested during thermal spraying. Source substitution 

achieved a 91.5% reduction of exposure concentrations in the worker breathing zone, lower than the 

expected 100% due to interference from simultaneous sources. Mask respirators managed to reduce 

worker exposure by 86.7%, whereas source isolation reached maximum efficiency of 84.4%. The 

results highlight the interdependence of different mitigation strategies (e.g., LEV and source 

enclosure), which are frequently implemented simultaneously in real-world industrial scenarios. The 

mitigation measures for exposure reduction have proven to be more efficient when tailored to each 

specific industrial scenario. 

The combination of key information and analyses deriving from the experimental scenarios assessed 

allowed to extract conclusions and recommendations with direct application to the industrial sector 

under study. 
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Resumen 

La exposición a nanopartículas se asocia con efectos adversos en la salud humana. En consecuencia, 

las actividades industriales que liberan nanopartículas al aire en entornos laborales se han 

convertido en un problema de creciente relevancia desde el punto de vista de salud ocupacional y de 

los riesgos potenciales para la salud de los trabajadores. Las nanopartículas emitidas por actividades 

industriales pueden diseñarse y utilizarse como materia prima en procesos industriales, o formarse 

involuntariamente como resultado de una actividad industrial dada (estas últimas, denominadas con 

frecuencia nanopartículas de proceso). Las nanopartículas de proceso tienen una alta probabilidad 

de liberarse durante actividades altamente energéticas (por ejemplo, procesos térmicos) y de 

generar situaciones de exposición laboral en diversos escenarios y entornos industriales. 

La presente tesis doctoral tiene tres objetivos principales: identificar fuentes de emisión de 

nanopartículas en entornos industriales y caracterizar sus mecanismos de liberación, caracterizar 

los diferentes escenarios de exposición, y evaluar la efectividad de las estrategias de mitigación para 

la reducción de la exposición. Estos objetivos se abordaron mediante la aplicación de una evaluación 

integrada de la exposición a nanopartículas en escenarios industriales reales (no en laboratorio). 

Todos los escenarios industriales estudiados estaban relacionados con procesos térmicos asociados 

a la industria cerámica (por ejemplo, ablación por láser de baldosas cerámicas, proyección térmica 

de recubrimientos cerámicos). Los resultados obtenidos se presentan en forma de cuatro 

publicaciones científicas. 

La primera publicación científica (1) identificó la ablación por láser pulsado de baldosas cerámicas 

como una fuente de nanopartículas de proceso. La segunda publicación (2) describió las emisiones 

de nanopartículas y su impacto en la exposición durante la proyección térmica de recubrimientos 

cerámicos en un escenario industrial. La tercera publicación (3) analizó las propiedades 

higroscópicas de estas nanopartículas, que se monitorearon en línea con un HTDMA. Finalmente, la 

cuarta publicación científica (4) cuantificó la efectividad de las estrategias de mitigación 

implementadas en cuatro escenarios de exposición diferentes, en entornos industriales bajo 

condiciones reales de operación. 

La combinación de información clave y de los análisis derivados de los escenarios experimentales 

evaluados permitió extraer conclusiones y recomendaciones con aplicación directa al sector 

industrial cerámico. 
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1. Introduction 

 

1.1.  Air pollution and health 

1.1.1. Air pollution – history and health effects 

Air pollution has been accompanying human activity since the ancient times, when concerns were 

raised by Roman philosopher and statesman Seneca1 in A.D. 61. Lawsuits over smoke pollution were 

presented in Roman courts, when the jurist Titus Aristo declared that “a cheese shop could not 

discharge smoke into the buildings above it”. The first legislative action against pollution was adopted 

in Constantinople by the Byzantine emperor Justinian in 535 AD, where clean air was declared as a 

birthright: “by the law of nature these things are common to mankind – the air, running water, the sea”. 

“Fumifugium” was the first systematic report written by John Evelyn in 1661, which explicitly 

associated the burning of coal in London with poor air quality and health effects: “the capital’s 

‘otherwise wholesome and excellent Aer' is corrupted by a 'Hellish cloud of seacoal' and so its 

inhabitants 'breathe nothing but an impure and thick Mist accompanied with a fulginous and filthy 

vapor' corrupting the lungs and provoking coughs and catarrh”. Furthermore, drastic mitigation 

measures were proposed, such as the relocation of industrial buildings from the center of the city to 

regions where smoke could be diverted from urban areas by wind currents (Jenner, 1995). More 

recent events such as the infamous London Smog in 1952 led to the implementation of air quality 

limit values such as the UK Clean Air Act in 1956. 

Environmental factors, in particular ambient air pollution pose risks with health implications. At 

present, ambient air pollution is associated with millions of premature deaths globally every year 

(WHO, 2016). In areas of the globe with high levels of ambient air pollution, such as India, one out of 

every eight deaths could be attributed to air pollution (Balakrishnan et al., 2019). Recent studies 

demonstrated that chronic exposure to high levels of airborne particulate matter impairs vascular 

function, which can lead to myocardial infarction, arterial hypertension, stroke, and heart failure 

(Lelieveld et al., 2019). Air pollution was responsible in 2015 for 19% of all cardiovascular deaths 

worldwide, 24% of ischemic heart disease deaths, 21% of stroke deaths, and 23% of lung cancer 

deaths (Landrigan, 2017). Sensitive population groups such as children and infants are most 

vulnerable to air pollutants (Kim and American Academy of Pediatrics Committee on Environmental 

Health, 2004). There is evidence linking air pollution with adverse effects on different birth outcomes 

                                                           
1 Seneca the Younger (c. 4 BC-65 AD) 
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(Šrám et al., 2005), whereas respiratory symptoms, preterm birth, infant mortality, deficits in lung 

growth and asthma are also associated with air pollution (Kim and American Academy of Pediatrics 

Committee on Environmental Health, 2004). Lelieveld et al. (2015) predicted that under the current 

circumstances premature mortality will increase in Europe and the Americas mainly in urban areas; 

while large increases are estimated in Southeast Asia and the Western Pacific, will lead to a global 

growth of premature mortality to 6.6 million in 2050. 

 

 

Figure 1.1. Regional deposition of inhaled particles in the human respiratory tract in terms of number, 
according to the International Commission on Radiological Protection (ICRP, 1994). Modified from 

Oberdörster et al. (2005). 

 

1.1.2. Aerosols inhalation and toxicological response 

Airborne particles (aerosols) penetrate into different regions of the human respiratory tract as a 

function of their size (Figure 1.1), which results in the fact that particles smaller than 100 nm can be 

deposited in the deeper parts of the respiratory tract (Oberdörster et al., 2005a) and even translocate 
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to other organs through the bloodstream. Pope et al. (1995) associated air pollution with respiratory 

disease and cardiopulmonary mortality based on epidemiological evidence. Ferin et al. (1992) 

demonstrated that particles below 2.5 µm are responsible for pulmonary retention in rats, while 

Donaldson et al. (2002) reported that inhalation of particles smaller than 100 nm could lead to 

attacks of airways disease and systemic effects. Thereafter, numerous studies linked these particles 

(i.e. smaller than 100 nm) to adverse health effects mainly due to exposure through inhalation 

(Araujo et al., 2008; Hoek et al., 2010; Ibald-Mulli et al., 2002; Knibbs et al., 2011; Landrigan et al., 

2017; Oberdörster and Utell, 2002). Inhaled nanoparticles are deposited in the respiratory tract 

mainly through diffusion (displacement due to collisions); whereas other mechanisms such as 

inertial impaction, gravitational sedimentation, interception affect larger particles and do not 

contribute to nanoparticle deposition (Oberdörster et al., 2005a). 

Toxicological assessments of particles were carried out to understand the mechanisms leading to 

different morbidity cases (Donaldson et al., 2001b). The mechanism driving toxicological response 

to particles smaller than 100 nm can be summarized in different stages (Donaldson et al. (2001a): 

 Impaired phagocytosis, when alveolar macrophage molecules are unable to clear lungs from 

particles, leads to particle accumulation. 

 Increased interaction of the accumulated particles with the epithelium and the high oxidative 

stress due to particles’ large surface area. 

 Mediators (cytokine and chemokine) released due to oxidative stress, is considered a pro-

inflammatory state which may lead to inflammation. 

 

Figure 1.2. Ratio of surface to total molecules (surface of molecules) as a function of size. Surface area 
increases as the size (diameter) of particles decreases. Modified from Oberdörster et al. (2005). 
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Particle surface area increases exponential below 100 nm (Figure 1.2), and may significantly affect 

toxicity responses and induction of oxidative stress (Oberdörster et al., 2005b). Although it can be 

very challenging to measure particles bellow 10 nm, it is also very relevant because the surface area 

of particles >10 nm increases sharply (Figure 1.2). The deposited surface area can be a predictor of 

pulmonary inflammation (Donaldson et al., 2002). Particle inhalation is related with risk of 

cardiovascular disease through inflammation and with induced acute phase response (Saber et al., 

2014). The acute phase response is the systemic response to acute and chronic inflammatory states 

caused by e.g. bacterial infection. Drivers of acute phase response are associated with risk of 

cardiovascular disease, including asthma and air pollution exposure (Gabay and Kushner, 1999). A 

direct connection between particle inhalation and acute phase response was also proven in 

experiments with human volunteers (Monsé et al., 2018). 

 

 

Figure 1.3. Particle classification based on their size (d50). 
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1.2.  Nanoparticles – definition and classification 

1.2.1. Definition of nanoparticles particles based on their size 

In the atmosphere, the complex and dynamic mixture of solid and liquid particles from natural and 

anthropogenic sources is known as aerosols (Hinds, 1999). Primary particles are those emitted 

directly to the atmosphere, while secondary particles are formed in the atmosphere from gaseous 

precursors. Airborne particulate matter (PM) can be classified based on the size distribution of 

airborne particles, specifically by the mass median diameter (d50), as (Figure 1.3): 

 PM10: particles with d50 =10 µm. The fraction between 2.5 and 10 µm is frequently referred to 

as coarse particles. The sum of PM10 and particles with diameter >10 µm is known as total 

suspended particles (TSP). Furthermore, this fraction of particles is referred as thoracic in 

occupational hygiene nomenclature (Jiménez et al., 2011).  

 PM4: particles with d50 =4 µm. It is also referred as respirable fraction and is considered very 

relevant from the occupational health point of view (ACGIH, 1995; CEN, 1993; ISO, 1995). 

 PM2.5: particles with d50 =2.5 µm. It is widely used in environmental and ambient air quality 

studies. 

 PM1: particles with d50 =1 µm. It is the mass concentration fraction of the smallest particles 

suspended in air. 

o Accumulation mode particles: with diameters between 100 nm and 1 µm, 

accumulation mode particles typically have a long atmospheric residence time 

(Hinds, 1999; Harrison et al., 2000) and they include e.g. aged secondary aerosols and 

smog particles (Seinfeld & Pandis, 2006). 

 Nanoparticles (NP): the prefix “nano”, which comes from the Greek word “νάνος” meaning 

dwarf, is used to describe a very small magnitude (10-9) of a metric: for time a nanosecond is 

10-9 seconds, for size a nanometer is 10-9 meters (nm), etc. Therefore, materials in the 

nanometer range are referred to as nanomaterials. More specifically, according to 

2011/696/EU Commission Recommendation on the definition of nanomaterial, a material 

containing particles with one or more external dimensions in the size range 1-100 nm can be 

classified as nanomaterial (EU, 2011). Consequently, particles with dimensions (e.g. 

diameter) in the size range 1-100 nm can also be referred to as nanoparticles, although other 

definitions are also available (Boverhof et al., 2015; Savolainen et al., 2010b). For comparison, 

interatomic distances – space between atoms – are only one order of magnitude smaller (10-

10 m; Ångstroms). 
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 Ultrafine particles (UFPs): particles with diameter <100 nm, therefore including the Aitken 

(10-100 nm) and nucleation modes (1-10 nm).  

o Aitken mode particles: with diameters between 10-100 nm, Aitken mode particles 

originate from primary emissions (e.g., soot) and from coagulation/condensation of 

nucleation mode particles (Hinds, 1999; Kulmala et al., 2004; Seinfeld & Pandis, 

2006). 

o Nucleation mode particles: particles with diameters <10 nm and formed from 

gaseous precursors, and which rapidly grow by condensation or coagulation with 

other particles (Hinds, 1999; Kulmala et al., 2004; Seinfeld & Pandis, 2006). 

Thus, it is noticeable that ultrafine particles (UFPs) and nanoparticles (NPs) are equivalent in terms 

of particle diameter. Each term is used typically in a different research field: while the term UFPs is 

frequently used in aerosol research, e.g. covering ambient air quality, the term “nanoparticle” is often 

used in nanotechnology, indoor/workplace studies and regulation (e.g., EU, 2011). In the present 

Thesis the term nanoparticle (NP) will be used to refer to particles with diameter <100 nm. 

1.2.2. Origin and types of nanoparticles in the air – anthropogenic & natural 

Aerosols deriving from natural sources are dominant in the atmosphere at global scale in terms of 

mass concentration (<80%), while human activities contribute with a relatively small fraction 

(Deepshikha and Srinivasan, 2010; Voiland, 2010). Natural phenomena can produce nanoparticles, 

which are then released to the environment, with varying chemical composition and morphology 

depending on their sources. A large portion of atmospheric coarse and fine aerosols originate from 

dust transport; specifically, African mineral dust contributes to increased PM concentrations in 

southern Europe (Pey et al., 2013; Viana et al., 2014). Volcanic eruptions release gases (CO2, SO2 and 

HCl) and water vapors (von Glasow, 2010), but also significant amounts of particulate matter 

including nanoparticles (Buzea et al., 2007). Wildfires are an increasingly relevant phenomenon, 

during which carbonaceous emissions including nanoparticles are generated (Buzea et al., 2007). 

Secondary aerosols (<100nm; from nucleation processes) are emitted from seas and oceans around 

the world (O’Dowd and De Leeuw, 2007). All of the above natural sources are potential nanoparticle 

emitters (Sadik, 2013). 

Anthropogenic2 nanoparticle sources, on the other hand, involve human activities. When 

nanoparticles are intentionally manufactured they are known as engineered nanoparticles (ENPs; 

                                                           
2 Anthropos – Greek word for human ( Άνθρωπος) 
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Table 1.1), which are particles synthesized with specific characteristics (i.e. size, shape, chemical 

composition) and properties (e.g. optical, catalytic, surface chemistry) and for defined purpose or 

application. At the nanoscale, quantum-mechanical phenomena, Brownian motion, surface and 

interface interactions are much more pronounced than in the case of the macroscale, hence, the novel 

properties of nanomaterials. Nowadays, nanotechnology is a growing field and is gradually 

transforming a broad range of industrial sectors (cosmetics, electronics, automotive, construction, 

pharmaceutical and biomedicine; Schaming and Remita, 2015). 

Aside from nanotechnology, nanoparticles may be formed and released unintentionally as a result of 

human activities, e.g., during high-energy thermal or mechanical industrial activities (mechanical 

machining of surfaces, thermal processes, combustion; Table 1.1). These particles are known as 

incidental, process-generated (PGNPs) or non-engineered (n-ENPs), and as a result of their 

unintentional formation they have no predetermined size, morphology or chemical composition. The 

vast variability of physical and chemical characteristics of these nanoparticles is not fully understood 

yet, because they strongly depend on the emission source and on the respective activity; and 

therefore, create a knowledge gap. Examples are diesel exhaust (soot) and combustion particles 

(BéruBé et al., 2007; D’Anna, 2009; Mills et al., 2011), fumes from different welding processes (Brand 

et al., 2013b; Cena et al., 2015; Graczyk et al., 2015; Jenkins et al., 2005; Lehnert et al., 2012; Sowards 

et al., 2008; Zimmer and Biswas, 2001) and rubber vulcanization (van Broekhuizen, 2017). In 

addition, mechanical processes such abrasion (Bello et al., 2009), gridding (Zimmer and Maynard, 

2002), shredding (Raynor et al., 2012), drilling (van Broekhuizen et al., 2011) and sanding (van 

Broekhuizen, 2017) release PGNPs. Moreover, PGNPs are emitted by printing technologies e.g. during 

laser printing (Koivisto et al., 2010; Morawska et al., 2009) and 3D-printing (Gu et al., 2019; Stephens 

et al., 2013; Zhou et al., 2015). Furthermore, PGNPs are released during asphalt working (Elihn et al., 

2008), metal casting (Evans et al., 2008) and also from high energy processes (Fonseca et al., 2016a, 

2015; Salmatonidis et al., 2019a, 2018). The emission mechanisms and the physical-chemical 

properties of unintentionally-released nanoparticles are strongly dependent on the features of the 

industrial process generating them. Consequently, the broad variety of industrial activities and 

potential nanoparticle emission sources result in a large variability of potential nanoparticle 

emissions and associated health hazards. 
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Table 1.1. Examples of potential sources of nanoparticles in workplaces. 

Engineered 

Nanoparticles 

(ENPs) 

Nanomaterial 

production 
Synthesis of nanoparticles in gas-phase (fire reactor, spark discharge) 

Nanomaterial 

application 

Spray of nanoparticle suspensions and dispersions; Handling of 

nanoparticle powders 

Process-

Generated 

Nanoparticles 

(PGNPs) 

Mechanical 

processes 
Gridding; Milling; Abrasion (sanding, cutting); Machining; Shredding 

Combustion 

processes 

Internal combustion engines (diesel, gasoline, gas); Incineration, 

Power plants (coal) 

Conventional 

thermal 

processes 

Metal casting; Welding (metal, plastic); Sintering; Rubber 

manufacturing (vulcanization); Asphalt works 

High-energy 

processes 

Laser (ablation, cutting, engraving, cladding); Plasma cutting; Plasma 

spraying 

 

1.2.3. Nanoparticle sources and impacts on occupational exposure 

Exposure is defined as the contact between an agent and a target. For inhalation exposure, this 

contact takes place through the nose and open mouth over an exposure period (Zartarian et al., 

2005). Estimations suggest that 2 million workers will be employed in nanotechnology industries by 

2020 (NIOSH, 2013), and this increase in production and use of nanomaterials drives a potential for 

increased exposure of workers to nanomaterials (Invernizzi, 2011). Along with the new technology 

arise unknown aspects, many of them concerning occupational safety and health. In addition, 

nanoparticles are unintentionally formed and released during diverse industrial activities, where 

occupational risks also occur. Numerous research studies have been carried out to expand 

knowledge about the effects of nanomaterials (Schulte et al., 2016, 2014). Kuhlbusch et al. (2018) in 

their study on nanomaterial exposures expressed a straightforward concept: a risk is only present if 

an exposure is possible. Savolainen et al. (2010b, 2010a) pointed out the need to characterize the 

different ENM exposure scenarios, along with ENM characteristics, and use these data for health risk 

assessment with a special emphasis on occupational environments. Literature reviews on ENPs 

occupational exposures show that exposures occur more frequently during ENP application and 

handling activities such as cleaning and maintenance (Ding et al., 2017), collection/harvesting, 
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spraying and finishing, as well as during those involving feeding into a process and handling of 

powders (Basinas et al., 2018; Debia et al., 2016). 

In industrial sectors unrelated to nanotechnology, exposures to unintentionally-released 

nanoparticles occur during different types of activities (e.g. thermal, combustion, mechanical; 

(Fonseca et al., 2014; Salmatonidis et al., 2018, 2019a; Van Broekhuizen et al., 2012b; Viana et al., 

2017). Other examples are mechanical processes such as grinding of bulk materials (e.g. ceramic, 

metallic, wood; (Zimmer and Maynard, 2002), sanding operations (Göhler et al., 2010) or even dry 

cutting of composite materials (Bello et al. (2009). Conventional heating processes have also been 

observed to generate nanoparticle emissions, such as metal casting (Evans et al., 2008), rubber 

manufacturing (Kim et al., 2013) and molding of polymers (van Broekhuizen, 2017). The same is true 

for welding methods, where high concentrations both in terms of mass and number were released 

(Brand et al., 2013a, 2013b), for which significant impacts on exposure were reported (Lehnert et al., 

2012). In ambient air, asphalt workers are exposed to nanoparticles, among other pollutants, 

originating from asphalt fumes (Elihn et al., 2008), and nanoparticles are also released as combustion 

byproducts from diesel and petrol engines (Burtscher, 2005; Donaldson et al., 2005). A literature 

review (Viitanen et al., 2017) presented results according to which occupational exposure to 

incidental nanoparticles may be significantly higher than exposure to background concentrations. 

In the case of emissions of process-generated nanoparticles, emission mechanisms may differ 

significantly between processes and result in the release of markedly different nanoparticle number 

concentrations and chemical composition, which are two drivers of health effects along with 

exposure duration and frequency. Indoor workplaces vary significantly in terms of infrastructure 

(size and geometry of the facilities), mitigation strategies implemented, and number of workers. 

Moreover, several activities are frequently carried out simultaneously, increasing the complexity of 

source identification. This variety of activities, infrastructure and operating conditions, results in the 

need for tailored and dedicated exposure assessments under the different industrial scenarios. 

However, case specific exposure assessments are scarce and further research is necessary to fill this 

gap. Finally, in ambient air, occupational exposure to nanoparticles may occur during e.g. asphalt 

works, welding, or sanding of surfaces, where the effect of background aerosols (e.g. traffic) might be 

significant. 
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1.2.4. Exposure assessment & characterization 

Two basic conditions define exposure scenarios: (i) the emission source which drives the release 

mechanisms; and (ii) the interaction between the particles and the target (worker), in particular 

through the breathing air (Zartarian et al., 2005). Once exposure occurs, the characterization of the 

exposure scenario becomes the next concern. Typically, exposure assessment strategies and 

approaches are based on different aerosol metrics (Table 1.2), in order to address the complexity of 

exposure to nanoparticles (Brouwer et al., 2004; Maynard and Aitken, 2007). The measurement of 

the particular aerosol metrics can be performed either by real-time monitoring (online) or by 

sampling and posterior analysis of the samples (offline). While particle mass concentration is 

commonly used for ambient coarse and fine particles (Allen et al., 1997; Chow, 1995; Eleftheriadis et 

al., 2014; Manoli et al., 2002; Querol et al., 2007, 2004a, 2004b; Viana et al., 2014, 2008), metrics used 

in nanoparticle exposure assessments are biologically-relevant metrics such as surface area 

(Oberdörster et al., 2005b; Schmid and Stoeger, 2017; Stoeger et al., 2006; Warheit et al., 2006) and 

especially particle number concentration (Brouwer, 2010; Koivisto et al., 2012a; Tsai et al., 2009; Van 

Broekhuizen et al., 2012a). 

 

Table 1.2. Particle metrics typically used in particle exposure assessment 

Metrics Units Measurement 

Particle number concentration # / cm3 online 

Mass concentration µg / m3 online / offline 

Surface area concentration µg2 / cm3 online 

Size & size distribution nm online 

Chemical characterization µg/m3, ppm offline 

Structural & morphological characterization not standardized offline 

 

A critical point for exposure characterization is the discrimination of nanoparticles emitted by a 

specific source from background aerosols (e.g., traffic soot) or from secondary sources (e.g., activities 

running in parallel). A typically used approach for this purpose is the near-field/far-field approach 

(Koivisto et al., 2015), according to which emissions monitoring takes place simultaneously in two 
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locations: the source (near-filed) and the background (far-field). The comparative analysis of the two 

datasets, in terms of a specified metric (particle number/mass concentration) can indicate the 

potential impact of the source on worker exposure. An alternative route to identify the potential 

exposure risk of a source is based on the concept of statistical significance (Kaminski et al., 2015). 

According to the latter, the background particle number concentration is determined during non-

activity periods in the worker area. Subsequently, particle number concentrations in the worker area 

are monitored and, if greater than the background concentration plus three times the geometric 

standard deviation of the background concentration, then the emissions are considered to 

significantly impact exposure. Towards a harmonization of exposure assessments, a tiered approach 

comprising of 3 tiers (initial, basic and expert) has been internationally recognized as standard 

procedure (OECD, 2015). 

 

1.3.  Nanoparticle exposure in the ceramic industry 

Ceramic manufacturing is one of the most ancient fabrication practices on the planet. There is 

evidence that cobalt nanoparticles were unintentionally used in glass matrix since the Neolithic era 

as pigment (Colomban, 2013). Hence, nanoparticles have been present for centuries in ceramic 

production processes. Lycurgus Cup3 is a famous glasswork from the Roman period, which takes a 

different color when illuminated from outside (green) and from inside (red). This is a combined effect 

of metallic nanoparticles (50-100 nm), in particular red transmission due to the absorption of gold 

and green reflectance due to the scattering of silver nanoparticles (Schaming and Remita, 2015). 

Thus, artisans working with ceramics throughout history were probably unintentionally exposed to 

nanoparticles. 

Nowadays, as discussed above, the means to monitor and characterize the impact of different 

industrial activities on worker exposure have been developed, allowing the identification of potential 

health hazards. Sanfélix et al. (2018) demonstrated that a number of processes emit nanoparticles in 

the ceramic industry. Incidental nanoparticles can be emitted from different processes applied in the 

ceramic industry such as traditional pottery (Voliotis et al., 2014), ceramic tile sintering (Fonseca et 

al., 2016a) and novel methods such as thermal spraying (Salmatonidis et al., 2019a), laser ablation of 

ceramic tiles (Fonseca et al., 2015; Salmatonidis et al., 2018). Controlled experiments at pilot-plant 

scale demonstrated the relevance of adequately implemented mitigation strategies for exposure 

                                                           
3 Fourth century CE 
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reduction in the case of thermal spraying (Viana et al., 2017). Hence, the literature review associated 

the processing of ceramic materials at high energy stages with unintentional nanoparticle emissions. 

 

1.4.  Mitigation measures & risk management 

1.4.1. Mitigation strategies 

The efficient implementation of targeted mitigation strategies is key for exposure reduction. When 

the emission source is clearly identified, exposure mitigation measures can be designed and applied 

with a specific focus. Fonseca et al. (2014) found clear evidence of exposure risk to carbon nanotubes 

(CNTs) during their manufacturing without local exhaust ventilation (LEV), while for the same case 

no significant exposure was detected when LEV was implemented. Kuhlbusch et al. (2011) describe 

several cases of worker exposure in nanotechnology workplaces despite the implementation of 

mitigation measures. During application, processing and handling of ENMs the emission sources can 

be identified and mitigation measures can be effectively implemented (Fonseca et al., 2018). 

Moreover, Koivisto et al. (2017) demonstrated that a library comprising quantitative release data 

from the processing of products containing ENMs could help predict exposure through modelling-

based assessments. 

Viitanen et al. (2017) assessed publications dealing with industrial sources of PGNPs particles and 

exposure concentrations in workplaces, concluded that real exposures (e.g. in welding and metal 

industry) were more than hundred times greater than those resulting from background aerosols. The 

obtained results of measurements were not conclusive enough to draw general conclusions with 

regard to exposure. Hence, addressing PGNPs release is challenging because of the complexity linked 

to source identification and isolation. Correspondingly, a number of real-world emission sources are 

difficult to be enclosed or contained; thus, implementing effective mitigation strategies becomes 

increasingly difficult (van Broekhuizen, 2017). Another limitation for designing efficient mitigation 

strategies are the large variability of industrial processes and their diverse implementation in each 

specific industrial plant.  

A number of studies discussed the efficiency of PPE (e.g. protective gloves, clothes, filtering facepieces 

respirators, masks) against nanoparticle exposures (Kim et al., 2006, 2007; Lee et al., 2007; Myojo et 

al., 2017; Tsai et al., 2010). A recent review that quantified the efficiency of PPE and engineering 

controls (e.g. LEV) for reducing nanoparticle exposures in controlled scenarios such as laboratories, 

reported that the available data are inconclusive (Goede et al., 2018). A review of this literature 
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showed that studies focused on PGNPs are less frequent than for engineered nanoparticles, and the 

little information about the effectiveness of applied technical measures refers mostly to laboratory-

scale. Consequently, the data regarding the efficiency of nanoparticle exposure mitigation measures 

in real world facilities, at an industrial scale, are scarce and not standardized. Thus, a clear research 

gap is evidenced regarding the efficiency of mitigation strategies in real-world facilities at industrial 

scale. 

1.4.2. Occupational risk management & hierarchy of controls 

The requirement of the employer to provide a safe and healthy workplace was instructed by different 

organizations (EU, 1989; U.S.C., 1970) and defined based on previous experience (Schulte et al., 

2014). In the framework of traditional industrial hygiene, the concept of the hierarchy of controls 

was developed (Halperin, 1996). Up-to-date risk management approaches are based on the hierarchy 

of controls (E.U., 2014; Schulte et al., 2008). In Table 1.3 the different levels of the hierarchy are 

classified by priority. The source elimination is the highest in hierarchy and is based rather on a 

prevention philosophy, or control of the hazard as close to the source as possible. The substitution of 

the source suggests the replacement of the emitter by a non-hazardous counterpart, depending on 

the type of the source (process or material) this may include the implementation of a new technology 

or a safer substance. The engineering controls include two type of measures: (i) the improvement of 

facilities design and the development of safer processes; and (ii) different types of extraction (local, 

central), ventilation and dilution (natural, forced). The administrative controls are policies which 

intent to limit exposure to a hazard by minimizing the potential duration of exposure, and through 

the establishment of good work practices. The use of personal protective equipment (PPE) is the 

lowest in the hierarchy because is meant to have complementary application in the cases where 

measures higher in the hierarchy cannot be used or where they are only partially effective. PPE 

include devices for protection against inhalation exposure (e.g. masks, respirators, helmets), but also 

gloves and clothing as protection to dermal exposure. 
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Table 1.3. Hierarchy of controls according to Schulte et al., 2008 

I.  Source elimination 

 

II.  Source substitution 
 

III.  Source enclosure 

 

IV.  Administrative controls 

 

V.  Engineering controls 

 

VI.  Personal protective equipment 

 
 

 

1.5.  Legislation & Regulations 

From a legislative point of view, the available toxicological and epidemiological data do not allow to 

establish occupational exposure limits (OEL) for the control of nanoparticle exposures in work 

environments (Kaluza et al., 2013; Van Broekhuizen et al., 2012a). The fact that a unique, harmonized 

definition for nanomaterials is not available (Boverhof et al., 2015; EU, 2011; Savolainen et al., 

2010b), contributes to this ambiguity. Different regulatory agencies define different limit values for 

certain nanomaterials (Table 1.4), evidencing a lack of harmonization. In the absence of defined OELs, 

the precautionary approach is proposed, and in addition a set of nano-reference values (NRVs), 

referring particle number concentration, has been proposed (Van Broekhuizen et al., 2012a). 

 

 



Chapter 1. Introduction 

 
16 

Table 1.4. Occupational Exposure Limits (OEL) for specific nanomaterials adopted by different agencies 

Nanomaterials OEL / regulatory boards 

 SERa ECHAb NIOSHc 

Nano-TiO2 - - 0.3 mg/cm3 

Nano-fibers 0.01 fibers/cm3 - 0.001 mg/cm3 

Nano-SiO2 (fumes) - 0.3 mg/cm3 - 

Biopersistent nanomaterial (density > 6×103 kg/cm3) 2*104 /cm3 - - 

Biopersistent nanomaterial (density < 6×103 kg/cm3) 4*104 /cm3 - - 

a Social and Economic Council (Netherlands) 

b European Chemical Agency (EU) 

c National Institute for Occupational Safety and Health (USA) 

 

In the case of exceeding these reference values, it is recommended to adopt preventive and corrective 

measures to reduce exposure levels, which should be tailored to the needs of each specific scenario. 

In this sense, the International Council on Nanotechnology reviewed exposure control strategies 

implemented by industries worldwide and proposed a set of “best practices” to establish risk 

assessment frameworks (Conti et al., 2008; Gerritzen et al., 2006; WHO, 2017). 

 

1.6.  Gap analysis and motivation 

Based on the literature review presented above, 3 main research gaps were identified which are the 

drivers of the present PhD Thesis: 

1. Nanoparticles emitted unintentionally during the course of industrial activities have a major 

potential to generate workplace exposure impacts and risks. However, their emission 

mechanisms and the vast variability of physical-chemical properties of these nanoparticles 

are not fully characterized. This is because they strongly depend on the industrial activities 

generating nanoparticle release, which rapidly evolve based on innovative technologies and 

which also vary significantly from one plant to another. Thus, real-world studies on 
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nanoparticle formation and release mechanisms are necessary to contribute to the 

understanding of the drivers of workplace exposure. 

2. Similarly, the impacts of such nanoparticle release mechanisms on workplace exposure are 

potentially large and highly variable. The combination of operating conditions 

(parametrization of the industrial activity under study) and workplace setup (dimensions, 

ventilation, air exchange rates, etc.) determine potential exposure risks. As a result, case-

specific and real-world workplace exposure assessments are necessary to contribute to the 

growing body of literature on process-generated nanoparticle exposures. 

3. Finally, exposures may be mitigated by means of a large variety of technological and non-

technological measures. Their efficiency is, once again, dependent on a large number of 

parameters ranging from the design to the implementation of the measures, and their 

operating conditions tailored to the specific industrial activity under study. Whereas data are 

available in the literature on the effectiveness of mitigation strategies at laboratory scale, data 

on their implementation in real-world settings are scarce. 
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2. Scope, objectives and structure 

 

2.1. Scope and objectives 

A number of processes and activities in the ceramic industry unintentionally release nanoparticles 

and their inhalation can lead to potential health hazards. As described in the Gap Analysis (section 

1.6), real-world and case-specific approaches are necessary to minimize or prevent nanoparticle 

exposures in occupational settings. This requires a holistic approach comprising three key types of 

information: emission mechanisms, exposure characterization, and mitigation measures. 

 

 

Figure 2.1. Schematic illustration of the integrated assessment proposed, its different stages and the scientific 
publications. 
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An integrated assessment is proposed in this PhD Thesis to reduce the risks and contribute to the 

nanosafety of industrial processes by restricting exposure. This assessment comprises three stages 

(Figure 2.1), each one covering a distinct research objective: 

 

I. Identification of nanoparticle emission sources followed by the characterization of 

nanoparticle formation and release mechanisms. This is greatly depended on the energy 

footprint of each industrial activity, as high energy processes (e.g. thermal) are more 

probable to release high nanoparticles concentrations and relative low concentrations of 

coarse particles. Moreover, the properties (thermal/optical, microstructure, crystallinity, 

dustiness, etc.) of the input materials used in each industrial process (raw/target materials, 

feedstock, etc.) can influence the emission mechanism and particle release. 

II. Identification and characterization of nanoparticle exposure scenarios in terms of particle 

size, number, mass concentrations and physicochemical properties. In order to ensure 

compatibility across scenarios, harmonized protocols should be implemented. A source 

oriented assessment is of importance here to discriminate nanoparticles released from 

specific activities from background aerosols, or from emissions originating from secondary 

processes. Moreover, additional properties such as the hygroscopicity of the emitted 

nanoparticles can be monitored online, providing important information regarding the 

behavior of nanoparticles as well as indicating their source. A comprehensive exposure 

analysis also includes the characterization of the emitted nanoparticles in terms of 

morphology (shape and size), composition, physicochemical properties and microstructure 

(e.g. crystallinity). The characterization of aerosols released is usually an offline procedure, 

samples are collected on-site and thereafter analyzed. Morphology (shape and size), and 

elemental composition are the main nanoparticle characteristics evaluated. 

III. Design and implementation of tailored mitigation strategies, with optimal efficiency in 

exposure reduction. Different emission sources and diverse exposure scenarios creates the 

necessity for tailored mitigation strategies. Assessing and evaluating the information 

acquired from the previous stages, appropriate mitigation strategies can be designed The 

effectiveness of each mitigation measure applied is evaluated in order to guarantee its 

optimal efficiency and assure minimum occupational risks. 
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2.2 Thesis structure 

The Introduction chapter (1) provides general information on aerosols, nanoparticle emissions from 

industrial process, their associated health impacts, exposure assessment and methods to reduce 

occupational risks. The current chapter (2), describes the scope, objective and structure of the 

present Thesis. In chapter 3 the methodology followed during experimental measurements, 

measurement principles, techniques and data treatment are described. The Results chapter (4) is 

comprised of four scientific publications (3 of them published, one of them under review) in peer-

viewed international journals. Subsequently, the Discussion chapter (5) provides an integrated 

interpretation of the research findings. The main conclusions are drawn and presented in chapter 6, 

while the limitations of the current work and future research needs are discussed in chapter 7. The 

References followed by the Acknowledgements concludes this Thesis. Each one of the scientific 

publications included in this PhD Thesis addresses at least one research objective as follows: 

 

 Scientific publication 1 

Nanoparticle formation and emission during laser ablation of ceramic tiles; Apostolos 

Salmatonidis, Mar Viana, Noemí Pérez, Andrés Alastuey, Germán F. de la Fuente, Luis Alberto Angurel, 

Vicenta Sanfélix, Eliseo Monfort; Journal of Aerosol Science, 126 (2018) 152–168; DOI: 

https://doi.org/10.1016/j.jaerosci.2018.09.006 

Objective: this publication addresses the first (I) objective of the Thesis. 

The mechanisms determining NP emissions during laser ablation of ceramic tiles are characterized 

in this publication by correlating fundamental ablation phenomena with particle release. A 

parametric study was designed to assess the influence of material properties (composition, 

structural characteristics), laser sources (wavelength) as well as process parameters (pulse duration, 

frequency) on NP formation and emissions in terms of size, particle number and mass concentration. 

The ultimate goal of the present work was to increase the understanding of the mechanisms 

governing NP formation during laser ablation, which may provide insights for improved exposure 

assessments and facilitate the design of more efficient exposure mitigation measures. 

 

 

https://doi.org/10.1016/j.jaerosci.2018.09.006
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 Scientific publication 2 

Workplace Exposure to Nanoparticles during Thermal Spraying of Ceramic Coatings; 

Apostolos Salmatonidis, Carla Ribalta, Vicenta Sanfélix, Spyridon Bezantakos, George Biskos, Adriana 

Vulpoi, Simon Simion, Eliseo Monfort and Mar Viana; Annals of work exposures and health, 63, 1 

(2019) 91-106; DOI: https://doi.org/10.1093/annweh/wxy094 

Objective: this publication addresses the second (II) objective of the Thesis. 

In indoor air and more specifically in industrial settings, unintentionally emitted NPs pose an 

occupational risk since they are generated and released to the worker area, with potential to impact 

workers’ health. Hazards and risks need to be dealt with by means of both technological and non-

technological mitigation strategies. The aim of this work was to assess NP release and characterize 

exposure scenarios during thermal spraying of ceramic coatings onto metallic surfaces and their 

impact on inhalation exposure, under real-world operating conditions in an industrial setting. 

 Scientific publication 3 

Hygroscopic behavior of ultrafine particles emitted during thermal spraying; Apostolos 

Salmatonidis, Mar Viana, George Biskos, Spyridon Bezantakos; Journal of Aerosol Science (under 

review) 

Objective: this publication addresses the second (II) and first (I) objectives of the Thesis. 

A Hygroscopic Tandem Differential Mobility Analyzer was used to probe the hygroscopicity of 

nanoparticles (i.e., their ability to take up water upon exposure to elevated humidity) in a thermal 

spraying facility. This is an intrinsic aerosol property which define the deposition behavior of inhaled 

aerosol particles in the human respiratory system, and consequently the associated health effects. 

Emitted NPs could be discriminated from background aerosols based on differences of their 

hygroscopicities. Primary particle size and number determined by the HTDMA measurements were 

compared with those observed by transmission electron microscopy (TEM). Furthermore, emission 

mechanisms during thermal spraying are identified. 

 Scientific publication 4 

Effectiveness of nanoparticle exposure mitigation measures in industrial settings; Apostolos 

Salmatonidis, Vicenta Sanfélix, Pablo Carpio, Lech Pawłowski, Mar Viana, Eliseo Monfort; 

International Journal of Hygiene and Environmental Health, 222 (2019) 926–935; DOI: 

https://doi.org/10.1016/j.ijheh.2019.06.009 

https://doi.org/10.1093/annweh/wxy094
https://doi.org/10.1016/j.ijheh.2019.06.009
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Objective: this publication addresses the third (III) objective of the Thesis. 

The last article aimed to quantify the efficiency of mitigation measures for NP exposure reduction 

implemented under real-world operating conditions in the ceramic industry. These measures 

included: ventilation, source enclosure, source substitution and source isolation. The efficiency of the 

measures was assessed following a case study approach. Exposure reductions were characterized in 

terms of particle number concentrations. Thus, this work is expected to fill a current knowledge gap 

on exposure mitigation strategies by contributing with quantitative data on the effectiveness of 

specific mitigation strategies. 
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3. Methodology 

 

3.1. Measurement principles, instrumentation, and particle 

characterization techniques 

3.1.1. Real-time aerosol measurements – Online instruments 

A range of monitoring instruments was used for the experimental sections of the work presented in 

this PhD Thesis, and is summarized in Table 3.1. The operating principles of each of the instruments 

and techniques used are described. 

Condensation Particle Counters 

Condensation Particle Counters (CPC) monitor particle number concentrations down to the 

nanometer size range, since their detection efficiency for small particles is better than those of optical 

particle counters (McMurry, 2000a). Within the instrument, particles are enlarged due to 

supersaturation and the subsequent condensation of a vapors to reach the diameter at which they 

can be optically detected and the number concentration quantified for particles larger than the 

instrument’s lower detection diameter (Liu and Kim, 1977; Wiedensohlet et al., 1997). The lower 

detection diameter is determined by the Kelvin diameter, the supersaturation diffusion coefficient of 

the condensable gas and the particle material (Stolzenburg and McMurry, 1991). The upper and 

lower detection limits are specific for each CPC type. In addition to their environmental applications, 

CPCs have been used to detect snorkeling diesel submarines and also as “people sniffer” during the 

Vietnam war (McMurry, 2000b). 

CPCs operate with continuous aerosol flows which allow them to count each single particle (Agarwal 

and Sem, 1980; Wiedensohlet et al., 1997). In alcohol-based CPCs the aerosol flow is saturated with 

vapors of a liquid (mainly butanol) in a slightly heated saturator. The temperature of the butanol‐

aerosol mixture is decreased by 17‐27°C in the condenser of the CPC, where vapors supersaturate 

and condense onto the particles which grow to droplets of several μm in diameter. The droplet flow 

is focused in a nozzle and introduced into a counting optical detector. The droplets pass a laser beam, 

each single particle creates a light pulse, and pulses with an amplitude above a certain threshold are 

counted. The particle number concentration can be calculated for a given aerosol flow rate. Instead 

of alcohol, water can also be used for the measurement of sub‐micrometer aerosol particles following 

a slightly different approach but the same principle (Hermann et al., 2007). The aerosol flow is 

saturated with water vapor and temperature equilibrated in a cooled saturator. The flow passes 
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through a condenser with heated walls, which contain water, producing an elevated vapor pressure. 

The water vapors diffuse faster to the center of the aerosol flow than the heat from the walls and thus 

supersaturate it. The particles grow quickly to droplets of a detectable size and are counted by an 

optical detector. 

 

 

Figure 3.1. Schematic illustration of working principle of (a) alcohol – butanol CPC, (b) water CPC. Source: TSI 
Inc. (www.tsi.com),TSI models (a) 3776 and (b) 3788. 

 

In the experimental measurements a butanol CPC (TSI model 3775) was used as a single counter to 

monitor total particle number concentration in the range of 4 nm–3 μm with 1-min resolution 

(publications 1 & 4). A butanol CPC TSI model 3376 (2.5-3µm; publication 1) and a butanol CPC TSI 

a b 
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model 3010 (10nm-3µm; publication 3) were also used as part of more complex measurement set-

ups. 

Differential Mobility Analyzer 

The working principle of a Differential Mobility Analyzer (DMA) is based on the capacity of 

electrically charged particles to move in an electric field according to their electrical mobility (Flagan, 

1998). The electrical mobility depends mainly on particle size and electrical charge, as smaller 

particles have higher electrical mobility (Hinds, 1999; Liu and Pui, 1974b). Higher electrical charge 

also leads to higher electrical mobility (Knutson and Whitby, 1975). In constant temperature and 

pressure conditions and assuming that all particles carry only one electrical charge, the electrical 

mobility is a function of particle size (Flagan, 1998; Liu and Pui, 1974a, 1974b). The fundamental 

working principal can be described with the plate capacitor model (Figure 3.2), whereby an electric 

field is applied between the plates (vertically), a laminar particle‐free sheath air flow Qsh is led 

through the capacitor (parallel) and the aerosol flow QA (parallel) is fed into the capacitor close to 

plate 1 (Knutson and Whitby, 1975; Liu and Pui, 1974b). Applying an appropriate voltage can select 

particles with specific mobility and thus, of certain size. 

 

Figure 3.2. Working principal of DMAs based on the plate capacitor model. Source: modified from (Chen et al., 
2019) 

 

Hewitt (1957) introduced the design for cylindrical DMAs, which are capacitors that are composed 

by an inner rod-electrode and an outer electrode with given radius (McMurry, 2000a; Winklmayr et 

al., 1991). Aerosol particles are classified due to their electrical mobility in the DMA, after which a 

volume flow of monodisperse aerosol with particles of a defined mobility are led out of the DMA 

through a slit at the end of the inner electrode/rod (Figure 3.3). The size resolution depends on the 

ratio of the volume flow rates QA/QSh; with increasing ratio, the size resolution improves (Flagan, 
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1998; Hinds, 1999). DMAs are core components of several measurement instruments such as 

generators for monodisperse aerosols, Mobility Particle Size Spectrometers (SMPS, DMPS, TDMPS) 

and Tandem DMAs (Volatility, Hygroscopicity). For the experimental measurements carried out in 

the framework of this Thesis two custom-made long-DMAs manufactured by the Cyprus Institute 

(Salmatonidis et al., 2019b) were used (publication 3). In addition, a nano-DMA TSI Model 3085, 

which is optimized for the size range below 20 nm, but it covers a broad range of particle diameters 

(2-150 nm) was also used (publication 1). 

 

 

 

Figure 3.3. (a) nano-DMA TSI model 3085 and (b) long-DMA TSI model 3081. Source: TSI Inc. (www.tsi.com). 

 

Scanning Mobility Particle Size spectrometer 

The main components of a Scanning Mobility Particle Sizer (SMPS) are: the pre‐impactor which 

eliminates coarser particles, a bipolar diffusion charger (X-ray or nuclear source) to charge the 

particles, a DMA where the voltage is continuously increased and a CPC as a counter. SMPS 

spectrometers can measure particle number size distributions for a given size range, which depends 

on the DMA‐geometry, the sheath air flow rate and the downstream CPC (Flagan, 1998; Knutson and 

a b 
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Whitby, 1975; McMurry, 2000a). Longer DMAs can detect larger particles (10-800 nm) while higher 

sheath air flow rates and shorter nano-DMAs can be used to measure smaller particles (3-100 nm) 

(Chen et al., 1996). The particle number concentration is monitored as a function of time, while for 

each SMPS system the relationship between electrical mobility and time (time between DMA 

entrance and CPC detection) must be determined. The metric measured is an electrical mobility 

distribution, which is converted to particle number size distribution by a computer inversion routine 

(Hagen and Alofs, 1983; Hoppel, 1978). The complete inversion routine must incorporate the bipolar 

charge distribution for multiple charge correction, the size dependent DMA transfer function and the 

measured electrical mobility distribution (Alofs and Balakumar, 1982; McMurry, 2000a). Finally, the 

calculated size distribution has to be corrected for the CPC counting efficiency curve, and the internal 

losses due to particle diffusion (inlet and sampling tubes), which can be calculated by the method of 

the equivalent pipe length (Wiedensohler et al., 2012). A TSI model 3080 SMPS (Figure 3.4) 

comprising a TSI 3776 CPC and a TSI 3085 nano-DMA was used in the experimental measurements 

(publication 1) to monitor particle size distribution from 3-100 nm with a 3-min resolution. 

 

 

Figure 3.4. SMPS TSI model 3080. Source: TSI Inc. (www.tsi.com). 

 

http://www.tsi.com/
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Optical instruments 

Optical Particle Sizers (OPS) and photometers monitor the ability of aerosols to scatter light of a 

certain source (Hinds, 1999). The general principal is that light scattered by particles is measured in 

a certain volume under a fixed angle (e.g. 90°; Figure 3.5). Particle sizing is achieved when a fraction 

of the scattered light is converted to a voltage pulse of proportional intensity, which is assigned to a 

specific particle size according to pulse height analysis (Gebhart, 2001). Light scattered from a 

measurement volume depends on aerosol properties such as particle shape, size distribution and the 

aerosol refractive index. An assumption of particle density is necessary in order to convert the 

measured values to mass concentration. Optical instruments require calibration with well-defined 

aerosol particles (e.g., latex particles). When equipped with size selective inlet conditioners, optical 

particle sizers can provide size-segregated particle mass concentrations. The latter describes the 

Dusttrak DRX (TSI model 8533), which was used in the experimental measurements to monitor size-

segregated particle mass concentrations from 0.1-15 μm with 1-minute resolution (publication 1). In 

addition, a mini Laser Aerosol Spectrometer (GRIMM model 11-R) was used to measure particles in 

the size range 0.25-32 μm, and report total and size-segregated particle mass concentrations in 31 

channels with a 6-second time resolution (publications 2 & 4). 

 

 

 

Figure 3.5. Operating principles of two optical counters used in this PhD Thesis: (a) GRIMM mini-LAS 11-R 
device concept, Source: GRIMM (www.GRIMM-aerosol.com); (b) Dusttrak DRX operating principal, Source: 

TSI Inc. (www.tsi.com). 

 

a b 

http://www.grimm-aerosol.com/
http://www.tsi.com/
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Unipolar diffusion charger (corona-based) 

The need for compact, portable, autonomous (battery-operated) instruments and personal monitors 

led to the development of unipolar diffusion chargers. The corona charger is a small enough and 

energy efficient component to be incorporated in miniaturized particle counters/sizers. It is 

implemented in different instruments following diverse designs, with the main function to substitute 

radioactive or X-ray neutralizers of the stationary instruments. Such is the case of the NanoScan-

SMPS (TSI 3910; Table 3.1) where particles charged by the corona are classified in 13 channels (10-

420 nm) according to their mobility diameters by a radial DMA (Zhang et al., 1995) and subsequently 

counted by an incorporated isopropanol-CPC, resembling the working principle of a standard SMPS 

(Fonseca et al., 2016b; Tritscher et al., 2013). 

The Diffusion Size Classifier-miniature (DiSCmini by TESTO) used in this Thesis, is a portable 

instrument which can also be used as a personal monitor (Asbach et al., 2017). It uses an ion trap to 

remove the ion excess of the corona charged particles and subsequently two stages of electrometers 

(diffusion, filter) are used. DiSCmini´s monitors particles in the range 10-700 nm (size, number; Table 

3.1), as a function of the instrument’s calibration curve for monodisperse aerosols (Fierz et al., 

2011).It can provide data with a range of time resolutions (1 second-1 hour). 

The Wide Range Aerosol Spectrometer (MiniWRAS by GRIMM) is a combination of an OPC and an 

electrical mobility spectrometer. The OPC measures the size distribution from 250 nm to 32 μm in 

31 size channels (Table 3.1). The number of particles is determined by the number of stray light 

pulses per period, while the particle size determines the amplitude of the scattered light. For each 

size channel the particle number is measured, and under the assumption that particles are spherical 

the mass distribution can also be calculated. Smaller particles (10-193 nm) are charged with a corona 

charger, after which the particles go into a collecting-precipitation electrode, where they are 

separated according to their electrical mobility and finally measured (1-min resolution) with a 

Faraday cup electrometer (GRIMM Aerosol Technik GmbH). 
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Figure 3.6. Schematic illustration of the HTDMA working principle. Source: (Salmatonidis et al., 2019b) 

 

Hygroscopicity Tandem Differential Mobility Analyzer 

A Hygroscopicity Tandem Differential Mobility Analyzer (HTDMA) was developed following the 

principles of Rader and McMurry (1986), in the framework of the CERASAFE project 

(www.cerasafe.eu) by Cyprus Institute (CyI) and was used in monitoring campaigns in this PhD 

Thesis (publication 4). The instrument consisted of two custom-made DMAs, one commercial CPC 

(TSI 3010) and two custom-made humidity exchangers (Figure 3.6). The first DMA (DMA-1) of the 

system was used for selecting nearly monodisperse dried particles, which were then exposed to 

elevated RH conditions, before their size distribution was measured by the second DMA (DMA-2) and 

the CPC as a standard SMPS. The system was operated with sheath and aerosol flow rates of 3.0 and 

0.3 L/min, respectively, and for both of them the RH was controlled to 87%. The sampling time of the 

instrument and the voltage of DMA-1 can be periodically changed (e.g. every 6 min.) in order to 

sequentially select particles having different dry electrical mobility diameters (e.g. 30 or 90 nm; Table 

3.1). 

http://www.cerasafe.eu/
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Table 3.1. Characteristics of the online instruments used in the experimental part of this work. 

Instrument 

type 

Size range 

(nm) 
Particle metric 

Manufacturer-

Model 

Used in PhD 

publications 

CPC 2.5-3000 Particle number TSI: 3775, 3776, 3010 1, 3, 4 

SMPS 3-100 Size distribution TSI 3080 1 

NanoScan SMPS 10-420 Size distribution TSI 3910 1, 2, 3, 4 

DiSCmini 10-700 Size, Number, LDSA TESTO 1, 2, 3, 4 

DustTrak DRX 100-15000 PMx TSI 8533 1 

Mini-LAS 250-32000 Mass distribution GRIMM model 11-R 2, 4 

Mini-WRAS 10-35000 
Size & mass 

distribution 
GRIMM model 1371 1, 2, 4 

HTDMA 30 & 90 Particle size Custom – CyI 3 

 

3.1.2. Characterization techniques – offline measurements 

Samples were collected on electron microscopy grids (Agar scientific Quantifoil 200 Mesh Au) for 

offline morphological and physicochemical characterization. The sampling set-up was composed by 

a Leland pump (SKC Inc.) operating at a flowrate of 5 liters/minute, connected to a cassette (SKC inlet 

diameter 1/8 inch and filter support pads of diameter 25mm) to which the TEM grid was attached. 

Electron Microscopy 

Electron microscopy is an advanced characterization method that can provide multiple information 

for particles in the micro as well as nanoscale. Morphology (shape and size) of single particles, their 

composition, agglomeration/aggregation state, and crystallinity are some of the characteristics 

which can be analyzed. Electron microscopy is based on the property of electrons to interact with 

matter by generating a variety of excitation phenomena with characteristic radiations and energies, 

which, if collected, are a key source of information. The type of interaction is directly related to the 
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sample thickness, the energy of the electron beam and the material itself (Williams and Carter, 2009). 

Different types of electrons and electromagnetic radiation species are emitted, due to the elastic and 

inelastic scattering of the beam electrons from the atoms of the sample (Figure 3.7a). Modern 

electronic microscopes are equipped with detectors and collectors of the different types of radiation 

emitted, and through specialized software extract essential particle information. 

 

 

Figure 3.7. (a) Phenomena taking place during the incidence of the electron beam; (b) TEM scheme. Source 
modified from (Williams and Carter, 2009). 

 

The Transmission Electron Microscope (TEM) consists of three main parts: the light source, the 

objective lens system and the magnification system. As light source an electron gun emitting a high 

energy beam is used. The beam is aligned by a system of condenser lenses and aperture. The objective 

lens, where the image of the sample is created with a basic magnification (×50-100), is a fundamental 

component of the TEM. The magnification system consists of electromagnetic lenses (first and second 

intermediate), which are iron-core coils producing magnetic fields, and an intermediate aperture. 

TEM can achieve magnifications in the order of ×106. The inelastically scattered electrons of the 

incident beam (Figure 3.7a), which retain a large proportion of their original energy and exit the 

lower surface of the sample (transmission), are the main contributors to the TEM image (Williams 

a b 
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and Carter, 2009). When the energy of the electrons of the incident beam is large enough to excite an 

electron in an inner shell, ejecting it, it creates an electron hole. Subsequently, an electron from an 

outer shell (higher-energy) fills the hole and the difference in energy between the higher-energy shell 

and the lower-energy shell may be released in the form of an X-ray known as Ka (Figure 3.7a). The 

energy of the X-ray emitted, equal to the energy difference of the two shells, is characteristic of the 

element from which it is emitted. Hence, it can provide information on the composition of the sample 

by the stoichiometric Energy Dispersive X-ray analysis (EDX/EDS).  

The particles sampled during the experimental campaigns were characterized in terms of 

morphology (size, shape) and elemental composition at the Scientific and Technological Centers of 

the University of Barcelona (CCiTUB), using JEOL JEM 2100 Transmission Electron Microscope with 

a LaB6 thermionic filament., coupled with an EDX spectrometer (Oxford Instruments INCA x-sight), 

with Si (Li) detector. The TEM images were acquired using a Gatan Orius CCD camera and processed 

with the “ImageJ” software, version 1.52f. 

X-ray diffraction 

X-ray diffraction (XRD) is used in the study of matter and crystalline solids. The characteristic feature 

of crystals is their periodic structure. When an X-ray beam impacts on a crystal surface it is partially 

scattered by the atoms of the first crystal plane, another part is scattered from the second plane, and 

the process continues resulting in constructive interference (Figure 3.8). Braggs law: nλ=2dsinθ 

(where λ is the X-ray wavelength) allows the calculation of lattice spacing (d) when the angles “θ”, 

under which the constructively interfering X-rays leave the crystal, are known (Epp, 2016; Warren, 

1990). Diffractometers are instruments consisting of an X-ray source, the sample holder (stage) and 

a detector (Figure 3.8a). In modern instruments the individual parts can move in a circular trajectory, 

in order to perform measurements under a range of angles. X-ray diffraction peaks are formed when 

constructive interference of monochromatic X-rays beam scattered at specific angles from each set 

of lattice planes in a sample. The peak intensities are determined by the atomic positions within the 

lattice planes. Consequently, the X-ray diffraction pattern is the fingerprint of periodic atomic 

arrangements in a given material. Information on structures, phases, preferred crystal orientations 

(texture), average grain size and crystallinity can be obtained (Kohli, 2012). 

The powder XRD data were collected in the IDAEA-CSIC X-Ray laboratory by using a Bruker D8 

Advance diffractometer with CuKa1 radiation source (1.5405 Å) and a graphite monochromator. The 

diffractograms were obtained from 5° to 120° 2θ with a step of 0.02° and a counting time of 10 s. The 

crystalline phase identification was carried out by using the computer program ‘‘EVA’ (Produced by 
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Bruker). The software TOPAS 2.1. (Bruker AXS TOPAS, General profile and structure analysis 

software for powder diffraction data, V2.0, Bruker AXS, Karlsruhe, Germany, 2000.) with the 

fundamental parameter approach was used for Rietveld refinement. The optimized parameters were 

background coefficients, zero-shift error, peak shape parameters, cell parameters and isotropic 

thermal factors. The values of the pattern dependents on the disagreement factor (Rwp), and the 

statistical reliability factor of Bragg (RB) which were evaluated and they indicated that fits were 

satisfactory (Young, 1993). 

 

 

Figure 3.8. (a) Principal of X-Ray diffraction and Bragg´s law, (b) basic parts and principal of a diffractometer. 
Source: modified from (Epp, 2016) 

 

3.2 Monitoring strategy 

In industrial settings, different activities (i.e., potential particle emission sources) may take place 

with diverse periodicity. The combination of production processes and how often are performed 

depends on each industry’s production planning (e.g. commercial orders, customer needs, market 

behavior, etc.). As a result, exposure monitoring could require time-intensive and costly full-shift 

particle monitoring. Alternatively, task-based exposure assessments may be carried out, which 

provide specific information on overall worker exposure (Ramachandran, 2008) and can facilitate 

the design of appropriate control measures as well as provide necessary data for modeling purposes 

(Brouwer et al., 2012). 

Task-based exposure assessments focus on a specific activity/process, and should be carried out over 

a representative period of time. Assessments may focus on the breathing zone of one individual using 

portable instruments (OJIMA, 2012). However, when several workers were affected in a worker area, 

a b 
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a stationary monitoring set-up at breathing height (ca. 0.7-1.5 m) is preferable. Other options are the 

near field (NF)/far field (FF) approach, described by (Brouwer et al., 2009) and used by (Demou et 

al., 2009; Fonseca et al., 2018; Koivisto et al., 2010, 2012b, 2015, 2016; Koponen et al., 2015; Ribalta 

et al., 2019) among others, to distinguish nanoparticles from background aerosols (i.e. ambient 

particles from other than the studied sources inside or outside the workplace). The impact of the 

studied source (near field) on exposure concentrations in the worker area (far field) may be 

monitored in real-time. Depending on the scenario, discrimination of background aerosols may be 

achieved either by monitoring particle metrics before and after the activity, or by simultaneously 

monitoring particle metrics at the source and at a background location. Workplace exposure 

monitoring strategies applied in this Thesis followed internationally-recognized standard 

procedures (OECD.82, 2017) based on a tiered approach (Brouwer et al., 2012). 

A multi–instrument approach was applied for all the exposure scenarios assessed as suggested by 

Fonseca (2016) and Brouwer et al., (2012). However, the different instruments can have different 

features and specifications (e.g. working principles, measurement ranges and metrics, time 

resolutions etc.; Asbach et al., 2016). Therefore, the compatibility of the resulting data needs to be 

validated through inter-comparisons of the specific instruments. In this work, inter-comparisons 

were carried out prior to the measurements at an air quality monitoring station in Barcelona (Spain), 

using ambient air aerosols and stationary instruments as references. The proper functioning of the 

instruments was ensured and data were considered compatible when R2 coefficients were ≥0.9. 
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4. Results 

 

The results of the present PhD Thesis are presented in this section in the form of four scientific 

publications as submitted to peer-reviewed journals. The publications follow the order of the 

objectives of this PhD Thesis, as presented in Chapter 2. Publication 1 addresses the first objective 

“identification of nanoparticle sources and characterization of emission mechanisms” during laser 

ablation of ceramic tiles. Publications 2 and 3 tackle the second objective “characterization of 

exposure scenarios” by studying thermal spraying at an industrial scale. The third objective 

regarding “exposure mitigation strategies” is addressed in publication 4. 
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4.1. Scientific publication 1 

 

Nanoparticle formation and emission during laser ablation of ceramic 

tiles 

 

Apostolos Salmatonidisa,d, Mar Vianaa, Noemí Péreza, Andrés Alastueya, Germán F. de la 

Fuenteb, Luis Alberto Angurelb, Vicenta Sanfélixc, Eliseo Monfortc 

a Institute of Environmental Assessment and Water Research, Spanish Research Council (IDÆA-CSIC), 

08034, Barcelona, Spain. 

b Aragón Materials Science Institute (ICMA - Universidad de Zaragoza, CSIC), 50018, Zaragoza, Spain. 

c Institute of Ceramic Technology (ITC)- AICE - Universitat Jaume I, 12006 Castellón, Spain. 

d University of Barcelona, Faculty of Chemistry, Department of Chemical Engineering and Analytical 

Chemistry, 08028, Barcelona, Spain. 

 

Published in: Journal of Aerosol Science, 2018, Volume 126, Pages 152-168 

DOI: https://doi.org/10.1016/j.jaerosci.2018.09.006 

 

The following is a pre-print version, which was produced by the author, of an article published in 

Journal of Aerosol Science (Elsevier): Submitted on 14 May 2018; revised on 12 July 2018; accepted 

on 21 September 2018. Available online at: https://doi.org/10.1016/j.jaerosci.2018.09.006 

 

https://doi.org/10.1016/j.jaerosci.2018.09.006


Chapter 4. Results 

 
41 

Nanoparticle formation and emission during laser ablation of ceramic 

tiles 

Apostolos Salmatonidisa,d*, Mar Vianaa, Noemí Péreza, Andrés Alastueya, Germán F. de la Fuenteb, 

Luis Alberto Angurelb, Vicenta Sanfélixc, Eliseo Monfortc 

a Institute of Environmental Assessment and Water Research, Spanish Research Council (IDÆA-CSIC), 08034, 

Barcelona, Spain. 

b Aragón Materials Science Institute (ICMA - Universidad de Zaragoza, CSIC), 50018, Zaragoza, Spain. 

c Institute of Ceramic Technology (ITC)- AICE - Universitat Jaume I, 12006 Castellón, Spain. 

d University of Barcelona, Faculty of Chemistry, Department of Chemical Engineering and Analytical Chemistry, 

08028, Barcelona, Spain. 

*corresponding author: Apostolos Salmatonidis, apostolos.salmatonidis@idaea.csic.es 

 

Abstract 

Pulsed laser ablation (PLA) is a widely used technology, for surface structuring and tile decoration in 

the ceramic industry. During PLA, nanoparticles (NP <100 nm) are unintentionally released and may 

impact exposure. This work aims to understand the mechanisms controlling NP formation and 

release during ablation of different types of ceramic tiles, using different laser setups (near-IR and 

mid-IR). The measurements took place at laboratory and pilot-plant-scale, with varying laser 

wavelength, frequency, velocity, and pulse duration. In total, the combination of 4 types of ceramic 

tiles and 2 lasers was assessed. Particle number concentration and size distribution (SMPS with 

nano-DMA, DiSCmini, butanol-CPC) and particle mass concentration (DustTrak-DRX) were 

monitored. Samples were also collected for morphological and chemical characterization 

(TEM/EDX). High particle number concentrations were detected (3.5*104/cm3 to 2.5*106/cm3) for 

all of the tiles and under both laser setups. Particle formation (<10 nm) by nucleation was detected, 

and secondary amorphous SiO2 nanoparticles (>10 nm) were formed and released during ablation of 

the porcelain tiles. Different release mechanisms were identified: during ablation with the near-IR 

laser particles were emitted through melting and nucleation, while emissions from the mid-IR laser 

were attributed to melting and mechanical shockwaves. Particle number and mass emissions were 

dependent on the tile surface characteristics (e.g., porosity, crystallinity) and chemical properties. 

This work is potentially relevant from the point of view of exposure mitigation strategies in industrial 

facilities where PLA is carried out. 

 

Keywords: nanoparticles, ceramic industry, laser ablation, formation mechanisms
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1. Introduction 
Laser ablation is a technology with widespread applications at global scale, examples of which are 

precision microfabrication (Sugioka, Meunier, & Pique, 2010), surface structuring (Lahoz, de la 

Fuente, Pedra, & Carda, 2011) characterization and analytical techniques (Russo, Mao, Gonzalez, 

Zorba, & Yoo, 2013). Pulsed laser ablation (PLA), in particular, is a state-of-the-art method used for 

ceramic tile processing in order to achieve designs with enhanced durability and aesthetic properties 

(Pascual et al., 2005). However, this technology is known to generate nanoparticle (NP, <100 nm) 

emissions to workplace air and the environment (A. S. Fonseca et al., 2015, 2016). Based on current 

literature, understanding the sources and mechanisms controlling the formation and release of 

process-generated nanoparticles (PGNP) in industrial settings is becoming increasingly relevant, in 

order to minimize potential hazards (Hameri, Lahde, Hussein, Koivisto, & Savolainen, 2009; van 

Broekhuizen, 2012; Viitanen, Uuksulainen, Koivisto, Hämeri, & Kauppinen, 2017). Adverse health 

effects of NPs have been extensively described in the literature (Heal, Kumar, & Harrison, 2012), and 

the main exposure route to NPs is inhalation. Specifically, Oberdörster (2001) showed that in certain 

cases NP can cause severer pulmonary inflammation than fine particles, while Weichenthal (2012) 

observed significant associations between NP and acute cardiovascular morbidity. Consequently, 

numerous industrial processes which generate NP emissions have received increasing attention in 

recent years (Curwin & Bertke, 2011; Demou, Peter, & Hellweg, 2008; Ana Sofia Fonseca et al., 2014; 

Gandra, Miranda, Vilaa, Velhinho, & Teixeira, 2011; Gómez, Irusta, Balas, & Santamaria, 2013; 

Koivisto et al., 2012; van Broekhuizen, 2012). Pfefferkorn et al (2009) described the potential for 

exposure to ultrafine aerosols during industrial welding operations, and Viana et al. (2017) reported 

analogous potential during atmospheric thermal spraying. Additionally, Voliotis et al. (2014) proved 

that traditional ceramic production processes emit particles <100 nm, and awareness was raised 

towards this specific industrial sector. 

In order to characterize and minimize exposure, the mechanisms generating particle emissions must 

be understood. During laser ablation intense electromagnetic fields interact with matter and atoms 

are selectively driven off by thermal or non-thermal mechanisms (Phipps, 2007). NP emissions 

during PLA can be mainly associated with three phenomena: 

 Nucleation: atoms, ions and clusters which emanate from the plasma plume (Noël, Hermann, 

& Itina, 2007), can act as nuclei and through different growth routes (coalescence, diffusional, 

coagulation) form secondary particles (Polte, 2015). Gaseous precursors which may originate 

from direct sublimation (solid-to-gas) and from evaporation of melt (liquid-to-gas), can 

condensate and form new particles (A. S. Fonseca et al., 2015). 

 Melt expulsion (droplets): Temperature differences between the surface and the body of the 

material create localised pressure gradients (Czotscher & Vollertsen, 2016; Zhigilei, Lin, & 

Ivanov, 2009), which force droplets of melt to get extruded from the tile, cool down rapidly 

and, due to surface tension, form spherical particles. 

 Shockwaves: Mechanical shockwave cracking of grains can contribute to the emission of 

primary particles. Particle removal is associated to ablation and poor thermal resistance, 

which is typical for porcelain tiles (Lahoz et al., 2011). Thermal shock and the consequent 

ejection of micro-scaled grains occurs due to differences in thermal expansion coefficients 
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(Pascual-Cosp, Ramírez del Valle, Garciá-Fortea, & Sánchez-Soto, 2002; Pascual-Cosp, 

Ramírez Del Valle, García Fortea, & Sánchez Soto, 2001; Pascual et al., 2005). 

In addition to these, particle aggregation and agglomeration mechanisms are also determinants of 

particle size distribution after formation and emission (Koch & Friedlander, 1989; Lushnikov, 

Maksimenko, & Pakhomov, 1989; Sivayoganathan, Tan, & Venkatakrishnan, 2012). 

The current study aims to characterize the mechanisms determining NP emissions during PLA of 

ceramic tiles by correlating fundamental ablation phenomena with particle release. A parametric 

study was designed to assess the influence of material properties (composition, structural 

characteristics), laser sources (wavelength) as well as process parameters (pulse duration, 

frequency) on NP formation and emissions in terms of size, particle number and mass concentration. 

The ultimate goal of the present work was to increase the understanding of the mechanisms 

governing NP formation during laser ablation, which may facilitate the design of more efficient 

exposure mitigation measures. 

 

2. Materials and methods 
The laser ablation experiments took place at the Materials Science Institute of Aragón “ICMA” (CSIC-

University of Zaragoza) in Zaragoza (Spain), with an overall duration of 5 working days. 

 

Table 1. Ceramic tiles under study (Abbreviations, 1st letter: Glaze, 2nd letter: Tile, 3rd letter: Colour) 

Abbreviation Full Name Tile Porous Main Components** 

UPG Unglazed Porcelain Grey Porcelain stoneware no 71% SiO2, 19% Al2O3 

UAW Unglazed Alumina White Alumina yes 97% Al2O3 

UBW Unglazed Biscuit White 
Non-sintered/biscuit 

porcelain 
yes 70% SiO2, 20% Al2O3 

GER Glazed Earthenware Red Earthenware yes 57% SiO2, 12% ZnO 

*The chemical composition refers only to the glaze, and not the body of the GER tile, since that was the part processed by 

the laser; **The full chemical characterization can be found in Table S1 in Supplementary material. 

 

 

Figure 1. Experimental setup of (a) the laboratory-scale with the near-IR laser, and (b) the pilot-plant with 

the mid-IR laser. The distribution of the different particle monitoring instrumentation is presented. 
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2.1 Tile and laser combinations 

Four different ceramic tiles were used as target materials (Table 1). Porcelain stoneware (UPG; 71% 

SiO2, 19% Al2O3; Table S1 in Supplementary Material) is currently the ceramic tile of highest 

commercial interest, as it exhibits higher technical and functional performance and greater 

versatility, allowing this tile to be used in both indoor and outdoor environments (International 

Organization for Standardization, 2012; Sánchez, García-Ten, Sanz, & Moreno, 2010). Porous 

ceramics (e.g. alumina, UAW; 97% Al2O3; Table S1), on the other hand are used in high temperature 

applications such as thermal insulation in the cement, steel, aluminium, iron-alloy and petrochemical 

industries (Salomão, Bôas, & Pandolfelli, 2011). Glaze is a vitreous coating (56% SiO2, 12% ZnO, 7% 

ZrO2; Table S1) that seals the inherent porosity of the tile`s body material and serves as a colorant or 

waterproofing agent and it was a component of the earthenware tiles studied in this work. Each 

target material has different chemical composition as shown in Table S1 (Supplementary material). 

Furthermore, the different optical properties of the tiles result in very different absorbance of the 

incident energy, which means that the laser treatment efficiency will vary depending on the material 

itself. In addition, this efficiency strongly depends on the laser wavelength. Therefore, two different 

laser systems with different wavelengths were used:  

A. Near-IR laser (Easy Laser, Model: YLPM-1-4x200-20-20, Ytterbium fiber laser, Wavelength: 1064 

nm, nominal power 20 W) at laboratory scale, with which the UPG, UAW and UBW tiles were 

processed (Fig. 1a). 

B. Mid-IR laser (Easy Laser, Model: 350 Flexi Marcatex, Slab-type CO2 laser, Wavelength: 10.6 µm, 

nominal power 350 W) at pilot-plant scale, used to process the UPG, UBW and GER tiles (Fig. 1b). 

Although, the UAW tiles were optically compatible with this laser, strong thermal stresses were 

generated inducing tile fracture. Hence, the UAW tiles were not processed with this laser. 

Mid-IR lasers (i.e. CO2) are widely used in industrial applications for cutting and welding, while n-IR 

lasers are generally used for engraving (Andreeta, Cunha, Vales, Caraschi, & Jasinevicius, 2011). 

Applications include scribing, engraving, and marking of a wide variety of materials, including glass 

and ceramics. Finally, the difference in power between these lasers was considered advantageous as 

they allowed for the assessment of NP formation at two different scales (laboratory and pilot plant, 

Fig. 1). 

2.2  Experimental 

In order to ensure the reproducibility of the results all experiments were performed in triplicate and 

consisted of 20-minutes ablation followed by a 10-minutes settle-down time. Localized air extraction 

was installed close to the target tiles (Fig. 1), both in the laboratory and the pilot plant, at a distance 

of approximately 10 centimetres from the initial point of the laser beam. The extraction intensities 

for all the experiments were kept at a constant flow speed of 3.5 m/s. The laser beam started marking 

from an initial point and covered a rectangular surface with a continuous parallel line movement. 

The tile surface treated by the laser was always untreated, i.e., the laser always moved towards the 

untreated part of each tile and there was no spatial overlap from one laser shot to another. The 

spacing between lines is shown in Table S2 in Supplementary Material. 

Laser ablation was carried out under two energy settings with the near-IR laser: high and low, 

detailed process parameters are listed in Table S2 in Supplementary material. In the case of “high 
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energy” configuration higher pulse durations were used. These two different energy settings were 

used to observe the effects of processing parameters on the same target materials, under the same 

laser wavelength. Table 2 summarizes the sequence of experiments. As opposed to the near-IR laser, 

only one set of laser processing parameters was applied for the target tiles with the mid-IR laser. 

However, in the case of GER samples a low energy set of process parameters were also applied. The 

reason for that was to study the effect of the energy input to the excessively high emissions in this 

particular case (GER). 

Table 2. Experimental sequence 

Date Energy settings Tile Comments 

                                                                                     Near-IR laser 

07-02-2017 Low UPG - 

07-02-2017 Low UAW 2 different tiles (1
st

 +2
nd

 rep., 3
rd

 rep.) 

07-02-2017 Low UBW Heating switched on 

08-02-2017 High UPG - 

08-02-2017 High UAW 
3 different tiles-different for each 

repetition 

08-02-2017 High UBW                   - 

                                                                                     Mid-IR laser 

09-02-2017 Standard  UBW 
Filter extraction with the same 

flow 
10-02-2017 Standard  UPG 1st repetition – briefly stopped 

10-02-2017 Standard  GER - 

10-02-2017 Low GER In addition to the standard energy settings 

 

2.3  Real-time measurements 

Particle monitoring was carried out simultaneously in four different locations, using the following 

instrumentation: 

1) Emission source  

 Scanning Mobility Particle Sizer (TSI SMPS 3080, TSI 3776 CPC) with a nano-DMA 

(Differential Mobility Analyser) to monitor particle size distribution from 3nm to 100 nm 

with a 3-minute resolution. 

 Butanol Condensation Particle Counter (TSI model 3775) to monitor total particle number 

concentration in the range of 4 nm – 3 µm with 1-minute resolution. 

 Miniature diffusion size classifier “DiSCmini” (TESTO AG), which detects particles ranging 

from 10 nm to 700 nm, monitoring total particle number, mean particle diameter and lung 

deposited surface area. 

 DustTrak DRX Aerosol Monitor (TSI model 8533), simultaneously monitoring size-

segregated particle mass concentrations from 0.1 to 15 μm. The instrument was set to a 1-

minute resolution. 

 Samples were collected on TEM grids (Agar scientific Quantifoil 200 Mesh Au) for offline 

morphological and physicochemical characterization. A Leland pump (SKC Inc.) with a flow 
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of 5 litters/minute was connected with a cassette (SKC inlet diameter 1/8 inch and filter 

support pads of diameter 25mm) to which the TEM grid was attached. 

 

2) Near Field  

 Electrical mobility spectrometer (Nanoscan-SMPS, TSI model 3910) to monitor particle size 

distribution. The size range of the instrument is 10 nm - 420 nm and the time resolution 1 

minute. 

 Optical Particle Sizer (TSI model 3330) monitoring particle optical size distribution in the 

0.3-10 µm range, with 1-minute time resolution. 

 Miniature diffusion size classifier “DiSCmini” (TESTO AG), see above. 

 Samples were also collected on TEM grids, see above. 

 

3) Far-Field 

 Mini Wide Range Aerosol Spectrometer (GRIMM mini-WRAS) monitoring particle size 

diameter from 10 nm – 35 µm. This instrument also provides PM1, PM2.5 and PM10 mass 

concentrations. 

 Miniature diffusion size classifier “DiSCmini” (TESTO AG), see above. 

 DustTrak DRX Aerosol Monitor (TSI model 8533) 

 

4) Outdoor 

 Miniature diffusion size classifier “DiSCmini” (TESTO AG), see above. 

 DustTrak DRX Aerosol Monitor (TSI model 8533), see above. 

 

The emission source measurements for both lasers were performed inside the extraction tube at a 

distance of approximately 0.5 m from the incident laser beam. It is not possible to provide a precise 

distance since the laser beam was moving away from the extraction tube during the process. At the 

emission source all the instruments used inlets with tubing no longer than 10 cm. For the DiSCmini 

transparent conductive “Tygon” tubing was used (Asbach et al., 2016), while conductive silicone 

tubing was used for the rest of the instruments. In the near-field, far-field and outdoor locations no 

tubing was used for any of the online instruments. The potential limitations of the Dusttrak monitors 

were taken into account (Rivas et al., 2017). 

 

3. Results  
In this section time series of the different experimental cycles, categorized by laser and energy 

settings, are described in terms of particle size distribution, particle number as well as mass 

concentration. The results presented correspond to the emission source only, given that the data 

collected in the near-field and far-field locations did not show any significant impacts from NP 

emissions in the worker area or in the background. The lack of impact was due to the high efficiency 

of the exposure mitigation mechanisms in place in this industrial setup (localized extraction). Thus, 

under the conditions assessed in this work, no significant impact on worker exposure was detected. 
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Figure 2. Particle number concentrations (4 nm -3µm) during low energy and high energy ablation of the 
different tiles with the near-IR laser. 

 

3.1 Near-IR laser  

3.1.1 Experiments carried out under low energy settings 

The time series of particle number concentration (N) in the size range 4nm-3µm of three different 

tiles (UPG, UAW and UBW) are shown in Fig. 2. Emissions in terms of particle number (N) were 

evident in all cases as soon as the laser beam hit the target, and for the entire duration of the ablation 

run (20 minutes). Likewise, once the laser beam stopped, a rapid drop of N occurred allowing clear 

separation of each repetition. The highest emissions were registered during the ablation of UAW tiles 

(6.1*105/cm3), which released almost 6 times more particles than UBW (7.6*104/cm3) and 11 times 

more than UPG (4.6*104/cm3). The UBW showed higher emissions than UPG, but still in the same 

order of magnitude. The mean particle diameters in the range 10-700 nm (DiSCmini) were 59.6, 69.9 

and 84.7 nm for the UPG, UAW and UBW tiles respectively. 

The UPG and the UBW exhibited a very high reproducibility over their repetitions, while in the case 

of UAW the last repetition showed higher emissions in terms of particle number concentration than 

the first two. The reason behind this difference is that the two first repetitions were performed on 

the two opposite sides of the same tile (front and back), while the third one was performed on a 

different tile. Even though tiles of the same material (α-alumina) were used, crystallographic analysis 

of different UAW tiles showed that in some cases there was a minor phase of MgAl2O4 (spinel, Fig. S1) 

which may have affected the emissions. The ablation of UAW tiles requires melting at 2050ºC 

(Nedialkov, Atanasov, Sawczak, & Sliwinski, 2003) which is lower than the MgAl2O4 spinel melting 

point (2135ºC). Therefore, it may be concluded that a potentially higher melting temperature 

resulted in lower NP emissions. 
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Figure 3. Size distribution (3-100 nm) of particles emitted during ablation with the near-IR laser under low 

energy settings 

 

In order to explain the differences in the emissions of the different tiles their particle size distribution 

patterns were assessed (Fig. 3). During the ablation of UPG tiles under low energy settings, high NP 

concentrations in the size bins <10 nm were recorded (80-100 *103/cm3), evidencing nanoparticle 

emissions. The small sizes of NP detected suggest that they may source from nucleation from atoms 

and ions (Noël et al., 2007) as well as from gaseous precursors (A. S. Fonseca et al., 2015, 2016). As 

described above, in this scenario gaseous precursor emissions may originate from direct sublimation 

and from evaporation of the melt (cf. section 4). Hence, nucleation through different routes may be 

identified as the dominant emission mechanism during ablation of UPG tiles. 

In the case of the UAW tiles, two separate modes with high concentration of different sized particles 

may be observed. The first mode, from 3 to 10 nm (300-500 103/cm3), can be attributed to particle 

nucleation. As Nedialkov et al. (2003) found strong evidence of melt during pulsed laser ablation of 
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alumina, the second mode from 40 to 100 nm (300-500 103/cm3) can be attributed to the direct 

emissions of molten droplets (cf. section 4). Based on Figure 3 it may be concluded that two 

mechanisms, melting and nucleation, had similar contributions to the emissions of alumina in the 

size range 3-100 nm. 

The particles emitted during ablation of the UBW tiles consisted mainly of primary NPs (>40 nm), 

with a relatively minor contribution from nucleation. The irregular emission pattern for particles <5 

nm could have been influenced by instrumentational noise. The emission of nanoparticles (40-100 
nm), similar to the case of UAW, can be attributed to the melt expulsion from the surface of the 

irradiated tile. The melt formed and continued to be heated was then evaporated and the resulting 

vapours could have condensed to form <10 nm NPs (Fig. 3). The particle concentrations in the size 

range >40 nm (60-100 103/cm3) suggests that the dominant mechanism in this case was primary 

emissions due to melting of the tile surface. 

 

Figure 4. TEM images (right) and EDX spectra (left) of particles released during ablation under low energy 
settings, sourcing from: UPG (a), UAW (b), UBW (c) tiles 
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The TEM analysis of the particles collected during ablation of the different tiles is presented in Fig. 4. 

The main components of porcelain are silica and alumina (over 90%, Table S1). Nanoparticles 

released from UPG ablation (Fig. 4a) were mainly silica nanoparticles, with traces of sodium, which 

is a minor component in porcelain. The newly formed silica nanoparticles with diameters Dp ≤10 nm 

were in agreement with the SMPS size distribution and the nucleation mechanism proposed. The 

UAW tiles (Fig. 4b) released spherical particles originating from the ejection of melt droplets (>40 

nm), as well as nanoparticles formed by the condensation of melt vapours (<10 nm), which is 

consistent with the size distribution (Fig. 3). Similar is the case for the UBW (Fig. 4c), for which larger 

and spherical particles were detected (>40 nm), alongside with smaller NPs (<10 nm). As shown in 

Figure 4, agglomerates were also detected originating from the emission process or as a sampling 

artefact on the TEM grids. Due to the high particle concentrations monitored it was expected that 

particle aggregation and agglomeration should have taken place under this kind of particle emission 

scenario (Max L. Eggersdorfer, Kadau, Herrmann, & Pratsinis, 2012; Maximilian L. Eggersdorfer & 

Pratsinis, 2014). 

Particle mass concentrations were also monitored under low energy settings in four different size 

ranges (Fig. 5). UAW tiles released the highest mass concentrations during ablation. Contributions 

from the different mass size fractions can be clearly distinguished, confirming that particles of 

different sizes were emitted. The PM1/PM10 ratio for the UAW tiles was 87.5%, indicating that the 

main contributor to emissions was PM1. UPG and UBW tiles exhibited relatively low emissions in 

terms of mass, with all PM fractions contributing respectively less than 25 µg/m3. 

 

Figure 5. Particle mass concentrations during ablation with the near-IR laser under low energy settings 
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For both of these materials the ratio PM1/PM10 was approximately the same (≈80%), indicating a 

slightly higher contribution from larger particles (PM10) than the UAW tiles, probably originated from 

the ejection of grains due to generation of shockwaves. For porcelain tiles differences in thermal 

expansion coefficients between the matrix (glassy phase in the case of porcelain) and dispersed 

particles (quartz and alumina) or crystalline phases formed during this thermal process (mullite), 

producing strong compressive stresses on the glassy phase (Carty & Senapati, 1998). Specifically, for 

both the UPG and UBW tiles the presence of cracks around quartz particles was observed (Fig. S3), 

which suggests that under mechanical aggression these particles could be easily dislodged. Even 

though the grain ejection mechanism has a very limited contribution to the emissions in terms of 

particle number, the few large particles emitted may have a significant impact in terms of particle 

mass concentration. 

Table 3. Particle concentrations and mean diameters monitored during ablation with the near-IR laser. 

Target 
Tile 

 

Particle 
number 

concentration 
(N) 

Particle 
number 

concentration 
(N)  

Mean 
diameter 

Particle 
number 

concentration 
(N) 

Mean 
diameter 

PM2.5 

    4 nm-3 µm 10-700 nm 
10-700 

nm 
3-100 nm 3-100 nm   

    CPC (#/cm3) 
DiSCmini 
(#/cm3) 

DiSCmini 
(nm) 

SMPS (#/cm3) 
SMPS 
(nm) 

DustTrak 
DRX 

(µg/m3) 

 Low energy settings 

UPG 

Average 4.56*104 3.69*104 59.6 8.48*104 14.7 15.2 

St.dev. 8.81*103 6.94*103 2.8 9.73*103 2.0 1.4 

Max 5.30*104 5.54*104 66.8 1.08*105 19.2 19.0 

UAW 

Average 4.85*105 9.07*105 69.9 5.03*105 32.8 133 

St.dev. 9.64*104 1.40*105 7.9 4.41*104 3.2 13.9 

Max 6.13*105 1.28*106 86.1 5.85*105 39.3 143 

UBW 

Average 7.60*104 1.50*105 84.7 9.13*104 31.7 13.6 

St.dev. 1.50*104 2.06*104 2.6 8.13*103 0.9 1.6 

Max 9.13*104 1.82*105 89.3 1.11*105 33.8 18.0 

 High energy settings 

UPG 

Average 4.54*105 4.86*105 81.5 5.61*105 25.1 44.3 

St.dev. 8.01*104 7.33*104 7.3 1.09*105 1.6 3.7 

Max 6.29*105 6.48*105 95.1 7.58*105 28.4 59.0 

UAW 

Average 1.69*106 2.40*106 36.1 9.02*105 46.9 181 

St.dev. 2.45*105 2.32*105 2.0 1.61*105 1.6 7.6 

Max 2.24*106 2.70*106 39.9 1.19*106 50.5 205 

UBW 

Average 6.90*104 7.08*104 109 1.02*105 22.5 5.8 

St.dev. 1.63*104 2.12*104 16.8 3.04*104 1.7 2.5 

Max 1.23*105 1.38*105 144 1.64*105 24.5 18.0 
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3.1.2 Experiments carried out under high energy settings  

Higher energy settings were expected to have a major effect on ablation as higher temperatures, 

more intense and expanded plasmas, were introduced. 

 

Figure 6. Size distribution (3-100 nm) of particles emitted during ablation with the near-IR laser under high 

energy settings 

 

NP emissions in terms of particle number concentration were much higher under high energy 

settings in comparison to low energy settings for UAW and UPG tiles, while they were in the same 

range for UBW (Fig. 2). A good reproducibility was achieved and the patterns were similar to the ones 

obtained from the lower energy settings experiments. Specifically, for UAW tiles particle number 

concentrations under high energy settings increased by approximately a factor of three 

(1.7*106/cm3) and for UPG by one order of magnitude (4.5*105/cm3) compared to low energy 

settings. In the size range 10-700 nm mean diameters for the UPG and UBW tiles (Fig. S2 in 

Supplementary material) increased by approximately 20nm from the respective low energy values 

(Table 3) indicating a similar change in the particle release mechanisms for this size range. 

In terms of particle size distribution (3-100 nm, Fig. 6), different patterns were observed. NPs 

released from UPG tiles showed high concentrations in the size range 3-15 nm, which were 
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interpreted as sourcing from new particle formation. This mechanism is similar to the one described 

for the low energy settings (Section 3.1.1), although with higher concentrations. The latter may be 

explained by the fact that more intense and expanded plasma plume released larger amount of nuclei, 

which led to a higher number of newly formed particles (cf. section 4). In addition, higher rates of 

gaseous emissions were also expected due to higher energy, leading to enhanced new particle 

formation. Finally, the increased temperatures probably resulted in the melting of the surface of the 

tile and this led to the ejection of small droplets (30-100 nm, 300-500*103/cm3) due to the pressure 

gradient. As a result, Fig. 6-UPG shows the prevalence of new particle formation, with a shift of the 

specific mode to larger particle diameter over time compared to low energy settings (from 5-10 nm 

to 3-20 nm), together with a higher contribution of NPs in the >60 nm size bins probably originating 

from emission of droplets (500*103/cm3). One trait of these emissions, detected also for UAW under 

high-energy settings (Figure 6), was the evolution of particle number concentrations as a function of 

time, with increasing numbers of particles between approximately 3-10 nm and 30-60 nm. A similar 

pattern was observed for GER tiles with the mid-IR laser (Figure 10), for particles between 20-40 

nm. These patterns could be related to new particle formation, growth, agglomeration, or linked to 

sampling artefacts, but the data available at present is not sufficient to extract robust conclusions. 

Further research would be necessary to understand this temporal pattern which was observed for a 

subset of laser-tile combinations. 

The high energy settings had a similar influence on the UAW tiles, and a shift towards primary 

emissions was observed. Under low energy settings the dominant formation mechanism was melting 

for UAW tiles (Fig. 3), and this became even more evident with the increased energy input (Fig. 6). 

The presence of NPs <10 nm (3.1*108/cm3) was also detected, but their relative contribution was 

much lower than that of particles in the 30-100 nm size range (7.2*108/cm3). 

A completely different pattern in terms of particle size distribution was observed for the UBW tiles. 

While NPs >70 nm dominated emissions under the low energy settings (100*103/cm3, Fig. 3), when 

higher energy was applied the results showed dominance of NPs <10 nm (100*103/cm3, Fig. 6). As 

the plasma plume was expanded it favoured a higher rate of new particle formation, but at the same 

time it hindered the energy transfer from the laser to the surface of the tile, thus limiting the 

expulsion of melt droplets (>70 nm). 

NPs formed during high energy ablation conditions were collected on TEM grids (Fig. 7). Particles 

released during the ablation of the UPG tiles were mainly consisting of silica (Fig. 8a), while the 

coarser spherical particles had similar composition to the tile (Table S1 in Supplementary material). 

The silica content of the UPG tiles was much higher than that of alumina (Table S1) and porcelain 

tiles have typically free silica, whilst alumina is combined with other compounds mainly forming 

mullite and abundant in vitreous silica phases (Sánchez et al., 2010; Sanchez, Orts, Garcia-Ten, & 

Cantavella, 2001). Thereafter, silica rich vapours formed and condensed, promoting silica to emerge 

as the phase that dominated particle nucleation during UPG processing. Furthermore, oxides lose 

oxygen at high melting temperatures, consequently they become reduced and may decompose 

partially, which is also the case for silica where the suboxide (SiOx) forms upon melting and reacts in 

air to form nanosized SiO2 (Fricke-Begemann, Meinertz, Weichenhain-Schriever, & Ihlemann, 2014; 

Saxena, Agarwal, & Kanjilal, 2011; Slaoui, Fogarassy, Fuchs, & Siffert, 1992; Zhang, Lifshitz, & Lee, 

2003). Two types of alumina particles can be seen in Fig. 7b: NPs originating from nucleation (Dp <10 
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nm), and larger spherical particles from the droplets of molten material. Similar results were 

obtained for UBW tiles (Fig. 7c). 

 

Figure 7. TEM images (left) and EDX spectra (right) of particles released during ablation under high energy 
settings, sourcing from: UPG (a), UAW (b), UBW (c) tiles 

 

To conclude, even though the two porcelain tiles (UPG and UBW) had similar chemical composition 

(Table S1), differences in their NP emissions were observed. Specifically, SiO2 NPs were formed and 

released in the case of UPG but not from the UBW tiles. This may be explained by the fact that the two 

porcelain tiles had different microstructures (Fig. S3 in Supplementary material). While the surface 

of the UPG tile shows agglomerates of grains in a vitreous (amorphous) matrix, the UBW tiles exhibit 

a more homogenous surface. Based on the above, it was interpreted that as the laser moved onto the 

surface of the UPG tile it would have melted and evaporated the different components, and 



Chapter 4. Results 

 
55 

consequently released species with different chemical composition than the matrix. Conversely, in 

the case of UBW tile all of the species emitted – and thus NPs – had the same chemical composition. 

 

 

Figure 8. Particle mass concentrations during ablation with the near-IR laser under high energy settings 

 

Particle mass concentrations are shown in Fig. 8, where PM2.5 emissions from UPG tiles (44 µg/m3) 

were higher by a factor of 3 when compared to the low energy settings (Table 3). Hence, higher 

energy laser processing results in increased particle mass as well as number concentrations. The 

situation was different for UBW tiles, where a reduction was observed for particle mass 

concentrations, and PM2.5 values (5.8 µg/m3) decreased by a factor of two when compared to the low 

energy settings (Table 3). The PM1/PM10 ratio also decreased to 64%, indicating a relatively higher 

contribution of coarser particles to emissions in particle mass. Due to the high temperatures achieved 

with the laser different chemical reactions and transformations were induced: the porous UBW tiles 

released nanosized particles from the homogenous melt, while in the case of dense porcelain tiles 

(UPG) thermal shock results in ejection of grains due to differences in thermal expansion coefficients 

(Lahoz et al., 2011; Pascual-Cosp et al., 2002, 2001). Therefore, the UPG released more particle mass 

than the UBW and these results are also in agreement with those obtained for particle number 

concentrations (Fig. 2). 

Finally, particle mass concentrations for UAW tiles were similar under low and high energy settings, 

as was also the PM1/PM10 ratio (86%). The relative shift in particle size distribution observed for NPs 

emitted during ablation of this kind of tile did not have an impact on particle mass concentrations, 

given that the major concentration of particles monitored had diameters 3-100 nm. 
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3.2 Mid-IR laser  

Particle number concentrations emitted from the UPG tiles (Fig. 9) were slightly lower (2.37*105 

/cm3) when compared to the n-IR laser (high energy,4.54*105/cm3), but still in the same order of 

magnitude. However, particle emissions in the range 3-100 nm (Figure 10) were low and closer 

(1000/cm3) to the instrument’s detection limit than for other types of tiles, which might explain the 

irregular pattern observed (Figure 10, top). This might also be explained by the fact that mechanisms 

which would have formed nanoparticles (e.g. nucleation) were minor contributors to the emissions. 

Particle number concentrations in the range 3-100 nm were the lowest of all the cases studied and 

mean particle diameter in the range 10-700 nm was larger (160 nm, Table 4) than in the case of the 

near-IR laser. Thus, the dominant ablation mechanism for this kind of tile was attributed to grain 

ejection due to shockwaves, which would have released small numbers of coarser particles (Figures 

10 and 12). 
  

 

Figure 9. Particle number concentrations (size range 4nm-3µm) during ablation of the different types of tiles 

with the md-IR laser 

 

In the case of UBW tiles, particle number concentrations increased from the n-IR (high energy) to the 

mid-IR laser ablation (from 6.9*104/cm3 to 1.59*105/cm3; Table 3 and 4 respectively). However, the 

particle size distribution in the range 3-100 nm (Fig. 10) showed a very different pattern suggesting 

different ablation mechanisms. In the n-IR case (Fig. 6) nucleation was the dominant mechanism with 

a minor contribution of melting, while in the case of mid-IR laser there was a more uniform release 

of NPs in all size bins. Thus, no dominant NP formation mechanism was identified, it can rather be 

interpreted that a combination of mechanisms was contributing similarly to the emissions in this 

specific size range (3-100 nm). Finally, particle emissions during ablation of the GER tiles were 



Chapter 4. Results 

 
57 

noticeable due to the unexpectedly high concentrations monitored (2.6*106/cm3; Fig. 9). GER was 

ablated under two energy settings aiming to understand these emissions. The high particle number 

concentrations were almost one order of magnitude higher than for any of the other materials, even 

under the lower energy settings. 

 

Figure 10. Size distribution (3-100 nm) of particles emitted during ablation with the mid-IR laser 
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The particle size distribution patterns (3-100 nm; Fig. 10) were very similar and reproducible for 

both energy settings, and dominated by NPs <20 nm with an increasing contribution of <40 nm NPs 

as the tile was being ablated. This would suggest a strong influence of nucleation and new particle 

formation processes. In addition, during ablation it is expected that the glaze, the main difference 

with the previous materials, would have molten and generated the ejection of droplets of different 

sizes in this case mainly >100 nm. Thus, these particles would have been outside the scanning range 

of the SMPS system used in this work, but not of the CPC (4nm-3µm, Fig. 9). These coarser particles 

were detected by TEM and are shown in Fig. 11. 

 

 

Figure 11. TEM images (left) and EDX spectra (right) of particles released during ablation using mid-IR laser, 
sourcing from UPG (a), UBW (b), GER (c) tiles 
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TEM images of particles emitted during ablation with the mid-IR laser are shown in Fig. 11. As 

evidenced by the shape and size of the particles emitted (Fig. 11a), coarse grains of UPG tiles were 

released due to the mechanical shockwave mechanism. EDX analysis of the smaller spherical 

particles (Fig. 11a marked in red) showed that they consist of SiO2, probably originating from the 

evaporation of silica, as was described in section 3.1.2. The case is similar for UBW tiles (Fig. 11b), 

where spherical particles were also present. The formation of silica particles during the ablation of 

the UBW occurred during irradiation with the mid-IR laser, while this effect was not observed with 

the near-IR laser. The higher energy transmitted to the surface of the same tiles, as well as the 

different wavelength of the radiation, may create a more extensive heat-affected zone and modify the 

formation and release mechanisms, a fact that can be observed in the shape and size of the particles 

emitted (Fig. 11). Finally, different types of particles were identified during ablation of GER tiles (Fig. 

11c): spherical and relatively coarser particles (>200 nm) originating from melt ejection, while 

irregular aggregates and NPs <20 nm are attributed to nucleation processes. The majority of the 

particles consisted mainly of zinc oxide, which is in the glassy phase of the glaze (Aparici, Moreno, 

Escardino, Amoros, & Mestre, 1994). 

 

Table 4. Particle concentrations and mean diameters monitored during ablation with the mid-IR laser 

Target 
Tile 

 

Particle 
number 

concentration 
(N) 

Particle 
number 

concentration 
(N) 

Mean 
diameter 

Particle 
number 

concentration 
(N) 

Mean 
diameter 

PM2.5 

  4 nm-3 µm 10-700 nm 
10-700 

nm 
3-100 nm 3-100 nm  

  CPC (#/cm3) 
DiSCmini 
(#/cm3) 

DiSCmini 
(nm) 

SMPS (#/cm3) 
SMPS 
(nm) 

DustTrak 
DRX 

(µg/m3) 

UPG 

Average 2.37*105 1.70*105 97.4 4.94*104 29.4 171 

St.dev. 1.24*105 1.16*105 35.6 3.22*104 5.9 134 

Max 5.73*105 5.13*105 187 1.49*105 38.6 674 

UBW 

Average 1.59*105 1.62*105 96.7 6.64*104 28.1 727 

St.dev. 3.29*104 3.07*104 8.2 1.28*104 2.1 231 

Max 2.14*105 2.20*105 110 1.03*105 32.7 1160 

GER 

Average 2.62*106 1.47*106 48.5 2.03*106 12.8 4450 

St.dev. 6.48*105 5.58*105 7.5 1.96*106 3.9 2259 

Max 3.79*106 2.70*106 61.5 6.76*106 18.8 11900 

GER (low 
energy 

settings) 

Average 1.76*106 8.39*105 68.1 2.63*106 12.4 3119 

St.dev. 2.97*105 1.56*105 10.1 5.64*106 4.4 2062 

Max 2.43*106 1.45*106 97.1 2.45*107 18.9 10400 

 

High particle mass concentrations (up to PM2.5 11900 µg/m3) with irregular emission patterns were 

recorded for the GER tiles, which varied as a function of the energy settings (Figure 12). The 

shockwave mechanism was attributed as the main contributor to these emissions. For UBW tiles 
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mass concentrations were higher by 2 orders of magnitude (Table 4) than those monitored with the 

near-IR laser, while only by a factor of 2 in terms of particle number concentration. This fact confirms 

the change in the dominant emission mechanism from nucleation and droplets expulsion with the 

near-IR laser, to the mechanical shockwave with the mid-IR laser. For the UPG tiles, particle number 

concentrations decreased by a factor of 2 while particle mass concentrations increased by a factor of 

4 with the mid-IR laser when compared to values obtained with the n-IR laser (Tables 3 and 4). The 

above offer a validation on the relevance of the mechanical shockwave mechanism with mid-IR PLA 

of ceramic tiles. 

 

Figure 12. Particle mass concentrations of the emissions, for the different tiles and energy settings during 
ablation with the mid-IR laser 

4. Discussion  

Particle formation mechanisms during PLA of ceramic tiles were proposed by correlating measured 

particle number concentrations and size distributions with ablation phenomena described in the 

ceramic literature. Parameters found to influence particle emissions were laser type and energy 

settings, as well as the type of tile and their surface characteristics (chemical and physical). The 

mechanisms which contributed to particle emissions in this study are summarised in Figure 13, 

including the relationship between the dominant particle emission mechanisms and the types of laser 

used. Based on the results presented in the previous section, particle nucleation was the dominant 

mechanism in terms of particle number emissions in the size range 3-20 nm, while high emissions in 

terms of particle mass concentrations were attributed to mechanical shockwaves (>100 nm). 

Conversely, tile melting contributed to particle mass and number emissions given that it may 

generate droplets with a wide range of particle diameters (with a mean diameter around 40 nm). It 

should be noted that the melting mode comprises also agglomerates and aggregates of smaller 

particles, as evidenced in Figures 4 and 11. Due to high surface energy the smaller nanoparticles have 

a strong tendency to rapidly form agglomerates in order to reach a more stable state (Max L. 
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Eggersdorfer et al., 2012; Polte, 2015). Agglomerates can have a wide range of sizes depending on 

the primary size of the particles as well as the number of clustered particles. Further research is 

necessary to distinguish between the contributions solely from the melting mechanism and from 

nanoparticle agglomeration. Finally, with regard to the influence of the type of laser, nucleation and 

melting were observed with the near-IR laser whereas melting and mechanical shockwaves were 

more present in the case of the mid-IR laser. 

 

Table 5. Emission mechanisms identified and their characteristics during PLA of different ceramic tiles 

Energy 

Settings 

Emission 

characteristics 
UPG UAW UBW GER 

Near-IR Laser 

Low 

Np – CPC (/cm3) 4.6*104 4.9*105 7.6*104 - 

Mean Dp – SMPS (nm) 14.7 32.8 31.7 - 

Np – SMPS (/cm3) 8.5*104 5.0*105 9.1*104 - 

PM2.5 (µg/m3) 15.2 133 13.6 - 

Dominant mechanism Nucleation Nucleation, Melting Melting - 

High 

Np – CPC (/cm3) 4.5*105 1.7*106 6.9*104 - 

Mean Dp – SMPS (nm) 25.1 46.9 22.5 - 

Np – SMPS (/cm3) 5.6*105 9.0*105 1.0*105 - 

PM2.5 (µg/m3) 44.3 181 5.8 - 

Dominant mechanism Nucleation, Melting Nucleation, Melting Nucleation - 

Mid-IR Laser 

Standard 

Np – CPC (/cm3) 2.4*105 - 1.6*105 2.6*106 

Mean Dp – SMPS (nm) 29.4 - 28.1 12.8 

Np – SMPS (/cm3) 4.9*104 - 6.6*104 2.0*106 

PM2.5 (µg/m3) 171 - 727 44450 

Dominant mechanism Shockwave - Combineda Combineda 

Low 

Np – CPC (/cm3) - - - 1.8*106 

Mean Dp – SMPS (nm) - - - 12.4 

Np – SMPS (/cm3) - - - 2.6*106 

PM2.5 (µg/m3) - - - 3119 

Dominant mechanism - - - Combineda 
a Combined contribution from nucleation, melting and shockwaves. 

 

Table 5 links the particle emission characteristics observed with the emission mechanisms proposed, 

for all the combinations of tiles and laser parameters. For the near-IR laser, total particle number 

concentrations (measured with CPC) increased by one order of magnitude (104 to 105/cm3, and 105 

to 106/cm3) with increasing energy (from low to high) for two of the three tiles (UPG and UAW, 

respectively), while the UBW tile showed a slightly different pattern with similar total particle 

emissions for both energy settings (104/cm3). When looking strictly at the 3-100 nm size range 

(measured with SMPS), particle number concentrations did show an increasing trend for all of the 

materials with increasing energy input. Mean particle diameter increased for UPG and UAW from the 

low to the high energy inputs, while the UBW tiles showed again a different trend (with decreasing 

particle diameter). Furthermore, for particle mass concentrations (PM2.5 in Table 5) emissions from 
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UPG and UAW tiles with the n-IR laser increased from lower to higher energies, while they decreased 

for the UBW tiles (in accordance with the dominant mechanism). The same was observed regarding 

the dominant mechanisms proposed for particle emission: the UPG and UAW tiles followed an 

evolution, from low to high energy inputs, from nucleation-dominated emissions to melting, and 

finally mechanical shockwave (Figure 13). Conversely, the UBW tiles showed a prevalence of melting 

with low energy inputs, and of nucleation for the high energy settings, which suggests that higher 

energy inputs were necessary to generate the adequate conditions for nucleation, for this type of 

tiles. 

Given that the UPG and UBW tiles have a similar chemical composition (Table 1), these results 

suggest that tile physical properties such as microstructure (i.e. crystallinity, Figure S6 in 

Supplementary material), optical properties (colour) or porosity play a relevant role in particle 

emissions. Hence, it may be concluded that the type of material, as well as the laser parameters, affect 

particle emissions during PLA of ceramic tiles. The different patterns observed for the UBW tiles 

when compared to the UPG and UAW tiles require further research, in order to understand the 

differences detected. However, it should be noted that UBW is typically an intermediate product in 

the ceramic industry, and not as relevant from a particle emission and workplace exposure 

perspective as the other materials, much more generally used in the industry. 

 

 

Figure 13. Schematic illustration of NP formation and release mechanisms during PLA of ceramic tiles 
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5. Conclusions 
This work presents an interdisciplinary study, which aims to establish a connection between aerosol 

research, laser ablation and ceramic technology, with potential implications for human health. NP 

emissions were monitored during pulsed laser ablation (PLA) of ceramic tiles with the aim to 

understand the mechanisms behind particle formation and release. The assessment of particle 

number concentrations and size distributions evidenced that particle formation was directly 

connected with ablation phenomena. Four different types of tiles (unglazed porcelain, unglazed 

alumina, unglazed biscuit porcelain and glazed earthenware) and two lasers (near-IR and mid-IR) 

were used. Irrespective of the combination of laser and tile used, high concentrations of NPs were 

released during PLA of ceramic tiles. The ceramic tile composition, physicochemical properties, and 

surface microstructure are parameters which affect particle release during PLA. In terms of particle 

number, emissions were higher during the ablation of unglazed alumina (UAW) and glazed 

earthenware (GER). SiO2 and Al2O3 particles (>10 nm) were formed through different nucleation 

pathways during ablation of the ceramic tiles. 

Although a combination of mechanisms was seen to contribute to particle number emissions, the 

dominant ones were nucleation and melting with the near-IR laser, whereas they were melting and 

mechanical shockwaves for the mid-IR laser. Melting and the subsequent ejection of droplets in the 

range 40-700 nm were found to have a significant contribution in terms of particle number 

concentration. Nucleation generated particles <20 nm, and mechanical shockwaves released 

particles >100 nm. Thus, the ablation of tiles for which the dominant mechanism was nucleation 

resulted in high particle number concentrations, whereas for tiles dominated by mechanical 

shockwaves high particle mass concentrations were monitored. These results are potentially 

relevant from the point of view of exposure mitigation strategies in industrial facilities where PLA is 

carried out. The localized extraction system implemented in the scenarios assessed proved to be an 

efficient mitigation measure, as it prevented particle release to the worker area. 
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Table S1. Chemical characterisation of the tiles under study. 

UBW UAW UPG Glaze* 

Component 
Content 

(wt%) 
Component 

Content 

(wt%) 
Component 

Content 

(wt%) 
Component 

Content 

(wt%) 

SiO2 70.2 Al2O3 97.3 SiO2 70.6 SiO2 55.7 

Al2O3 19.8 SiO2 1.3 Al2O3 18.9 ZnO 12.0 

Na2O 5.8 MgO 0.5 Fe2O3 1.0 CaO 10.2 

K2O 1.29 Na2O 0.2 Na2O 3.7 ZrO2 7.0 

CaO 0.71 CaO 0.04 K2O 1.9 Al2O3 4.3 

TiO2 0.62 Fe2O3 0.03 CaO 0.6 K2O 3.9 

Fe2O3 0.51 K2O 0.03 MgO 0.2 B2O3 3.6 

MgO 0.35 BaO 0.03 TiO2 0.9 MgO 2.5 

P2O5 0.13 TiO2 0.01 MnO 0.01 HfO2 0.14 

BaO 0.03 MnO 0.01 P2O5 0.3 Na2O 0.10 

ZrO2 0.03 P2O5 0.01 Cr2O3 0.3 Fe2O3 0.05 

SrO 0.02   ZrO2 1.0 TiO2 0.05 

MnO 0.01     PbO 0.03 

      P2O5 0.03 

      BaO 0.01 

      Li2O <0.01 

      SrO <0.01 

*The chemical composition refers only to the glaze, and not the body of the GER tile, since that was the part 

processed by the laser 
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Figure S1. X-ray powder diffraction pattern of UAW α-Alumina tiles, (a) pure α-Alumina and (b) the tile with 

dominant phase of α-Alumina and a minor phase (trace) of spinel MgAlO 
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Figure S2. Mean particle diameter (nm) and number concentration (10-700 nm) for low and high energy 

settings, monitored with DiSCmini. 

 

Table S2. Laser parameters and energy settings applied for the two laser set-ups. 

Energy settings 

 

Near-IR laser Mid-IR laser 

Low High Standard Low 

Laser power (W) 11.5 20   

Duty cycle (%)   30 15 

Spacing between lines 

(mm) 
0.02 0.03 0.8 0.8 

Laser velocity (m/min) 1.5 1.5 4 4 

Frequency (kHz) 20 25 20 15 

Pulse duration (ns) 100 200 50000 66667 

 

a 

UPG 
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Figure S3. SEM images of the surfaces of untreated porcelain tiles. UBW (a,b) and UPG (c,d) 

 

c 

b 

d 

a 



Chapter 4. Results 

 
72 

Figure S4. Mean particle diameter (nm) and total particle number concentration (10-700 nm) for the different 

tiles and energy settings during ablation with the mid-IR laser. 

 

 

Figure S5. TEM image and EDX spectra of NPs emitted during GER ablation with the mid-IR laser. 

 

 

UPG 
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UPG 
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Figure S6. Mineralogical – crystal phase – analysis from the surface of the ceramic tiles (UBW, UPG, GER) 

 

 

Figure S7. a) Incident laser beam during the PLA of UPG (3rd repetition), b) instruments in the far-field location, 

c) instruments in the near-field location (the laser was operated from the computer), d) layout of the 

monitoring location (left) and the emission source location (right)
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Abstract 

Thermal spraying is widely used for industrial-scale application of ceramic coatings onto metallic 

surfaces. The particular process has implications for occupational health, as the high energy process 

generates high emissions of metal-bearing nanoparticles. Emissions and their impact on exposure 

were characterised during thermal spraying in a work environment, by monitoring size-resolved 

number and mass concentrations, lung-deposited surface area, particle morphology and chemical 

composition. Along with exposure quantification, the modal analysis of the emissions assisted in 

distinguishing particles from different sources, while an inhalation model provided evidence 

regarding the potential deposition of particulate matter on human respiratory system. High particle 

number (>106/cm3; 30-40 nm) and mass (60-600 µgPM1/m3) concentrations were recorded inside 

the spraying booths, which impacted exposure in the worker area (104-105/cm3, 40-65 nm; 44-87 

µgPM1/m3). Irregularly-shaped, metal-containing particles (Ni, Cr, W) were sampled from the worker 

area, as single particles and aggregates (5-200 nm). Energy dispersive X-ray analysis confirmed the 

presence of particles originated from the coating material, establishing a direct link between the 

spraying activity and exposure. In particle number count, 90% of the particles were between 26-90 

nm. Inhaled dose rates, calculated from the exposure levels, resulted in particle number rates (�̇�) 

between 353×106-1024×106/min, with 70% of deposition occurring in the alveolar region. The 

effectiveness of personal protective equipment (FPP3 masks) was tested under real working 

conditions. The proper sealing of the spraying booths was identified as a key element for exposure 

reduction. This study provides high time-resolved aerosol data which may be valuable for validating 

indoor aerosol models applied to risk assessment. 

Keywords: nanoparticles; exposure assessment; inhalation exposure; inhalation model; 

occupational health; modal analysis; process-generated nanoparticles 
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Introduction 

In numerous industrial sectors such as petroleum (Moskowitz 1993), naval (Baiamonte et al 2015), 

automobile (Gérard 2006), or aeronautical and space (Pawlowski 2008a, Strangman 1985), metal 

structures and mechanical parts are exposed to highly corrosive environments, and subject to 

mechanical and chemical abrasion. In these cases, protective ceramic coatings are widely used to 

prevent corrosion and wear, as well as to restore damaged surfaces (Lima and Marple 2006, Tan et 

al 1999, Toma et al 2010). Such coatings are frequently applied using thermal spraying techniques, 

where the feedstock (the coating material) is projected at high temperature and velocity onto the 

surface to be protected or repaired. Different types of spraying torches (electric arc, plasma, flame) 

define the types of thermal spraying techniques (Pawlowski 2008b). 

This industrial process has been reported to generate high concentrations of nanoparticles (NP, with 

diameters < 100 nm) at pilot-plant scale (Viana et al 2017), which may result in occupational hazards 

(Hériaud-Kraemer et al 2003). Previous studies of thermal spraying emissions using offline 

measurements focused on the chemical characterisation of particles collected on filters (Huang et al 

2016, Petsas et al 2007), showing also that these sources are associated with high particle mass 

concentrations. Furthermore, high NP number concentrations (> 109/cm3) were monitored directly 

from electric arc guns (Bémer et al 2010). At pilot-plant scale, Viana et al. (2017) showed that NP 

released during atmospheric plasma spraying may impact worker exposure significantly. Despite the 

widespread industrial application of thermal spraying, emissions generated under real-world 

operating conditions are not well studied. Similarly to thermal spraying, the emissions of NP from 

other industrial processes and their impact on worker exposure is a growing topic of research (Ding 

et al 2017, Fonseca et al 2015, 2016, 2018, Fujitani et al 2008, Koivisto et al 2018, Koponen et al 2015, 

Kuhlbusch et al 2004, Losert et al 2014, Salmatonidis et al 2018, Viitanen et al 2017), and requires 

further investigations due to the large variety of processes and exposure scenarios. Awareness for 

nanomaterial release was raised (Maynard et al 2006, Poland et al 2008, Seaton et al 2010) since the 

use of manufactured nanomaterials (MNMs) in workplaces started. However, NP emissions can arise 

from multiple processes that neither produce nor use nanomaterials, which are referred as Process 

Generated Nanoparticles (PGNP) (Van Broekhuizen, et al 2012). 

Pope et al (1995) associated air pollution with adverse health effects based on epidemiological 

evidence. Further epidemiological and toxicological studies showed that PM2.5 (particles with 

diameter ≤2.5 µm) is a health hazardous pollutant (Gakidou et al 2017, Landrigan et al 2017, C Pope 

et al 2002, C. Pope and Dockery 2006, WHO 2017). More specifically, aerosol particles <100 nm 

(ultrafine) are linked to adverse health effects mainly due to exposure through inhalation (Araujo et 

al 2008, Hoek et al 2010, Ibald-Mulli et al 2002, Knibbs et al 2011, Landrigan et al 2017, Oberdörster 

2001). In indoor air and more specifically in industrial settings, PGNPs pose an occupational risk, 

since they are unintentionally generated and released to the worker area, and they are potential 

health hazards (Koivisto et al., 2014). Health risks need to be dealt with by means of both 

technological and non-technological mitigation strategies (Ganser and Hewett 2017, Hallé et al 2015, 

Hewett and Ganser 2017, Shaffer and Rengasamy 2009). 

The aim of this work was to assess NP emissions during thermal spraying of ceramic coatings onto 

metallic surfaces and their impact on inhalation exposure, under actual operating conditions in a 
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real-world industrial setting. A near field (NF) / far field (FF) approach as used by Koivisto et 

al.(2015), among others, was applied. Workplace exposure monitoring strategies applied followed 

good practice as described by Asbach et al. (2015) and Brouwer et al. (2014), which were the base 

for internationally-recognised standard procedures (OECD.82, 2017). Modal analysis based on time-

resolved particle number concentrations was used to quantitatively understand the size distribution 

and modal dependence of the aerosols generated during thermal spraying (Hussein et al 2005). 

Finally, a case study testing the effectiveness of mitigation strategies is presented. 

 

 

Figure 1. (a): Schematic representation of the thermal spraying section of the investigated facility 
(Extraction*: data not available). (b): instrument deployment in the near field location. (c): booth 

#3, showing the thermal spraying robot and the operator processing one of the work-pieces. 
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Methods and Materials 

Work environment 

Monitoring of thermal spraying was carried out at an industrial-scale precision engineering 

workshop (T.M. Comas) located in the vicinity of Barcelona, Spain. Measurements were carried out 

over a 5-day period in April 2017, and did not interfere with the usual operating conditions in the 

plant. The thermal spraying facilities are schematically depicted in Figure 1 (top). Three thermal 

spraying booths were located in an area of approximately 240 m2 (14 m wide and 17 m in length), 

including also a storage and a central corridor. In all cases the operators of the thermal spraying 

equipment worked inside and outside the booths during spraying, and each booth had doors which 

were not always closed. Two small-scale sand blasting boxes for polishing the final pieces were 

located next to the spraying booths, but they were not operated simultaneously to the activities 

reported in this work. A general ventilation system operated constantly in the central area, with three 

extractors having a flow of 11800 m3/h each (data provided by the company, not measured directly 

in this work). Additionally, in each of the plasma booths individual localised extraction systems were 

available (Figure 1a, Table 1). Information regarding the individual extraction air flowrates was only 

available for booth #3 (6500 m3/h). The operational characteristics of each of the spraying activities 

and booths are summarised in Table 1. Because the duration of the individual spraying activities 

varied according to the parts to be coated, mean values of spraying duration and repetitions were 

different for each booth (Table 1). 

 

Thermal spraying techniques and feedstock 

Two different types of thermal spraying techniques were assessed: 

- Atmospheric Plasma Spraying (APS), characterised by high temperatures (5000-20000 ºC) 

and projection velocities of 200-500 m/s. This technique was applied in plasma booth #1 

(Figure 1). APS is generally used to project oxides and metals, which in this case of our 

measurements were a TiO2-Al2O3 blend and a Cr-Ni blend (2 different feedstock materials 

that were applied separately). 

- High Velocity Oxy-Fuel coating spraying (HVOF), characterised by high velocities (425-1500 

m/s) and lower temperatures (2900 ºC). This type of spraying was applied in booths #2 and 

#3 (Figure 1b, bottom). Due to the lower temperatures compared to APS, HVOF is frequently 

used to project carbides and metals. During our measurements a WC-Co-Cr-Ni blend 

feedstock was used in booth #2, and a WC-CrC-Ni blend in booth #3.  

Additional information about the feedstock powders is provided in Table S1 (Supplementary Data). 
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Table 1. Operational characteristics of each of the spraying booths and locations in the thermal spraying 

facility. 

Characteristics Booth #1 Booth #2 Booth #3 Central area 

Thermal spraying technique APS HVOF HVOF None 

Spraying duration 20-30 minutes 5-10 minutes 5-10 minutes None 

Nr. repetitions/half-day 3 2 7-9 None 

Type of parts coated Large, single part Large, single part 
Small, several 

parts 
None 

Door Mostly closed Open Open/closed None 

Volume (ca.,m3) 84 114 68 465 

Local exhaust/ventilation flow N.A. N.A. 6500 m3/h 3×11800 m3/h 

Personal protective equipment 

Respirators 
Pressurised 

respirator hood, 
FPP3 mask 

FPP3 mask FPP3 mask None 

Cloths Protective jacket None Protective jacket None 

Gloves 
High temperature 

gloves 
None 

High temperature 
gloves 

None 

N.A.: not available. APS: Atmospheric Plasma Spraying. HVOF: High Velocity Oxy-Fuel coating spraying. 

 

Particle monitoring and sampling 

Particle number concentration (N), size-segregated mass concentrations (PMx), size distribution, 

mean diameter (Dp) and lung-deposited surface area (LDSA) were monitored at near field (NF) and 

far field (FF) locations. The NF location was inside each of the spraying booths, while the FF was next 

to the storage area in the case of booth #3 and in the middle of the central area in the case of booths 

#2 and #3 (Figure 1a). The monitoring instruments in the FF and their inlets were located between 

0.7 and 1.5 m above ground and were not placed directly inside the breathing zone (Ojima, 2012). 

The resulting measurements were considered representative of worker exposure, by assuming that 

the concentrations in the NF and FF were well-mixed. The online particle monitors deployed were: 
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 A Miniature diffusion size classifier “DiSCmini” (TESTO AG), that can measure particles 

having sizes from 10 to 700 nm, and can report total particle number (N), mean particle 

diameter (Dp) and lung deposited surface area (LDSA) with a 10 s time resolution. This 

instrument was deployed both in the NF and FF locations. 

 A Mini Laser Aerosol Spectrometer “Mini-LAS 11-R” (GRIMM), that was used to measure 

particles in the size range 0.25-32 µm, and report total and size-segregated particle mass 

concentrations in 31 channels with a 6 s time resolution. This instrument was deployed both 

in the NF and FF locations. 

 An Electrical mobility spectrometer “Nanoscan-SMPS” (TSI model 3910), covering particles 

in the size range 10-420 nm, that was used to measure the particle mobility size distributions 

in 13 channels with a 1-min time resolution. This instrument was deployed only in the FF 

location. 

 A Mini Wide Range Aerosol Spectrometer “Mini-WRAS” (GRIMM), that can measure particles 

having sizes from 10 nm to 35 µm, for monitoring the particle mass concentrations across 41 

channels. This instrument was also deployed in the FF location. 

The mini-LAS units were operated enclosed in a protective case with a vertical stainless steel inlet 

(Figure 1b). Inlet extension tubes were not used for any of the other instruments. The default 

(manufacturer) impactor was used for the DiSCmini (cut-off diameter of 700 nm) and the default 

cyclone (cut-off diameter of 550 nm) was used for the Nanoscan. The DiscMini and MiniWRAS 

instruments were inter-compared prior to the measurements at an air quality monitoring station in 

Barcelona (Spain), using ambient air aerosols. The comparison resulted in R2 coefficients >0.89, and 

as result the instruments were considered comparable for the purpose of our study (Table S2). 

In addition to the online measurements described above, samples were collected on electron 

microscopy grids (Agar scientific Quantifoil 200 Mesh Au) for offline morphological and 

physicochemical particle characterisation. A Leland pump (SKC Inc.) with a flow of 5 L/min was 

connected to a cassette (SKC inlet diameter 1/8 inch and filter support pads that were 25 mm in 

diameter) to which the microscopy grid was attached. The morphology and primary particle size of 

the particles collected were analysed using Transmission Electron Microscopy (TEM; Jeol, JEM 1220, 

Tokyo, Japan) and TEM/HRTEM, FEI, Tecnai F20 (200 KV, Eindhoven, Netherlands) coupled with an 

Energy-Dispersive X-ray (EDX) spectrometer, following a similar method as Voliotis et al. (2014). 

Modal analysis 

While modal analysis has been applied to characterise the size distributions of atmospheric aerosols 

regarding the physicochemical processes they have been involved in (Hussein et al 2005), this type 

of analysis is seldom applied to indoor or, more specifically, industrially produced aerosols. 

In the present study, NanoScan measurements were expressed as dN/dLogdp distributions to apply 

modal analysis, because this method assumes that particle number concentrations are log-normally 

distributed across their size range. Their distribution can be analysed as three modes: Mode10-25nm, 

Mode26-90nm, and Mode91-660nm which includes mainly accumulation mode particles. The algorithm for 

modal analysis uses a non-linear least square fitting, based on the interior-reflective Newton method 
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(Coleman and Li 1994, 1996). The 3 lognormal fitted curves and their parameters (geometric 

standard deviation, GSDi; geometric mean diameter, GMDi; and mode number concentration, Ni) 

were calculated following the same assumptions and conditions as Hussein et al (2005). The modal 

analysis was performed exclusively on the size-distribution data obtained with NanoScan. 

Inhalation model 

The inhalation dose of deposited particles in the respiratory system was quantified by multiplying 

particle size concentrations on the worker area by the ICRP human respiratory tract model 

deposition probability (Cousins et al 2011). A respiratory volume of 25 L/min was used, which 

corresponds to male respiration during light exercise (Koivisto et al 2012). The regional dose was 

calculated for head airways, tracheobronchial and alveolar regions by using simplified deposition 

fraction equations for the ICRP model as described by Hinds et al.(1999). Particles were assumed to 

preserve their size during inhalation and the calculation was based on the mobility diameter. 

Background aerosol particles were assumed to be spherical and to have a density of 1.5 g/cm3 

(Martins et al 2015). The density of particles emitted during thermal spraying was set equal to the 

density of the feedstock material 4.3 g/cm3, given that the particles released were found by EDX 

analysis to have similar composition with the feedstock (see next section). It should be noted that the 

use of the bulk density of the feedstock material probably overestimates the resulting particle 

concentrations, because particles may have vaporized and condensed to smaller particles. Results 

from the NanoScan and MiniWras instruments were combined to obtain a 10 nm-35 µm particle size 

distribution for the FF (Koivisto et al., 2014). NanoScan size bins between 11.5 - 86.6 nm were used, 

whereas bins ranging from 139 nm to 35 µm were taken from the MiniWras. Between 86.6 nm and 

139 nm a combined channel (108.6 nm) was created. 

The particle active surface area was calculated by applying particle size distribution obtained to the 

equation (1) described by Heitbrink et al. (2009) and Koivisto et al. (2012): 

𝑠 =
3𝜋𝜆𝐷𝑏

𝐶𝑐(𝐷𝑏)𝛿
      (1) 

where λ is the mean free path for air, 0.066 μm, and δ is the scattering parameter for air, 0.905. Db is 

the mobility diameter and Cc the slip correction factor for the corresponding aerodynamic or mobility 

particle size. This calculation refers to particles <700nm according to Heitbrink et al. (2009) and 

Keller et al. (2001). The particle mass was calculated by using mobility particle diameter and effective 

density (Koivisto et al 2012): 

𝑚 =  𝜌𝑒𝑓𝑓  
𝜋

6
 𝐷𝑏

3     (2) 

where ρeff is the effective density (DeCarlo et al 2004). The effective density used was 1.5 g/cm3 for 

background particles and 4.3 g/cm3 for PGNPs. 
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Results and Discussion 

Particle emissions and impact on exposure 

Activities in the thermal spraying facilities were planned by the company for half-day periods. While 

booth #1 was active during 2 half-days, booths #2 and #3 were operational for 4 half-days each. The 

data obtained were analysed considering two phases: a pre-process period (background) consisting 

of the 90-min lunch break when all activity ceased, and the activity periods when particle emissions 

were simultaneously monitored in the NF and in the FF location. The activity periods were different 

for each booth (Table 1): while spraying was longer and less repetitive in booth #1 (20-30 min, 3 

repetitions/half-day), it had a shorter duration and higher frequency in booth #3 (5-10 min, 7-9 

repetitions/half-day). In Booth#2 the spraying activity duration was highly variable (0.5-10 min) 

and, due to technical problems, there were deviations in the frequency of spraying applications. 

Hence, the dataset obtained was not representative of regular working days in Booth#2. 

 

Figure 2. Particle concentrations monitored inside booth #3 (near field) on 26/04/2017 during spraying of 

feedstock WC/CrC/Ni: (a) particle number concentration and mean diameter; (b) size segregated particle 

mass concentrations. 



Chapter 4. Results 

 
84 

In Table 2 average N, Dp, LDSA, and PM1 values for each of the spraying activities and booths 

monitored are shown. A representative time series during the process in booth #3 is depicted in 

Figure 3 (NF) and Figure 4 (FF) during one of the days (26/04/2017), in to order to thoroughly 

analyse the emission patterns and impacts on exposure of the released NP. The time series for other 

days and booths are shown in Supplementary Data (Figures S1-S4). In the case of booth #3 each 

thermal spraying activity lasted for 5-10 minutes (Figure 2); subsequently the worker entered the 

booth and swapped the metal part which was coated with a new one. The process was repeated to 7-

9 times/half-day. 

In Figure 2 N, Dp, and size segregated mass concentrations (PM1, PM2.5, PM10, alveolar) values 

monitored inside booth #3 (NF) are presented. The start of the spraying activity is evident by the 

rapid increase of N, which exceeded the instrument’s (DiSCMini) monitoring range during all 

repetitions (maximum N = 4×106/cm3). Particle number emissions were directly correlated with 

decreased Dp, which ranged between 30 and 35 nm during spraying and increased to 45-55 nm 

between repetitions. The patterns observed for the different spraying activities within each half-day 

showed good repeatability. N and Dp values during the process (3.8×106 /cm3, 28.6 nm) were 

markedly different from background aerosols (N< 3.0×104/cm3, Dp: 57.5-nm) monitored during the 

inactivity period on that day (Figure 2, Table 2). The same was true for particle mass concentrations 

(Figure 2b), which reached up to 4x103 µg/m3 for the alveolar size fraction (approximately similar to 

PM4) while they remained < 30 µg/m3 during the inactivity period. This result may be attributed to 

the release of fine and coarse particles (> 1 µm), in addition to NPs, during thermal spraying. The 

presence of fine and coarse particles was also confirmed by TEM analysis (Figure S5). 

NP emitted during spraying in booth #3 were analysed by TEM (Figure 3), providing evidence that 

the particles in the collected samples were generated by different mechanisms. Particles collected 

exhibited a diversity of morphological characteristics, varying both in shape (e.g. spherical, fractal 

and star-like aggregates) and size (from ca. 5 to 500 nm). Possible emission mechanisms are: 

mechanical attrition as the feedstock particles crush onto the metal surface with high kinetic energy 

resulting in irregular-shaped particles, but also melting-evaporation-condensation of the feedstock 

material which would result in spherical particles (Fonseca et al 2015, Viana et al 2017). EDX analysis 

of the airborne particles collected on TEM grids confirmed that their chemical composition was 

similar to that of the feedstock (WC, CrC, Ni), demonstrating that particle release originated from the 

feedstock and not from other secondary or confounding sources. The thermal spraying processes 

investigated were not intended to produce nanoparticles. Hence, the NPs emitted from the micro-

scaled feedstock (Table S1) were PGNP. In the case of fine and coarse particles, emissions probably 

resulted when the feedstock particles projected are in the outer plasma stream and do not reach high 

temperatures, they remain solid and are not deposited effectively on the metal surface. 
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Figure 3. Particles released during 

spraying of W/CrC/Ni feedstock in 

booth #3 on 26/04/2017, analysed by 

TEM and showing similar chemical 

composition (WC, CrC, Ni) but different 

morphology and size. EDX spectrum 

confirming the origin of the particles 

(WC/CrC/Ni feedstock). The spectrum 

is representative of particles collected 

on other TEM grids. 

 

 

 

 

 

 

 

 

In the FF location the impact of NP, fine and coarse particle emissions on exposure was assessed in 

terms of size-resolved N and PMx (Figure 4). The same repetitive patterns which were monitored 

inside the spraying booth (Figure 3) were also detected in the worker area, indicating the 

representativeness of the results as well as clear impacts on exposure. The patterns were different 

in the morning and afternoon periods because the door of the booth was kept open while spraying 

during the morning, and closed in the afternoon. N values that reached up to 1.7×106/cm3 (with the 

NanoScan instrument), were also outside this instrument’s monitoring range and should be 

considered with high uncertainty. Size-resolved N values were highest in the range 20-85 nm (6×104 

particles/cm3) during the morning working session, providing evidence that the spraying activities 

substantially impacted worker exposure. The fact that the personal protective equipment (FPP3 

mask) was frequently removed by the worker as soon as he exited the spraying booth (between 

repetitions) could further burden the workers’ respiratory system. As in the case of the NF, particle 

concentrations in the FF location were markedly higher during activity than inactivity period. In 

addition, the effectiveness of keeping the booth door closed as a mitigation strategy was evident: 



Chapter 4. Results 

 
86 

average N recorded in the worker area decreased by a factor of 0.31 in the afternoon when the door 

was closed, and LDSA concentrations were reduced by a factor of 0.38 (Table 2). Hence, the booth´s 

proper sealing during activity period demonstrated a much larger influence on exposure reduction 

than the total duration of the activity, or its repetition frequency. Similar findings on the importance 

of airtight booths had also been reported by Viana et al. (2017) during APS at pilot plant scale. 

In terms of particle mass similar impacts and patterns were observed, although with two particle size 

modes: 50-500 nm and >3 µm. While the first mode corresponds to PGNP emissions, the second is 

attributed to direct feedstock release. Alveolar particle mass concentrations reached > 300 µg/m3 (1-

minute means) during the morning activity period, and 150 µg/m3 in the afternoon. 

 

 

Figure 4. Size-resolved particle concentrations monitored in the worker area (far field) outside booth #3 on 

26/04/2017 during spraying of feedstock WC/CrC/Ni: (a) particle number concentrations; (b) particle mass 

concentrations 
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As shown in Table 2, inside the NF concentrations ranged 1.8-3.4×106/cm3 and had a clear impact on 

exposure at the FF location, where concentrations in the range of 5.8×104-2.0x105/cm3 were 

monitored, and were significantly higher than the background concentrations (average 3.0×104). 

Concentrations in the FF were above the nano-reference values (NRV, non-regulatory reference 

values for nanomaterials, based on the precautionary approach) 4×104/cm3 (Van Broekhuizen, et al 

2012), and orders of magnitude higher inside the spraying booths (NF). This impact was considered 

statistically significant following the tiered approach established by Asbach et al. (2012), meaning 

that exposure concentrations were higher than the background plus 3 times the standard deviation 

of the background concentrations. The N, LDSA and PM values measured were comparable across 

the different booths, indicating that NP release is activity-dependent and not related to the specific 

feedstock powders applied. Although different spraying temperatures and velocities were applied in 

the different booths NP release was evident in all cases. This would indicate that NP emissions are 

independent of these parameters or that both of the thermal spraying techniques provide the 

necessary conditions for PGNP emissions. 
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Table 2. Mean particle number (N), particle diameter (Dp), lung deposition surface area (LDSA) from DiSCmini and mass (PM1) concentrations during 

each of the activity periods monitored. Each half-day is labelled as (M) morning, (A) afternoon, or (cs) case study. N.A.: data not available. Statistical 

values: mean, standard deviation (SD), maximum (Max), minimum (Min) of each process calculated from non-normalized values for the total activity 

duration monitored during our studies (24-28/04/2017; DiSCmini). 

  Near field (inside booths) Far field (worker area) Inactivity 

Date          Feedstock N (cm-3) 
DP 

(nm) 
LDSA 

(µm2/cm3) 
PM1 

(µg/m3) 
N (cm-3) 

DP 

(nm) 
LDSA 

(µm2/cm3) 
PM1 

(µg/m3) 
N (cm-3) 

DP 

(nm) 
LDSA 

(µm2/cm3) 
PM1 

(µg/m3) 

Booth #1             

27/04–M Cr/Ni, 2.0×106 31.5 4.0×103 5.3×101 N.A. N.A. N.A. N.A. 
2.3×104 51.6 6.6×101 2.8×101 

27/04–A Al2O3/TiO2 1.6×106 36.8 3.1×103 6.9×101 5.8×104 40.0 1.2×102 4.4×101 

Mean 1.8×106 34.2 3.6×103 6.1×101 5.8×104 40.0 1.2×102 4.4×101 2.3×104 51.6 6.6×101 2.8×101 

SD 2.0×105 2.6 4.3×102 8.0×100 1.7×104 2.9 2.8×101 6.6×100 4.4×103 1.4 1.4×101 8.2×100 
Max 2.8×106 63.7 5.1×103 2.6×102 1.1×105 49.1 2.0×102 6.4×101 3.5×104 53.4 1.0×102 4.8×101 
Min 5.2×104 12.1 4.6×102 3.0×101 3.4×104 33.2 8.5×101 3.2×101 1.7×104 49.2 4.9×101 1.9×101 

Booth #2    

24/04–A WC/Cr/Co/Ni 3.4×106 37.2 5.8×103 1.7×102 3.5×104 75.6 1.5×102 N.A. 7.0×103 86.1 4.0×101 2.0×101 
25/04–M WC/Cr/Co/Ni 5.3×106 28.3 7.6×103 1.0×102 5.4×104 54.3 1.7×102 8.3×101 6.3×103 123.3 4.9×101 2.9×101 
26/04–M WC/Cr/Co/Ni 6.0×105 55.7 1.9×103 3.8×101 N.A. N.A. N.A. N.A. 3.7×104 56.8 6.7×101 2.9×101 

27/04–cs WC/Cr/Co/Ni 1.6×106 42.3 3.4×103 1.1×102 1.2×105 61.6 3.0×102 9.3×101 2.3×104 51.6 6.6×101 2.8×101 

Mean 2.7×106 40.9 4.7×103 1.0×102 6.9×104 63.8 2.1×102 6.5×101 1.8×104 79.5 5.6×101 2.5×101 
SD 1.8×106 9.9 2.2×103 4.7×101 3.5×104 8.8 6.6×101 3.2×101 1.3×104 28.5 1.1×101 3.9×100 

Max 6.3×106 72.7 8.9×103 1.8×103 3.1×105 107.8 6.2×102 1.6×102 3.1×105 141.6 3.0×102 4.8×101 
Min 7.6×104 19.8 2.1×102 3.3×101 9.3×103 45.7 4.3×101 4.1×101 2.8×103 50.5 2.1×101 1.9×101 

Booth #3    

26/04–M WC/CrC/Ni 3.8×106 28.6 5.7×103 7.0×102 3.6×105 33.2 5.6×102 1.0×102 
3.0×104 57.5 1.1×102 2.9×101 

26/04–A WC/CrC/Ni 3.8×106 30.2 6.1×103 7.4×102 1.1×105 36.6 2.1×102 6.3×101 
28/04–M WC/CrC/Ni 3.1×106 31.3 5.1×103 5.2×102 1.7×105 46.4 3.9×102 1.0×102 

5.8×104 33.9 1.0×102 2.4×101 
28/04–A WC/CrC/Ni 2.9×106 32.1 4.8×103 5.8×102 1.5×105 42.1 3.2×102 8.4×101 

Mean 3.4×106 30.6 5.4×103 6.4×102 2.0×105 39.6 3.7×102 8.7×101 4.4×104 45.7 1.1×102 2.7×101 
SD 4.1×105 1.3 5.0×102 8.7×101 9.3×104 5.1 1.3×102 1.6×101 1.4×104 11.8 5.1×100 2.6×100 

Max 6.3×106 52.3 8.9×103 1.3×103 1.7×106 69.4 2.1×103 2.7×102 7.8×104 60.4 3.0×102 4.5×101 
Min 1.9×105 10.0 2.2×102 2.1×101 3.3×104 18.4 8.6×101 1.8×101 1.5×104 29.4 5.0×101 2.0×101 
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However, differences in terms of PM1 ranged from 61 µg/m3 (booth #1) to 100 µg/m3 (booth #2) and 

640 µg/m3 (booth #3). These can be attributed to the combination of different process parameters 

(spraying velocity, speed) of each spraying technique and the different feedstock materials (Cr/Ni 

and TiO2/Al2O3, Table S1). In the case of booth #1, where two different feedstock powders were 

applied separately, clear differences were observed in terms of PM2.5 (2×102 vs. 4×102 µg/m3) but not 

for PM1 (53 vs. 69 µg/m3). The feedstock powders applied in booths #2 and #3 were similar (Table 

S1) resulted in higher PM1 (100-640 µg/m3) than in booth #1 (Table 2). These differences are 

probably associated with the physical-chemical properties of the feedstock materials rather than to 

the aggregate size, which as shown in Table S1 is larger for the lowest emitter. As a result, it may be 

concluded that PM1emissions were independent of the feedstock and thermal spraying conditions 

applied, while emissions of coarse particles (>2.5 µm) were influenced by the feedstock. Further 

research would be necessary to interpret the different behaviour for micron-scaled particle 

emissions. 

With regard to Dp for NP, similarities were detected across booths with particles ranging between 

30-40nm in the NF and increasing during transport to 40-64 nm in the FF, where workers were 

exposed. Workers from other sectors of the facility frequently entered the central area without 

respiratory protection and were directly exposed to particle concentrations from the spraying 

booths. As expected, mean diameters during the inactivity period were larger and representative of 

urban background ultrafine (46-80 nm) aerosols (Reche et al 2015). 

 

Modal distribution and analysis 

The modal analysis was applied to the same results dataset as in Figure 4, in FF of booth #3. The time 

series of the modal particle number concentrations is plotted in Figure 5 for 3 periods: (a) morning 

activity, (b) midday inactivity period, and (c) afternoon activity. The relative contribution from each 

mode to total particle number concentrations is also shown for each period. 

Modal analysis of particles in the worker area provides information on the size distribution as well 

as on the potential sources of particles. The Mode26-90nm was dominant throughout the day in the FF 

contributing 88-94% of particle number, with the time series of this mode highly resembling the one 

of total number concentration (Figure 4). New particle formation took place inside the booth (NF, 

Figure 2), and particles subsequently grew into the larger-sized mode (Mode26-90nm) during their 

transport from the source towards the worker area (FF, Figure 4a). The relative contributions from 

the Mode26-90nm were similar during the morning (Figure 5a) and afternoon (Figure 5c) spraying 

activities, despite the differences in total particle number concentrations resulting from the 

open/closed doors scenarios (Figure 4). Mode10-25nm were minor contributors with 2-3% during both 

activity periods, while Mode91-660nm contributed with 4-9% of relative particle number 

concentrations. The lowest contribution of Mode10-25nm (which includes particles formed by 

nucleation) in terms of particle number release was recorded during the inactivity period (Figure 5b) 

as expected due to the absence of activities in the facility. Mode91-660nm showed the highest 

contribution during the morning activity (Figure 5a) due to the influence of the open door. 
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Figure 5. Particle number concentrations for particles in each of the modes identified by modal analysis (top) 

for booth #3 data for 26/04/2017. Absolute average number concentration and relative contribution (%) of 

each mode (bottom) for time intervals (a) morning, (b) inactivity period, and (c) afternoon. 

 

Certain considerations should be taken into account in the application of modal analysis to the 

occupational dataset presented in this work Particles deriving from nucleation can have sizes from 1 

nm, while very few instruments are able to measure particles in this size range. The instrumentation 

used in this work had a lower cutoff at 10 nm (NanoScan) which results in an underestimation of the 

Mode10-25 contributions. The same is probably true for the Mode91-660nm, given that the instruments 

had an upper cutoff size at 420 nm. The underestimation of the Mode91-660nm mode was probably 

lower since the number of particles in the range 420-660 nm emitted during thermal spraying is low. 

 

Calculated deposited dose during inhalation  

Inhalation dose rates for particle number, surface area and mass were estimated for booth #3 

(26/04/2017 and 28/04/2017), for each half-day (morning and afternoon) and midday inactivity 

period for the FF location (Table 3), where workers carried out different tasks and the use of personal 

protection equipment was limited. Particle number dose rates (�̇�) were higher during activity 
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(353×106 to 1024×106/min) than during inactivity periods (138×106 to 374x106/min). During the 

spraying activity, approximately 70% of the total inhaled particle number concentrations was 

deposited in the alveolar region, 12% in the trachea bronchi and 18% in the head airways. Hence, for 

workers in the FF location 82% of the total inhaled particles sourcing from thermal spraying were 

deposited in the deepest regions of the respiratory tract. 

 

Table 3. Dose rates in particle number(ṅ), surface area (�̇�), mass (ṁ),and regional deposition to head airways, 

trachea bronchi and alveolar regions, calculated based on particle size-resolved concentration data 

(measured with NanoScan combined with MiniWRAS). 

Dose rates 
26/04/2017-Booth #3 28/04/2017- Booth #3 

Inactivity Morning Afternoon Inactivity Morning Afternoon 

Mean Size (nm) 76 47 49 51 57 54 

Total: 𝑛, .̇ 106 [min -1] 138 1024 353 374 535 483 

Head airways: 𝑛, .̇  106 [min -1] 16.3 163 61.7 40.2 106 91.3 

Trachea bronchi: 𝑛, .̇  106 [min -1] 20.2 130 43.3 65.7 61.6 56.8 

Alveolar: 𝑛, .̇  106 [min -1] 102 730 248 268 367 335 

Total: 𝑠, .̇ 106 [μm2 min -1] 1.8 6.3 3 1.8 5.7 4.4 

Head airways: 𝑠, .̇ 106 [μm2 min -1] 0.3 2 1.1 0.2 2.2 1.6 

Trachea bronchi: 𝑠, .̇  106 [μm2 min -1] 0.2 0.54 0.3 0.3 0.4 0.3 

Alveolar: 𝑠, .̇  106 [μm2 min -1] 1.2 3.8 1.7 1.3 3.1 2.5 

Total l 𝑚, .̇  [ng min -1] (inactivity 

ρ=1.5 g cm-3; Process ρ = 4.3 g cm-3) 
1 9.5 5.5 0.8 8.5 11.5 

Head airways: 𝑚,̇  [ng min -1] 0.9 8.8 5.1 0.7 7.7 11 

Trachea bronchi: 𝑚,̇  [ng min -1] 0.02 0.2 0.1 0.02 0.2 0.1 

Alveolar: 𝑚,̇  [ng min -1] 0.1 0.5 0.3 0.1 0.6 0.4 

 

The same analysis was applied to the calculated active surface area concentrations of the particles 

deposited in the airways (�̇�) during activity periods (3.0 – 6.3×106 µm2/min1, Table 3): 60% was 

estimated to be deposited in the alveolar region, 9% in the trachea bronchi, and 31% in the head 

airways. Total surface area of the deposited particles during activity was higher than during inactivity 

(1.8×106 µm2/min). The LDSA concentrations in this study (1.2-5.6 ×103 µm2/cm3, FF, Table 2) were 

mostly higher than others found in the literature, where LDSA concentrations were on average 21.6 

μm2/cm3 during handling and loading of halloysite nanotubes (Koivisto et al., 2018), and <19 

μm2/cm3during WC-Co fine powder production (Koivisto et al., 2016). Regarding the total deposited 

mass (�̇�), increases of 1-9.5 ng/min were calculated from inactivity to activity periods. These dose 

rates in terms of mass were higher than those reported by Koivisto et al. (2014) (0.03-0.53 ng/min) 

during a lab-scale exposure assessment to nanodiamonds. 
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Koivisto et al (2012), who found comparable results to those in the current work during a high energy 

process (Liquid Flame Spray), concluded that N was the most relevant metric for exposure 

assessment. However, biologically, the most relevant metric considering pulmonary inflammation is 

likely surface area (Schmid and Stoeger 2017). 

 

Effectiveness of protective personal equipment 

The effectiveness of a personal FPP3 respirator (Moldex Air Plus 3405, half-piece mask) was assessed 

on a case study basis by comparing measurements obtained simultaneously inside and outside the 

respirator, with two DiSCMini units, while the mask was worn by one volunteer-member of the 

research team. The respirator assigned protection factor (APF) was 10 as specified by the 29 CFR 

1910.134 (Occupational Safety and Health Admin. 2006). Programme protection factors (PPFs) were 

studied by Koivisto et al (2015) for loose-fitting respirators. The measurements were carried out 

inside booth #2 (NF) and during two representative activity periods. The inlet of one of the 

instruments was held in the breathing zone (outside the mask), and the second was connected to the 

interior of the mask with Tygon conductive tubing (Asbach et al 2016). 

 

Figure 6. Particle number concentration and mean diameters measured with DiSCMini inside and outside an 
FPP3 personal mask worn by a volunteer-member of the research team. Measurements took place in the near 

field during two activity periods in booth #2 (27-04-2017). 

 

The particle concentrations monitored (Figure 6) show that the mask achieved a reduction of worker 

exposure in terms of number concentration by 87% (from 3×106 to 4×105/cm3) on average for both 

activity periods. This is likely a conservative estimate since the inlet of the instrument prevented 

from achieving a proper fit of the mask and it is highly probable that unfiltered air entered in the 

mask and interfered with the measurements. 
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Conclusions 

Particle emissions and impacts on exposure were monitored for NPs and micron-scaled particles 

(fine and coarse) in terms of particle number and mass concentrations, LDSA, mean diameter and 

size distributions, during the application of ceramic coatings on metal surfaces by means of thermal 

spraying, at industrial scale. The results obtained are representative of the industrial facility under 

study, which has unique characteristics as most industrial facilities do, which highlights the need for 

additional studies with this kind of focus in the literature. Results may only be generalized once the 

body of literature regarding industrial thermal spraying emissions and the influence of different 

feedstock materials become available. 

High particle number (>106/cm3) and mass (60-600 µgPM1/m3) concentrations were recorded inside 

the thermal spraying booths (NF), which were transported towards the worker area (FF) increasing 

the FF concentrations by one order of magnitude in terms of N (104-105/cm3) and up to a factor of 4 

in PM1 (44-100 µg/m3). NPs were generated through different mechanisms (mechanical, melting-

condensation), resulting in diverse morphologies (irregular, spherical). NPs with small diameters 

were detected inside (31-41 nm) and outside (40-64 nm) the spraying booths. Worker exposure 

occurred both in the NF and FF locations, given that the workers operated equally inside and outside 

the spraying booths. The inhalation model applied showed that particles emitted during thermal 

spraying were mainly deposited in the alveolar region (70%). 

The high correlation between particle concentrations in the NF and FF suggest that worker exposure 

was strongly impacted by NPs, fine and coarse particles emitted during thermal spraying. Whereas 

similar NP number concentrations were monitored irrespective of the spraying technique and 

feedstock material applied, coarser particle (>2.5 µm) mass concentrations showed differences as a 

function of the feedstock material. Additional research is necessary to understand the relationship 

between coarse particle emissions and feedstock physical-chemical properties. 

The advantages and limitations of applying modal analysis to an occupational dataset were assessed. 

This analysis allowed for the identification of a dominant mode (Mode26-90 particles, 89%), the 

increased contribution from Mode10-25nm (nucleation) particles during thermal spraying periods, and 

the influence of outdoor urban background aerosols during the inactivity period. In spite of the 

continuously working local extraction systems, the proper sealing of the spraying booths was 

identified as a key element for exposure reduction. Differences in exposure concentrations of one 

order of magnitude (from 105/cm3 to 104/cm3) were recorded when doors were open/closed. 

Optimising the production routine to prevent the opening of doors during the spraying activity as 

well as a delayed door-opening protocol could reduce NP transport from inside the booths and 

consequently minimise impacts on exposure in the adjacent worker areas. Furthermore, worker 

access in the central area should be restricted during spraying operation, or carried out with 

adequate personal protective equipment (PPE). Finally, the use of FPP3 masks (with APF 10) was 

also advised, given their high potential for reduction of particle number concentrations. 
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Supplementary Data 

 

Workplace exposure to nanoparticles during thermal spraying of ceramic coatings 

Salmatonidis A., Ribalta C., Sanfélix V., Bezantakos S., Biskos G., Vulpoi A., Simion S., Monfort E., Viana M. 

 

 

Figure S1. (a) Particle number concentration and mean diameter and (b) size segregated particle mass 

concentrations, in the near field location for booth #3 (28-04-2017). 
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Figure S2. (a) Particle number concentration and mean diameter and (b) size segregated particle mass 

concentrations, in the far field location for booth #3 (28-04-2017) 
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Figure S3 Particle number concentration and mean diameter and (b) size segregated particle mass 

concentrations, in the near field location for booth #2 (24-04-2017). 
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Figure S4 Particle number concentration and mean diameter and (b) size segregated particle mass 

concentrations, in the near field location for booth #1 (27-04-2017). 

 

Table S1. Feedstock material characterisation. Material composition as provided by the 

manufacturer, and aggregate size measured by laser diffraction (Mastersizer-Malvern). 

Booth Feedstock Material Composition (Blend) Aggregate Size (µm) 

Booth #1 ANVAL 50/50 Cr, Ni 76.5 

Booth #1 Amdry 6228 TiO2, Al2O3 36.0 

Booth #2 Woka 3604 WC, Co, Cr, Ni 29.2 

Booth #3 Woka 3702-1 WC, Cr3C2, Ni 34.3 
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Figure S5. Particle > 1 µm emitted from Booth #3 (HVOF) having similar composition as the 

feedstock. Cu signal due to TEM grid. 

 

Table S2. Instrument intercomparison results in terms of R2 coefficients 

Instrument DiSCmini-UB DiSCmini-ITC DiSCmini-Impact miniWRAS 

DiSCmini-UB - R2 = 0.9978 R2 = 0.9966 - 

DiSCmini-ITC R2 = 0.9978 - R2 = 0.9981 - 

DiSCmini-Impact R2 = 0.9966 R2 = 0.9981 - - 

CPC R2 = 0.9461 R2 = 0.9557 R2 = 0.9503 R2 = 0.8969 
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Abstract 

In this work we report measurements of the size, concentration, and hygroscopicity of ultrafine 

particles (UFPs) emitted during thermal spraying of ceramic coatings in an industrial setting. High 

emissions of agglomerated/aggregated UFPs (exhibiting concentrations higher than 106 cm-3) were 

measured inside the spraying booths of the facilities, whereas modal analysis of the recorded size 

distributions indicated that the particles had often diameters in the range of 26-90 nm. The emitted 

UFPs were found to take up moderate amounts of water when exposed to elevated relative humidity 

(87% RH), with their hygroscopicity being distinguishably lower compared to that of the 

atmospheric background aerosol particles present in the breathing air. The hygroscopicity 

measurements were further used to derive structural information of the aerosol particles emitted 

during the thermal spraying process. More specifically, the primary particle number and size of the 

emitted agglomerated/aggregated UFPs were derived based on the hygroscopic behaviour of the 

sampled particles when exposed to 87% RH. Discrepancies between the primary particle sizes of the 

agglomerated/aggregated UFPs estimated by the hygroscopicity measurements and those observed 

by electron microscopy were attributed to their incomplete restructuring inside the HTDMA. 

 

Keywords: exposure assessment; health risk; real-time characterization; particle growth; ceramic 

nanoparticles. 
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1. Introduction 

Release of airborne particles in the workplace air has become an issue of growing concern with 

regard to worker exposure (Pietroiusti et al., 2018; Viitanen et al., 2017), mainly due to the well-

established adverse respiratory and cardiovascular impacts of ultrafine, fine and coarse particles 

(Oberdörster, 2001; World Health Organization, 2016; Gakidou et al., 2017; Landrigan, 2017). 

Ultrafine particles (UFPs) may be unintentionally emitted during different industrial processes such 

as welding (Zhang et al., 2013), ceramic tile sintering (Fonseca et al., 2016), atmospheric plasma 

spraying (Salmatonidis et al., 2019), laser ablation (Salmatonidis et al., 2018), or iron casting (van 

Broekhuizen, 2017). Thermal spraying processes, such as atmospheric plasma spraying (APS) and 

High Velocity Oxy-fuel (HVOF) have been associated with high UFP emissions (Salmatonidis et al., 

2019). Unintentional release of UFPs in industrial settings frequently results in high exposure 

concentrations, which contrast with relatively low background particle concentrations (Fonseca et 

al., 2015; Dahmann, 2016; van Broekhuizen, 2017). Nevertheless, distinguishing between the two 

particle populations based on their intrinsic properties, is of primary importance for assessing their 

potential toxicological and health effects (Ganguly et al., 2018; Limbach et al., 2007; Song et al., 2009). 

Discriminating unintentionally-released UFPs (also referred to as process-generated or incidental 

particles) from background aerosol particles using strategies based on spatially or temporally 

distributed data are already reported in the literature (Kuhlbusch et al., 2011, 2009; Schill and 

Chosewood, 2013; OECD, 2015; Asbach et al., 2016; Dahmann, 2016). Most of the studies applying 

similar approaches quantify background and UFP sources in terms of aerosol metrics such as particle 

number or mass concentrations (Ono-Ogasawara et al., 2009; Peters et al., 2009; Asbach et al., 2012), 

but not based on intrinsic particle properties. This is mainly due to the fact that most of the 

instruments available for exposure monitoring use these metrics (Asbach et al., 2016), posing a 

challenge for source identification and distinction of process-generated from background aerosol 

particles; something that state-of-the-art aerosol instrumentation can achieve (Kalantzi and Biskos, 

2014). 

In this work we provide measurements of the size and concentration of aerosol particles in the 

breathing air at a thermal spraying facility where UFPs were emitted under real-world operating 

conditions. A Hygroscopic Tandem Differential Mobility Analyzer (HTDMA; Rader and McMurry, 

1986) was also utilized to probe the hygroscopicity of the UFPs (i.e., their ability to take up water 

upon exposure to elevated water vapor concentrations) as well as the mixing state of the sampled 

aerosol. These are two intrinsic aerosol properties that define the deposition behavior of inhaled 

aerosol particles in the human respiratory system (Löndahl et al., 2007; Ching and Kajino, 2018) and 

consequently the associated health effects. 

Another application of the HTDMA measurements carried out in this work involves the identification 

of particles with irregular morphology (aggregates or/and agglomerates) as their shape can change 

to that of more compact structures at elevated relative humidity (RH) conditions during the 

measurement. This phenomenon is manifested as an apparent shrinking of the particles when 

exposed to elevated RH. Such observations have been reported for non-spherical but hygroscopic 

particles (e.g., sodium chloride particles;  Krämer et al., 2000; Biskos et al., 2006), as well as for 

hydrophobic non-spherical aggregates (e.g., soot particles; Weingartner et al., 1995; Tritscher et al., 
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2011). In this work, we connect apparent shrinking (i.e., measured by the HTDMA) of the 

aggregated/agglomerated particles emitted by thermal spraying, with the primary particle number 

and diameter of the aggregates, and qualitatively compare the results with measurements by 

Transmission Electron Microscopy (TEM). 

 

2. Experimental 

Particle concentrations were monitored during thermal spraying at an industrial-scale precision 

engineering workshop (T.M. Comas, Blanes, Spain). The measurements were carried out over a 4-day 

period, and were representative of the usual operating conditions in the plant. The facility had three 

thermal spraying booths located in an area of approximately 240 m2 (14 m wide and 17 m in length) 

that includes also a storage and a central area (cf. Figure S1 in the Electronic Supplementary 

Information; ESI). Different spraying techniques were used in each of the booths (cf. Figure S1). Booth 

#1 housed an Atmospheric Plasma Spraying (APS) system, characterised by high temperatures (5-

20×103 ºC) and relatively low projection velocities (200-500 m/s), that was used to spray TiO2-Al2O3 

or Cr-Ni powder blends having mean grain diameters of 36.0 and 76.5 µm, respectively. At the very 

high temperatures that are developed during APS, the feedstock is melted and driven through the 

formed jet towards the workpiece, i.e., the surface being coated (Pawlowski, 2008). Between the 

plasma gun and the workpiece, metal vapors are oxidized by entrained air and condense in the cold 

zone of the jet (Fauchais et al., 2001; Mauer et al., 2011; Planche et al., 2003), a mechanism that results 

in nanoparticle formation (cf. Figure S8a in the ESI). According to this mechanism, the primary 

nanoparticles emitted by APS should principally have spherical shapes as they mainly originate from 

condensation of gaseous or liquid precursors. 

The other spraying booth (located in booth #3; cf. Figure S8b in the ESI) housed a High Velocity Oxy-

Fuel coating spraying (HVOF) system, characterised by high velocities (425-1500 m/s) and lower 

temperatures (2.9×103 ºC), in which a WC-Cr3C2-Ni powder blend (mean grain diameter of 34 µm) 

was used as feedstock. During HVOF, feedstock particles with high kinetic energies are sprayed onto 

the metal surface of the workpiece. In this case the feedstock material is not entirely melted as the 

temperatures are relatively lower, and it is driven with supersonic speeds towards the workpiece 

(Pawlowski, 2008). Microscaled particles are in a solid-liquid two-phase droplet state when 

impacting on their target, and thus are flattened during deposition (Li et al., 2004). Consequently, 

particles from the HVOF mechanism are expected to have irregular shapes. An additional emission 

route could be the fugitive emission of submicron particles, which would not be deposited on the 

substrate as they would simply disperse inside the booth (Li and Christofides, 2006). We should note 

here that booth #2 was not fully operational and its processes were not studied. 

2.1. Monitoring locations and instrumentation 

Particle concentrations were monitored inside two spraying booths (#1 and #3) where workers used 

personal protective equipment (PPE). The following particle monitoring instrumentation was 

deployed: 



Chapter 4. Results 

 
111 

- A custom-made HTDMA (cf. Figure S2 in the ESI) system was used to measure the 

hygroscopicity of the sampled particles. The instrument consisted of two custom-made 

Differential Mobility Analyzers (DMAs; Knutson and Whitby, 1975) and a Condensation 

Particle Counter (CPC; TSI 3010 CPC; Agarwal and Sem, 1980). The first DMA (DMA-1) of the 

system was used for selecting nearly monodisperse dried particles, which were then exposed 

to elevated RH conditions, before their size distribution was measured by the second DMA 

(DMA-2) and the CPC (cf. more details in ESI). The system was operated with sheath and 

aerosol flow rates of 3.0 and 0.3 L/min, respectively, and for both of them the RH was 

controlled to 87% in order to avoid RH non-uniformities through the systems that can lead 

to experimental artefacts (cf. ESI; Biskos et al., 2006; Bezantakos et al., 2016). The sampling 

time of the instrument was 180 s, and the voltage of DMA-1 was changed every 6 minutes 

(i.e., every two sampling periods) in order to sequentially select particles having dry electrical 

mobility diameters of either 30 or 90 nm. These sizes were selected as they are representative 

of the particles produced by the plasma spraying processes (Salmatonidis et al., 2019). The 

instrument was deployed in the worker area, sampling directly from spraying booths #1 and 

#3, except from a short period of ca. 2 hours before the end of the campaign during which it 

sampled from the storage area outside booth #3. 

- A NanoScan Scanning Mobility Particle Sizer (NanoScan-SMPS; TSI Model 3910), was used to 

measure the particle size distribution (10-420 nm) in 13 channels with a 1-min time 

resolution. Similarly to the HTDMA, the NanoScan-SMPS was in the worker area but was 

sampling inside the spraying booths through 3-m long conductive tubing inlets. The 

NanoScan-SMPS data were converted to particle size distributions, based on mobility 

diameters. 

- A particle sampling system cassette (SKC, inlet diameter 1/8 inch), which housed 

transmission electron microscope (TEM) grids attached on filter support pads (25 mm in 

diameter), was used to collect particles for offline characterisation. The system employed an 

SKC Leland pump that was operated at a flow of 5 L/min. The grids (Agar Scientific Quantifoil 

200 Mesh Au) were analysed offline for morphological and physicochemical particle 

characterisation using a TEM (Jeol, JEM 1220, Tokyo, Japan) coupled with an Energy-

Dispersive X-ray (EDX; Oxford Instruments) spectrometer, following a similar procedure as 

described elsewhere (Voliotis et al., 2014). Samples were collected inside all the spraying 

booths, while TEM images were processed by the “ImageJ” software, version 1.52f. 

2.2. Deriving the number and size of primary particles from the HTDMA measurements 

The hygroscopic behavior of aerosol particles sampled by the HTDMA and exposed to high RH 

conditions can be expressedby their hygroscopic factor given by: 

g(RH)=
𝑑𝑚(RH)

dm,dry
  ,      (1) 

where dm(RH) and dm,dry  are the geometric mean mobility diameters of the sampled particles at the 

elevated RH (87%), measured by DMA-2 and the CPC, and at the dry state, measured as the mobility 

diameter selected by DMA-1, respectively (cf. ESI for more details). Dried internally mixed particles 
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sampled by the HTDMA and exposed to the elevated RH conditions in the humidifier of the system 

grow (or apparently shrink) to the same sizes as a result of water uptake, exhibiting a unimodal size 

distribution when measured by DMA-2 and the CPC of the HTDMA. Externally mixed particles 

sampled by the system, on the other hand, may grow (or apparently shrink) to different sizes 

exhibiting either a wider unimodal or a bimodal size distribution in the measurements. To distinguish 

between internally and externally mixed aerosol particles sampled by the HTDMA we employed the 

“TDMAfit” algorithm (Bezantakos et al., 2013; McMurry and Stolzenburg, 1989; cf. Figure S3 in the 

ESI). 

The factor g is greater than unity when the particles grow upon exposure to the elevated RH 

conditions, or less than unity when they exhibit apparent shrinking. Irregularly-shaped and 

hydrophobic particles exposed to elevated RH (87%) in the HTDMA will most likely appear to shrink, 

having g(RH) < 1 exhibiting an apparent shrinking (cf. Figure S4 in the ESI). The reason for this 

behavior is that in the calculation of g(RH), the two electrical mobility diameters (i.e., dm(RH) and 

dm,dry) correspond to spherical particles (cf. Equations S1-S3 in the ESI). However, the drag force 

acting upon a moving irregularly-shaped particle during classification in the DMA is higher than that 

of a spherical particle having the same volume.  

Irregurarly-shaped particles produced by high-temperature processes in the gas phase are typically 

aggregates or agglomerates of smaller (primary) particles. Here the term primary particle refers to 

the smaller particulate component (building block) that forms an aggregate/agglomerate. While both 

aggregate and agglomerate are interchangeably used in the literature we adopt the terminology 

followed by Eggersdorfer et al., (2012b) depending on the nature of the forces that bind together the 

primary particles. Thus an aggregate consists of primary particles that are held together by chemical 

forces, while in an agglomerate these forces are of physical nature. 

A number of models is available in the literature for relating the electrical mobility (i.e., the properties 

of the particles measured at dry and humidified conditions by the HTDMA) of non-spherical, fractal-

like aggregates/agglomerates with their structural properties (i.e., number and size of the primary 

particles they consist of; Sorensen, 2011). More established models are available for the free 

molecular regime (Chan and Dahneke, 1981; Rogak and Flagan, 1993 Lall and Friedlander, 2006; 

Eggersdorfer et al., 2012b), which is defined by the Knudsen number (i.e., ratio between the gas mean 

free path to the radius of the primary particles; cf. ESI). Since however, DMAs, which are commonly 

used for measuring the electrical mobility of particles operate in the transition regime, the above 

mentioned methods most likely will not give accurate results (Thajudeen et al., 2015). 

Attempts to develop models for relating the structural properties of fractal-like particles with their 

electrical mobility (e.g., Melas et al., 2014; Corson et al., 2017), which were based on the adjusted 

sphere method (Dahneke ,1973; Zhang et al., 2012), were introduced in order to cover their behavior 

in the transition regime. Among these models, we found more suitable the one proposed by Corson 

et al. (2017), the results of which compare well with the adjusted sphere method for a wide range of 

primary particle sizes and number (cf. Corson et al., 2017 for more details). 

In this analytical equation the friction coefficient of an aggregate/agglomerate (ζagg) is related to the 

number of primary particles (N) and the size of the primary particles via: 
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𝜁agg = 3𝜋𝜇𝑑p
1+1.612𝐾𝑛

𝐶𝑐(𝐾𝑛)
{[0.852𝑁0.535 + 0.148]−1 + 1.612𝐾𝑛[[0.843𝑁0.939 + 0.157]]

−1
}

−1
.  (2) 

Here, μ is the dynamic viscosity of air, Kn is the Knudsen number of the primary particles (calculated 

as Kn = 2λ/dp, where λ is the gas mean free path and rp or dp the radius and the diameter of the 

primary particles, respectively), and Cc(Kn) is the Cunningham slip correction factor corresponding 

to the primary particles. The drag force coefficient of the aggregates/agglomerates, selected by DMA-

1 can be obtained from their electrical mobility assuming that they carry a single charge as: 

𝑍agg = 𝑍DMA−1 =
(𝑄𝑠+𝑄𝑎)ln (

𝑅2

𝑅1
)

3𝜋𝑉𝐿
=

𝑒

𝜁agg
.     (3) 

Here, Zagg, ZDMA-1, denote the electrical mobility of the agglomerate/aggregate and the electrical 

mobility classified by the first DMA (i.e., DMA-1) of the HTDMA system. The latter is related with the 

geometrical characteristics of the DMA (i.e., inner radius: R1, outer radius: R2; effective classification 

length: L) and its operating conditions (i.e., voltage: V; sheath in/out flow rates: Qs and Qa, 

respectively). Therefore, assuming that each particle carries a single elementary charge, its drag force 

coefficient (i.e., ζagg) can be directly related to the operating conditions of DMA-1 of the HTDMA, which 

was used for classifying particles (i.e., its voltage, as the sheath flow rate was maintained constant 

throughout the measurements).  

Equation 2 has two unknown values, namely the primary particle diameter (i.e., dp) and number (i.e., 

N) and thus its solution requires the determination of either one of these values. Assuming that the 

sampled particles are hydrophobic (i.e., they do not take up any water) and undergo a shape change 

towards more compacted/spherical-like structures, we can estimate the number of the primary 

particles forming the fractal-like particles by using two approaches and the measurements of the size 

of the restructured particles from DMA-2 of the HTDMA system. In the first approach we determine 

the shape factor of the particles by comparing the mobility diameter of the agglomerates selected by 

DMA-1 to that of the restructured particles determined by DMA-2 as follows:  

𝜒 =
𝐶𝑐(𝑑m(𝑅𝐻))

𝑔(𝑅𝐻)𝐶𝑐( 𝑑𝑚,𝑑𝑟𝑦)
 .      (4) 

The dynamic shape factor (determined by Equation 4) is related to the number of primary particles 

forming Diffussion Limited Cluster Aggregates (DLCA) fractal-like particles for a wide range of Kn 

(Baron and Willeke, 2001): 

𝜒 = 𝑁0.11  , for 𝑁 ≤ 60, and      (5) 

𝜒 = 0.6𝑁0.24  , for 𝑁 ≥ 60.      (6) 

The second approach on the number of the primary particles that form an aggregate/agglomerate 

can be made using the volume of the assumed reshaped, spherical-like particle (i.e., measured by 

DMA-2). Following the consideration of Kruis et al. (1993), that the volume of a fractal-like particle 

that forms from collisions of identical primary spherical particles is the sum of the volume of its 

individual primary particles and it is also maintained when these fractal-like particles restructure to 

more compact, spherical-like particles, through sintering.  
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The number of primary particles (N) that form an aggregate/agglomerate is determined according 

to Kruis et al. (1993) as: 

𝑁 =
6𝑣

𝜋𝑑va
3  ,      (7) 

where v is the volume of the aggregate/agglomerate and dva is the Sauter diameter, or surface area 

mean primary particle diameter. The latter can be estimated by  (Eggersdorfer et al., 2012b):  

𝑑va = (
𝜋𝑘a

6𝑣
(𝑑m,dry)

2𝐷𝑎
)

1/(2𝐷𝑎−3)
.    (8) 

Here dm,dry is the electrical mobility diameter (i.e., selected at dry conditions) of the 

aggregates/agglomerates, while ka and Da are constants having values of 1.1 and 1.08, respectively 

for agglomerates, or 1.0 and 1.07, respectively, for aggregates(Eggersdorfer et al., 2012a). It should 

be noted that the approach based on Kruis et al. (1993) and Eggersdorfer et al., (2012b) applies to 

fractal-like particles in the free molecular regime. However, since the pre-factor  ka and  projected 

area exponent Da depend only on whether a fractal-like particle is an agglomerate or an aggregate, 

this approach can be used as a first approximation on the number of their primary particles, without 

further knowledge on other fractal descriptors (e.g., radius of gyration, fractal dimension).   

Assuming that the sampled particles are hydrophobic and that they only undergo a shape change at 

elevated RH conditions to become nearly spherical, their volume (used in Equations. 7 and 8) can be 

estimated based on the diameter measured by DMA-2 as: 

𝑣 =
𝜋

6
𝑑m(RH = 87%)3,     (9) 

where dm(RH = 87%) is the electrical mobility diameter of the spherical particles at 87% RH. 

 

3. Results and discussion 

3.1. Nanoparticle emissions: particle number concentration and mean diameters 

Figures 1 and 2 show time series of particle number concentrations and size distributions measured 

inside booths #1 and #3, respectively. The observed patterns reflect the particle emissions during 

the morning shift, a break for lunch, and finally the afternoon shift. Particle number concentrations 

showed a high temporal variability and reached concentrations larger than 106 cm-3 as measured by 

the NanoScan-SMPS. These high concentrations can cause an underestimation of the particle number 

concentration and size as a result of ion depletion by the sampled particles in the corona charger. 

This underestimation, however, is negligible as indicated by the very similar particle sizes measured 

with the NanoScan-SMPS when sampling outside the spraying booths where the number 

concentration was at least an order of magnitude lower (i.e., 105 cm-3; Salmatonidis et al., 2019). In 

all cases, emissions from the spraying processes yielded particles number concentrations that were 

significantly higher compared to those in the background air, which was in the order of 104 cm-3. The 

variability in particle concentrations and sizes is the result of numerous factors such as fluctuations 

in the process (different spraying conditions, variations of the feedstock, etc.), opening/closing of 
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doors (effecting air exchange inside the booths and consequently the physical mechanisms leading 

to particle growth), and worker movement inside the booth (also impacting air flows), among others. 

 

Figure 1. Evolution of the particle number size distributions inside booth #1: Total particle number 

concentration (black curve) and the corresponding size distribution (NanoScan-SMPS). 

 

 

Figure 2. Evolution of the particle number size distributions inside booth #3: Total particle number 

concentration (black curve) and the corresponding size distribution (NanoScan-SMPS). 
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The emission patterns were relatively comparable across the different repetitions of the spraying 

process, especially in booth #3. The size distribution patterns were moderately irregular in booth #1 

(cf. Figure 1), with three peaks (one between 30 and 40 nm, one between 25 and 100 nm, and one 

from 100 to 200 nm) and total concentrations up to 5×106 cm-3 being observed during the first 

spraying operation (Figure 1, left). During the second repetition, the total particle concentration was 

lower (ca. 2.5×106 cm-3), while the mean particle diameter ranged between 40 and 100 nm. In booth 

#3, total particle number concentrations reached ca. 5×106 cm-3 in each repetition, with their 

diameters being in the range of 40-80 nm (cf. Figure 2). Variation of the emissions patterns observed 

during spraying in booth #1 were attributed to the sequence of the activities followed in this process 

(Salmatonidis et al., 2019), where different feedstock materials were used to create different layers 

of coatings on the same workpiece. Process parameters and feedstock used during spraying in booth 

#3 were undifferentiated over the repetitions, resulting in more uniform emission patterns. 

3.2. Modal analysis of particle emissions 

Modal analysis was applied to data obtained directly from the nanoparticle emission source during 

thermal spraying. Particle size distribution measurements were split in three modes, representing 

the ambient modes nucleation (i.e., particles having diameters from 10 to 25 nm; Mode10-25nm), Aitken 

(i.e., particles from 26 to 90 nm; Mode26-90nm) and accumulation (i.e., particles from 91 to 660 nm; 

Mode91-660nm), following the approach applied elsewhere (Salmatonidis et al., 2019). The algorithm 

for modal analysis uses a non-linear least square fitting, based on the interior-reflective Newton 

method (Coleman and Li, 1996, 1994). The three fitted lognormal curves and their parameters were 

calculated following the same assumptions and conditions suggested by Hussein et al. (2005). The 

NanoScan-SMPS measurements were expressed as dN/dLogdp distributions before applying the 

modal analysis. 

Figure 3a-c shows the modal analysis results for particles emitted inside booth #1. During the 

morning session (Figure 3a), Mode26-90nm was slightly more dominant compared to Mode91-660nm, and 

together they constituted the majority of the emitted particles (94%). Mode26-90nm was dominant, 

accounting for 70% of the total particle number concentration, during the afternoon session (Figure 

3c), while Mode91-660nm accounted for only 27% of the total particle number concentration. Their 

combined contribution still included the vast majority of the particles (97%), similarly to the morning 

session. The differences in the particle distributions recorded in the morning and in the afternoon 

sessions can be attributed to the different feedstock materials that were used in each case. In booth 

#3 (HVOF) the modal contributions are similar for the two different repetitions of the process (Figure 

3d-e). Mode26-90nm was dominant accounting for 76 to 84% of the total particle number concentration, 

while the contribution of Mode91-660nm ranged from 17 to 13%. The contribution of Mode10-25nm (which 

includes particles formed by nucleation) was the lowest for all of the cases in terms of particle 

number emissions. 

Mode26-90nm was dominant in both processes for particles inside the spraying booths. Similar results 

were obtained in a previous work for particles transported from the booths to the worker area 

(Salmatonidis et al., 2019). These similarities are especially relevant from an exposure perspective, 

and show that the workers outside the booths (wearing no PPE) were exposed to particles of similar 

sizes and chemical compositions as those operating inside the booths (where PPE was used). 
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Figure 3. Modal analysis results for particles emitted inside booth #1 (a,b,c) and inside booth #3 (d,e). The 

different time intervals represent different repetitions of each process. 
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3.3. Particle hygroscopicity and mixing state 

Figures 4 and 5 show the measured hygroscopic factors of particles with dry electrical mobility 

diameters of 30 and 90 nm, which can be classified as hydrophobic/less hygroscopic (HP) having 

g(87%) ≤ 1.15, or as hygroscopic/more hygroscopic (HS) having g(87%) > 1.15. It should be noted 

here that the threshold value of 1.15 is used arbitrarily, following studies reported hygroscopicity 

measurements from field observations (Swietlicki et al., 2008). The relative fractions of HP or HS 

particles is reflected by the size of the circles in Figures 4 and 5, which is proportional to the number 

fraction of each mode (i.e., HP or HS). The hygroscopic factors g(87%) of the 90-nm particles during 

non-activity hours (i.e., background aerosol; cf. Figure S5) are clustered between 1.07 and 1.13 for 

the HP mode and at approximately 1.23 for the HS mode, being representative of urban background 

measurements (Swietlicki et al., 2008). During these hours, the sampled aerosol is externally mixed 

with HP particles being much more dominant, which is indicative of an area affected mainly by both 

nearby and distant aerosol sources. The combination of the low concentrations of 30-nm particles 

during non-working hours (Figure S6), together with the relatively increased particle losses inside 

the HTDMA, is responsible for the absence of the respective results during these hours (Figure S5). 

In contrast, during working hours, the signal of the HTDMA becomes strong when sampling 30-nm 

aerosols (cf. Figures 4 and 5), indicating a higher fraction of locally produced nano-scaled aerosols. 

 

 

 

 

Figure 4. HTDMA measurements of 

particles having dry mobility diameters 

of 30 nm (a) and 90 nm (b), sampled 

from within spraying booth #1 (APS). 

The size of the circles is proportional to 

the number fraction of each hygroscopic 

mode. Particles having hygroscopic 

factors below 1.15 (hydrophobic/less 

hygroscopic; HP) are denoted with open 

circles, while closed circles denote 

particles with hygroscopic factors above 

1.15 (hygroscopic). Vertical lines, added 

for clarification reasons, denote 

externally mixed samples, while the 

shaded areas mark time intervals during 

activity periods. 
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Figure 5. HTDMA measurements of 

particles having dry mobility diameters of 

30- (a, c) and 90- (b, d) nm, sampled from 

within booth #3 (HVOF) on 16 and 17 Nov. 

2017. The size of the symbols (i.e., the size 

of the circles) is proportional to the 

number fraction of each hygroscopic 

mode. Particles which exhibited 

hygroscopic factor below 1.15 

(hydrophobic/less hygroscopic; HP) are 

denoted with different symbols (i.e. open 

circles), than the more hygroscopic ones 

(i.e., hygroscopic factor > 1.15; HS). 

Vertical lines, added for clarification 

reasons, denote externally mixed samples, 

while the shaded areas mark time 

intervals during activity periods and the 

period when the HTDMA was sampling 

from the storage area, outside booth #3, 

while it was active. 
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During working hours, but without spraying activity (unshaded areas in Figures 4, 5), we observed 

an externally mixed aerosol for ca. 45% of the cases for the 30-nm particles and ca. 76% for the 90-

nm particles. The lower occurrence of the externally mixed samples with 30-nm dry particles can be 

attributed to the fact that those are produced locally (i.e., in the workshop) and as expected for freshly 

emitted particles, they exhibited almost common hygroscopicities. During periods of spraying 

activities (shaded areas in Figures 4 and 5) both the 30- and 90-nm particles exhibited a behavior 

indicating internally mixed particles. These cases should not be interpreted as a total absence of 

background aerosols but as a result of the significantly high process-generated nanoparticle 

emissions, which were up to 3 orders of magnitude higher than those of the background and 

dominated the sample. 

The most striking observation during the spraying activity periods was that the hygroscopic factor 

of sampled aerosol particles was in many cases lower than unity, indicating that the particles undergo 

shape transformation within the HTDMA upon humidification (Tritscher et al., 2011; Weingartner et 

al., 1995). This observation is much more pronounced for the 90-nm dry particles sampled by the 

HTDMA, indicating that their shape departs much more from that of a compact/spherical shape 

compared to the 30-nm particles. Towards the end of the measurements, when the HTDMA was 

sampling outside booth #3 and the spraying system in that booth was operational (cf. data in Figure 

5 after 14:30), the sampled aerosol was externally mixed, as the influence of the background aerosols 

increased. This was more pronounced for the 90-nm particles, which in all samples exhibited two 

hygroscopic modes, with the first having g(87%) values < 1.0 (i.e., indicative of particles originating 

from the HVOF process), comprising ca. 60% of the total population. Aggregated results of g(87%) 

values for both 30- and 90-nm particles, together with the associated number fraction of particles 

residing in the HP and HS hygroscopic modes are provided in Table S1. 

3.4. Estimation of primary particle number and size 

Equations 2 to 9 are used to estimate the number of primary particles that form the 

aggregate/agglomerated sample aerosol particles from their dynamic shape factor, or from their 

volume. In these equations, we assumed that the aggregates/agglomerates restructure to nearly 

spherical particles upon humidification, thus their dynamic shape factor (Equation 4) and volume 

(Equation 9) can be approximated by their measured diameters in DMA-2 of the HTDMA. 

Subsequently, Equation 2 is used to estimate the size of the primary particles involved in the 

formation of the sampled aggregates/agglomerates. Calculated values of the dynamic shape factors 

of these irregularly shaped particles, together with the number and the size of the primary particles 

forming them are provided in Table 1. It should be noted that the calculations correspond to particles 

that exhibit a dominant fraction having g(87%) < 1.0, which is more often and more distinctively 

observed for the 90-nm particles. 

As shown in Table 1, the number of particles estimated by the dynamic shape factor of the irregularly 

shaped particles (i.e., through Equations 5 and 6 using the first approach described in Section 2.2) 

was always higher than that estimated by the second approach that uses the measured volume of the 

restructure particles (Equations 7 to 9).  

Irregularly shaped particles produced in booth #1 and having dry electrical mobility diameters of 90 

nm exhibited on average a dynamic shape factor of 1.38. The number of primary particles forming 
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the observed aggregates/agglomerates is estimated on average to be 6, using approach of 

Eggersdorfer et al. (2012b) and 23 based on approach using the estimated dynamic shape factors 

(Baron and Willeke, 2001). This difference resulted in estimated mean size of these primary particles 

of ca. 41 and 27 nm with the first and later approach, respectively. Only one sample of particles with 

dry electrical mobility diameters of 30 nm was found to have irregular shape, exhibiting a dynamic 

shape factor of 1.05, consisting of 2 primary particles with sizes of ca. 21 nm (i.e., estimated by both 

approaches). When the process in booth #1 was active, the majority of the 30-nm particles samples 

(6 out of 7) exhibited g(87%) values very close to 1. The latter suggests that 30-nm particles from 

booth #1 comprise a low number of primary particles, and have a more compact/spherical shape at 

dry conditions. As a result, they do not undergo significant restructuring upon humidification, in 

contrast to their 90-nm counterparts. 

 

Table 1. Results showing the average and standard deviation of the estimated dynamic shape factor χ of the 

irregularly shaped particles, together with the number N of the primary particles they consist of, derived from 

the two approaches described in section 2.2. The primary particle size is then derived using the above 

estimated primary particle numbers and the drag force coefficient of the irregular shape aerosols for the 

transition regime (Equation 2). 

    Appr. 1 Appr. 2 Appr. 1 Appr. 2 

 Booth 
dm,dry 

(nm) 
χ N N dp dp 

A
gg

lo
m

er
at

es
 #1 30 1.05 ± 0.00 2 ± 0 2 ± 0 21.2±0.0 21.2±0.0 

#1 90 1.38 ± 0.16 23 ± 25 6 ± 3 26.8±8.6 41.0±7.0 

#3 30 1.20 ± 0.08 6 ± 2 3 ± 1 13.8±3.2 18.2±1.4 

#3 90 1.28 ± 0.12 13 ± 14 5 ± 2 34.6±12.0 47.4±8.4 

A
gg

re
ga

te
s 

#1 30 1.05 ± 0.00 2 ± 0 1 ± 0 21.2±0.0 28.0±0.0 

#1 90 1.38 ± 0.16 23 ± 25 4 ± 2 26.4±8.6 48.6±8.2 

#3 30 1.20 ± 0.08 6 ± 2 2 ± 1 13.8±3.6 22.2±2.8 

#3 90 1.28 ± 0.13 13 ± 14 3 ± 1 34.6±12.0 56.2±9.8 

 

In booth #3, where the HTDMA sampled for more time, irregularly shaped particles having a dry 

diameter of 90 nm exhibited an average dynamic shape factor of 1.28. The estimated number of 

primary particles comprising these aggregates/agglomerates is estimated to be 5 and 13 on average, 

depending on which approach is used. The respective estimated mean diameter of the primary 

particles was ca. 47 and 35 nm. The detection frequency of irregularly shaped particles having dry 

electrical mobility diameters of 30 nm, was also lower compared to that of the 90-nm particles when 

the spraying process in booth #3 was active. However, the 30-nm aggregates/agglomerates were 

detected more frequently in this case compared to when the spraying process in booth #1 was active 

during working hours, exhibiting an average dynamic shape factor of 1.20. This yields that on average 

the aggregates/agglomerates consist of 6 primary particles, with a mean size of ca. 14 nm, when the 
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first approach (based on the estimated dynamic shape factors) is used, or of ca. 3 primary particles 

with an average size of ca. 18 nm when the second approach (based on the measured volume of the 

restructured particles) is employed. 

3.5 TEM analysis and comparison with HTDMA results 

TEM images of particles collected inside booth #1 are shown in Figure 6a-b. Chain-like agglomerates 

were observed across the TEM grid with different sizes and numbers of primary particles. It should 

be noted that agglomerates may form on the grid during collection, and thus constitute a sampling 

artefact. As a result, comparison of the structural properties of the sampled particles determined by 

the TEM images and the HTDMA measurements can only be made in terms of the size of the primary 

particles forming the aggregates/agglomerates, and not for the number of primary particles they 

consist of. 

Spherical or spheroid shape of primary particles, ranging from 5 to 20 nm, can be observed in the 

TEM images of aggregates produced in booth #1 (Figure 6a-b), and their composition was found to 

be similar to the feedstock material (cf. Figure S9). Compared to the calculations discussed in Section 

3.4, the TEM images suggest that the size of primary particles comprising the 90-nm dry 

agglomerates/aggregates was overestimated by the HTDMA measurements. Better agreement 

between the TEM observations and the estimations of the primary particle size derived by the 

HTDMA measurements is achieved when the first approach (based on the estimation of the shape 

factor of the particles) is used. For the 30-nm particles, the estimated primary particle diameters 

derived from the HTDMA data was similar to the ones observed by the TEM (ca. 20 nm). It should be 

noted here, however, that the TEM images show polydisperse (i.e., not size selected) 

aggregated/agglomerated particles collected during the spraying process, and thus making a direct 

comparison for the case of the 30- and 90-nm particles analyzed by the HTDMA is impossible. 

Nevertheless, the information of the size of the primary particles obtained by the two methods is 

qualitatively comparable assuming that this does not differ much with the size of the 

aggregates/agglomerates. 

TEM images of particles sampled inside booth #3 during spraying are shown in Figure 6c-f. 

Irregularly-shaped primary particles appear to be strongly aggregated, resembling nanoparticles 

which have undergone mild sintering, and therefore it becomes challenging to distinguish them even 

in the higher TEM magnification (Figure 6d). This could also be an indication that the particles were 

directly emitted as aggregates, formed by high energy collisions, and not as single primary particles 

which agglomerated/aggregated after released in the air. The chemical composition of the particles 

emitted was similar to that if the micron-sized feedstock used (Figure S9), confirming thermal 

spraying was the source of the sampled particles. 
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Figure 6. TEM images of the particles emitted during APS in booth #1 (a, b), and during HVOF in booth #3 (c-

f). 

By comparing the size of the primary particles observed with the TEM (i.e., ca. 20 nm) and that 

derived by the HTDMA measurements (i.e., ca. 35 nm), it is evident that the latter overestimate 90-

nm agglomerates by 73%, even when their primary particle number was derived by their shape 

factor (i.e., first approach; cf. Table 1). In contrast, in the case of the 30-nm aggregates/agglomerates, 

the primary particle size was estimated (i.e., from the HTDMA measurements) to be ca. 18 or 14 nm, 

depending on the approach for estimating the primary particle number, which is in good agreement 

with the TEM observations.  

In the analysis for the estimation of the number and size of primary particles that make up the 

aggregates/agglomerates it was assumed that the hydrophobic nanoparticles were restructured to 

more compact, spherical-like particles upon humidification in the HTDMA. However, in the case that 

these irregular-shaped particles do not restructure completely into perfect spheres upon 
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humidification in the HTDMA, their dynamic shape factors would be even higher than the ones 

calculated by Equation 4. 

3.6 Sensitivity analysis of the primary particle number and size derived by the HTDMA 

measurements 

In view of the comparison of the results from the TEM analysis and the HTDMA measurements here 

we take a more critical view of the number and size of primary particles derived from the 

hygroscopicity measurements. To assess the effect that the sampled aggregates/agglomerates do not 

undergo full restructuring at the elevated RH within the HTDMA would have in the interpretation of 

our results, we carry out a sensitivity analysis showing that an increase in the dynamic shape factor 

of the particles will result in an increase of the number and a decrease of the size of primary particles 

that form an aggregate/agglomerate. The effects of the dynamic shape factor on both the number and 

size of primary particles for agglomerates are provided in the ESI (cf. Figure S7). For the irregularly-

shaped particles observed during the process taking place in booth #1, an increase of the dynamic 

shape factor by 0.05 in the calculated average dynamic shape factors (1.10 and 1.43 for the 30- and 

90-nm particles, respectively) would result in an estimated primary particle size of 20 nm. This value 

is ca. 5% lower compared to that determined from the measurements in section 3.4, and would be in 

agreement, within experimental uncertainty, with the TEM analysis. Regarding the 90-nm irregularly 

shaped particles observed in booth #3, an absolute increase of 0.15 on their shape factor (i.e., from 

ca. 1.28 to 1.43) would be needed in order that the estimate primary particle size to be ca. 20 nm. 

This suggests that the assumption that the 90-nm particles were completely restructured to form 

spherical particles upon exposure to 87% RH may not be absolutely valid in this particular case. 

Based on the above sensitivity analysis it is evident that an incomplete restructuring of the irregular 

particles upon humidification in the HTDMA can significantly influence the estimated number and 

size of primary particles that form the aggregates/agglomerates. Based on experimental 

observations, it has been suggested that for complete restructuring of agglomerated nanoparticles 

into compact spherical-like structures, supersaturated conditions (RH > 100%) are necessary 

(Kelesidis et al., 2018). The HTDMA, however, cannot operate at such high concentrations of water 

vapour, as its main function is to measure the hygroscopicity of particles at certain RH conditions. 

Therefore, incomplete restructuring of the irregular particles upon humidification is the most 

probable cause for the discrepancies between the observed (TEM) and the estimated (from the 

HTDMA measurements) numbers and sizes of the primary particles forming the 

aggregates/agglomerates. 

3.7 Significance of hygroscopicity as a human health-related particle property 

This intrinsic property of aerosols is relevant given that inhaled particles are exposed to relative 

humidity (RH) levels close to 99% in the human respiratory system (Anselm et al., 1990; Ferron et 

al., 1988), thus any changes in particle size (i.e., due to their hygroscopicity) can change their 

deposition patterns (Löndahl et al., 2007). The mixing state of particles plays also a role on their 

deposition behavior in the human respiratory system, and consequently on their associated health 

effects: in externally mixed aerosols, particles having the same size at dry conditions but are of 

different composition, will grow to different sizes, and therefore exhibit different deposition 

efficiencies, upon inhalation. Along these lines, it has been shown that the deposition of externally 
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mixed fresh soot particles (i.e., hydrophobic; found in urban plumes) in the alveolar region can be 

underestimated by 5 to 20% if treated as internally mixed with more hygroscopic background 

aerosols (Ching and Kajino, 2018). 

The hygroscopicity measurements in this work showed that UFPs produced by both the APS and 

HVOF plasma processes, having dry electrical mobility diameters of 30 nm, exhibited some water 

uptake when exposed to 87% RH (i.e., less hygroscopic), while having a compact shape, close to that 

of a sphere. Upon inhalation, these particles will grow, due to the high RH in the human respiratory 

system by ca. 28%, reaching sizes of approx. 38.5 nm (cf. ESI). On the other hand, their 90-nm 

counterparts were characterized as hydrophobic, clearly exhibited irregular shapes and 

restructuring upon humidification (i.e., exhibiting hygroscopic factors less than unity). Due to these 

characteristic properties they can be easily distinguished, on a real-time basis with the HTDMA, from 

other aerosols of the same electrical mobility. While a incomplete restructuring of these particles at 

87% RH may very well be the main reason explaining the differences with TEM observations (cf. 

sections 3.4, 3.5 and 3.6), we cannot completely exclude this from happening upon inhalation (i.e., 

99% RH inside the human respiratory system). Our sensitivity analysis indicates that in this case, 

these 90-nm electrical mobility diameter UFPs will exhibit aerodynamic diameters of approx. 70 nm 

(i.e., having shape factors of 1.43 or more; cf. section 3.6). 

It is expected that the deposition behavior of these UFPs inside the human respiratory tract will differ 

from those estimated if their hygroscopic properties are not taken into account. This is, however, 

beyond the scope of this paper, but warranties further investigation. In addition, other size/shape 

related metrics such as their Lung Deposition Surface Area (LDSA) are expected to differ compared 

to those of the particles measured/calculated at dry conditions, as they are only valid for spherical 

particles which do not grow when exposed to elevated RH conditions (Asbach et al., 2017). Therefore, 

in exposure studies the HTDMA provides important additional information which is complementary 

to other aerosol parameters (e.g., number concentration, size distribution) in order to better 

understand the behavior and health impacts of UFPs. Additionally, despite lacking the accuracy of 

off-line methods (e.g., TEM) in determining the morphology and the size of the primary particles, the 

HTDMA can be used to identify particles of irregular shape in almost real time, thus allowing fast 

identification of particle emission hotspots or accidental releases. This would contribute to 

streamlining and tailoring particle exposure assessments in workplace scenarios. 

 

4. Conclusions 

High concentrations of process-generated ultrafine particles (UFPs), which were often higher than 

106 cm-3, were monitored at an industrial workplace setting during thermal spraying, inside the 

spraying booths of the facility. Emission patterns were irregular in the case of the process taking 

place in booth #1 (Atmospheric Plasma Spraying; APS) and more uniform during spraying in booth 

#3 (High Velocity Oxy-Fuel; HVOF). Modal analysis of the emissions showed that the majority of the 

emitted UFPs were in the size range of 26 to 90 nm, regardless of the process and the operating 

conditions. Particles were emitted inside the spraying booths where workers were equipped with 
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personal protective equipment, but they also impacted the area where workers were not equipped 

with personal protective equipment. 

Measurements were also conducted for providing complementary information on UFP 

hygroscopicity and mixing state, as a means to distinguish between process-generated and 

background particles, as well as for estimating their structural properties (i.e., the number and size 

of primary particles comprising the emitted agglomerates/aggregates). In these measurements we 

observed that 30-nm (electrical mobility diameter) particles originating from the plasma processes 

exhibited hygroscopicities which did not differ significantly from other aerosols sampled when 

thermal spraying was not operational. However, taking into account that 30-nm particles were 

observed by the HTDMA only during working hours, their presence has to be attributed to processes 

taking place inside the workshop. The shape of these particles was closer to that of a sphere, while 

based on their measured hygroscopicities they are expected to grow in size by ca. 28% upon 

inhalation (i.e., at 99% RH).  The 90-nm particles, on the other hand, were hydrophobic at 87% RH 

and underwent a shape change upon humidification (i.e., g(87%) < 1.0). This allowed to clearly 

distinguish them from other aerosols of the same dry size that were present in the workplace.  

TEM/EDX analysis confirmed that process-generated particles had the same composition as the 

feedstock material, verifying that thermal spraying (APS, HVOF) was the dominant UFP source in the 

breathing air in the facility. Agglomerates were dominant on the sample grids collected from both 

booths, but exhibited different levels of aggregation, shapes and sizes. A qualitative comparison of 

the HTDMA measurements and the TEM analysis, showed that the size of spherical particles which 

formed chain-like agglomerates was overestimated, while their number was probably 

underestimated with the former technique. For the 90-nm agglomerates that exhibited a clear 

restructuring, in order for the calculated primary particle size determined using the HTDMA 

measurements to match the TEM observations the dynamic shape factors of these particles had to be 

ca. 5-10% higher than the measured ones. The latter suggests that the sampled 

aggregates/agglomerates do not fully restructure to form perfect spheres when exposed to sub-

saturated conditions of 87% RH. Despite that, it is evident that the aerodynamic diameters of these 

particles will be significantly smaller than their electrical mobility diameters (i.e., 90 nm, measured 

at dry conditions) as they approach the shape of a sphere when exposed to elevated RH conditions 

upon inhalation (i.e., ca. 70 nm if completely restructured at 99% RH). In addition, this information 

is obtainable in almost real time by the HTDMA, providing a competitive advantage compared to 

other offline techniques. 

The additional information provided by the HTDMA can complement existing methods used for an 

accurate assessment of the health effect associated to process-generated UFPs, as any changes in 

their size/shape upon inhalation can impact on other properties, such as their LDSA, while changing 

their deposition patterns inside the human respiratory system. 
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Figure S1. Schematic illustration or the facility investigated 

 

Sampled particles were initially dried through a silica gel diffusion drier, brought to a charge 

equilibrium by passing through a soft X-ray aerosol neutralizer (TSI Model 3088) before entering the 

first DMA of the system (DMA-1). The quasi-monodisperse particles downstream DMA-1 are then 

exposed to elevated RH conditions by passing through a nafion membrane humidity exchanger 

(Permapure Model MD-700-06S-1), before their size distribution is measured by the second DMA 

(DMA-2) of the system that is coupled to a CPC (TSI 3010). Both DMAs employ closed loop sheath 

flows, while an additional humidification system, consisting of a second nafion humidifier 

(Permapure PD-50T-MPR) is added to the sheath flow of DMA-2 in order to maintain it at the same 

RH level with that of the sample flow. Two RH and temperature sensors (Rotronic HC02-05), together 

with a software closed loop control (National Instruments Labview 2014), are utilized for measuring 

and controlling the stability of the RHs in the system. The system was operated at a constant 87±2% 

RH, as this is above the deliquescence RH (i.e., RH above which a solid particle will form a droplet) of 

ammonium sulfate (i.e., one of the most abundant, hygroscopic, inorganic species in the atmosphere), 

while being low enough to prevent accidental forming of supersaturated conditions in parts of the 

HTDMA. 
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Figure S2. Major parts of the HTDMA system assembled for the characterization of PGNPs hygroscopicity and 

mixing state. 

 

Deriving hygroscopic factor from the HTDMA. 

In the HTDMA the first DMA (DMA-1) operates at a steady voltage during each sample, thus 

constantly classifying particles having a quasi-monodisperse electrical mobility (Z), while the voltage 

of DMA-2 is scanned, allowing the classification of particles having different electrical mobilities, 

which are then detected by the CPC. In general, the electrical mobility Ζ of the particles that are 

classified in a cylindrical DMA (i.e., like the ones used in the HTDMA) is related with its geometrical 

features and operating conditions (Baron and Willeke, 2001) as: 

𝑍 =
(𝑄sh+𝑄e)ln

𝑅2
𝑅1

4𝜋𝑉𝐿
 .                                                                                            (S1) 

Here, R1, R2 are respectively the inner and outer radii of the DMA, L is characteristic classification 

length, Qsh the sheath flow rate, Qe  the excess flow rate and V the applied potential in its inner 

electrode.  

In the case of spherical particles, Z is related to particle diameter (d) using Hinds (1999):  
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𝛧 =  
𝑛𝑒𝐶𝑐

3𝜋𝜇𝑑
 ,                                                                                                     (S2) 

where n is the number of elementary charges, e the electron charge (1.6e-19 Cb), μ the air viscosity 

(1.81e-5 Pa S, at 20 ˚C) and Cc the Cunningham slip correction factor.  

The Cunningham slip correction factor, Cc, can be calculated via the empirical formula (Allen and 

Raabe, 1985) as: 

𝐶𝑐(𝐾𝑛) = 1 + 𝐾𝑛 [𝑎 + 𝑏exp (−
𝑐

𝐾𝑛
)].                                                             (S3) 

Here Kn is the Knudsen number, which is the ratio of the gas mean free path (λ) to the radius of the 

spherical particle (r), while a= 1.257, b=0.4, c=1.1, are fitted parameters (Davies, 1945).  Note that 

the Kn number is used for defining the behavior of a particle while moving inside its surrounding gas 

molecules (i.e., its flow regime). For example, a particle much bigger than the gas mean free path (i.e, 

Kn<<0) will be subjected to a number of gas molecules collisions while a particle, much smaller than 

the gas mean free path (i.e.,  Kn>>1) will be subjected to significantly lower collisions by the 

surrounding gas molecules (i.e., resulting in a reduction in its drag).  

Assuming particles of spherical shape, carrying one elementary charge, equations S1 to S3 are used 

for inverting the HTDMA measurements and for calculating the geometric mean electrical mobility 

diameters of particles selected by DMA-1 and measured by DMA-2 and the CPC, thus deriving their 

hygroscopic factor.  
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Figure S3. Example of inverted HTDMA measurements of particles having dry electrical mobility diameters of 

30 (a) and 90 (c) nm and their corresponding distributions, expressed as hygroscopic factor distributions at 

87% RH (b, d), respectively. Note that in this example the 30-nm particles exhibited internally mixed 

behavior (i.e., unimodal distribution when exposed to 87% RH), while in contrast their 90-nm counterparts 

exhibited a wider distribution upon humidification, which can be analyzed in two separate modes (i.e., 

externally mixed), thus having two hygroscopic factors (i.e., g1 and g2, respectively). 



Chapter 4. Results 

 
137 

 

Figure S4. Example of inverted HTDMA measurements of particles having an assumed (i.e., if they were 

spherical) dry electrical mobility diameter of 90 nm (a) and the corresponding distribution, expressed as 

hygroscopic factor distribution at 87% RH (b). Note that in this example the assumed 90-nm particles (i.e., 

based on the operational settings of DMA-1, corresponding for spherical particles) exhibited a unimodal 

distribution (i.e., internally mixed) when exposed to 87% RH, with a hygroscopic factor < 1.0. The latter is a 

clear indication of hydrophobic particles with irregular shape, that undergo restructuring upon 

humidification after exposed to 87% RH. 

 

Calculating particle hygroscopic factor on different than 87% RH. 

The water affinity of soluble particulate matter can be represented by the single hygroscopic 

parameter κ (Petters and Kreidenweis, 2007), which can be also used for calculating its water uptake 

characteristics at various RHs. The value of κ can be calculated from the measured (i.e., by the 

HTDMA) hygroscopic factor (Kreidenweis et al., 2008): 

κHTDMA= 
(g(87%)3-1)

aw/(1-aw)
 ,                                                                                                     (S4) 

where g(87%) is the measured hygroscopic factor (i.e., at 87% RH in our measurements) and aw is  

the water activity of the solution droplet, which can be calculated by: 
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aw≈
RH

100
 (𝑒𝑥𝑝 (

4𝜎𝑠 𝛼⁄    𝑀𝑤

𝑅𝑇𝜌𝑤𝑑𝑚(RH)
))

−1

.                                                                               (S5) 

Here σs/a and Mw are the surface tension and molecular weight of pure water (0.072 J m-2 and 18-3 

kg/mol, respectively), R is the universal gas constant, T is the absolute temperature, ρw is the density 

of water and dm is the diameter of the particles at 87% RH. 

The single hygroscopic parameter κ (i.e., calculated using the Eqs. S4 and S5) can be used for 

predicting the hygroscopic factor of the same particles at 99% RH (i.e., similar to that inside the 

human respiratory system) as follows: 

g (99%) =  (1 + 𝜅HTDMA (
𝑎𝑤

1−𝑎𝑤
))

1/3

 .                                                                           (S6) 

In Eq. S6, the water activity of the solution droplet (aw) is calculated iteratively for 99% RH using Eq. 

S5. 

 

 

 

 

Figure S5. HTDMA measurements of 

particles having dry mobility diameters 

of 30- (a) and 90- (b) nm, sampled 

from during the non-working hours on 

15-16 Nov. 2017. The size of the 

symbols (i.e., the size of the circles) is 

proportional to the number fraction of 

each hygroscopic mode. Particles 

which exhibited hygroscopic factor 

below 1.15 (hydrophobic/less 

hygroscopic; HP) are denoted with 

different symbols (i.e. open circles), 

than the more hygroscopic ones (i.e., 

hygroscopic factor > 1.15; HS). 
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Figure S6. Number concentrations of particles classified by the NanoScan-SMPS as having midpoint electrical 

mobility diameters of 27.4 and 86.6 nm, measured during the non-working hours between 16 and 17 Nov. 

2017. These size bins were selected due to their proximity to dry electrical mobility diameters selected by the 

HTDMA (i.e., 30 and 90 nm, respectively). 

 

 

Figure S7. Number and size of primary particles forming aggregate/agglomerate particles with dry electrical 

mobility diameters of 30 (a) and 90 (b) nm as a function of their dynamic shape factor χ. The results, 

especially for χ < 1.2, appear to have the same values for a range of χ, due to rounding the number of primary 

particles, which has to be integer. 
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Figure S8. Schematic illustration of the thermal spraying techniques, (a) APS and (b) HVOF and their 

potential particle emission mechanisms. 

 

 

a 

b 
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Figure S9. EDX analysis from the respective TEM samples of emitted UFP from (a) APS and (b) 

HVOF 

 

Table S1. Average hygroscopic factors together with their respective number fractions for different time 

intervals during the measuring period. Here dm,dry  stands for the electrical mobility diameter of particles 

selected by DMA-1 of the HTDMA. The average hygroscopic factors g1, g2 and their respective average number 

fractions, FR1, FR2 are obtained for two different hygroscopic modes (i.e., externally mixed samples). If during 

a time interval, only one mode is present (i.e., internally mixed particles), then the g value of the second mode 

is assigned with "NaN" while its respective FR is assigned with 0. The starting and ending times of the time 

intervals are denoted with "date S" and "date E", respectively. These time intervals of interest are based upon 

different activities (cf. table legend). Finally, the symbol "#" denotes in which booth (i.e., 1,2,3) the inlet of the 

HTDMA was located. During the end of the measuring campaign the HTDMA was sampling from the area, 

outside booth #3 and these time intervals are denoted with the letter "C" in the same column. 

 

dm,d

ry 
g1 g2 FR1 FR2 date S date E # 

30 NaN 1.16 0.00 1.00 
15/11/2017 
14:40 

15/11/2017 
15:00 1 

30 1.07 1.27 0.60 0.40 
15/11/2017 
15:00 

15/11/2017 
16:00 1 

30 1.12 1.30 0.64 0.36 
15/11/2017 
16:15 

15/11/2017 
16:45 1 

30 1.10 1.17 0.75 0.25 
15/11/2017 
16:45 

15/11/2017 
17:25 1 

Booth 

#1 

Booth 

#3 

No 

working 

hours 

Launch 

break 
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30 1.07 1.29 0.98 0.02 
15/11/2017 
18:00 

16/11/2017 
8:00 3 

30 1.07 1.26 0.79 0.21 
16/11/2017 
8:00 

16/11/2017 
12:25 3 

30 NaN 1.32 0.00 1.00 
16/11/2017 
12:25 

16/11/2017 
12:35 3 

30 0.89 1.21 0.57 0.43 
16/11/2017 
12:45 

16/11/2017 
13:00 3 

30 0.98 1.27 0.71 0.29 
16/11/2017 
13:00 

16/11/2017 
14:30 3 

30 1.11 1.20 0.50 0.50 
16/11/2017 
14:30 

16/11/2017 
15:10 3 

30 1.03 1.17 0.50 0.50 
16/11/2017 
15:10 

16/11/2017 
15:50 3 

30 1.08 1.28 0.57 0.43 
16/11/2017 
15:50 

16/11/2017 
17:00 3 

30 1.10 NaN 1.00 0.00 
16/11/2017 
17:45 

16/11/2017 
18:30 3 

30 1.01 1.11 0.93 0.07 
16/11/2017 
18:30 

16/11/2017 
20:00 3 

30 0.91 1.16 0.89 0.11 
16/11/2017 
20:00 

16/11/2017 
22:20 3 

30 1.09 1.27 0.01 0.99 
17/11/2017 
8:50 

17/11/2017 
10:20 3 

30 1.10 NaN 1.00 0.00 
17/11/2017 
10:20 

17/11/2017 
11:20 3 

30 1.09 1.25 0.69 0.31 
17/11/2017 
11:20 

17/11/2017 
12:20 3 

30 1.08 1.42 0.97 0.03 
17/11/2017 
12:20 

17/11/2017 
13:00 C 

30 1.10 1.29 0.58 0.42 
17/11/2017 
13:00 

17/11/2017 
14:30 C 

30 1.02 1.50 0.83 0.17 
17/11/2017 
14:30 

17/11/2017 
14:50 C 

30 1.15 NaN 1.00 0.00 
17/11/2017 
14:50 

17/11/2017 
15:30 C 

 

dm,d

ry 
g1 g2 FR1 FR2 date S date E # 

90 1.08 1.33 0.32 0.68 
15/11/2017 
16:15 

15/11/2017 
16:45 1 

90 0.84 NaN 1.00 0.00 
15/11/2017 
16:45 

15/11/2017 
17:25 1 

90 1.10 1.22 0.72 0.28 
15/11/2017 
18:00 

16/11/2017 
8:00 3 

90 1.08 1.24 0.47 0.53 
16/11/2017 
8:00 

16/11/2017 
12:25 3 

90 0.85 1.12 0.38 0.62 
16/11/2017 
12:35 

16/11/2017 
12:45 3 

90 1.11 NaN 1.00 0.00 
16/11/2017 
12:45 

16/11/2017 
13:00 3 

90 1.16 1.32 0.54 0.46 
16/11/2017 
13:00 

16/11/2017 
14:30 3 
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90 1.06 1.34 0.85 0.15 
16/11/2017 
14:30 

16/11/2017 
15:10 3 

90 0.89 NaN 1.00 0.00 
16/11/2017 
15:10 

16/11/2017 
15:50 3 

90 1.16 1.29 0.28 0.72 
16/11/2017 
15:50 

16/11/2017 
17:00 3 

90 1.09 1.33 0.71 0.29 
16/11/2017 
17:00 

16/11/2017 
17:45 3 

90 0.89 NaN 1.00 0.00 
16/11/2017 
17:45 

16/11/2017 
18:30 3 

90 1.07 1.23 0.48 0.52 
16/11/2017 
18:30 

16/11/2017 
20:00 3 

90 1.13 NaN 1.00 0.00 
16/11/2017 
20:00 

16/11/2017 
22:20 3 

90 1.15 1.34 0.24 0.76 
17/11/2017 
8:50 

17/11/2017 
10:20 3 

90 0.90 1.44 0.91 0.09 
17/11/2017 
10:20 

17/11/2017 
11:20 3 

90 1.01 1.25 0.73 0.27 
17/11/2017 
11:20 

17/11/2017 
12:20 3 

90 1.00 1.22 0.51 0.49 
17/11/2017 
12:20 

17/11/2017 
13:00 C 

90 1.08 NaN 1.00 0.00 
17/11/2017 
13:00 

17/11/2017 
14:30 C 

90 0.88 1.09 0.62 0.38 
17/11/2017 
14:50 

17/11/2017 
15:30 C 

 

Sources of uncertainty when exceeding the nominal maximum number concentration of the 

NanoScan-SMPS. 

During plasma spraying activities in both booth #1 and #3 the Nanoscan-SMPS often reported total 

concentration values >106 cm-3, reaching in some cases 5 x 106 cm-3, thus exceeding the nominal 

maximum total number concentration limit of the instrument (as stated by the manufacturer; TSI). 

While the instrument manufacturer does not recommend its use, under these high concentrations, 

these measurements can still be valid, although with slightly increased uncertainties, if all the 

individual parts of the Nanoscan-SMPS operate within (or slightly above) their designed limits 

(personal communication with TSI). A major concern with SMPS measurements under very high 

number concentrations is the response of the particle detector (i.e., most usually a CPC downstream 

the DMA), which could reach its maximum counting ability, thus reporting the same (i.e., the 

maximum) number of particles through a wide number of size bins (or even at all of them). This has 

a major impact in both the number concentration but also in the size that the instrument reports. 

Such behavior however, was never encountered in our measurements (cf. Figs 1 and 2). Another part 

of concern under very high particle concentrations is the DMA of an SMPS system, as the motion of 

charged particles inside the DMA is not only dictated by the DMA's electric field but it can be distorted 

as they electrically interact between each other. However, such a behavior has been observed mainly 

for small nanoparticles (ca. 10 nm), which require low classification voltages, in DMAs operating with 

> 108 cm-3 (Camata et al., 2001). Another part that can be affected by very high particle number 

concentrations of particles is the charger of an SMPS system, as its efficiency can by reduced. The 

NanoScan-SMPS carries a corona charger and its ion current is constantly monitored and regulated, 
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within some limits, by the instrument itself. In extreme cases (i.e., when the number concentration of 

particles exceeds by far the design characteristics of the charger) the ion current drops significantly 

and the instrument reports an error. In less extreme conditions, (i.e., the instrument's charger 

operates at reduced efficiency but without reporting ion current error), deviations in particle size 

and number concentration may appear (i.e., the instrument will report reduced particle size and 

number concentration than the actual one). In our measurements a current error was never 

encountered, indicating that the NanoScan-SMPS charger was operating within its (ion current) 

design limits. In addition, previously published measurements, obtained with the same instrument, 

the same technique, outside (i.e., far field) of the spray booths, at the same workplace, where the total 

number concentration of particles was <105 cm-3 (i.e., well within the instruments concentration 

limit), reported similar sizes of particles as the ones measured in this campaign, during thermal 

spraying activities (cf. Salmatonidis et al., 2019). This is a strong indication that the performance of 

the instrument was not demoted by the >106 cm-3 particle number concentrations, encountered 

within the spraying booths in this campaign. 
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Abstract 

Inhalation of airborne nanoparticles is a well-known source of potentially health-hazardous 

occupational exposures. Effective mitigation measures are necessary to reduce exposure, but also 

challenging to implement due to the different characteristics of each individual emission source and 

industrial scenario. The present paper describes four different exposure case studies in the ceramic 

industry and quantifies the effectiveness of mitigation strategies implemented during: ceramic tile 

processing by thermal spraying, laser ablation, the use of diesel engines, and tile firing. The mitigation 

measures for exposure reduction were tailored to each industrial scenario. The NP removal efficiency 

of source enclosure (partial/full) combined with local exhaust ventilation (LEV) were quantified to 

range between 65-85% when the enclosure was partial. The efficiency reached 99% with full 

enclosure and vigorous ventilation (Air Change per Hour; ACH =132 h-1). The elimination of the 

source was the optimal strategy to minimize exposure in the case of diesel forklifts use. The 

conventional ceramic kilns used intensively (>10 years) generated high NP exposure concentrations 

(>106 /cm3). Appropriate maintenance and enhanced sealing enabled the reduction of exposure 

down to 52% of the initial value. It must be added that technologically advanced kilns, enabled even 

greater NP reductions (down to 84%), compared to the conventional ones. This proves technological 

improvements can lead to significant reduction of work exposures. This work evidences the need for 

tailored mitigation measures due to the broad variety of potential sources and activities in industrial 

scenarios. The quantitative efficiency rates reported here may be valuable for the adequate 

parametrization of exposure prediction and risk assessment models. 

 

Keywords: risk assessment; worker health; hygiene and safety; non-engineered nanoparticles; 

ceramic industry; thermal processes 
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1. Introduction 

The adverse effects of exposure to fine and coarse particles are well described in the literature (Pope 

et al., 1995; Pope and Dockery, 2006). Exposure to nanoparticles (<100 nm; NPs) in workplaces has 

been an issue of concern for the last decades, and the subject of numerous research studies (Brouwer, 

2010; Brouwer et al., 2009, 2004; Hämeri et al., 2009; Seaton et al., 2010; Wiesner et al., 2006). The 

health impacts deriving from inhalation of NPs results from their capacity to penetrate into the 

deeper sections of the respiratory tract due to their small size has been established (Oberdorster, 

2000; Oberdorster et al., 1992). NPs are also able to translocate to other body organs through the 

blood stream (Donaldson et al., 2005; Oberdörster et al., 2004). Other health hazardous factors are 

their surface area and chemical composition, which determine toxicological responses and 

interactions with biological molecules (Schmid and Stoeger, 2017). 

Nanoparticles found in industrial workplaces and impacting exposure originate generally from two 

sources: (i) emission resulting from industrial activities and (ii) background aerosols. Nanoparticles 

in ambient background air, frequently referred to as ultrafine particles (UFPs), result from 

anthropogenic emissions (e.g. combustion products from vehicles) and from new particle formation 

(e.g., atmospheric nucleation) among other sources (Brines et al., 2015; Kulmala et al., 2014; Pey et 

al., 2009). The NPs emitted by industrial activities may be engineered and used as input/output in 

the manufacturing process, or non-engineered and formed unintentionally as a result of a given 

industrial activity. The latter are also referred to as process-generated (PGNPs; Van Broekhuizen et 

al., 2012) and incidental NPs (Viitanen et al., 2017) are the subject of the present study which is 

focused on ceramic industry. 

A recent literature review, which assessed publications reporting industrial sources of UFPs particles 

and exposure concentrations in workplaces (Viitanen et al., 2017) concluded that real exposures (e.g. 

in welding and metal industry) were more than hundred times greater than those resulting from 

background aerosols. The obtained results of measurements were not conclusive enough to draw 

general conclusions with regard to exposure. In particular, NP release in the ceramic industry 

resulting in worker exposures can be found in traditional pottery (Voliotis et al., 2014), in ceramic 

tiles sintering (Fonseca et al., 2016) and in innovative processes (Fonseca et al., 2015; Salmatonidis 

et al., 2018) such as high energy ones (e.g. thermal spraying; Salmatonidis et al., 2019; Viana et al., 

2017). Hence, there is sufficient evidence to conclude that unintentional NP release generates 

statistically significant impacts on worker exposure in the ceramic industry. 

Consequently, efficient exposure mitigation strategies must be implemented. Certain measures are 

based on industrial practices and on the hierarchy of control methods (Conti et al., 2008; E.U., 2014; 

Gerritzen et al., 2006; Schulte et al., 2008). The European Council Directive 98/24/EC (E.U., 2014) 

recommends the elimination or isolation of sources as methods to minimize exposures to hazardous 

substances in workplaces. If these measures are not applicable, engineering controls should be 

applied (e.g. dilution and local exhaust ventilation) and finally personal protective equipment (PPE), 

such as respirators or masks are recommended. A recent review that quantified the efficiency of PPE 

and engineering controls (Goede et al., 2018), especially for engineered NPs in controlled scenarios 

such as laboratories, reported that the available data are inconclusive. Previous studies discussed the 

efficiency of PPE such as protective gloves, clothes, filtering facepieces respirators and half mask 
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respirators (Kim et al., 2006, 2007; Lee et al., 2007; Myojo et al., 2017; Tsai et al., 2010). A review of 

this literature, based on search terms “nanoparticles”, “protective equipment” “ventilation”, 

“extraction”,” safety”, “mitigation”, evidenced that: (i) studies for incidentally-released NPs are less 

frequent than for engineered ones; (ii) in spite of a great number of studies on PPE efficiency, less 

information can be found about the effectiveness of applied technical measures, and they refer mostly 

to laboratory-scale; (iii) the results obtained cannot be easily generalized beyond the specific cases; 

and (iv) experimental studies at industrial scale constitute a clear research gap. The diversity of 

industrial processes poses a major challenge when assessing the effectiveness of exposure mitigation 

measures. The literature shows that data regarding the efficiency of NP exposure mitigation 

measures in real world facilities, at an industrial scale, are scarce and not standardized. This is not 

the case for coarse and fine particles, for which the Exposure Control Efficacy Library (ECEL) 

provides information on the efficacy of control methods for inhalation exposure (Fransman et al., 

2008), mainly focusing on particle mass concentration as main metric (as opposed to particle number 

concentration, used for NPs). It should be added that the quantitative data on exposure reduction for 

specific technological measures are also a key input for exposure prediction models applied to indoor 

settings in the framework of risk assessment (e.g., one- and two-box models; Hewett and Ganser, 

2017; Hussein and Kulmala, 2008; Nazaroff, 2004; Ribalta et al., 2019). 

The present work aims to quantify the efficiency of measures for NP exposure reduction 

implemented under real-world operating conditions in the ceramic industry. These measures 

include: (i) ventilation (extraction and dilution); (ii) source enclosure; (iii) source substitution; and 

(iv) periodical source isolation. The efficiency of the measures was assessed by a case study 

approach. The approach presented consists of characterization of NP exposure before and after the 

implementation of mitigation measures. The exposure reductions are characterized by the 

measurements of particle number concentrations. It should be noted that this study does not aim to 

discuss the measured exposure concentrations from a regulatory compliance perspective. Thus, this 

work aims to expand the current literature on exposure mitigation strategies by contributing with 

quantitative assessments of effectiveness of specific technical measures. The data obtained will make 

a valuable contribution for the adequate parametrization of exposure prediction and risk assessment 

models. 

 

2. Materials and methods 

2.1 Particle emission scenarios 

Four particle emission scenarios were evaluated: 

(A) Thermal spraying deposition of coatings 

Particle monitoring was carried out during processing using atmospheric plasma spraying (APS) in 

a semi-industrial pilot plant. Details on this industrial technique and on the NPs generated may be 

found elsewhere (Salmatonidis et al., 2019; Viana et al., 2017). The APS installation was located inside 

the spraying room with a torch installed on a robot. The pilot plant included three compartments like 

the one in Figure 1. The spraying room and the worker's room were connected by an interior door 
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(Figure 1), which may remain either closed or open (binary condition) during processing. The door 

remains closed in routine processing (source enclosure). Sometimes, the operator should intervene 

manually and the door was open (source partial enclosure). The APS area was equipped in with a 

local exhaust ventilation (LEV) system. The particle monitoring locations were: (i) the spraying room 

(emission source); (ii) the worker´s room (exposure area); and (iii) outdoor background (located in 

the corridor outside of the worker´s room; Figure 1). The monitoring instruments were placed on a 

desk, next to the operator at breathing height but not directly at the worker breathing zone. The 

mitigation variables modified were door configuration (closed or open) and extraction flow rate in 

the studied APS rooms, these two variables can be expressed in a single parameter: air changes per 

hour (ACH). 

 

Figure 1. Schematic illustration of the APS facility (scenario A), spraying room (left) and worker room (right). 

 

(B) Laser ablation of ceramic tiles 

The use of this technology in ceramic tile treatment and NP release mechanisms were studied 

previously in laboratory (Salmatonidis et al., 2018) and in pilot-plant scales (Fonseca et al., 2015). In 

this case study, the NP emissions associated to laser ablation of fired ceramic tiles was studied in an 

industrial facility, in which the laser source was located in a partially closed chamber having volume 

of 5.6 m3 equipped with a LEV system having ventilation capacity of about ca. 2000 /m3. The laser 

processing was carried out discontinuously, with laser working cycle duration of ca. 2 minutes. The 

measurements were performed at a distance of ca. 0.5 m from the emission source what is, 

representative of the worker exposure area (Figure 2). The efficiency of NP reduction was measured 

at: (i) laser inactivity (background); (ii) laser ablation with LEV; and (iii) laser ablation without LEV. 
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Figure 2. Schematic illustration of the measurement set-up during laser ablation of tiles (scenario B). 

 

(C) Diesel engines emissions 

The machines powered by diesel engines are widely used in indoor industrial facilities (Gaines et al., 

2008). The use should be reduced to comply with the upcoming indoor air exposure limit values for 

carcinogen contaminants such as diesel soot measured as elemental carbon set by the European 

Council Directive 2019/130 (EU, 2019). The directive sets the concentration limits equal to 0.05 

mg/m3 after the year 2023., The impacts of the use of two Toyota 2z forklifts having power of 42 kW 

(EU stage II clear) was studied inside an industrial workplace. The forklifts were continuously 

operating inside the plant performing loading and unloading of material pallets. In this experiment it 

was not possible to isolate the source from any secondary ones because of their continuous 

movement. However, it could be assumed that diesel forklifts were the main NPs source in the 

worker´s breathing zone. The particle concentration monitoring was performed in a stationary 

location in the loading and unloading area (worker area). Moreover, a personal monitor was worn 

by the forklift operator (breathing zone), working in an open cabin. The mitigation measure studied 

was source substitution based on the use of electrically powered forklifts instead of the diesel ones. 

(D) Ceramic tile firing in a roller hearth kiln 

The study was carried out in an industrial plant for production of ceramic tiles (glazed white-body 

earthenware wall tiles) under real operating conditions (peak temperatures around 1150ºC; Ferrer 

et al., 2015). The activity included the use of a roller kiln (120 m-long), which is the most frequently-

used technology for firing ceramic tiles (Mezquita et al., 2014). The experimental measures were 

performed outside the roller kiln at 1.5m in height and 2m aside from its external walls, every 10 m 
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along the kiln. The monitoring of NPs was performed in three areas which correspond to the firing 

cycle: heating, firing and cooling. Three particle monitoring campaigns were carried out in the 

industrial plant. The first campaign monitored a conventional kiln being in an intensive service for 

ca. 10 years. The second campaign at the former kiln after having done maintenance works in the 

refractory walls. The third campaign was carried out in a new and technologically advanced kiln with 

optimized refractory conditions (being less than 2 years in service). 

2.2 Mitigation strategies implemented and assessed 

The case studies were performed to allow the assessment of three different mitigation strategies. The 

strategies were classified following the hierarchy approach (E.U., 2014; Schulte et al., 2008) as: 

 source substitution/elimination, tested in particle emission scenario (C) in which the diesel 

forklifts were substituted by the electric ones. 

 source isolation, tested in particle emission scenario (D) which comprised maintenance and 

sealing improvement for enhancing source enclosure, during the operation of a roller kiln firing 

ceramic tiles. 

 engineering controls, tested in the particle emission scenarios (A) and (B) (thermal spraying 

and laser ablation, respectively) in which ventilation and LEV system were combined with source 

enclosure. 

The particle emission scenarios and the mitigation measures are shown in Table 1. All data were 

obtained under real industrial operating conditions. The conditions include the production scale 

(from kgs to tons), facility surface area (from tens to thousands m2), the number of workers (from 

two to hundreds). The efficiency of mitigations measures was quantitatively determined, but some 

practical limitations must be mentioned. Namely, the different mitigation measures overlapped in 

some scenarios (e.g., LEV and partial source enclosure were operating in parallel in the APS facility) 

or potential influence of external sources resulting from inadequate isolation of studied areas B, C 

and D. 

Table 1. Particle emission scenarios and applied mitigation measures. 

Case study Activity-Source Scale of facility Mitigation measure 

A 
Atmospheric plasma 

spraying 
Semi-industrial 

Engineering controls: LEV & 

partial/full enclosure 

B Laser ablation Industrial 
Engineering controls: LEV & partial 

enclosure 

C Diesel forklifts Industrial Source substitution 

D Ceramic tile firing Industrial 
Source isolation: refurbishment & 

technology upgrade 
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2.3 Particle monitoring instrumentation 

Workplace exposure assessments were carried out by monitoring particle number concentration and 

their mean diameter, using online instrumentation (Table 2). The monitors measured particle 

diameters range from 4nm to 32µm. Particle number concentrations were monitored with fixed and 

portable instrumentation (TSI CPC 3775; DiSCmini, TESTO) and size distributions were measured 

using NanoScan-SMPS (TSI 3910) and a laser spectrometer (Mini WRAS 1371, GRIMM). All 

instruments were intercompared prior to the measurements for quality assurance purposes. The 

performance of the DiscMini and NanoScan monitors and the intercomparison methodology were 

recommended elsewhere (Fonseca et al., 2016; Viana et al., 2015). 

 

Table 2. Instrumentation used for particle monitoring. 

Instruments 
Size range 

(nm) 
Data recorded Sampling locations 

NanoScan-SMPS (TSI 

3910) 
10-420 

Size resolved particle number 

concentration (#/cm3) 

Emission source 

Worker area 

Condensation Particle 

Counter (CPC, TSI 3775) 
4-3000 

Total particle number 

concentration (#/cm3) 

Emission source 

Worker area 

Diffusion Size Classifier 

miniature (DiSCmini, 

TESTO) 

10-700 

Particle number concentration 

(#/cm3), mean diameter (Dp, 

nm) 

Emission source 

Indoor background 

Outdoor background 

Mini Laser Aerosol 

Spectrometer (Mini-LAS 

11R, GRIMM) 

250-32000 
Size segregated mass 

concentration (µg/m3) 

Emission source 

Indoor background 

Outdoor background 

Mini Wide Range Aerosol 

Spectrometer (Mini WRAS 

1371, GRIMM) 

10-32000 

Size resolved particle number 

concentration (#/cm3), Size 

segregated mass concentration 

(µg/m3) 

Indoor background 

Outdoor background 

 

Particle number concentrations were monitored at the emission source, in the worker area or in the 

breathing zone (depending on the scenario) in indoor and outdoor locations (OECD, 2015; 

Ramachandran et al., 2011). The indoor (background) location was located at a distance greater than 

2 m from the emission source in each case to avoid potential interferences. The outdoor location was 

to evaluate the possible contribution of outdoor sources (e.g., road traffic). 

The effectiveness of the exposure mitigation measures (EEMM) was quantified according to Eq. 1: 

𝐸𝐸𝑀𝑀 = (1 −
 𝐶𝐸𝑀𝑀

𝐶0
) × 100      (1) 
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where C0 is the initial particle number exposure concentration before the implementation of 

mitigation measure, and CEMM is the concentration after its implementation. 

The industrial processes do not enable to perform always the measurement without mitigation 

because of safety requirements. The different approach for calculating the efficiency was applied 

when mitigation measures were already implemented (e.g., case study A). Namely, the emissions 

were monitored simultaneously in the emission source and in operator area and the total reduction 

of particle concentration was calculated according to Eq. 2, 

𝐸𝐸𝑀𝑀 = (1 −
𝐶𝑊𝐴

𝐶𝐸𝑆
) × 100     (2) 

where CWA is the number concentration in the worker area and CES in the emissions source. 

 

3. Results and discussion 

3.1 Source substitution/elimination (C; Diesel engines emissions) 

Mitigation measures: the measures implemented consisted of substitution of diesel forklifts (Toyota 

2z, 42 kW, EU stage II clear) by electrical ones (STILL RX60-25, emission-free drive) to reduce indoor 

exposure to soot NPs. 

Particle emissions: mean particle number concentrations were 1.1 ×105/cm3 in the worker area, with 

their mean diameter of 39 nm in the monitored range 10-420 nm. The peak of particle number 

concentrations in the breathing zone was greater than 2.5*103/cm3 (1-min mean concentrations), 

corresponded to low mean particle diameters (30-40 nm), characteristic of diesel emissions 

(Kittelson et al., 2004; Morawska et al., 2008). The particle size distribution in the worker area was 

lower than 50 nm (83% of the particles) and 51% of them were lower than 30 nm. 

Efficiency of the mitigation strategy: Figure 3 shows the comparison between particle number 

concentrations monitored in the breathing zone, during operation with diesel and with electrical 

forklift (during 1 h period). Measurements were recorded on two different days, with a time interval 

of one week. Only one type of forklift was evaluated on each of the days, initially the diesel and then 

the electrical ones. Background concentrations were monitored simultaneously in a background 

reference location in the plant, using a DiscMini monitor. This area was not directly affected by any 

process, and it was located >5m away from the forklift area. Results showed lower particle number 

concentrations when electric forklifts were used. The maximum exposure concentration (ca. 

1*105/cm3) was comparable to the lowest ones recorded when the diesel forklifts were not in 

operation. A reduction of 49% of particle concentration in the breathing zone, shown in Table 3, was 

calculated when electrical forklift was used instead of diesel one. This reduction is an average for 1 h 

monitoring period where forklifts were both operating and stationary. When focusing on the forklift 

driving intervals and by subtracting the background concentrations, the efficiency of source 

substitution was 92% (Table 3). It did not reach 100%, due to the fact that measurements were taken 

on different dates and because of the influence of secondary sources such as diesel engines working 
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outdoors. The re-suspension of the previously deposited fine and coarse particles (with lower 

contributions in terms of particle number) by the electrical forklifts might have contributed as well. 

 

 

Figure 3. Particle number concentrations monitored in the worker breathing zone (scenario C), at operation 

using a diesel (black) and an electric (grey) forklift. 

 

Table 3. Efficiency (reduction in particle number concentrations) of the mitigation strategies measured in 

operating conditions (NP: nanoparticle. LEV: local exhaust ventilation, air change per hour: ACH). 

Mitigation measure NP source Experimental conditions Efficiency (%) 

Enhanced LEV with 

enclosure 

Thermal spraying 

(A) 

ACH=132 h-1; door closed; exp. #2-

#3 
98.5-99.8% 

Enhanced LEV with partial 

enclosure 

Thermal spraying 

(A) 
ACH=66 h-1; door open; exp.#5 95.4% 

LEV with partial enclosure 
Thermal spraying 

(A) 
ACH=33 h-1; door open; exp.#4 85.6% 

Enhanced LEV with partial 

enclosure 

Thermal spraying 

(A) 
ACH=66 h-1; door close; exp.#1 99.3. % 

LEV with partial enclosure Laser ablation (B) 
Extraction flowrate unavailable; 

partial enclosure 
65.1% 

Source substitution Diesel forklifts (C) Only for driving periods 91.5% 

Source substitution Diesel forklifts (C) 
Average of driving and stationary 

periods, 1 hours 
48.7% 

Source isolation 
Ceramic tile firing 

(D) 
Enhanced sealing of the kiln 51.6% 

Source isolation 
Ceramic tile firing 

(D) 

Optimal sealing of kiln and 

superior refractory condition 
84.4% 
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3.2 Source isolation (D; Ceramic tile firing in a roller hearth kiln) 

Mitigation measures: two strategies were implemented for assessing the effect of the source 

enclosure in scenario D: (i) kiln refurbishing by improving the sealing of 10 years old kiln; (ii) 

replacement of a conventional kiln by a new one of advanced technology and with optimized 

refractory conditions. To do so, three experimental campaigns were carried out. 

Particle emissions: during the first of the three campaigns, in the conventional kiln without 

implementing any mitigation measure, the highest particle number concentrations were recorded in 

the zone of maximum temperature of the firing cycle (>8*105/cm3; 46 nm; see Figure 4), which is the 

main emission area due to the highest temperatures recorded (Fonseca et al., 2016). Concentrations 

were constant over time in this region, 75% of the particles showed sizes smaller than 50 nm and 

40% were smaller than 30nm, indicating nucleation as the main formation mechanism which is also 

consistent with the literature (Fonseca et al., 2016). 

 

 

Figure 4. Schematic illustration a roller hearth kiln (scenario D) with the corresponding nanoparticle release 

(a) and temperature along the kiln (b). 
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Efficiency of the mitigation strategies: as a first stage to mitigate worker exposure to high NP 

concentrations, the maintenance and sealing of the old kiln in the firing zone were carried out. The 

efficiency of these measures was evaluated during the second monitoring campaign. Additionally, in 

a third stage, a new high-efficiency roller kiln was installed and its emission efficiency was also 

assessed. The reduction of NP emissions throughout the three different campaigns was observed 

(Figure S1, Supplementary material). The concentration for the old kiln dropped from 1×106/cm3 to 

5×105/cm3 for the refurbished kiln and down to 1.6×105/cm3 measured for the new, advanced kiln 

(Figure S1). 

The adequate maintenance of the old kiln, including enhanced sealing, resulted in 51.6% of NP 

concentration reduction (Table 3). The particle number concentration decreased from 1×106 to 

5×105/cm3 along the wall of the kiln’s firing zone. The use of new kiln reduced NP concentrations by 

84.4%, compared to the old and refurbished one (Table 3). The concentration decreased from 1×106/ 

cm3 to 1.6×105/ cm3 as shown in Figure 5. These decreases were linked to the different conditions of 

the refractory materials, which were used to insulate the firing compartment of the kiln. Whereas the 

renovation of the conventional kiln was able to reduce particle release (52%, Table 3), this reduction 

was lower than that obtained from the operation of the advanced kiln with superior refractory 

sealing and energy efficiency, which proved to be also more efficient in terms of emissions reduction 

(84%, Table 3). In the cooling sections of the kilns (Figure 4a), results evidenced that the exposure 

concentrations around both kilns (conventional and advanced) were similar. Thus, the effective as 

well as targeted enclosure of the firing process, the optimum refractory condition and maintenance 

of the insulating materials are key parameters governing workplace exposure in ceramic tile firing 

facilities. 

 

 

Figure 5. Emissions of particle in terms of number concentration along two kilns (scenario D): conventional 

(black curve) and advanced (grey curve). The peak at 45 m corresponds to the highest temperature zone 

(firing). 
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3.3 Engineering controls: ventilation and LEV system combined with 

source enclosure (A; thermal spraying deposition of coatings, and B; laser 

ablation of ceramic tiles) 

The efficiency of specific ventilation and LEV combined with source enclosure measures was 

assessed in two particle emission scenarios described above, namely during: (A) thermal spraying 

deposition of coatings, and (B) laser ablation of ceramic tiles. 

(A) Thermal spraying deposition of ceramic coatings 

Mitigation measure: a LEV system was located directly above the APS area, extracting 24000 m3/hour 

from three spraying rooms. Therefore, the extraction rate of the LEV fluctuated with the number of 

APS installations operating simultaneously. It should be noted that the maximum extraction rates can 

be considered high for such a pilot plant. The LEV system included a capturing hood covering the 

emission source and a duct without flanges with 0.36m diameter. An open hatch on the ceiling 

provided air supply to the spraying room when the LEV was active. The air exchange rate (ACH in Eq. 

3) varied from 132 to 33 h-1 depending on the extraction flow rate of the LEV system and on the 

binary condition of the interior door (open/closed) influencing the total volume of affected area. The 

ACH was calculated according to Eq. 3: 

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑙𝑜𝑤 (
𝑚3

ℎ
)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 (𝑚3)
= 𝐴𝐶𝐻 (ℎ−1)     (3) 

Particle emissions: in total there were 30 spraying events, 11 for spraying micro-sized NiCrAlY and 

ZrO2+(4mol%)Y2O3 powders and 19 times for spraying liquid precursors Zn(NO3)2·6H2O, 

Zn(O2CCH3)2, C8H12O8Zr). Table 4 summarises the details about representative spraying experiments, 

as well as the measured exposure concentrations in terms of particle number inside the spraying and 

the worker room. Mean particle number concentrations ranged between 3.7*105/cm3 - 1.5*106/cm3 

and mean particle sizes were in the range 26-45 nm inside the spraying room, while in the operator 

area concentrations ranged from 3.3*103/cm3 to 5.4*104/cm3 (Table 4) and sizes from 32-59 nm. For 

all of the experiments, particle number concentrations were orders of magnitude higher inside the 

spraying room than in the operator area even when the door was open. 

 

Table 4. Mean particle number concentrations inside the spraying room and in the exposure area (worker 

room), and experimental details for each of the experimental runs (scenario A, LEV: local exhaust ventilation, 

air change per hour: ACH). 

Experiment parameters Particle number concentration (cm-3) 

Run Feedstock 
LEV flowrate 

(m3/h) 
ACH 
(h-1) 

Interior door Spraying room Worker room 

#1 NiCrAlY 12000 66 closed 9.2 x 105 6.9 x 103 

#2 NiCrAlY 24000 132 closed 1.5 x 106 3.3 x 103 
#3 ZrO2+4mol%Y2O3 24000 132 closed 6.6 x 105 5.2 x 103 

#4 Zn(NO3)2·6H2O 12000 33 opened 3.7 x 105 5.4 x 104 

#5 Zn(NO3)2·6H2O 24000 66 opened 5.0 x 105 2.3 x 104 
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Efficiency of the mitigation strategies: different ventilation and door configurations were tested. The 

most effective mitigation configuration corresponded to the highest ACH rate (132 h-1, experimental 

runs #2 and 3, powder feedstocks; Table 4). In these experimental conditions the door was closed 

and the emissions generated inside the spraying room were not transferred to the operator room 

(Figure 6). The particle number concentrations did not demonstrate any statistically significant 

increase in the worker room, for both types of powders. Such experimental conditions resulted in 

about 99% reduction of particle number concentrations between spraying room and the worker – 

exposure – area (see Table 3). 

 

 

Figure 6. Particle number concentrations (10-700nm with DiscMini) for the experiment #2 inside the 

spraying room (emission source), and in the worker area (scenario A). 

 

The experimental runs #1 and #2 used the same feedstock (powder) and were performed under the 

same enclosure conditions, while different ACH values were applied (#1: 66 h-1 and #2: 132 h-1; Table 

4). However, the efficiency of exposure reduction for the experimental runs #1 (99.3%) and #2 (98.5) 

were similar and approximately 99% indicating the significance of enclosure against fluctuations on 

the intensity (flowrate) of a continuously working LEV. 

The experimental runs #4 and #5 (liquid-precursor feedstock), were carried out at ACHs of 33 and 

66 h-1, respectively and the interior door was open. As expected, when ACH had the lowest value (33 

h-1), mean exposure concentrations in the operator area had the highest value (5.4*104/cm3; Table 

4). Although, the peak concentrations were similar under both ACHs values (see Figure 7a), for 

ACH=33 h-1, the particle number concentrations decreased at a slower rate than for ACH= 66 h-1 

resulting in wider peaks with a higher potential for exposure impacts (Figure S2 in Supplementary 

material). When the air extraction rate was the highest (132 h-1; Figure 7a; during spraying of 

powders), the peak particle number concentrations were lower than that measured during spraying 
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of liquid precursors (lower ACH). It can be observed that the particle number concentrations 

decreased at a slower rate when powder was used as feedstock as opposed to liquid one, despite of 

ACH being almost 4 times higher (132 h-1 with powders vs. 33 h-1 with liquids; see Figure 7a). This 

evidenced the influence of the process parameters, as well as the technical mitigation measures 

implemented. Nevertheless, further research would be necessary to understand the influence of the 

use of powder or liquid feedstock. 

 

 

Figure 7. (a) Particle number concentrations (10-700nm with DiscMini) for the experiments #6, #7 and #5 

from left to right, (b) number concentration in the worker area for different ACH values (scenario A). 

 

In order to evaluate the influence of enclosure as mitigation measure, the experiments with the same 

LEV extraction rate (24000 m3/h) and different door positions are compared in experimental runs 

#3 (powder feedstock) and #5 (liquid-precursor feedstock). Because of the air volumes were 

different when the door was open or closed, the ACH factor at the experimental run #3 was 132 h-1 

and only half of this value, i.e. 66 h-1 during experimental runs #5 (liquid-precursor feedstock). 

During experimental run #3 (powder feedstock; ACH=132 h-1) the mean efficiency of exposure 

reduction was 98.5%, while during experimental run #5 (liquid-precursor feedstock), with the door 

open and the same extraction flowrate (24000 m3/h), the exposure reduction was 95.4% (see Table 
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3). It can be concluded that, for experimental runs #3 (powder feedstock) and #5 (liquid-precursor 

feedstock), the impact of the extraction flowrate on exposure mitigation was stronger than that of 

the enclosure (door open/closed). The difference in reduction efficiency becomes wider when 

experiments with lower extraction rate (12000 m3/h) and different door positions are compared (#1 

vs. #4; powder vs. liquid-precursor feedstock, respectively). The efficiency decreased to 85.6% 

during experiment run #4 (liquid-precursor feedstock), which was performed with the door open, 

while when the door was closed the efficiency was higher (99.3%; Table 3). According to this 

comparison (#1 vs. #4; powder vs. liquid-precursor feedstock, respectively) the enclosure has a 

higher influence in reducing exposure than the previous comparison (#3 vs. #5; powder vs. liquid-

precursor feedstock, respectively), which is an indication that enclosure becomes more effective 

when LEV is less efficient, and vice versa. Similar conclusions were drawn by Salmatonidis et al., 

(2019) during the exposure assessment of thermal spraying processes at industrial scale; where it 

was demonstrated that despite a fully operating LEV, when the enclosure of the spraying booth was 

degraded, fugitive emissions significantly impacted exposure in the worker area. 

Thus, a combination of different factors (process parameters-feedstock, air flow rate, and enclosure) 

should be taken into account to improve the efficiency of mitigation measures under real-world 

conditions. Nevertheless, the most efficient measure is the ACH (coupling LEV with enclosure) as can 

be observed in Figure 7b, where the reduction of particle number with increase of ACH is evidenced. 

(B) Laser ablation of ceramic tiles 

Mitigation measure: the laser engraving set up was equipped with a 5.6 m3 capturing hood, partially 

enclosed, with an integrated LEV system operating with a fixed extraction flowrate (2000 m3 h-1). 

The laser was located in an industrial building of 8000 m3, naturally ventilated, where a previous 

screening (not shown) indicated that there were no additional significant NPs sources. Two 

experimental conditions were evaluated: with and without extraction. 

Particle emissions: particles were generated during a repetitive batch process: each tile was ablated 

during approximately two minutes. Mean particle concentrations monitored in the exposure area 

reached 6*105/cm3 (maximum). Average concentrations (1-min) during the period with no 

extraction were 3.5*104/cm3 and mean particles size 175 nm (range 10-700 nm). When the LEV was 

fully operating the above values altered to 1.2*104/cm3 and 109 nm, respectively. 

Effectiveness of the mitigation strategy: Figure 8 shows an evident reduction in particle number 

exposure concentrations, once the LEV system was activated, with an average efficiency of 65% over 

a 30-minute monitoring period (Table 3). The exposure reduction was lower than in case study A 

(with efficiency greater than 85%).The lower efficiency, compared to the thermal spraying, was 

probably due to worse enclosure in the laser ablation scenario and lower ventilation rate. This result 

shows the interdependence between extraction and source enclosure. Salmatonidis et al. (2018) 

demonstrated that during the laser ablation of ceramic tiles, lower extraction and no enclosure were 

sufficient to mitigate high particle emissions at laboratory-scale. Hence, since the scale of the 

scenarios might influence the effectiveness of control measures, the assessment in real industrial 

conditions becomes necessary. 
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Figure 8. Particle number concentrations monitored with and without local exhaust ventilation (LEV; 

scenario A). 

 

Table 5. Review of literature studies on the efficiency of ventilation systems for exposure reduction when 

dealing with manufactured nanomaterials (MNMs). The multiwalled carbon nanotubes (MWCNTs) had 

lengths between 1-20 nm and the Dp corresponds to their outer diameter. 

Mitigation measure Configuration NP type Size (nm) Efficiency Reference 

Movable LEV system - 
Ag, Mn, 

Co 
300 >99% 

Old and Mehner, 

2008. 

Constant velocity 

hood 

Constant hood face 

velocity = 0.5 m/s 
Al2O3 200 

Good 

performance 
Tsai et al, 2010. 

Constant flow hood 

Constant airflow, 

hood face velocity 

varies inversely with 

height of sash 

opening 

Al2O3 200 
Low 

performance 
Tsai et al, 2010. 

Biological safety 

cabin 
 MWCNTs Dp: 10-50 

Good 

performance 

Cena and Peters, 

2011 

Filters used in fume 

hoods (HEPA) 
- Ag 10 >99.99% Kim et al, 2007 

 

3.4 Comparison with literature studies 

Literature data regarding the efficiency of technological measures applied for occupational exposure 

reduction is relatively scarce, especially under real-world industrial conditions Therefore, a 
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comparison of the obtained results was carried out with a number of studies focusing on the 

effectiveness of ventilation systems used for exposure reduction to manufactured nanomaterials 

(Table 5). The studies shown in Table 5 were carried out at laboratory scale, simulating real operating 

conditions. In the present work, the efficiency of LEV systems was strongly depending on the volume 

of air in working room and on ventilation rates. The achieved exposure reductions were in the range 

65%-99% being lower than 99% reduction reported by Kim et al., (2007) and by Old and Methner 

(2008). The studies of Cena and Peters (2011) and of Tsai et al., (2010) reported efficiencies only 

qualitatively, as “good” or “low”. This review evidences that quantitative, experimental and real-

world assessments of the efficiency of mitigation strategies is missing in the literature devoted to 

occupational exposure and NP safety research. Our results highlight the interdependence of different 

mitigation strategies (e.g., LEV and source enclosure), which are frequently implemented 

simultaneously in real-world industrial scenarios. Unless this kind of scenarios are characterized in 

detail and for an ample number of NP emission sources, the implementation of exposure modelling 

tools will be strongly hindered. 

 

4. Conclusions 

The effectiveness of different mitigation measures for NP exposure reduction was assessed in four 

industrial settings. The following conclusions can be drawn: 

- The efficiency of common engineering control mitigation measures such as local exhaust 

ventilation (LEV) and source enclosure can vary significantly depending on the intensity of 

LEV (flowrate), the total volume of air in the exposure area, the type of enclosure (e.g. partial, 

total), and their combinations. Adequate LEV configurations may reduce exposure 

concentrations (in terms of particle number) by 65-85% and even reach 99% by combining 

higher flow rates and enhanced enclosure. 

- Adequate maintenance operations and enhanced sealing were applied to an industrial kiln 

used for firing ceramic tiles. Source isolation based on improved sealing in the firing 

compartment reduced exposure concentrations by 52%. In addition, a new kiln operating 

with an enhanced sealed combustion hearth minimised NP release in the worker area down 

to 84% of the measured exposure concentrations. In this case study, however, particle 

number concentrations remained high after the implementation of the mitigation strategies 

(ca. 105 cm-3). In spite of the fact that the presence of workers in the kiln zone is limited, 

additional measures would be required to improve workers’ protection. 

- The emissions from diesel engines significantly impact indoor the exposure to NPs. 

Substituting diesel with electric forklifts achieved a 92% reduction of particle number 

concentrations in breathing zone when the forklifts were in operation. 

A review of the literature available evidenced the major need for real-world assessments of the 

efficiency of exposure mitigation strategies. One clear challenge identified is the interdependence of 

different strategies, which are frequently implemented simultaneously in industrial settings. The 

diversity of emission sources (stationary processes, moving vehicles, size of infrastructure, etc.) 
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contribute to the complexity of this type of assessment. However, these data are necessary as input 

for exposure modelling and risk assessment tools. 
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Effectiveness of nanoparticle exposure mitigation measures in industrial settings 

Salmatonidis A., Sanfélix V., Carpio P., Pawłowski L., Viana M., Monfort E. 

 

 

Figure S1. Evolution of emissions in terms of mean particle number concentration in three kilns having 

different isolations, refractory conditions and number of service years. The decreasing trend of particle 

release with improved isolation of the firing zone and refractory condition, can be observed. 

 

 

Figure S2. Emissions expressed in particle number concentrations monitored simultaneously during APS 

processing at the emission source (black curve), in the worker area (gray curve) and outdoor (doted curve). 

The experiments #4 and #5 have different LEV flow rates (12000/24000 m3/h) but the same enclosure 

conditions (door open) under the spraying of the same feedstock (scenario A). 
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5. Discussion 

This Discussion aims to integrate the results obtained in the scientific publications included in this 

PhD Thesis, with the aim to produce targeted and applied research of interest for the ceramic 

material processing at an industrial scale. Specifically, this chapter addresses the determinants of 

workplace exposure to nanoparticles (NP) by combining in an integrated approach all four research 

publications. The nanoparticle formation and release emission mechanisms were assessed, real-

world industrial exposure scenarios were characterized, and the efficiency of mitigation strategies 

applicable at an industrial scale was quantified. It should be noted that although the real-world 

industrial scenarios are representative of worker exposure, there are certain limitations: no 

variations of the production scheduled was possible, several secondary-parallel processes were 

taking place simultaneously, and not all of the related information were available due to 

confidentiality issues. 

 

5.1 Nanoparticle formation and emission mechanisms 

As described in the Introduction, the main driver of workplace exposure is the presence of airborne 

pollutants (in this case, particles and NPs) in workplace air. In this work, two industrial activities 

were evaluated with a focus on NP emission mechanisms: (i) pulsed laser ablation (PLA; publication 

1), and (ii) thermal spraying (Publication 2). PLA is used in the ceramic sector for surface structuring 

and decoration of ceramic tiles, and thermal spraying applies ceramic coatings on metallic substrates 

to enhance technical performance. Both processes are characterized by a high energy footprint, and 

thus have high potential for NP formation and release. NP concentrations were monitored in laser 

ablation and thermal spraying facilities in Spain and France, and the potential of these activities to 

impact workplace exposure was confirmed in this work. Table 5.1 presents a summary of the NP 

formation mechanisms identified during both industrial activities, as well as the nanoparticle 

concentration ranges monitored in terms of particle number and mass concentration. 

Different particle emission mechanisms were identified for the two industrial activities assessed. 

Nanoparticle emissions were characterized by correlating particle release (number & mass 

concentration, size distribution) with fundamental ablation phenomena (melting & evaporation, melt 

drop expulsion, plasma plume generation, direct sublimation, shockwaves & grains ejection). 

Nucleation occurred when atoms, ions and clusters which emanated from the plasma plume (during 
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laser ablation) acted as nuclei and formed secondary particles. Gaseous precursors emitted during 

laser ablation as well as during thermal spraying which may originate from direct sublimation (solid-

to-gas) and from evaporation (liquid-to-gas), also formed new particles. In this context, the melting 

mechanism refers to the emissions originating from melt expulsion, the evaporation of melt, as well 

as sublimation and the subsequent condensation. The emission mechanisms were identified based 

on the size distribution of the particles released, as described in Publication 1 (Figure 5.1). 

Nanoparticle release after formation by nucleation showed sizes >20 nm and resulted in high particle 

number concentrations, but limited contributions in terms of particle mass. Conversely, the 

shockwaves mechanism released micron scaled particles with high mass and low number 

concentrations. The melting mechanism released particles in wide size range (20-700 nm), since it 

comprised different formation routes. It should be noted that for all the studied processes there is 

always a combination of phenomena taking place, which affect the mechanisms contributing to the 

emissions. Consequently, a mechanism was identified as dominant when it had the highest 

contribution in the emissions from the rest of the mechanisms involved. However, as shown in 

Publication 1 during laser ablation of ceramic tiles (i.e. alumina; UAW) with a near-IR laser two main 

mechanisms were identified as dominant (nucleation and melting), whereas a different combination 

(melting and shockwaves) contributed to emissions during ablation with mid-IR (i.e. glaze, GER). 

 

 

Figure 5.1. The proposed formation mechanisms and the different routes to particle release. 
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Table 5.1: Particle number concentrations from dominant mechanisms of different processes 

Dominant 

mechanism 
Pulsed Laser Ablation Thermal Spraying 

 Particle number concentration (cm-3) 

 Near-IR Mid-IR HVOF APS 

 Min Max Min Max Min Max Min Max 

Nucleation 3.7×104 2.4×106 - - - - - - 

Melting 1.5×105 2.4×106 8.4×105 1.5×106 - - 9.2×105 2.0×106 

Hypersonic 

impaction 
- - - - 2.9×106 3.8×106 - - 

Shockwave - - 1.6×105 1.7×105 - - - - 

 Particle mass concentration (µg m-3) 

 Near-IR (PM2.5) Mid-IR (PM2.5) HVOF (PM2.5) APS (PM2.5) 

 Min Max Min Max Min Max Min Max 

Nucleation 5.8 15.2 - - - - - - 

Melting 13.6 1.8×102 7.3×102 4.5×103 - - 1×102 1.8×102 

Hypersonic 

impaction 
- - - - 1.2×103 1.4×103 - - 

Shockwave - - 1.7×102 4.5×103 - - - - 

 

Different emission mechanisms were identified for the two thermal spraying processes studied, 

melting for the APS and hypersonic impaction for the HVOF. The hypersonic impaction mechanism 

occurs when the micron-scaled feedstock particles impact on the target surface with supersonic 

velocities, resulting in the breakage or splintering of the original particles (micron-scaled feedstock) 

and the release of particles which are not deposited. The particles emitted may be nano-scaled but 

also micron-sized. The mechanisms identified contributed differently to particle number and mass 

concentrations. The maximum particle number concentrations monitored were mostly similar when 

particles were formed by nucleation, melting and hypersonic impaction, while in terms of particle 

mass concentrations the major contributing mechanisms were shockwaves and melting. With regard 

to the highest particle number concentrations monitored, instrumental issues should be noted as a 

limitation given that the concentrations reported in Table 5.1 are close or above the instruments’ 

detection limits. In conclusion, it is interesting to note that while nucleation and hypersonic 

impaction mostly generated nanoparticle emissions (maximum concentration 2.4x106 cm-3 and 

3.8x106 cm-3, respectively), and the shockwave mechanism micro-scaled particles (171 µgPM2.5 m-3), 

melting contributed with particles across the entire particle size range to both particle metrics (181 

µgPM2.5 m-3; 2.4×106 cm-3). The difference between the maximum and the minimum emissions may 

be used as an indication of the dependence of the emissions on the process parameters (Figure 5.2). 

According to the latter, the emissions by nucleation and melting can fluctuate significantly as they 
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were affected by various process parameters, e.g., type of laser, energy input (laser/plasma settings), 

or composition and microstructure of the raw (tile/feedstock) material. Likewise, mean diameters of 

the emitted particles (10-700 nm) followed similar fluctuations (Figure 5.2). In the cases when 

nucleation – which released the smallest particles – was identified as the dominant mechanism, other 

mechanism (i.e. melting) also contributed to the total emissions increasing the mean particle 

diameters. Hypersonic impaction was the dominant mechanism only during HVOF, when all the 

process parameters were constant, and the mean diameters and the particle number concentrations 

showed minimal fluctuation (Figure 5.2). Similarly, there was only one specific case when the 

shockwaves mechanism was the only dominant mechanism (mid-IR, UPG), where the mean diameter 

was the largest and fluctuations were minimal. The melting mechanism, which can be dominant for 

both PLA and thermal spraying (APS) showed the highest fluctuations as it was influenced by the 

diverse parameters and the type of process. 

 

 

Figure 5.2 Emissions of the dominant mechanisms in terms of particle number concentration (N) and mean 

particle diameters (Dp), in relation to the laser ablation (PLA) and thermal spraying (TS) processes. 
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5.2 Exposure scenarios characterization 

5.2.1. Exposure assessment 

The exposure assessment activities in this Thesis focused on thermal spraying, which was performed 

at two different scales: pilot plant and industrial. Monitoring of exposure concentrations was also 

carried out in the laser ablation facility but, as discussed in Publication 1, exposure concentrations 

were not statistically significant as a result of the adequate implementation of mitigation measures. 

Thus, this section focuses only on the results obtained in the thermal spraying facilities. 

 

Table 5.2 Qualitative characteristics (features) of the different exposure scales 

Process features Pilot Plant Industrial 

Workpiece sizes Small (mm-cm) Medium – large (cm-m) 

Production system Batch Mass/serial 

Automatization degree Automated (robot) Manual, semi-automated 

Worker exposure Pilot Plant Industrial 

Presence in spraying booth Minimal presence Constant presence 

Workforce (number/unit) <2 >4 

Nanoparticle release Fugitive emissions (ES to WA) Fugitive emissions (ES to WA) 

 

The main characteristics of the two thermal spraying scenarios are presented in Table 5.2. In the 

pilot-plant, small metallic platelets with diameters from several mm to a few cm were coated in a 

batch process. In the industrial plant, larger metal spheres of several cm were coated in a mass 

production mode; and in addition, metal workpieces of several meters in length were processed in a 

serial mode. The activity in the pilot-plant was fully automated, meaning that the presence of the 

worker inside the spraying booth was limited to inactivity periods (e.g., to remove the piece which 

was coated). On the contrary, at industrial scale the process was either manual (APS), where a worker 

was holding the spraying gun and had to change the workpiece after the completion of the coating; 

or semi-automated (HVOF), where the spraying was performed by a robot but the worker was 

required to enter the booth continuously to substitute the coated pieces with new uncoated ones. In 

both of the industrial processes (APS & HVOF) there was constantly at least one operator inside the 

spraying booth and occasionally more, when assistance was required. Thus, the spraying booths 
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were considered in this work as emission sources (ES) but also as exposure areas. The general 

worker area (WA) was also an exposure area for the operators as well as for a broader workforce. 

Figure 5.3 shows the NP exposure concentrations monitored in the two facilities in the emission 

source, worker area and background (ES, WA, BG, respectively), for the two types of thermal spraying 

techniques assessed. The aim was to characterize the exposure scenarios and assess the 

representativeness of the pilot plant scenario, with regard to actual industrial-scale spraying. At the 

emission sources, measured NP concentrations were comparable (>106 cm-3; mean concentrations 

during spraying) for all the cases, and may be considered high (when compared with the current 

recommendation of nano-reference values, 40000 cm-3). This is particularly relevant for the 

industrial scenarios because the worker presence was constant inside the booth, wearing though 

personal protective equipment (FPP3 mask in the case of HVOF, full helmet respirator during APS). 

Particle number concentrations remained high (up to 3.4×106 cm-3) during in APS and HVOF spraying 

despite the continuously working extraction system. As mentioned, the workers in the pilot plant 

were not exposed directly to the high concentrations recorder inside the booth as the process was 

fully automated. Nevertheless, the high concentrations in the spraying booth of the pilot plant 

indicate that the level of exposure is mainly dependent from the energy footprint of process (thermal, 

high energy) rather than its scale (pilot plant or industrial). 

 

Figure 5.3. Thermal spraying exposure levels in terms of particle number concentrations in different locations 
and scales: industrial scale (Ind.), pilot-plant (P.P.); emission source (ES), worker area (WA), background 

reference (BG) and nano-reference values (NRVs). 
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In the worker area, on the other hand, particle number concentrations at pilot plant and industrial 

scale were lower by at least one order of magnitude due to the application of different mitigation 

measures. The workers operating in the worker area, which did not wear protective equipment in 

either of the scenarios, were exposed to concentrations in the range of 5.8×104 - 2×105 cm-3 at 

industrial scale and lower (6.9×103 cm-3) in the pilot plant. The lower concentrations monitored in 

the pilot plant were mainly due to a more efficient enclosure (sealing) of the spraying booth. The 

concentrations monitored at industrial scale are still high when compared to the nano-reference 

values (Van Broekhuizen et al., 2012), while in the pilot plant they were lower than this 

recommendation. Furthermore, the number of workers potentially exposed was higher in the 

industrial facility than in the pilot plant (Table 5.2). When compared to background concentrations, 

in the case of HVOF the difference between worker area and background concentrations (1.6×105 

cm-3) was larger than in the case of APS (3.5×104 cm-3), probably due to differences in the mitigation 

measures in place (more information in section 5.3 below) and evidencing larger impacts on 

exposure from this type of spraying technique. As for the pilot plant, exposure concentrations 

showed lower impacts from the spraying activities, when compared with background concentrations 

(2.3×103 cm-3). Overall, the high concentrations monitored in the worker area in the industrial facility 

highlights the urgent need to raise awareness regarding nanoparticle exposures in industrial plants, 

to promote the use of personal protective equipment in areas which may initially not be considered 

as potential exposure scenarios. This work demonstrates that, contrarily to the current working style, 

protective equipment should be worn in the worker area and potentially even in other areas of the 

industrial facility. Regarding the pilot plant, it was concluded that the operating and exposure 

conditions were representative of actual industrial workplaces, and that the mitigation strategies in 

place were more efficient than in the specific industrial facility assessed. Finally, considering the 

above findings, the presence of workers inside the thermal spraying booths should be strongly 

discouraged. 

 

5.2.2. Particle characterization 

Physicochemical particle characterization techniques were applied to the airborne particles samples 

collected in the laser ablation and thermal spraying scenarios. As a consequence of the particle 

formation and release mechanisms described above, certain similarities but also clear differences 

were observed between both scenarios, with implications regarding exposure and potential health 

risks. 
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Figure 5.4. TEM image of the emitted particle from PLA of UPG tiles and the EDX analysis of the specific areas 
are shown with the respective frame colors.  

 

Laser ablation 

During laser ablation, ceramic tiles with different chemical composition were processed (publication 

1): porcelain (UPG), alumina (UAW), biscuit porcelain (UBW) and glazed earthenware (GER). As 

expected, the chemical composition of the nanoparticles emitted generally resembled that of the 

source tiles. However, due to the characteristic thermal behaviors of the different elements in the 

tiles (e.g., different volatilization temperatures), certain tiles were characterized by the simultaneous 

emission of different nanoparticle types. This was the case, for instance, of porcelain tiles (UPG), 

which simultaneously released >15 nm SiO2 NPs (Figure 5.4, red) and larger particles including a 

combination of the main chemical tracers of the UPG tile (Figure 5.4, green). SiO2 nanoparticles were 

formed and released from UPG and not from other types of tiles probably due to microstructure 

characteristics of this type of tile. Another specific example was that of the glazed tiles (GER), where 

only the glaze material was treated, since the glaze has a thickness ca. 350-550 µm and the ablation 

depth was a few µm. Consequently, the nanoparticles emitted were mainly composed of Zn oxides, 

which sourced from an amorphous phase of the glaze. Overall, the majority of particles emitted with 

diameters >1 µm had spherical or spheroid shapes, regardless the type of tile ablated, while particles 

<1 µm were fractal-like. These results evidence the high variability of chemical and morphological 

properties of particles emitted during laser ablation of ceramic tiles, and the need for further 

targeted, experimental studies in real-world scenarios in order to characterize exposures and 

minimize potential health risks. 



Chapter 5. Discussion 

 
178 

Thermal spraying 

TEM images of particles collected inside the APS spraying booth are shown in Figure 5.5. Chain-like 

agglomerates of primary particles with different particle sizes (5 to 20 nm) can be observed (Figure 

5.5). The spherical or spheroid shape of nanoparticles (Figure 5.5), can be an indication that they 

might have originated from melting-evaporation and the consequent condensation. Moreover, these 

nanoparticles were found to have a composition similar to that of the feedstock, i.e., Ti-Al oxides and 

Cr-Ni depending on the coating (two different feedstocks were applied). 

 

a 

 

b 

  

Figure 5.5. TEM image of the emitted particle from APS with (a) Al2O3-TiO2 and (b) Cr-Ni feedstocks 

 

Particles sampled from the other booth (HVOF) are shown in the TEM images in Figure 5.6. The 

agglomerates in Figure 5.6 are distinctively different from the ones observed in the case of APS 

(Figure 5.5). Irregularly-shaped particles with diameters 5-40 nm appear to be strongly aggregated, 

resembling nanoparticles which have undergone collisions. The latter could be an indication that 
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nanoparticles were emitted directly as aggregates formed by breakage or splintering of partially 

melted micro-scaled particles (feedstock), when impacted at hypersonic velocities on the surface 

being coated, confirming the emission mechanism described above (section 5.1). The chemical 

composition of the particles emitted was similar to that of the micron-sized feedstock used (W-Cr-

Ni-C), verifying that thermal spraying was the source of the sampled particles and of worker 

exposure. 

 

 

Figure 5.6. TEM image of the emitted particle from HVOF with WC-Cr-Co-Ni feedstock 

 

Finally, the hygroscopic properties of the particles emitted during thermal spraying was assessed. 

This analysis was only possible for the industrial thermal spraying scenario, due to the logistical 

complexity of the instrument used. The hydrophobic/hydrophilic properties of the aerosol emitted 

during spraying were assessed using an HTDMA. Particles with mobility diameters of 30 and 90 nm 

were preselected (dry) and subsequently were exposed to high relative humidity (RH 87%), after 

which their size distribution was measured again. The aim of this analysis was to test the usefulness 

of the HTDMA as a tool to discriminate, in real-time, thermal spraying emissions from workplace 
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background particle concentrations. The basic assumption was that, due to their different chemical 

compositions and aging process, the hygroscopic behavior of thermal spraying and background 

aerosols would also be different and this would facilitate their discrimination in the workplace. 

Results evidenced that 30-nm (electrical mobility diameter) particles originating from the plasma 

processes exhibited hygroscopicities which did not differ significantly from other aerosols sampled 

when there was no spraying activity. However, taking into account that 30-nm particles were 

observed by the HTDMA only during working hours, their presence has to be attributed to 

nanoparticle emissions during spraying activity. Nevertheless, further research is necessary in order 

to understand the potential influence of soot particles emitted during the HVOF on these 

measurements. The 90-nm particles, on the other hand, were hydrophobic at 87% RH. This allowed 

to clearly distinguish them from other aerosols of the same dry size, which were present in the 

workplace. In conclusion, the information provided by the HTDMA can complement existing methods 

for exposure assessment to process-generated nanoparticles, as changes in particle size upon 

inhalation may alter their deposition patterns inside the human respiratory system. 

Results evidence that exposure in both facilities assessed was driven by nanoparticles formed 

unintentionally during thermal spraying, referred to as process-generated nanoparticles. The 

concentrations of the released nanoparticles in terms of number were barely affected by the different 

sizes of the micro-scaled feedstock material. This result highlights the relevance of process-generated 

nanoparticles released during high-energy industrial activities, given their potential for significant 

impacts on workplace exposure. 

 

5.3 Exposure mitigation 

The results from the experimental work in this Thesis, integrated in the sections above, point to the 

need for dedicated and efficient exposure mitigation measures in industrial settings. Specifically, for 

the thermal process in the ceramic sector, frequently-applied technologies release (unintentionally) 

high concentrations of process-generated nanoparticles, as described above. The variety of industrial 

activities results in a wide variety of potential mitigation strategies, which in addition depend on the 

specific industrial scenario under assessment. Furthermore, the actual efficiency of each mitigation 

strategy depends on its implementation. Because of this complexity, this Thesis aimed to expand the 

knowledge on the efficiency and applicability of exposure mitigation strategies for the ceramic sector. 
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The ultimate goal was to provide quantitative estimates of the particle removal efficiency of specific 

mitigation strategies implemented in industrial facilities from the ceramic sector. 

As described in Publication 4, this work started with a review of the scientific literature available, 

which highlighted three major research gaps: 

 The scientific literature is scarce on exposure assessments for process-generated NPs, when 

compared to engineered NPs or fine and coarse particles. 

 While a significant number of studies on the effectiveness of personal protective equipment 

is available for laboratory-scale testing, less information is available on the effectiveness of 

technical measures. 

 Generalizing case-study results is complex, which implies the need for more experimentally 

monitored case studies. 

Based on these results, four exposure scenarios were assessed in this Thesis, with the aim to quantify 

the effectiveness of the mitigation strategies in place: 

 Thermal spraying deposition of ceramic coatings: local exhaust ventilation (LEV) and source 

enclosure (improved sealing of the booth) and personal protective equipment (PPE) 

 Laser ablation of ceramic tiles: local exhaust ventilation (LEV) 

 Diesel engine emissions (forklifts): source substitution by using electrically-powered forklifts 

 Ceramic tile firing in a roller hearth kiln: source enclosure by enhanced sealing of the kiln 

The efficiency of mitigation measures was expressed as the reduction of exposure to NPs, before and 

after the implementation of the mitigation measures. The exposure reductions were characterized in 

terms of particle number concentrations, and for nine different exposure scenarios. Results 

evidenced that particle number removal efficiencies, tested in this Thesis, ranged from 48.7% up to 

99.8% (Figure 5.7). 

The highest efficiency was achieved by the combined use of a strong LEV with an efficient enclosure 

(99.8%) during thermal spraying scenario (APS-pilot plant). This efficiency was adequate to limit the 

transport of fugitive emissions and prohibit any statistically significant increase of nanoparticles 

concentration to the worker area. For the other thermal spraying process (HVOF-industrial) the 

application of LEV achieved a lower efficiency (90.5%), since fugitive emissions from the emission 

source were transported in the worker area due to the partial enclosure implemented. Partial 

enclosure but with a less effective LEV (lower flowrate) showed even lower efficiency (65.1%; Figure 

5.7) in an industrial scale laser ablation scenario. The efficiency of masks (PPE) was tested under 
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real-working conditions and high exposure concentrations during thermal spraying (HVOF), and it 

was found that particle number concentrations in the worker breathing zone (inside the mask) were 

86.7% lower than outside the mask. 

Source substitution, where diesel powered forklifts were substituted with electrically powered ones, 

achieved a 91.5% reduction of exposure concentrations in the worker breathing zone. If the 

background concentrations are not subtracted from the calculations, the efficiency is significantly 

lower (48.7%). The latter indicates that contribution of secondary and outdoor sources to worker 

exposure, considerably influence the resulting data. Efficiency of 84.4% was calculated for the source 

isolation of the roller hearth kiln. The principal of the latter mitigation strategy was to insulate the 

kiln with refractory furnishing in order to limit fugitive emissions. Degraded isolation of the kiln, due 

to heavy use, showed the minimum efficiency in terms of mitigation (51.6%; Figure 5.7). The 

mitigation efficiency was influenced by the refractory conditions of the insulating materials. 

 

 

Figure 5.7. Efficiency of the mitigation measures assessed for the reduction of exposure concentrations, in 

terms of particle number concentrations. *The only value for PPE corresponds to one case study as described 

in publication 2. 

 

 



Chapter 5. Discussion 

 
183 

The results in this work evidence that, even though the hierarchy of controls (Schulte et al., 2008) 

dictates the priority for the implementation of risk management strategies, this does not necessarily 

mean that the order of the mitigation measures is based on their efficiency. It should be noted that 

different measures overlapped in some of the scenarios (e.g., LEV and partial source enclosure were 

operating in parallel in the APS scenario), and thus the efficiencies reported are at times 

representative of a combination of measures. 
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6. Conclusions 

 

This PhD Thesis addresses occupational exposure to nanoparticles during selected activities (laser 

ablation and thermal spraying) characteristic of the ceramic industry. An integrated approach is 

followed, which covers nanoparticle formation and release mechanisms, exposure assessment at 

industrial- and pilot-plant scales, and quantifying the efficiency of exposure mitigation measures. The 

ultimate goal of this work was to contribute in improving nanosafety of industrial processes by 

reducing potential risks. The main conclusions and recommendations extracted are summarized 

below. 

 

6.1. Particle formation and release mechanisms 

Among the broad variety of activities and characteristic processes of the ceramic industry, laser 

ablation and thermal spraying were selected as representative of advanced thermal technologies 

applied in this industrial sector. Due to their high energy footprint, these activities are known to 

generate high particle (fine and nano) concentrations, with potentially high impacts on worker 

exposure. The following particle formation and release mechanisms were identified and 

characterized in the framework of this PhD Thesis: 

1) Pulsed laser ablation (PLA) of ceramic tiles 

PLA is a highly versatile technique with broad applications, which may be carried out with diverse 

parametrizations which in turn impact NP formation and release. The main parameters found to 

influence particle emissions during ablation of ceramic tiles were the type of laser and the energy 

settings, as well as the type of tile and their physico-chemical surface properties. Particle emissions 

were driven by: 

 Particle nucleation, in terms of particle number concentrations in the size range >10 nm. 

 Mechanical shockwaves, in terms of particle mass concentrations (>100 nm). 

 Ceramic tile melting and droplet expulsion, in terms of particle mass and number 

concentrations, as this mechanism generated droplets with a wide range of particle diameters 

(40-700 nm). It should be noted that the melting mode comprised also agglomerates and 
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aggregates of smaller particles. Agglomerates have a wide range of sizes depending on the 

primary size of the particles as well as the number of particles clustered. 

 Evidently, the chemical composition of the emitted particles depends on the ablated ceramic 

tile. However, not all of the emitted particles had the same composition as the respective tile. 

Nanoparticles composed only by certain of the tile elements may be released, for instance 

SiO2 nanoparticles were emitted during the ablation of porcelain tiles. 

 Regarding the influence of the type of laser, a combination of mechanisms was found to 

contribute to particle number emissions. The near-IR laser generated particles by means of 

nucleation and melting, whereas the mid-IR laser produced particles through melting and 

mechanical shockwaves. 

2) Thermal spraying of ceramic coatings 

The thermal spraying processes studied in this work (APS, HVOF) were seen to generate high particle 

concentrations in terms of mass and number concentrations: 

 Atmospheric Plasma Spraying was characterized by high temperatures (5-20×103 °C) and 

relatively low projection velocities (200-500 m/s). During APS the feedstock is melted and 

metal vapors are oxidized by entrained air and condense in the cold zone of the jet, a 

mechanism which results in nanoparticle formation. Nanoparticles emitted by APS mainly 

had spherical shapes as they mostly originated from condensation of gaseous or liquid 

precursors. 

 High Velocity Oxy-Fuel spraying was characterized by high velocities (up to 1500 m/s) and 

relatively lower temperatures (2.9×103 °C). In this case the feedstock was not entirely melted, 

and particles were driven with supersonic speeds towards the workpiece. Nanoparticles 

(mean Dp: ca. 30 nm) with irregular shapes were detected, suggesting that they were formed 

during supersonic destructive collisions. An additional emission route could be the fugitive 

emission of submicron particles, which would not be deposited on the substrate as they 

would simply disperse inside the booth. 

The main recommendations extracted regarding particle formation and release mechanisms are: 

 The size distribution of particles emitted during laser ablation of tiles is dependent on the 

type of tile and laser used. Thus, the proper understanding of the link between process 

parameters (type of laser and tile) and the resulting size distribution of particles emitted may 

aid in the adequate design of exposure mitigation strategies. 



Chapter 6. Conclusions 

 
187 

 While the number and mean particle size of particles emitted during thermal spraying was 

mostly similar for both spraying techniques (APS and HVOF), particle morphology was 

markedly different depending on the temperature and projection velocity of the spraying 

technique. As a result, the morphological characterization of particles in the worker area may 

serve as a useful tool to identify the main sources of particle exposures, in thermal spraying 

settings. 

 

6.2. Exposure scenarios 

Thermal spraying was assessed at pilot plant and industrial scale as a source of workplace exposures 

to nanoparticles. Exposures were characterized using online and offline techniques, and with a focus 

on different aerosol metrics including particle number and mass concentrations, size distribution, 

chemical composition and hygroscopicity. Results evidenced that: 

 APS (assessed at pilot plant and industrial scale): particle emissions in terms of number 

concentration were comparable at both scales (>106 cm-3), evidencing the potential for 

occupational exposures generated by this industrial activity. The impact on worker exposure 

was markedly lower at pilot plant scale: while exposure levels were high (5.8×104 particles 

cm-3) and above the nano-reference values (NRV, 4×104 cm-3) at industrial scale, they were 

<NRVs in the pilot plant. Exposures were lower due to two main factors: the absence of 

worker presence inside the spraying booths (which was not the case at industrial scale), and 

the better implementation of mitigation strategies (mainly, source enclosure) in the pilot 

plant. 

 HVOF (assessed at industrial scale): high particle number concentrations (>106 cm-3) were 

recorded inside the thermal spraying booth (ES), which should also be considered an 

exposure area given that the operator was frequently present inside the booth. Exposure 

concentrations in the worker area (WA) were lower by one order of magnitude in terms of 

number (104-105 cm-3) and up to a factor of 4 in terms of PM1 (44-100 µg m-3). 

 In terms of particle mass concentrations, and at industrial scale, particle mass concentrations 

showed differences as a function of the spraying technique: PM1 concentrations were higher 

in the HVOF booth (6.4×102 µg m-3) than during APS (6.1 µg m-3). This contrasts with particle 

number concentrations, which were similar irrespective of the spraying technique and the 

feedstock material applied. Results suggest that particle mass concentrations were mostly 
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driven by fugitive emissions of the feedstock material under both spraying techniques, and 

in addition by impaction mechanisms in the HVOF booth.  

 A size distribution analysis demonstrated that the majority of particles emitted during APS 

and HVOF were between 26-90 nm, evidencing that spraying was a major source of 

nanoparticles in terms of total number concentration. 

 The nanoparticles released exhibited a markedly different hygroscopic behaviour when 

compared to background aerosols: nanoparticles emitted during thermal spraying were 

found to be hygrophobic, in contrast with more hygrophillic background particles. Due to 

these characteristic properties they can be easily distinguished, on a real-time basis with the 

HTDMA, allowing fast identification of particle emission hotspots or accidental releases. This 

would contribute to streamlining and tailoring particle exposure assessments in workplace 

scenarios. 

The main recommendations extracted are: 

 Thermal spraying activities have high potential to for nanoparticle (and fine particle) release 

to workplace air. However, guidelines and regulations for occupational health refer mainly to 

mass concentrations, and not to particle number concentration which would be a more 

relevant metric for nanoparticle exposures. Thus, in order to protect workers against 

nanoparticle exposures, risk management measures are of paramount importance. 

 Exposure may be fully mitigated at laboratory scale with adequately designed and 

implemented strategies (e.g., in the case of laser ablation of tiles, a local exhaust ventilation 

system). At pilot plant and industrial scales (e.g., during thermal spraying), full mitigation of 

exposures is more complex and requires a combination of technological and non-

technological measures. 

 During thermal spraying, the presence of the operator/worker inside the spraying booth 

during the spraying activity should be avoided at all times. 

 In thermal spraying scenarios, exposure mitigation strategies should cover different particle 

size ranges: in both APS and HVOF scenarios strategies should focus on nanoparticles as well 

as fine particles (<100 nm and >1 µm). 
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6.3. Mitigation measures 

The effectiveness of different mitigation strategies was assessed under different exposure scenarios: 

 Source substitution was applied by eliminating diesel engines and exchanging them with 

electric ones, resulting to an efficiency of 92%. Based on the concept of substituting or 

eliminating a source, the efficiency should have been 100%. However, in real-world industrial 

scenarios it is challenging to distinguish one source from secondary and parallel ones, and 

also to discriminate it from outdoor and background concentration. Thus, the calculated 

efficiencies may be influenced from the above conditions. 

 Source isolation measures achieved efficiencies from 52% (enhanced sealing) to 84% 

(optimal sealing and superior refractory condition); depending on the characteristics of the 

insulating (refractory) material, type of kiln (conventional or advanced) and time of service 

(new or old). 

 Engineering controls such as local exhaust ventilation, source enclosure and their 

combinations were quantified. Different LEV configurations may reduce exposure 

concentrations in terms of particle number by 65-85% and even reach 99% by combining 

higher flow rates and enhanced enclosure. 

 The efficiency of personal protective equipment (PPE; face masks) was evaluated under real-

working conditions. The concentrations in the worker breathing zone (inside the mask) were 

reduced by 87% when compared to the emission source ones. However, the breathing zone 

concentrations were still high (4×105 cm-3). 

The main recommendations extracted are: 

 Personal protective equipment: offers protection only to the individual wearing it and there 

are several variables which may affect the performance of a respirator (e.g. fitting, breathing 

rate); therefore, solely PPE may not offer adequate protection and should always be used in 

combination with additional mitigation measures. 

 The diversity of potential sources and activities in industrial workplaces dictates the need for 

tailored mitigation measures. 
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7. Limitations and future work 

7.1. Limitations 

7.1.1. Technical limitations 

 During the experimental campaigns performed in the framework of this Thesis different 

instruments were used (SMPS, CPC, DiSCmini, NanoScan-SMPS). These instruments are based 

on different measuring principles: SMPS and NanoScan DMAs classify particles based on their 

electrical mobility, CPCs count particles by optical detectors; whereas DiSCmini uses an 

electrometer to count particles. Furthermore, it was not always possible to have the same 

time resolutions, the standard measurement error and the detection limits for each 

instrument were different. 

 Particle number concentrations monitored at the emission sources (near field) were 

markedly high (>1×106 cm-3), which meant that the maximum particle number concentration 

limit of the instruments – as stated by the manufacturers – were exceeded. This resulted in 

inhomogeneous degrees of uncertainty across the different datasets. The solution to this 

problem would be the use of a dilution system upstream to all instruments, which would have 

reduced uncertainties at high concentrations. However, the application of a dilution system 

introduces additional practical difficulties during campaigns in real-world occupational 

settings: (i) it can be applied to stationary instruments but it is rather complex for personal 

monitors; (ii) portable instruments and monitors can operate autonomously (battery 

operated) and the dilutors should be able follow; and (iii) either all the instruments need to 

have a common inlet or several dilutors would be needed. 

7.1.2. Operational and methodological limitations 

 In real-world occupational settings and industrial facilities there is a strict 

operational/production schedule that needs to be followed and some exposure monitoring 

gaps may arise. An approach that combines stationary and personal monitoring may 

contribute to a comprehensive monitoring strategy. Nevertheless, such an approach would 

require increased number of instruments/monitors. 

 Exposure monitoring is dependent on the monitoring location: particle concentrations show 

high spatial-temporal variability, which means that source representability is a relevant 
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issue. Thus, it is essential to ensure the collection of sufficient case details, including 

repetitions to guarantee a representative exposure assessment. Furthermore, it is especially 

relevant to focus exposure assessments on the modeling of aerosol processes driving 

exposures (sources), so that the understanding of the processes may contribute to the design 

of effective and targeted mitigation strategies. 

 

7.2. Future work 

7.2.1. Application of the data to models 

 The research performed in this PhD Thesis produced analytical data on particle exposure, 

emission mechanisms, properties of the emitted particles and efficiency of mitigation 

measures. These high resolution case-and task-specific data may have added value if used in 

modeling approaches. They may be used for validation and calibration of models that predict 

exposure (e.g. one/two box models). The information on the hygroscopicity of nanoparticles 

could help develop the next generation inhalation-deposition models. Since the 

characteristics of the inhaled particles change at the elevated relative humidity within the 

human respiratory tract, new models could use this as a new variable in order to increase 

their representability and accuracy. Furthermore, risk assessment and control banding tools 

could use the available data to update their libraries and databases. 

7.2.2. Application of the results to health risks and prevention 

 In the framework of this PhD Thesis and specifically during the second thermal spraying 

experimental campaign (publication 3), process-generated nanoparticle samples were 

collected on filters and also in liquid suspension. This was achieved using an aerosol 

concentrator (versatile aerosol condensation enrichment system: VACES), with which size 

segregated samples were obtained (fine, ultrafine and coarse). Filter samples were 

chemically characterized by ICP MS/AES and XRF, while liquid samples were used for 

toxicological assessment by means of ALI (air-liquid interface). The results obtained from 

these analyses, which are not included in this PhD Thesis, may create an intersection on the 

interpretation between exposure and health data combining exposure assessment, chemical 

composition and hygroscopicity of aerosols with the toxicological response. This will be a 
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holistic as well comprehensive analysis of a real case of exposure-risk-hazard due to 

nanoparticle release. 

 The data in this Thesis also has potential for application in risk assessment. The case specific 

data can indicate hotspots of potential hazards to sectors which are not directly related to 

nanomaterials and nanotechnology, but where workers are exposed to high concentrations 

of nanoparticles. This can increase understanding of possible symptoms and facilitate risk 

identification. Moreover, it may contribute to the definition of relevant OEL values or other 

legislative regulations. 

 Finally, the dissemination of the major findings and their potential health implications to the 

workers directly affected can be paramount for their safety. The understanding of the 

immediate risks along with the proper training on how to avoid them, can result in safer 

operational practices among the workforce. 
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Annex: Abbreviations and Acronyms 

 

Abbreviation Description 

ACGIH American Conference of Governmental Industrial Hygienists  

ACH Air Changes per Hour 

APS Atmospheric Plasma Spraying 

BG Background 

BZ Breathing zone 

CEN European Committee for Standardization 

CPC Condensation Particle Counter 

CyI The Cyprus Institute 

DiSCmini  Diffusion Size Classifier miniature 

DMA Differential Mobility Analyzer 

Dp Particle Diameter 

ECHA European Chemical Agency 

EDX Energy Dispersive X-ray 

ENP Engineered Nanoparticles 

ES Emission Source 

EU European Union 

GER Glazed Earthenware Red tile 

HVOF High Velocity Oxy-Fuel spraying 

ICMA Aragon Material Science Institute 



Annex: Abbreviations and Acronyms 

 
213 

ICRP International Commission on Radiological Protection 

Ind. Industrial 

ISO International Organization for Standardization 

ITC Institute for Ceramic Technology 

LDSA Lung Deposited Surface Area 

LEV Local Exhaust Ventilation 

mid-IR middle Infrared 

MNMs Manufactured Nanomaterials 

N Total Particle Number Concentration 

N.A. Not Available 

n-ENP Non-Engineered Nanoparticles 

NF Near Field 

NIOSH National Institute for Occupational Safety and Health 

n-IR near Infrared 

NRV Nano-Reference Values 

OECD Organization for Economic Cooperation and Development 

OEL Occupational Exposure Limits 

OPC Optical Particle Counter 

OPS Optical Particle Sizer 

PGNPs Process Generated Nanoparticles 

PLA Pulsed Laser Ablation 

PM Particulate Matter 

P.P. Pilot Plant 
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PPE Personal Protective Equipment 

RH Relative Humidity 

SER Social Economic Council of Netherland 

SMPS Scanning Mobility Particle Sizer 

TEM Transmission Electron Microscopy 

TS Thermal Spraying 

TSP Total Suspended Particles 

UAW Unglazed Alumina White tile 

UBW Unglazed Biscuit White tile 

UFP Ultrafine Particles tile 

UPG Unglazed Porcelain Grey 

WA Worker Area 

WHO World Health Organization 
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