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SUMMARY

SUMMARY

Exposure to micro- and nano-scaled particles has been widely linked to adverse
health effects including pulmonary, cardiovascular and nervous system disease
leading to increased mortality and morbidity rates. In urban environments, outdoor air
quality is impacted by atmospheric aerosols which originate mostly from
anthropogenic sources, mainly traffic and other combustion-related sources. With
regard to population exposure, indoor microenvironments constitute a particularly
vulnerable source given that adults spend on average 60 - 80% of their time indoors,
and approximately 50% of it in the workplace. However, due to the multiplicity of
microenvironments and the complexity and heterogeneity of indoor sources, indoor
air quality has been in comparison less studied than outdoor air. Specifically for
workplaces, the European and American agencies for occupational health and safety
consider nanoparticles as one of the major current emerging risks in workplace

microenvironments.

The fast development and spread of innovative technologies and processes used in
many industrial sectors (with and without relation to nanotechnology) have benefited
from advances but new risks and uncertainties related to possible exposure to
unknown nanoparticle types and concentrations may arise. In the workplace, workers
may be exposed to nanoscale particles while dealing with engineered nanoparticles
(ENP) or process-generated nanoparticles (PGNP) during specific industrial
processes involving unintentional nanoparticle release or the formation of
nanoparticles from gaseous precursors. Due to the relative novelty of “nanosafety” as
a field of research, relevant studies about ENP and PGNP release and exposure
under real-world conditions are relatively scarce. Furthermore, adequate analytical
techniques and monitoring instrumentation have only recently become available. To
date, specific online instrumentation for the targeted detection of nanoparticles in

real-time is lacking.

The goals of this PhD thesis were to (i) assess the performance of novel
instrumentation for nanoscale aerosol measurements, and (ii) to carry out exposure
assessments to nanoparticles emitted in workplaces under real-world operating
conditions, focusing on ENP and PGNP. The scenarios selected for exposure
characterisation were single-walled carbon nanotubes (SWCNT) manufacturing and
application processes (ENP), and tile ablation and sintering with laser technologies

used in the ceramic industry (PGNP). In addition to emissions and potential particle
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SUMMARY

transformations in workplace air, the potential for particle release to the outdoor
environment, and the effectiveness of control measures were assessed in both types
of exposure scenarios. A multi-instrument approach was used to characterise source-
specific worker exposure, aiming to cover the most relevant nanoparticle metrics and
physicochemical properties. The results obtained are presented in the form of five

research articles.

Two of the research articles deal with the evaluation of the performance of specific
nanoparticle instrumentation: a portable scanning mobility particle sizer (NanoScan
SMPS; Article IV), and cascade impactors for nanoparticle sampling (Article V).
Results regarding the assessment of the NanoScan SMPS in terms of its application
in workplace exposure studies revealed that mobility particle sizers using unipolar
and bipolar charging may be affected differently by particle size, morphologies,
particle composition and concentration. While the sizing accuracy of the NanoScan
SMPS was mostly within + 25%, results evidence that it may miscount total particle
number concentration by more than 50% (especially for agglomerated particles).
Thus, whereas the use of this instrument may be recommended for Tier 1 and Tier 2
exposure assessment studies, for Tier 3 conventional and stationary SMPS
instruments would be the preferred choice. The NanoScan SMPS was seen to be a
useful instrument to obtain estimates of the aerosol size distribution in indoor and
workplace air, and also for outdoor air. With regard to the assessment of the
performance of cascade impactors for nanoparticle sampling and analysis, results
revealed that particle volatilisation and particle bounce play a major role in the
collection efficiency and in the aerosol size distribution of each impactor. Attention
should be paid to volatilisation issues during aerosol transport inside the impactors
especially with regard to temperature increases associated with internal rotating

mechanisms in some impactors.

Based on the instrumental limitations encountered during the course of this PhD
thesis, it was concluded that only through the combination of diverse monitoring
techniques and parameters does it become possible to obtain a detailed

characterisation of nanoparticle exposure routes and scenarios.

The remaining three research articles in this thesis describe nanoparticle exposure
scenarios in industrial settings, one of them dealing with ENP (Article 1) and two with
PGNP (Articles Il and Ill). In the study where workers’ quantitative exposure to ENP
(SWCNT while manufacturing conductive thin films, Article ), results evidenced non-

significant nanoparticle exposure concentrations (SWCNT<Background+3.0packground

in terms of particle number and mass concentration) during all of the activities
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assessed where SWCNT may have been potentially released. However, these
exposures may have been underestimated given that results suggested that online
instruments did not seem able to accurately detect SWCNT, probably due to the
irregular shapes and high aspect ratios (length/width > 500) of these nanofibers. The
analysis of transmission electron microscopy (TEM) images was the only direct
method to confirm the presence of SWCNT in workplace air. Despite this, counting of
SWCNT with TEM micrographs was challenging due to their high aspect ratio and
branching. The highest SWCNT counts (ranging from 1.7 x10° - 5.6 SWCNT cm™)
and exceedance of the available occupational exposure limits were seen during the
worst case scenario corresponding to a failure of the local exhaust ventilation (LEV)
system corresponding to the reactor. The correct application of LEV to the collection
chambers in the SWCNT manufacturing facility was found to reduce CO and SWCNT
emissions by approximately 95% and 98%, respectively. The main recommendation
extracted was that the operation of the LEV should be systematically verified. To
overcome the problem of fibres counting and discrimination from background
concentrations, the development of new methods to detect and quantify nanofibers in

real-time would be strongly advisable.

In Articles Il and llI, dealing with PGNP, major nanoparticle exposures (>1.0 x 10°cm®)
were identified in the worker breathing zone during high-energy laser processes such
as tile sintering and ablation, which were in addition statistically significant
(>Background+3.0y,,ckground)- Tile sintering generated statistically significant exposure
concentrations in terms of particle number (up to 5.5 x 10° cm™) and with significantly
low particle diameters (< 24 nm), which were markedly smaller than background air
particles (34 nm as particle average diameter) originating from the infiltration of
vehicular traffic diesel emissions (Articles Il and Ill). The high particle number
concentrations with lower particle sizes detected during the thermal treatment of
ceramic tiles suggested the occurrence of new particle formation mechanisms by
nucleation (nanoparticles <30 nm in diameter being formed), which were probably
induced by the cooling down of exhaust gases containing SO, emitted from the
thermal decomposition of S-bearing minerals present in the ceramic tiles. Finally,
during the tile ablation experiments (Article 1), worker exposure was assessed using
particle mass concentration (as opposed to particle number concentration) as a more
effective due to the coarser diameter of the particles emitted. Laser engraving
induces phase transitions, causing catastrophic break down of the original material
which results in coarser particles (80 nm). Because the toxicity of PGNP is not
necessarily different from the assumed toxicity of ENP, the comparison of particle

exposure concentrations with the available nano reference values (NRV) was
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deemed to be advisable. Since workers were exposed to concentrations above the
nano-reference values (NRV; 4 x 10* cm™) during the industrial processes under
study, there was clear evidence of health risk of occupational exposure to
nanoparticles. In terms of mass, current regulations set a 3 mg m™ threshold limit
value (TLV; ACGIH, 2013) for the total respirable fraction which would not have been
exceeded during any process condition. Based on the statistically significant
exposures registered in the worker breathing zone during the thermal treatment of
ceramic tiles and the clear exceedance of the NRV, industrial control measures
should be proposed and tested specifically for this environment, tailored to its needs.
The effectiveness of the mitigation measures in place in the environments assessed
during this PhD thesis were tested and results showed that the use of appropriate
strategies may reduce worker exposure to nanoparticles (ENP and PGNP) by up to
98%.

Overall, this PhD thesis provides recommendations regarding the use and
applicability of specific nanoparticle monitoring and sampling instrumentation, and
characterises real-world exposure scenarios affected by unintentional release of ENP
and PGNP. Further research on both of these topics is advisable in order to better
understand the processes and mechanisms determining occupational exposure to

nanoparticles in workplace environments.
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Chapter 1. INTRODUCTION

1.INTRODUCTION

Atmospheric pollution is recognised as a major contributor to the global burden of
disease (Lim et al., 2012). Both gaseous and particulate pollutants are emitted to the
atmosphere from natural and anthropogenic sources (Bozlaker et al., 2013; Gieré
and Querol, 2010; Wagstrom and Pandis, 2011), the latter been growing since the
Industrial Revolution in the 18" century, especially from internal combustion engines,
power plants, and other industrial sources (Karagulian et al., 2015; Streets et al.,
2011). Atmospheric particulate matter (PM) is commonly referred as aerosol which is
found suspended in the atmosphere in liquid and/or solid phase ranging from few
nanometers (nm) to tenth of micrometers (um) in size diameter (Mészéaros, 1999). In
the field of aerosol science, particles with an aerodynamic diameter < 100 nm are
usually referred to as ultrafine particles, and those < 50 nm, as nanoparticles (Hirano,
2009). Conversely, in the nanotechnology field, particles with at least one dimension
<100 nm are referred to as nanoparticles (COM, 2011; I1SO, 2015). For the sake of
clarity, in the framework of this PhD thesis, the terminology of the nanotechnology
field will be followed.

Nanoparticles may be classified in two types:

= Engineered nanoparticles (ENP): Nanoparticles intentionally manufactured
with specific physical and chemical properties and having at least one, and usually
two dimensions < 100 nm (COM, 2011; ISO, 2015).

= Non-engineered nanoparticles (N-ENP):

(i) Process-generated nanoparticles (PGNP): Nanoparticles generated from
industrial sources and processes with or without relation to nanotechnology.

(ii) Background nanoparticles: Nanoparticles that may have a natural and
anthropogenic origin and are emitted to the atmosphere directly or newly formed

into the atmosphere as a result of atmospheric processes and mechanisms.

In the International System of Units (Sl), the prefix "nano" is one-billionth of a meter
(10° m) or about the width of an atom. To further illustrate differences in size, a
strand of human antibody has a diameter of 10 nm, a cancer cell has a diameter of

10* nm, and a human hair is of the order of 7.5 x 10* to 10° nm wide (Figure 1.1).
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Figure 1.1 Comparative scheme of the objects size in a nanometer scale.
Source: modified from Savolainen et al. (2013).

The direct link between exposure to particles and adverse health outcomes has been
widely proven in the literature (Atkinson et al., 2015; Lelieveld et al., 2015; Lim et al.,
2012). Several studies have highlighted that particles of low solubility with
aerodynamic diameters <100 nm, are the fractions with higher potential for adverse
health effects (Donaldson et al., 2001; Nel, 2005; Oberdorster, 2001; Oberddrster et
al., 2005; Oberdorster et al., 2002; Peters et al., 1997a; Politis et al., 2008; Seaton et
al., 1995). This is because of their ability to penetrate deeper into the respiratory tract
in human lungs, and to translocate to the blood circulatory system and arrive to other
organs via a variety of pathways and mechanisms (Geiser and Kreyling, 2010;
Oberdorster, 2010; Oberdorster et al., 2005) or even be transported directly to the
brain through the olfactory epithelium (Oberdorster et al., 2004).

Within urban environments, where the largest fraction of the population in Europe is
exposed to atmospheric pollutants regulations have been developed by the
European Commission (Directives 2004/107/EC and 2008/50/EC) which establish
limit and target values for a number of ambient air pollutants (EC, 2004, 2008). As a
result, air contaminants are monitored at central outdoor locations in air quality
monitoring networks (see AirBase; the European air quality database by the
European Environment Agency - EEA; www.eea.europa.eu). However, in modern
societies, population exposure mainly takes place in indoor environments, where
adults spend on average 60-80% of their time and approximately 50% of it at the

workplace (Klepeis et al., 2001). Consequently, indoor occupational exposure
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constitutes a significant fraction of total exposure to atmospheric pollutants. However,
indoor air quality has been in comparison less studied than outdoor air (Weschler,
2011). This can be attributed to the multiplicity of microenvironments (industrial
facilities, office spaces, homes, schools, restaurants, among others) and the
complexity and heterogeneity of indoor sources (Viana et al., 2011). Contrary to
outdoor air quality, for which limit values are stringent and subject to being revised
and reduced, regulations and guidance for workplace air are scarce. The only limits
available are those established by the American Conference of Governmental
Industrial Hygienists (ACGIH, 2013) and the Occupational Safety and Heath
Administration (OSHA, 2006). These institutions set a permissible exposure limit
(PEL) for 8-hour time weighted average concentrations (8-h TWA) of 5 mg m?
(OSHA, 2006) and of 3 mg m™ threshold limit value (TLV) for respirable particles
(PM4o) (ACGIH, 2013), which are easily attained. With regard to nanoparticles in
industrial workplaces, regulations are even scarce (see regulatory background in

section 1.3).

Numerous studies evaluate nanoparticle concentrations in different types of indoor
microenvironments: (i) residential environments (Bhangar et al., 2011; Bordado et al.,
2012; Géhin et al., 2008; Hussein et al., 2005; Isaxon et al., 2015; Kearney et al.,
2011); (ii) offices (He et al., 2007; Koivisto et al., 2010; Koponen et al., 2001;
McGarry et al., 2011); (iii) restaurants (Buonanno et al., 2010); (iv) schools (Almeida
et al., 2011; Brani$ and Safranek, 2011; Buonanno et al., 2013a; Dorizas et al., 2015;
Fromme et al., 2007; Reche et al., 2014; Rivas et al., 2015; Rivas et al., 2014; Viana
et al., 2014); (v) nanotechnology-related industries (Brouwer, 2010; Dahm et al.,
2013; Fonseca et al., 2015c; Gomez et al., 2014b; Jensen et al., 2015; Kaminski et
al., 2015; Kim et al., 2014; Koivisto et al., 2012; Koponen et al., 2015; Tsai et al.,
2011; van Broekhuizen et al., 2011, 2012a; Vaquero et al., 2015); and, (vi) non-
nanotechnology related industries (Azarmi et al., 2014; Buonanno et al., 2011;
Fonseca et al., 2016; Fonseca et al., 2015a; Gomes et al., 2012; Kumar et al., 2012;
Voliotis et al., 2014).

The variety of processes and the diversity of pollutant sources that can be found in
indoor microenvironments render the topic of indoor exposure very complex and
highlight the need for further research. The focus of this PhD thesis is on

occupational microenvironments, specifically, on industrial settings.
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Chapter 1. INTRODUCTION

1.1 Nanoparticles in occupational settings

1.1.1 Particle formation and/or transformation processes

Once emitted, nanoparticle behaviour in indoor and outdoor air is affected by

formation and/or transformation processes such as diffusion, dilution, coagulation,

condensation and deposition, which influence the mass, the number and the size
distribution (Figure 1.2).

Nanoparticles <100 nm
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Figure 1.2 Schematic illustration of the relationship between particle size, number

distribution and mass, chemical composition and particle formation
and transformation processes. Source: modified from Harrison and
van Grieken (1998) and Warneck (1988).

Aerosol sizes cover five orders of magnitude (1 nm - 10° nm) and reflect their

formation mechanisms. Nanoparticles (€100 nm) have been divided into two
subgroups (Seinfeld and Pandis, 2006):

= Nucleation mode (<20 nm): This mode is dominated by newly formed patrticles

from gaseous precursors (mainly NO,, H,SO,, NH; and VOCs; Kulmala, 2003).

These nanoparticles are very abundant in number but have an almost

insignificant contribution to aerosol mass (Harrison and Yin, 2000). They quickly

tend to coagulate with other particles or grow by condensation, resulting in

coarser particles (Charron and Harrison, 2003; Rodriguez et al., 2005; Zhu et al.,

2002).

= Aitken mode (20 - 100 nm): This mode includes nanoparticles emitted directly or

those which evolve by coagulation and condensation processes on pre-existing
particles (Kerminen et al., 2007; Lingard et al., 2006; Wehner et al., 2002).
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The accumulation mode particles (0.1 - 1 um) link nanoparticles with fine (<2.5 ym)

and coarse (>2.5 uym) particles (Seinfeld and Pandis, 2006).

Seipenbusch et al. (2008) demonstrated in experimental studies a rapid coagulation
of the ENP after release in a well-mixed chamber. During transport and aging
nanoparticles may be found in coarser-sized particles. Two different coagulation
processes were observed: the major coagulation was the attachment of the
nanoparticles to larger sized background particles, and the second mechanism was
the mutual coagulation or agglomeration of the nanoparticles. A concentration
dependency was also observed: the higher the concentrations the more rapid the

coagulation.
1.1.2 Sources of nanoparticles

In industrial settings, nanoparticles may be primary when they are emitted during
mechanical processes like raw material sanding, grinding, demolition, cutting or
polishing (Azarmi et al., 2014; Gomez et al., 2014b; Koponen et al., 2009; Kumar et
al., 2012; Zimmer and Maynard, 2002). In specific industries such as
nanotechnology-related ones, generation of direct or fugitive emissions of ENP may
also occur (carbon nanotubes, nano-oxides, nanoclays, graphene, etc.) (Brouwer,
2010; Demou et al., 2008a; Fonseca et al., 2015¢c; Kaminski et al., 2015; Lee et al.,
2012; Park et al.,, 2009). In addition, nanoparticles may be secondary in nature
produced by nucleation, from combustion by products, or from vapours arising from
processes involving heat such as materials sintering (Fonseca et al., 2016; Fonseca
et al., 2015a), welding (Buonanno et al., 2011; Gomes et al., 2012), firing (Voliotis et
al., 2014), thermal spraying (Bémer et al., 2010; Wake et al., 2002), soldering
(Gomez et al., 2013), among others. In many of the later cases, these nanoparticles
are not voluntarily produced and explaining why those are known as N-ENP. Hence,
occupational settings in industrial facilities will present inherently different
characteristics with regard to particle emissions in comparison to other types of

microenvironments.

The use of the term “nanopatrticle” in this PhD thesis reflects only particle size and
not chemical composition and includes all engineered, and non-engineered nano-
sized particles < 100 nm that may or may not be produced in a controlled,

engineered way.

1.1.2.1 Engineered nanoparticles

The ENP exhibit technologically interesting properties that are distinctively different

from the same non-nanoscale materials and can affect their physical, chemical, and
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biological behaviour (Feynman, 1959; Kaluza et al., 2009). These nanoscale particles
can be presented as nanotubes, spherical, irregularly shaped, and may also exist in

aggregated formations (Kaluza et al., 2009).

Examples of ENP include zinc oxide - ZnO (Figure 1.3a), synthetic amorphous silica -
SiO,, titanium dioxide - TiO, (Figure 1.3b), aluminium oxide - Al,O3, iron oxides as
hematite - Fe,O3;, nanogold - Au, nanosilver - Ag, carbon-based nanomaterials (e.qg.
fullerenes, carbon nanofibers, graphene, carbon black, carbon nanotubes (Figure

1.3c), nanopolymers and dendrimers, quantum dots and nanoclays (COM, 2012).
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Figure 1.3 Transmission electron microscopic images of: a) zinc oxide; b)
aggregated titanium dioxide; c) single-walled carbon nanotubes with
iron particles attached.

Emissions of ENP are more likely to occur in case of leaks during the manufacturing
processes, when the reaction chamber is opened or the product is dried, or during
the handling and use of products after their production, during the reactor cleaning
activity or during end of life activities such as re-use or recycling, waste treatment
(e.g., incineration) and disposal (e.g., landfill) (Brouwer, 2010; Fujitani et al., 2008;
Gomez et al., 2014a; Ham et al., 2012; Kim et al., 2014; Mazzuckelli et al., 2007).
However, emissions into the atmosphere (outdoor) may occur through diffusive
emissions (e.g., if flue gas of the process is not properly treated to retain

nanoparticles).

1.1.2.2 Non-engineered nanopatrticles

- Process-generated nanoparticles (PGNP)

Industrial sources and processes with or without relation to nanotechnology may also
generate secondary and primary particles which have dimensions in the nano-sized
range that may contribute substantially to nanoparticle pollution in workplace air
(Kaluza et al.,, 2009; van Broekhuizen et al., 2012a). They are usually termed

incidental nanoparticles or PGNP (van Broekhuizen, 2012).
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Figure 1.4 Industrial processes with potential to generate nanoparticles in
workplace air: a) ceramic milling processes; b) atmospheric plasma
spraying; c¢) use of vacuum cleaner.

Examples of sources with the potential to give rise to PGNP emissions in workplaces
are thermal treatments (Bémer et al., 2010; Evans et al., 2010; Fonseca et al., 2016;
Fonseca et al., 2015a; Voliotis et al., 2014), melting and combustion processes
(Donaldson et al., 2005; Evans et al., 2008; Ono-Ogasawara et al., 2009), laser
ablation (Barcikowski et al., 2007; Fonseca et al., 2015a), soldering (Gomez et al.,
2013), welding (Buonanno et al., 2011; Gomes et al., 2012), metal grinding, fracturing
and abrasion activities (e.g. sanding, milling and drilling) (Azarmi et al., 2014; Evans
et al., 2008; Gohler et al., 2010; Gomez et al., 2014b; Koponen et al., 2009; Peters et
al., 2009; Pfefferkorn et al., 2010; Wohlleben et al., 2011), and the use of electrical
equipment like compressors, universal motors, drilling machines, vacuum cleaners
and by diesel engines (Szymczak et al., 2007; van Broekhuizen et al., 2011, 2012a)
(Figure 1.4). High temperature, low relative humidity, available SO, and low pre-
existing particle surface area are common features that enhance new particle
formation events (Kulmala and Kerminen, 2008). Additionally, there are processes in
which conventional materials are used which contain a fraction of particles at the
nano scale that may contribute to nanoparticle emissions in the workplace air.
Examples of these may occur in ceramic industries (such as the cases of firing
processes where the painting and glazing of ceramics occur) and paint
manufacturing facilities, with emission of nanoparticles from conventional materials
(van Broekhuizen et al., 2012a; Voliotis et al., 2014).

- Background nanopatrticles

Primary nanoparticles in background air, originating mainly from diesel exhaust (soot
particles with prevailing mode 20 - 30 nm; Gramsch et al., 2009), show a distinct
morphology and chemical composition (Charron and Harrison, 2003; Gillies and
Gertler, 2000; Janssen et al., 2012; Kaminski et al., 2013; Matti Maricq, 2007).

Conversely, secondary particles are mainly formed by nucleation from gaseous
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precursors (Kulmala and Kerminen, 2008) and rapidly increase in diameter by
processes as coagulation and agglomeration (Seinfeld and Pandis, 2006). In
workplace air, the presence of both types of particles is dependent on infiltration
processes, which in turn depends on particle size (Alzona et al., 1979; Bennett and
Koutrakis, 2006; Kearney et al., 2014; Kearney et al., 2011; Long and Sarnat, 2004;
MacNeill et al., 2012; Viana et al., 2011; Viana et al., 2014).

The term “background particles” is also used to refer to particles emitted by indoor
sources (e.g. diesel engines, vacuum cleaners and thermal or mechanic processes)
located inside the workplace, but unrelated to the specific industrial process under
study (Szymczak et al., 2007; van Broekhuizen et al., 2011, 2012a; Zimmer and
Maynard, 2002). Hence, the background particle concentrations are highly
dependent on diurnal and seasonal variations, proximity to roadways, and workplace

activities.
1.1.3 Nano-related workplaces: from release to exposure

At the end of the 20" century, a remarkable number of new technologies were
introduced in the industrial sector offering substantial possibilities for improving the
competitive position of the European Union (EU) and for responding to key societal
challenges. In particular, a novel field of science called “nanotechnology” was
developed and envisaged to become a promising industry (Adlakha-Hutcheon et al.,
2009; Kuhlbusch et al., 2009). Feynman (1959) was one of the first to recognise the
potential of nanomaterials for our industrial society when he stated that there was
“plenty of room at the bottom”. The term “nanotechnology” was later introduced by
Taniguchi (1974), while the basic idea of this technology was explored in greater
detail by Drexler (1986) in his book “Engines of Creation - The Coming Era of
Nanotechnology”. Nanotechnology is based on controlling matter at an atomic and
molecular level where material properties may be adjusted and enhanced.
Applications of nanomaterials have shown promise in advancing the fields on
everyday life for example by providing means for medical treatment (gene therapy
and targeted drug delivery), environmental remediation technology (such as savings
in raw materials, the consumption of natural resources and a reduced environmental
pollution by clean energy and pure water), and the production of light and strong
materials (Adlakha-Hutcheon et al., 2009; Kuhlbusch et al., 2009; Ostraat et al.,
2015; Savolainen et al., 2013).

Today, ENP can be found in more than 800 consumer products including electronic
components, cosmetics and personal care products, lubricants and fuel additives,

cigarette filters, paints and coatings, food processing and packaging, agrochemicals,
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antimicrobial and stain-resistant fabrics and sprays, textiles and clothing, plastics,
construction materials, cleaning products, ski waxes, among others (Savolainen et
al., 2010; WHO, 2013; Wijnhoven et al., 2011; Zhang et al., 2015). Nanotechnology
has been identified as one of the key enabling technologies (KET) in Horizon 2020
thus underlining the significance of this field for Europe’s competitiveness
(Savolainen et al., 2013).

The growing market, fast development and spread of novel technologies and
processes used in many industrial sectors (with and without relation to
nanotechnology) have on the one hand offered new properties of materials and
opportunities and on the other hand brought new risks and uncertainties. Recently,
the European Agency for Safety and Health at Work (EU-OSHA, 2009) considered
nanoparticles as one of the major current emerging risks in workplaces. The concern
is that the novel industrial technologies and production rate of ENP is growing
exponentially (Aitken et al., 2006). Consequently, the risk of possible exposure of
humans and the environment to unknown nanoparticle types and concentrations may
increase dramatically in the near future compared with the exposure to particles
originating from more conventional sources. Therefore, industries which have
benefited from advances made available through nanotechnology and through
innovative industrial processes, are identified as a workplaces suffering from
potential of nanoparticle releases. During their life-cycle, nanoparticles may end up in
different environmental compartments such as: (i) air; (i) water; or (iii) soil.
Consequently this may lead to exposures in the environment, and also human
exposure through these environmental compartments and possibly adverse health
effects (Borm et al,, 2006; Handy and Shaw, 2007; Maynard et al., 2006; van
Broekhuizen, 2012; Yokel and MacPhail, 2011).

1.1.4 Evidences of workers exposure to nanoparticles

A variety of exposure pathways are possible (Kaluza et al., 2009). Because higher
concentrations of nanoparticles and higher frequency of exposure to them are more
likely to happen in workplace settings, occupational exposures assessments require
special attention in this kind of settings (Aitken et al., 2004; Hristozov et al., 2012). In
the workplace, workers may be exposed to nanoscale particles while manufacturing
ENP (research or industrial scale), formulating them into products, transporting,
bagging, handling them in the storage facilities, during cleaning operations (Balas et
al., 2010; Brouwer, 2010), and even during unexpected system failure such the local
exhaust ventilation (Fonseca et al., 2015c). This is also possible during specific
industrial processes involving N-ENP from unintentional nanoparticle release or the

formation of nanoparticles from gaseous precursors (Aitken et al., 2004; Kuhlbusch
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and Fissan, 2006; van Broekhuizen, 2012). The predominant route of exposure for
workers who are in contact with nanoscale particles is inhalation and/or dermal
contact (Hansen, 2009; Schmoll et al., 2009).

1.1.4.1 Engineered nanopatrticles

The net exposure to ENP may vary depending on the type of nanomaterials used
(powder, paste, liquid), the process, and the control measures applied to mitigate
worker exposure (Brouwer, 2010; Jensen et al., 2015; Methner, 2010; Plitzko, 2009).
Worker exposure is somewhat less likely to occur during the manufacturing process,
since most ENP manufacturing processes are performed in closed reaction
chambers (Hansen, 2009). Release and exposure to ENP is especially likely to
happen while handling and bagging the nanomaterials (Kaminski et al., 2015), during
cleaning operations (Fonseca et al., 2015c; Plitzko, 2009). A review by Kuhlbusch et
al. (2011b), aimed at identifying potential exposure scenarios at nanotechnology
workplaces, related to the manufacture and use of ENP (fullerenes, carbon

nanotubes, carbon back, carbon nanofibers, metals and metal oxides).

Several studies have already been carried out regarding carbon nanotubes (CNT),
carbon nanofibers (CNF) and fullerenes (Bello et al., 2008a; Bello et al., 2008b; Bello
et al., 2010; Dahm et al., 2013; Dahm et al., 2012; Evans et al., 2010; Fujitani et al.,
2008; Maynard et al., 2004). For instance, Dahm et al. (2012) investigated the
airborne exposures generated in six representative sites identified as CNT/CNF
primary or secondary manufacturers and concluded that there was visual and
microscopy-based evidence of CNT/CNF at all sampling sites, with the highest CNT
and CNF structure counts being found in samples collected at secondary
manufacturing sites. However inconsistent results were obtained by Dahm et al.

(2013) concerning monitored data from different online instruments.

Biswas and Wu (2005) concluded that there is linear dependence between the
operations in production and exposure to ENP in the workplace. Several other
authors suggested that the influences of background concentration as well as the
spatio-temporal variations of exposure are very relevant (Evans et al., 2010; Kling et
al., 2016; Mazzuckelli et al., 2007; Peters et al., 2009).

Koponen et al. (2009), Goéhler et al. (2010), Wohlleben et al. (2011), van Broekhuizen
et al. (2012a) and Gomez et al. (2014b), showed that during the abrasion of surfaces
coated with nano-enabled coatings workers may be exposed to nanoparticles but
mainly due to the use of electrical equipment since no differences in particle number
concentration (N) can be detected with the same process with conventional coatings

(without nanoparticle additives).

10
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1.1.4.2 Non-engineered nanoparticles

- Process-generated nanoparticles

Industrial processes (high-energy processes, mainly thermal or mechanical) may
have a high potential for nanoparticle formation and release, and thus for worker
exposure. Worker exposure is dependent on the materials processed, the way of
processing, machinery used, temperature, etc. (van Broekhuizen, 2012). For
example, Voliotis et al. (2014) revealed that nanoparticle emissions and subsequent
exposures may reach up to N of 1 x 10° cm™ during firing processes where the
painting and glazing of ceramics occur. Also Gomez et al. (2013) evidenced that
metal-containing nanoparticles may reach high exposure concentrations in the same
order of magnitude (1 x 10° cm™), with initial size distributions centred at 35 - 60 nm,
during a low power soldering activity. Nanoparticle exposure concentrations >1 x 10°
cm™® (mean particle size diameter = 28 nm) were recorded by Bémer et al. (2010)
inside ventilated cabins, in which thermal spraying of metals using electric arc

processes were performed.

According to Szymczak et al. (2007), van Broekhuizen et al. (2011) and van
Broekhuizen et al. (2012a), exposure to nanoparticle concentrations from electrical
equipment like compressors, universal motors, drilling machines, vacuum cleaners

and diesel engines may exceed several 0.1 x 10° cm™ up to 9 x 10° cm™.

- Background particles

In industrial workplaces environments in moderately polluted urban areas, an
average background in the range 10° - 10* cm™ is common (Gomez et al., 2014a;
Koivisto, 2013). In comparison to the exposure concentrations described in previous
sections, these concentrations may be considered relatively low. However, the
discrimination of background concentrations is essential in order to accurately
identify and quantify exposures to ENP or PGNP. Therefore, it is highly important to
understand the different particle sources and background characteristics to be able to

distinguish the target nanoparticles from the background.
1.1.5 Potential health and environmental concerns

As shown in previous section 1.1.4, evidences about workers exposure to ENP and
PGNP are clear. Hence, possibilities for unexpected effects of nanoparticles on
human health, safety and environmental burden should not be neglected (Maynard et
al., 2006; Oberdorster et al., 2005).

Nanoparticles are found in a variety of forms, based on physico-chemical properties

and should not be considered as a uniform group of substances (Borm et al., 2006;
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GAO, 2014; Savolainen et al., 2010). The environmental, health, and safety risks of a
nanomaterial may differ by characteristics (Borm et al., 2006; GAO, 2014; Maynard
et al., 2004; Nel, 2005) such as: (i) mean particle size; (ii) particle size distributions;
(iii) morphology; (iv) particle surface area; (v) agglomeration state; and (vi) surface
chemistry including chemical reactivity, surface composition or particle shape (see
Figure 1.5).

As the particle size is reduced, the proportion of atoms found at the surface related to
the atoms in the interior of the particle increases and as consequence, the nanoscale
particles are more reactive (Kaluza et al., 2009). Major differences between
unintentional and intentional nanoparticles are the polydispersity and chemically
complex nature of the former, in contrast to the monodisperse and precise chemically
engineered characteristics and particle morphology of the latter (Oberddrster et al.,
2005). However, despite these differences, the same toxicological principles are
likely to apply to all nanoparticles, because not only size but also a number of other

particle parameters determine their biological activity.
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Figure 1.5 Characteristics of a nanomaterial that could affect the environmental,
health, and safety risks. Source: GAO (2014).

The inhalation pathway is considered the major route of nanoparticle exposure and
the lungs and pleura the major primary targets for adverse effects (Donaldson and
Seaton, 2012; Oberdoérster et al., 2005). However ingestion and dermal exposures
also need to be considered especially during manufacture, use, and disposal of ENP
(Oberdorster et al., 2005).

As particles reach smaller diameters they can travel deeper into the lungs (Heal et
al., 2012; Hoet et al., 2004; Oberdodrster, 2001; Weichenthal, 2012). The main
deposition mechanism of inhaled nanoparticles (<100 nm) in the respiratory tract is
diffusion. Other relevant mechanisms for coarser particles, such as inertial impaction,
gravitational settling, and interception, do not contribute to nanoparticles deposition,
and electrostatic precipitation may occurs only in cases where nanoparticles carry
significant electric charges (Oberdérster et al., 2005). Figure 1.6 shows the inhalation

deposition probability of particulates in different regions of the human respiratory tract

12
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during nose breathing at rest from an adult based on a predictive mathematical

model from International Commission on Radiological Protection (ICRP, 1994).
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Figure 1.6 Fractional deposition of inhaled particles in the nasopharyngeal,
tracheobronchial, and alveolar regions of the human respiratory tract
under conditions of nose breathing during rest from an adult according
to the ICRP deposition model. Source: Koivisto (2013).

As shown in Figure 1.6, the larger particles deposit higher up in the nose and upper
respiratory tract, while only the smaller size particles deposit in the more peripheral
bronchioles and proximal alveolar region (Donaldson and Seaton, 2012).
Nanoparticles with the size between 10-100 nm deposit primarily in the alveolar
region (red line of Figure 1.6), while smaller and larger particles may deposit in the
tracheobronchial region (green line of Figure 1.6) or in the head airways (blue line of
Figure 1.6). There is increasing scientific evidence that removal of particles in the

lung is size-related (Kim et al., 2015; Salma et al., 2015).

These different deposition efficiencies should have consequences for potential
effects induced by inhaled nanoparticles of different sizes as well as for their
translocation into the blood and lymph circulation and disposition to extrapulmonary
region (Choi et al., 2010; Geiser and Kreyling, 2010; Oberddrster, 2010).

The available information about the effects of nanoparticles in general on human
health is still limited. Toxicological animal studies conducted to date cannot be
considered conclusive and the epidemiological data related to the toxicological
effects of the nanomaterials in real conditions are scarce. Oxidative stress is
considered the main cytotoxicity mechanism developed by nanoparticles of different
properties which can give rise to an ongoing inflammation or genotoxic effects of
reactive nanoparticles which can even lead to lung fibrosis or cancer (Donaldson and
Poland, 2012; Guo et al., 2012; NIOSH, 2011; Shvedova et al., 2012). In addition, in-
vivo studies indicate that some nanomaterials can be translocated from the lung to

the blood circulatory system and reach other organs and tissues (such as the liver,
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kidneys, heart, bone and in the soft tissue) or even be taken up directly to the brain
through the olfactory epithelium (Elder et al., 2006; Kreyling et al., 2009; Oberdorster
et al., 2002) and give rise to several health effects. Exposure to nanoparticles has
been associated with a number of health effects including pulmonary inflammation
(Rossi et al., 2010; Shvedova et al., 2012; Shvedova et al., 2008), genotoxicity (Chen
et al., 2014; Falck et al., 2009; Guichard et al., 2012; Karlsson et al., 2009),
carcinogenicity (Sakamoto et al., 2009; Takagi et al., 2008; Tsuda et al., 2009), and
circulatory effects (Nurkiewicz et al., 2008; Nurkiewicz et al, 2009). Some
nanomaterials, among which are carbon black and titanium dioxide have been
classified based on in vivo studies as "possibly carcinogenic to humans" (Group 2B)
by the International Agency for Research on Cancer (IARC) (WHO, 2015). It has
been shown that rigid, chemically/biologically persistent free nanofibers, rods and
tubes with a high aspect ratio (length > 20 um), can induce similar effects to those of
asbestos such as acute inflammation leading to progressive fibrosis of the pleura
(Murphy et al., 2011; Poland et al., 2008; Takagi et al., 2008).

1.2 Exposure assessment and characterisation

Although some nanoparticles have shown to be potentially hazardous for human
health, systematic studies on hazards or exposure to nanoparticles are still lacking
(see for example reviews by Borm et al. (2006), Yokel and MacPhail (2011) and
Savolainen et al. (2013). The implementation of standards for appropriate safety
control systems may still take several years, in spite of recent progresses (e.g.
ongoing SIINN Eranet projects nanolndEx and nanOximet, EU FP7 project
NanoDiode, MARINA or German BMBF projects nanoGEM and nanoCare). Industrial
settings should adopt responsible risk assessment, as well as risk management
strategies, in order to guarantee a safe work environment (Hameri et al., 2009) and
obtain products with no health threats at any point of their lifecycle (Friedrichs and
Schulte, 2007).

Mathematically, risk can be expressed as the multiplication of exposure and hazard
(Krug and Klug, 2010), i.e., risk assessment always requires both determination of
exposure and toxicity. Risk assessment requires detailed knowledge of worker
exposure during processes with potential to release nanoparticles to workplace air,
which will firstly require the understanding of exposure scenarios. Once the potential
release scenarios are understood, worker exposure needs to be characterised

following clearly defined protocols.

The assessment of exposure to nanomaterials provides particular challenges such as

the following (Brouwer, 2010; Brouwer et al., 2009):

14



Chapter 1. INTRODUCTION

= Discrimination from background particles.

= Collection and analysis of size information.

= Effective high spatial and temporal variability.

= Choice of exposure metrics and measurement instruments.

=  Measurement of high aspect ratio nanoparticles.

Furthermore, the identification and chemical composition characterisation appear to

pd
o
=
O
o)
[a)
o
x
=
<

be more challenging when dealing with PGNP its particle nature are unknown and

more complex due to non-specificity of nanoparticle types and sources.
1.2.1 Exposure metrics

The metric that should be used to assess exposure to nanoparticles should be that
which most closely links to any potential health effects. Three main aerosol metrics
can be differentiated (Abbott and Maynard, 2010; Maynard and Aitken, 2007;

Ramachandran et al., 2011):

» Mass concentration (M; pyg m?®): workplace exposure limits for hazardous
materials and chemicals are mostly based on mass concentration, typically
expressed as mg m™ of air (Pietroiusti and Magrini, 2014).

» Particle number concentration (N; cm™): as discussed in earlier sections, due to
their small diameter, nanoparticles contribute strongly to particle number
concentrations, and almost insignificantly to particle mass concentration.
However, existing guidelines do not include limit values in terms of particle

number concentration.

» Surface area concentration (SA; pm? cm™): studies have indicated that particle
surface area concentration is associated with biological response (Abbott and
Maynard, 2010; Oberdérster et al., 2005; Oberdorster et al., 2007;
Ramachandran et al., 2011) and thus, the best metric for predicting health effects
of nanoparticles in humans (Pietroiusti and Magrini, 2014). Heitbrink et al. (2008)
suggested that the active surface area concentrations can largely be explained
by particles smaller than 100 nm. Reche et al. (2015) conclude that particles up
to 200 nm may contribute significantly to surface area concentrations. By
assuming a spherical size for these nanoparticles the surface area can be related

to the number concentration (Ramachandran et al., 2011).

Additionally, it is acknowledged that particle size distribution is a relevant metric to
indicate the efficacy of particle intake into the respiratory tract and the location of

particle deposition and interaction with the biological system. Particle size distribution
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can also be used to calculate other (health-relevant) metrics like surface area of the
particles assuming smooth, compact spherical particles; however, errors in surface

area estimates arise when the assumptions are not valid (Brouwer et al., 2012).

Given that there is no conclusive agreement on the most relevant dose-metric(s) to
express human exposure to nanoparticles, it is recommended that measurements of
particle number, surface area and mass concentration metrics should be undertaken

simultaneously, whenever possible (Brouwer et al., 2012; Park et al., 2010).
1.2.2 Measurement instrumentation

A number of instruments are available for workplace exposure characterisation,
regarding physical and chemical properties of airborne nanoparticles (Ostraat et al.,
2015). The measurement instruments can be classified as online (size
resolved/integrated and time resolved) and offline (size and time integrated). Physical
characterisation of airborne nanoparticles, most commonly particle size, surface
area, size distributions, and/or number concentration measurements, are typically
conducted using online (real-time) instruments. Offline instruments (e.g. electron
microscopy, filter samples) additionally allow for the characterisation of the
morphology as well as chemical composition of collected nanoparticles. This section
provides an overview of the type of instruments currently available. The specific
instruments used in this PhD are described in detail in chapter 3, and also in each of

the research articles presented in chapter 4.
1.2.2.1 Online (real-time) instrumentation

This type of instrumentation provides information of the metrics under study (particle
mass, number, size distribution, etc.) independently on the chemical composition or
morphology of the material. Therefore, these instruments are generally unable to
differentiate between ENP and PGNP or background nanoparticles. For practical
purposes, online instrumentation may be classified into two types: (i) stationary

instrumentation, and (ii) handheld instrumentation.

Stationary instruments are complex instrumentation in terms of use, size and weight,
and they are commonly used in comprehensive studies aiming to characterise
nanoparticles and worker exposure in workplace environments. Examples of the
most frequently used stationary instruments, discussed in detail in chapters 3 and 4,
are stationary scanning mobility particle sizers (SMPS; Figure 1.7a), condensation
particle counters (CPC; Figure 1.7b), electrical low pressure impactors (ELPI™,;

Figure 1.7c), optical particle sizers (Grimm; Figure 1.7d) and aerosol photometers
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(DustTrak™

Figure 1.7e). With regard to optical particle sizers and aerosol

photometers, although their particle size range is outside the nanoscale, they can be

used for agglomerates or aggregates of larger particle sizes.

Figure 1.7

Example of stationary online instruments: a) SMPS, TSI Model
3936N88 consisting of a nhano DMA, TSI Model 3085 and a water
CPC, TSI Model 3788; b) UCPC, TSI Model 3776; c) ELPI™, Dekati
Ltd.; d) optical particle sizer (Grimm Model 1.108); e) laser photometer
(DustTrak™ DRX aerosol monitor, TSI Model 8533).

With regard to portable monitors, these instruments are generally useful for the

detection of nanoparticle emission sources (e.g. leaks), for determining

concentrations of the metrics of interest, and to test the effectiveness of preventive

measures. Examples of frequently used instruments, discussed in further detail in

chapters 3 and 4 as in the case of stationary instruments, are handheld CPC (Figure

1.8a), diffusion chargers (DC; Figure 1.8b), micro-aethlometers (Figure 1.8c),

portable NanoScan SMPS, and portable aerosol photometers (Figure 1.8d).

Figure 1.8

Example of portable online instruments: a) CPC, TSI Model 3007; b)
DC, DiSCmini Matter Aerosol; c¢) Micro-aethlometer, Micro-
aethlometer, microAeth®, Model AE51; and d) laser photometer
(DustTrak™ DRX aerosol monitor, TS| Model 8534).
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1.2.2.2 Offline instrumentation (sample collection and analysis)

Offline instruments, besides allowing for the determination of particle mass
concentration by gravimetric methods, also allow for the physical and chemical
characterisation of particles. Examples of offline techniques are open-face sampling
(e.g. by 3-piece conductive polypropylene air sampling cassettes SKC Inc.), filtration,
electrostatic or thermal precipitation (e.g., by nanometer aerosol sampler - NAS, TSI
Model 3089; Li et al., 2010; TSI, 2013b; Dixkens and Fissan, 1999), elutriation, size-
selective collection by cascade impaction such as Berner low-pressure impactor
(BLPI or nano-BLPI) (Berner and Luerzer, 1980; Berner et al., 1979; Hering et al.,
1978; Hillamo and Kauppinen, 1991; Preining and Berner, 1979), micro-orifice
uniform deposit impactor (Moudi or nano-Moudi) (Marple et al., 2014; Marple et al.,

1991) or personal cascade impactor sampler (PCIS) (Misra et al., 2002).

Collected samples can be analysed gravimetrically or by other analytical techniques
such as ion chromatography (IC), inductively coupled plasma by atomic emission
spectrometry (ICP-AES) or by mass spectrometry (ICP-MS), which provide

information about the chemical composition of the nanoparticles collected.

The identification, e.g. morphology and geometry of single particles and
agglomerates and determination of optical diameters can be accomplished by
electron microscopy techniques such as high resolution transmission electron
microscopy (TEM) or scanning electron microscopy (SEM). In addition, samples can
be used for further elemental composition identification, e.g. energy dispersive X-ray
(EDX) analysis, often coupled with SEM or TEM devices (ECHA, 2015b).

To sum up, the lack of specificity of the online instruments and the intrinsic limitations
of the instruments and techniques preclude the idea of a single exposure metric.
Therefore, exposure is determined by multiple exposure characteristics (physical,
chemical, and physicochemical characteristics and workplace factors) and thus
should be described by a set of metrics/information (e.g. direct reading data,
additional offline analysis, and observations). However, for initial screenings (e.g.
during workplace inspection of the potential worker exposure to nanoparticles), one
of these metrics may be consider sufficient (Brouwer et al., 2012). Detailed
assessments necessarily require an integrated approach combining different tools

and metrics.
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1.2.3 Exposure assessment strategies

Understanding the relationship between airborne nano-sized particles and exposure,
under different environmental conditions, is of great importance for developing
efficient control measures and for establishing, evaluating and improving regulations
and legislation aiming to guarantee environmental health and safety of industrial
processes. Several assessment strategies have been developed for the
determination of exposure to nanoparticles in workplaces (e.g., BSI, 2010, Methner
et al., 2010; Ramachandran et al., 2011; Asbach et al., 2012b; Brouwer et al., 2012;
Ostraat et al., 2015). All of them identify the need for a tiered approach to facilitate
assessments that should be easy to pursue, cost effective, based on established
measurement methods, able to discriminate and quantify target nanoparticles from
background particles, and deliver comparable results independent from the

workplaces under investigation.
1.2.3.1 Tiered approach for exposure assessment

An example of a flow chart of a tiered approach for exposure assessment is shown in
Figure 1.9 which contains 3 hierarchical tiers (Ostraat et al., 2015): (i) initial
assessment; (ii) basic exposure assessment; and (iii) expert exposure assessment.
Each tier uses different devices and generates different degrees of detail and
specificity of the resulting data. Sections below provide a detailed description of each

tier.
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Figure 1.9 Flow chart of the tiered approach for exposure assessment. Source:
modified from Ostraat et al. (2015). Dashed boxes indicate the basic
steps of the exposure assessment process in workplaces and the
arrows show how the exposure assessment proceeds.
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- Tier 1: Initial assessment

Tier 1 (Figure 1.9a) is a qualitative assessment focused on gathering information
prior to laboratory or field assessment in order to identify potential nanoparticle
emission mechanisms and worker exposure (e.g. through on-site inspection of
potential locations where nanoparticles may be released into workplace air).
Examples of exposure and risk assessment tools that contain information gathering
guidance include the precautionary matrix for synthetic nanomaterials and risk or
control banding tools, e.g. control Banding Nanotool, NanoSafer, and
Stoffenmanager Nano (Brouwer, 2012; Cornelissen et al., 2011; Hock et al., 2008;
Paik et al., 2008; Riediker et al., 2012; Schneider et al., 2011; Van Duuren-Stuurman
et al., 2012a; Van Duuren-Stuurman et al., 2012b; Zalk et al., 2009). These are

qualitative nanoparticle release models based exclusively on inventory data.

If nanoparticle emissions and occupational exposure cannot be excluded during Tier

1 analysis, the potential exposure has to be determined in Tier 2.

- Tier 2: Basic exposure assessment

The focus of Tier 2 (Figure 1.9b) is to determine whether exposure to nanoparticles
may occur by utilizing particle size-integrating, easy-to-use portable online
instruments. Simple particle number or surface concentration measurements are
usually sufficient in this Tier (Kaminski et al., 2015). Typical instruments are portable
CPC and diffusion charger based devices (e.g. DiSCmini, nanoTracer, Aerotrak
9000). In addition, offline analyses, such as SEM-EDX or TEM-EDX, may be useful,
especially if the source of elevated concentrations and the corresponding particle
characteristics are unknown. To determine realistic exposure levels, the particle
concentrations should be measured near potential release locations and in the
breathing zone of workers and compared with the background concentration. If the
particle concentration is significantly increased over the background, a potential
exposure exists and has to be assessed in Tier 3 measurements (Figure 1.9c). The
level of significance of emission or exposure concentrations is described by
comparison with background concentrations. Net-emission particle concentrations
deriving from industrial processes are corrected by subtraction of the average

background concentration (Asbach et al., 2012b; Kaminski et al., 2015):

Particle release = WA — BG Eq (1)

where WA is the measured particle concentrations at the breathing zone or emission
source during the work activity, and BG is the average background registered

concentrations.
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This approach is only acceptable if background concentrations remain relatively
stable throughout the measurement period and particle emissions from the process

under study are sufficiently higher than background.

According to Asbach et al. (2012b), the resulting concentration difference between
the activity under investigation and the background is considered statistically
significant if the mean particle concentration in workplace air is higher than the BG
concentrations plus three times the standard deviation (3.0gg) of the average BG

concentration. This means that if the ratio

Particle release
3.08G

>1 Eq (2)

then, particle release should be considered as significant and in this case the
workplace or process concentration is deemed to be significantly increased and must
be further assessed for the release of nanoparticles to the workplace air (Tier 3). The
suggestion of the factor three is based on the assumed level of significance of
elevated exposure concentrations. Important to note that these simplified decision
criteria is strictly valid if the relative standard deviations of both background and
emission/exposure concentrations reveal the same order of magnitude. If for
example the relative standard deviation of the exposure concentration is considerably
higher than that of the background concentration, this is an indication for a process
where significantly higher short term exposure conditions may be present during the
process. In such a case measures that take place in Tier 3 should be performed. In
addition to Tier 3 measurements, risk management measures can be employed (e.g.
installation of local exhaust ventilation). The effectiveness of new actions should be

verified in another Tier 2 measurement.

- Tier 3: Expert exposure assessment

Tier 3 (Figure 1.9c) is characterised by the use of extensive measurements that are
needed for nanoparticle and health risk evaluation. The aim of this Tier is to obtain as
much information as possible on airborne nanoparticles in the breathing air in a
workplace in order to determine whether or not exposure can be excluded or if further
risk management steps need to be implemented. In Tier 3, online measurement
instruments in addition to those used in Tier 2 should be utilised to provide a

definitive conclusion regarding the presence of nanoparticles in workplace air.
Typical online instruments included in Tier 3 are the following:

= Electrical mobility analysis for measuring particle number size distributions of

submicron nanoparticles.
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= Optical or aerodynamic particle sizers or ELPI to measure the particle number

size distributions of particles approximately > 500 nm.

= Condensation particle counters or diffusion chargers to measure total particle

number concentration.

= Nanoparticle surface area monitors to measure the lung deposited surface area

concentration (LDSA), usually alveolar.

As discussed in Tier 2, these online instruments must be supported with personal
sampling using filters or grids suitable for particle characterisation (size, shape,
agglomeration state, etc.) by SEM-EDX or TEM-EDX, or another chemical analysis
technique such ICP-MS or ICP-AES.

If the workplace concentration is significantly increased over the background and
higher than reference values (see section regulatory background 1.3), and if the size
distribution, morphological and/or chemical analyses clearly show that the increase is
a result of nanoparticle release, additional risk management measures (Figure 1.9d)
need to be employed for exposure mitigation. The priority is to reduce exposure
concentrations and then to increase personal protection. Concentrations may be
reduced by changing process methods, altering material usage in the sources, or
they may be achieved via structural and/or process changes. The effectiveness of
the risk management measures and the potential workers exposure need to be

verified by repeating Tier 2 and Tier 3 assessments.
1.2.3.2 Determination of background concentrations

Background particle concentrations, i.e., particles infiltrating from outside or deriving
from industrial processes which have potential for nanoparticle release or formation
into workplace air become an important variable at lower concentration levels and

hence must be accounted for.

Measurements in both Tier 2 and 3 always include the determination of the particle
background concentrations in the workplace, either through simultaneous
measurements at a representative background location (Demou et al., 2008a;
Kaminski et al., 2015; Tsai et al., 2008) or through measurements at the respective
workplace prior to or after the activity or the process under investigation (Bello et al.,
2008a; Bello et al., 2008b; Fujitani et al., 2008; Kuhlbusch and Fissan, 2006;
Methner, 2008; Methner et al., 2007; Yeganeh et al., 2008). The first type of
approach is considered a “far-field background’ and the monitoring location may be
found outdoors or at another point in the production building/laboratory, whereas the

second type is considered a “near-field background” (Brouwer et al., 2009). For the
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first type approach, care is required that there is no contribution from the sources of
interest, or from other background sources in the far field background sample
(Ostraat et al., 2015).

A third approach can be the collection of physical samples of the aerosol for offline
analysis to confirm that the peak concentrations observed correspond to an identified
nanoparticle source, either by composition (elemental analysis of the primary
material) or morphology or both, for example by TEM-EDX and SEM-EDX analysis
(Brouwer et al., 2009; Methner et al., 2010).

1.2.4 Control measures to mitigate occupational exposure

In order to reduce occupational exposure several protective measures like structural
or process modifications and/or personal protection measures may be applied. Some

examples are provided below.
1.2.4.1 Engineering control methods

Protection of workers against nanoparticles increases by implementing well

designed, installed and properly used engineering control systems such as:

= |ocal exhaust ventilation (LEV) and general ventilation, preferably enclosing the

sources of nanoparticles (Kaluza et al., 2009).

= Appropriate filtration system for removing nanoparticles from exhaust air, which
usually contains multi-stage filters with high efficiency particulate air filter (HEPA)

or ultra-low penetration air filters (ULPA) as final filter (Kaluza et al., 2009).

In all cases where engineering controls alone do not sufficiently reduce exposure
potential, provision of appropriate personal protective equipment (PPE) for suitably

minimizing hazard is required.
1.2.4.2 Personal Protective Equipment

Nanoparticle exposure may often be attributable to the wearing of inadequate PPE.
Staff involved in any tasks where potential exposure to nanoparticles exposure exists

may use the following PPE (Kaluza et al., 2009):
= Examination gloves: nitrile or rubber examination gloves which cover hands and
wrists completely through overlapping sleeve of lab coat.

= Safety glasses or safety goggles (ANSI Z-87 approved), considered the minimum

appropriate level of eye protection.
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= |Lab coats or disposable coveralls that provide complete coverage of skin not

otherwise protected by PPE and/or attire.

= Appropriate air-purifying respirators, utilised for all processes where exposure

potential is present.

Figure 1.10 shows two examples of well protected researchers performing aerosol
experiments during single-walled carbon nanotubes (SWCNT) manufacturing and

atmospheric plasma spraying.
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Figure 1.10 Well protected researchers assessing occupational exposure to
nanoparticles during: a) SWCNT manufacturing, and b) atmospheric
plasma spraying applied in ceramic industry.

1.3 Regulatory background

For risk assessment, comparison of measured exposures with accepted risk levels is
essential. Although occupational exposure limits (OEL) were established by Council
Directive 88/642/EEC as “the limit of the time-weighted average of the concentration
of a chemical agent in the air within the breathing zone of a worker in relation to a
specified reference period” (EC, 1998), no OEL are available regarding nanoparticles
yet. Van Broekhuizen et al. (2012b) has reported on the usefulness of the proposed
OEL in different exposure scenarios. Official OEL are lacking because the relevant
exposure scenarios are not well known, measurement metrics are unclear, and
epidemiological studies are incomplete (Schulte et al., 2010; van Broekhuizen et al.,

2012D).

Currently, there are only recommended OEL for nanomaterials proposed by different
international organisations (ECHA, 2015a; IFA, 2009; NIOSH, 2011, 2013; SER,
2012). Table 1.1 summarizes these recommended values. Therefore, the use of
these reference values for nanomaterials seems to be an acceptable alternative for
precautionary risk management as long as health-based limit values are not

regulated. Such reference values represent a warning level for nanoparticles in the
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workplace atmosphere that should lead to exposure control measures when this level
is exceeded. Furthermore, some companies have established for specific
nanomaterials their own OEL values for internal use. For example, for multi-walled
carbon nanotubes (MWCNT), Bayer Material Science has set a limit value of 0.05 mg
m™ based on inhalation studies, and the company Nanocyl has set a value of 0.0025
mg m™ derived from a lowest observed adverse effect level (LOAEL) of 0.1 mg m™
obtained from an inhalation study during 90 days. The company Swiss National
Accident Insurance Fund established in 2011 a limit value for CNT of 0.01 fibres mi™.

Table 1.1 Recommended occupational exposure limits, proposed by different
international organisations.

Nanomaterial OEL Reference
Fine TiO (< 2.5 ym) 24mgm® NIOSH
Ultrafine TiO, (10 - 100 nm) 03mgm? (2011)?
, , NIOSH
CNTs and nanofibers 0.001 mg m a
(2013)
_ R ECHA
SiO, fumes (<100 nm) 0.3mgm b
(2015b)
Rigid, biopersistent nanofibers for which effects similar to those of 0.01 fibres
asbestos are not excluded ° cm?®
Biopersistent granular nanomaterial (1-100nm; density>6x10° kgm)° 2 x10" cm™ SER (2012)°
Biopersistent granular nanomaterial (1-100nm; density<6x 10° kgm)® 4 x10" cm™
Applicable

Non-biopersistent granular nanomaterials (1-100 nm) OFL

# Recommended Exposure Limit (REL); 8-h TWA concentrations during a 40-h workweek

® Derived no-effect level (DNEL)

¢ SWCNT or MWCNT or metal oxide fibres for which asbestos-like effects are not excluded

4 Ag, Au, CeO;, CoO, Fe, FexOy, La, Pb, Sh20s, SnO2

¢ AlLOs, SiO», TiN, TiO,, ZnO, nanoclay carbon black, Ceo, dendrimers, polystyrene nanofibers for which

asbestos-like effects are excluded

"Fats, NaCl

9 NRV background-corrected 8-h TWA concentrations
The National Institute for Occupational Safety and Health (NIOSH, 2011, 2013) has
proposed a recommended exposure limit (REL) of 2.4 mg m™ for fine TiO, (defined
as < 2.5 ym diameter) and 0.3 mg m® for TiO, nanoparticles (10 - 100 nm) in
workplace air on the basis of available toxicity data (IARC, 2010) and has established

that the REL for CNT and nanofibers should be 1 uyg m™ (NIOSH, 2013).

The guidance of Regulation on registration, evaluation, authorisation and restriction
of chemicals guidance (ECHA, 2015b) proposed a derived no-effect level (DNEL -

inhalation for workers with long term exposure systemic effects) of 0.3 mg m™ for
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respirable SiO, fumes (CAS nr. 69012-64-2) which is likely to be in the nano-size
range (<100 nm).

The German Institute for Occupational Safety and Health of the German Social
Accident Insurance (IFA, 2009) introduced a particle number-based approach for
recommended benchmark limits, arguing that the size and density of the
nanoparticles must be employed as classification criteria for derivation of the
recommended exposure limits. Based on the IFA-methodology, nano reference
values (NRV) were developed by Social and Economic Council of the Netherlands
(SER, 2012) regarding worker exposure to ENP. NRV are background-corrected 8-h
TWA concentrations. According to SER (2012), for low-density biopersistent granular
nanomaterials (density < 6 x 10> kg m™ such as Al,Os, SiO,, ZnO, etc.) and for high-
density biopersistent granular nanomaterials (density > 6 x 10° kg m™) such as Ag,
Au, CeO,, etc.), the NRV are 4 x 10* cm™® and 2 x 10* cm?, respectively. In general,
only the pure metals have a density > 6 x 10° kg m™ (van Broekhuizen, 2012). For
rigid, biopersistent nanofibers that possibly exhibit asbestos-like effects (e.g. SWCNT
or MWCNT or metal oxide fibers), SER (2012) took the precautionary stand by using
the asbestos OEL as a NRV.

The outcome of the discussions at the international workshop on NRV, which was
organised by the Dutch trade unions and employers’ organisations and hosted by the
Social Economic Council in The Hague in September 2011 (van Broekhuizen et al.,
2012b) emphasised the need for a practical tool to assess short term exposure
periods as well. For this a short-term NRVs5.min Twa Was set. This NRV4s.min Twa Can be
derived from the NRVg ., twa, in @analogy with the common risk management approach
of the Dutch Labour Inspectorate for assessing short-term exposures to chemical
substances:
NRV15.min Twa = 2 X NRVg.h twa Eq (3)

NRV was recognised by Dutch authorities as the best available state of the art
approach for risk assessment of nanomaterials (van Broekhuizen et al., 2012b). It is
clear that the quantitative nanomaterial exposure data is a key factor for the
establishment of OEL (van Broekhuizen et al., 2012a). Despite the fact that there
have been multiple efforts to define OEL by several international organisations, they
have had limited success to date due to the multiple different variants of each type of
nanomaterial, all of which may differ in terms of toxicity and their impacts (Savolainen
et al., 2013).
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2. SCOPE, OBJECTIVES AND STRUCTURE

2.1 Scope and Objectives

The research described in the previous chapter constitutes the state of the art with
regard to the characterisation of worker exposure to airborne nanoparticles in

industrial settings. However, significant gaps still remain and should be addressed:

= Relevant ENP and PGNP exposure studies are relatively scarce under real-
world conditions. As discussed previously, this is associated to the complexity of
emissions and factors in industrial workplaces, the need for integrated

instrumental approaches and the difficulty of accurately discriminating
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background aerosol contributions (Brouwer, 2010; Kuhlbusch et al., 2011b;

Savolainen et al., 2013).

= Exposure scenarios of PGNP from industrial processes not dealing with ENP as
input materials are even scarcer and need to be thoroughly investigated (van
Broekhuizen, 2012). The identification and chemical characterisation of PGNP is
highly complex due to their (frequently) secondary nature and non-specificity of
nanoparticle types and sources.

= The lack of specific online instrumentation for the targeted detection of
nanoparticles in real time (Savolainen et al., 2013).

This PhD thesis has been designed to contribute this field of research and aims to
reduce existing knowledge gaps by pursuing the following objectives:

1. To assess the performance of novel instrumentation for nanoscale aerosol
measurements (portable SMPS NanoScan TSI 3910 and cascade impactors

such as nano-BLPI and nano-Moudi).

2. To identify and characterise nanoparticle formation and exposure scenarios in
specific industrial settings dealing with ENP. These assessments will be carried
out under real-world operating conditions and will be representative of actual
worker exposures. Where possible, the effectiveness of mitigation strategies in

place will be assessed.

3. To identify and characterise nanoparticle formation and exposure scenarios in
specific industrial settings dealing with PGNP. As in the previous objective, the
industrial settings under study will be representative of actual worker exposure.
Mitigation strategies will be proposed where necessary and assessed when

already in place.
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2.2 Structure of the thesis

Following this introductory overview, the methodology section describes the
monitoring sites in detail, and outlines the measurement strategy and data
processing adopted to reach the aforementioned objectives. Results are presented in
chapter 4 in form of five research articles published per chronological order in peer-
reviewed journals. In chapter 5, a summary discussion of the main findings and how
the findings relate to each other is presented, followed by the main conclusions of
this thesis and a brief discussion concerning the limitations of the work presented
and future research directions. Finally, the founding sources and literature references
are listed. At the end of this PhD thesis, an annex that lists the abbreviations,

acronyms, and symbols, is included.

The publications included in this PhD thesis are reproduced with the permission of

the journals concerned and are briefly described below:

= Article I: Fonseca, A. S., Viitanen, A. K., Koivisto, A. J., Kangas, A., Huhtiniemi,

M., Hussein, T., Vanhala, E., Viana, M., Querol, X., Hameri, K. Characterization
of Exposure to Carbon Nanotubes in an Industrial Setting. Ann Occup Hyg.
(2015) Jun; 59(5):586-99. doi: 10.1093/annhyg/meull10. Epub 2014 Dec 24.
PubMed PMID: 25539647.

In this study, worker exposure to SWCNT during the production of conductive
flms in a modern up-scaling factory in Helsinki (Finland) was assessed.
Particulate matter concentrations (2.5 - 10 ym) and concentrations of CO and
CO, were monitored by using real-time instruments. Worker exposure levels to

SWCNT were qualitatively estimated by analysing particle samples by TEM.

= Article Il: Fonseca, A. S., Viana, M., Querol, X., Moreno, N., de Francisco, .,

Estepa, C., de la Fuente, G. F. Ultrafine and nanoparticle formation and
emission mechanisms during laser processing of ceramic materials.
Journal of Aerosol Science, (2015) October; Volume 88, Pages 48-57, ISSN
0021-8502. http://dx.doi.org/10.1016/j.jaerosci.2015.05.013

Ultrafine and nanoparticle emissions during processes with potential for
unintentional nanoparticle release in the ceramic industry were addressed in this
work. Nanoparticle release mechanisms and their impact on exposure in
workplace air are characterised in a selected number of release scenarios. For
this, real-time and size-resolved particle number, mass, and particle size
diameter were determined by using different instrumentation (size range 5 nm -
20 um) simultaneously at the emission source, in the worker breathing zone,

and in outdoor air.
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Article Ill: Fonseca, A. S., Maragkidou, A., Viana, M., Querol, X., Hameri, K., de

Francisco, I., Estepa, C., Borrell, C., Lennikov, V., de la Fuente, G. F. Process-
generated nanoparticles from ceramic tile sintering: Emissions, exposure
and environmental release, Sci Total Environ (2016).
http://dx.doi.org/10.1016/j.scitotenv.2016.01.106

This work identified the particle formation and release mechanisms, and their
impact on personal exposure and the environment during a tile sintering process
using a high power CO, laser in an industrial up- scaling process, as a follow-up
of a previous study in a laboratory-scale plant. In addition, particle
transformations in the exhaust system, the potential for particle release to the
outdoor environment, and the effectiveness of the filtration system were

assessed.

Article IV: Fonseca, A. S., Viana, M., Pérez, N., Alastuey, A., Querol, X,

Kaminski, H., Todea, A. M., Monz, C., Asbach, C. Intercomparison of a
portable and two stationary mobility particle sizers for nanoscale aerosol
measurements. (2016) Aerosol Science & Technology.
http://dx.doi.org/10.1080/02786826.2016.1174329.

The purpose of this study was to compare the performance of the portable
NanoScan SMPS TSI 3910 with that of two stationary SMPS instruments and one
ultrafine condensation particle counter in a controlled atmosphere and for
different particle types (covering a wide range of particle sizes and morphologies)

and particle concentrations.

Article V: Fonseca, A. S., Talbot, N., Schwarz, J., Ondragek, J., Zdimal, V.,

Kozakova, J., Viana, M., karanasiou, A., Querol, X., Alastuey, A., Vu, T. V.,
Delgado-Saborit, J. M., Harrison, R. M. Intercomparison of four different
cascade impactors for fine and ultrafine particle sampling in two European
locations. Atmos. Chem. Phys. Discuss., 2016, 1-27. doi: 10.5194/acp-2015-
1016

The performance of 4 conventional and nano-range cascade impactors (BLPI,
nano-BLPI, nano-Moudi and PCIS) was assessed, by means of two
intercomparison exercises in 2 European locations (Prague, during winter 2015
and Barcelona during summer 2015) was undertaken. The aim of the campaigns
was to test the instruments’ performance with regard to the particle mass size
distributions under different aerosol compositions resulting from different

emission sources, meteorology and seasons.
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3.METHODOLOGY

This section describes the instrumentation and strategy adopted during
measurements carried out in two types of environments: (i) nanotechnology-related
workplaces; and (ii) non-nanotechnology related industrial facilities. A multi-
instrument approach, as suggested by Brouwer et al. (2012), was used to
characterise source-specific worker exposure in order to cover the most relevant

metrics and physicochemical characteristics for nanoparticles.
3.1 Monitoring sites and exposure scenarios

The experimental campaigns in this PhD thesis were carried out in three industries:
one nanotechnology-related plant located in Helsinki (Finland), and two non-
nanotechnology-related plants located in Zaragoza (Spain). These environments

provide widely different opportunities to study nanoparticle release, worker exposure

>
. . . " . O
and particle formation mechanisms under real-world conditions. Table 3.1 describes 0
o . . ©)
each monitoring site and exposure scenarios. 8
T
m
Table 3.1 Description of the monitoring sites and exposure scenarios. s
City Site Sampling Sampling locations Target activities Target
period particles
® Manufacturing of SWCNT
Eight ) films using LEV
Helsinki . Modern up- consecutive CBE;\:VT]%%? antc??he Sv%lrekztrm;t = Manufacturing one SWCNT
(Finland) scaling factory (2183112 in May face level SWCNT film without LEV
® Reactor cleaning
Three o ® Laser-based tile sintering
Zaragoza Laboratory consecutive Emission source (furnace), process
S a?n)z scale furnace davs in in the worker breathing PGNP
P (length =3 m) Y zone, and in outdoor air ® | aser-based tile ablation
October 2013
process
Emission source (furnace),
Industrial pilot Six in the worker breathing
Zaragoza  plant scale consecutive zone and in three locations ™ Laser-based tile sintering PGNP
(Spain)® furnace (length  days in along the exhaust tube process
=7m) January 2015 connecting the emission

source to outdoor air

! Article | (Fonseca et al., 2015¢c); ? Article Il (Fonseca et al., 2015a); * Article Il (Fonseca et al., 2016); SWCNT: Single-
walled carbon nanotubes; PGNP: Process-generated nanoparticles; LEV: Local exhaust ventilation

3.1.1 SWCNT manufacturing

At the up-scaling factory in Helsinki (Finland) (Article I), SWCNT were produced in a
high temperature furnace where carbon monoxide (CO) and iron (Fe) seed particles
were introduced. The factory produces annually ~1 x 10* SWCNT films and employs
20 people. From the reactor where they were synthesised, SWCNT were directed: (i)
during collection to the deposition chamber and through a collector filter to the

exhaust; and (ii) during filter change to the exhaust. Potential SWCNT emissions
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were assumed to potentially occur during: (i) reactor collection chamber opening
during normal operation with LEV; (ii) manufacturing SWCNT film without LEV; and
(iii) reactor cleaning.

3.1.2 Ceramic tile sintering and ablation

Laser sintering and ablation of ceramic tiles (Article Il and Ill) are innovative high-
energy techniques used in the ceramic industry, which have a large potential for
global-scale implementation in real-world ceramic industrial facilities. While laser
sintering of tiles provides numerous advantages such as speed, temperature and
enhanced durability and surface properties of structural materials (de Francisco et
al., 2011; Estepa and Fuente, 2006; Gutiérrez Mora et al., 2009; Larrea et al., 2002;
Lennikov et al., 2010; Lennikov et al., 2004; Lennikov et al., 2007; Mora et al., 2003)
laser ablation is applied to produce engravings on the ceramic tiles by expelling
material from a solid surface by irradiating it with a pulsed laser beam (Bauerle,
1996; Lahoz et al., 2011; Rubahn, 1999). A schematic representation of the physico-

chemical processes taking place during tile sintering is shown in Figure 3.1.

Laserbeam
‘\/ \I’ \\ I[ \\ I’ \\ /
\ ! \ ! \ i Y / Plasma
\ { \ { \ ! Vapor . plume
‘, ool Vo \ 1 plume 725D
[ ! | [ ..
J’ ‘i\ Lo = C il
N N \\\‘Uc’f,‘ NS
S“*’S‘““Z‘[ 7 A/ /=
HEATING MELTING EVAPORATION PLASMA FORMATION

Figure 3.1 Physico-chemical processes occurring during sintering of ceramic
tiles. Source: Fonseca et al. (2015b); modified from de la Fuente
(2013).
Figure 3.2 shows an illustration of laser ablation effects (i.e., presence of a melted
layer at the surface of the tile where the laser is irradiating). Because of their high-
energy nature, these processes have a significant potential to generate fugitive
ultrafine and nanoparticle emissions into the workplace air, influencing the levels of
particle concentrations and subsequently worker exposure. Particle emissions and
worker exposure were assessed for six different types of frequently used tiles in the
industry during laser sintering and for one type of material (raw porcelain) during
ablation.
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Laser beam

Plasma

Release of
melted particles

Substrate

Figure 3.2 Schematic representation of the ablation process. Source: Fonseca et
al. (2015b); modified from de la Fuente (2013).

3.2 Measurement instrumentation and techniques

This section presents the instrumentation and techniques applied during each

exposure scenario in the framework of this PhD thesis. The following Table 3.2,
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describes the instrumentation used in each monitoring sites and exposure scenario

(Table 3.1) along with the metric which is most frequently used, the size range of
particles in which the instrument is expected to provide a reliable performance, and
the indirect estimation of other metrics (if available), based on the hypothesis of the

relationship between particle number, surface area, and mass.
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Table 3.2 Online instrumentation.
Deployed in
. . Calculated pioy
Instrument Metric Size range metric References exposure
scenarios

(Agarwal and Sem, 1980;
CPC N 2.5nm - >3 um? N/A Hermann et al., 2007, Article 1 and Il
Wiedensohler et al., 1997)

(Matson et al., 2004; TSI,

b .
Handheld CPC N 10nm - >1uym N/A 2007) Article |
PSD
. (based on c d (Hoppel, 1978; Wang and .
Stat SMPS . . -
ationary mobility 25nm-1pm M, SA Flagan, 1990) Article IV
diameter)
Portable SMPS (baZi(?on
(NanoScan SMPS TSI - 10-420 nm M, SA ¢ (Tritscher et al., 2013) N/A*
3910) mobility
diameter)
N, LDSA or D,
Diffusion charger ora (Fierz et al., 2011, Fierz et .
(DiSCmini) combination 10-700 nm NIA al., 2009) Article I, It :and It
thereof
PSD
based on (Jarvinen et al., 2014; .
ELP|TM ( ) _ c e ‘ 1 fl
aerodynamic 6 nm - 10 um M. SA Keskinen et al., 1992) Atticle |
diameter)
Optical particle N, PSD (Baron and Willeke, 2001,
S|z§rs (based or? light . Burkart et al., 2010; Grlmm Article |, Article I
(Grimm Model 1.108 scattering > 300 nm - 20 ym M and Eatough, 2009; Heim et and Ill
and OPS TSI Model equivalent al., 2008; Peters et al.,
3330) diameter) 2006; Yamada et al., 2015)
Aerosol photometers PM: PM 0.1-15 pm and (Baron and Willeke, 2001;
(DustTrak™ DRX TSI b RS 0.001 to 150 mg m’ N/A TSI, 2013a; Wang et al., Article Il and Il
PMy and PMyq 3

Model 8533) 2009)

N/A: Not applicable; N = Total particle number concentration; M = Total particle mass concentration; PSD = Particle number size
distribution; LDSA = Lung deposited surface area concentration; D, = Mean particle diameter; SA = Surface area concentration; PMy,
PMz.5, PMy4, PMyo = particulate matter < 1, 2.5, 4 and 10 pm, respectively

Ultrafine butanol condensation particle counter (UCPC, TSI Model 3776)

® |sopropanol condensation particle counter (CPC, TSI Model 3007)

¢ Varying depending on the model

¢ Size-selective particle number concentration sampling, enables determination of geometric surface area concentration of spherical
particles (Asbach et al., 2009b)

¢ Surface area estimation based on the fractal dimensions of the particles (Rogak et al., 1993). By putting ELPI (aerodynamic diameter)
and SMPS (mobility diameter) in series the fractal dimensions can be calculated and verified by electron analysis

*Used for an intercomparison study (Article IV)

3.2.1 Nanoparticle monitoring

- Condensation Particle Counter (CPC)

The total particle number concentration was measured from 2.5 nm to 3 uym (Article I)
and from 5 nm to over 3 um (Article Il) with two different water-based CPC (N-WCPC
TSI Model 3788 shown in Figure 3.3 and, WCPC TSI Model 3785, respectively). In
addition, a portable CPC (TSI, Model 3007; Figure 1.8a) was used in Article | to
identify local particle sources in the size range between 10 nm and over 1 uym (Tier 1
of the tiered approach for exposure assessment described in previous chapter
1.2.3.1). The aerosol enters the sample inlet and reaches a wetted soaked by either

water or butanol, depending on the model. Due to the heater saturator and the
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following cooler condenser, the liquid condenses onto the particles causing them to
grow or "amplify" their size to a value that can be detected easily with a conventional
optical system. Particle counters provide time-resolved and size-integrated particle

concentration data.

a)

JS Patent Number 6,712.881

Figure 3.3 Condensation particle counter: a) nano-water based CPC (N-WCPC
Model 3788); b) schematic operational principle. Source: TSI (2012a).

- Portable and stationary SMPS

Particle number mobility size distributions were measured with a mobility particle size
spectrometer, also known as a scanning mobility particle sizer (SMPS; Wang and
Flagan, 1989, 1990). This instrument consists of a differential mobility analyser
(DMA) connected to a CPC. Ambient air is pumped through the sampling inlet,
reaching a bipolar charger or neutralizer, which is usually a radioactive source such
as Kr®. Following neutralisation, aerosols enter the DMA (Chen et al., 1998; Fissan
et al.,, 1996; Knutson and Whitby, 1975; Winklmayr et al., 1991), where they are
classified according to their electrical mobility (Wang and Flagan, 1990). The
selected monodisperse aerosols exit the DMA and reach the CPC (Agarwal and
Sem, 1980), where their number concentration is determined for a specific size
range. The main limitation of SMPS systems in workplace applications is their size,
weight, and complexity of operation and also the need for radioactive chargers to
neutralize the incoming aerosol. In some European countries, the presence of an
internal radioactive source restricts its use in occupational exposure studies (Ostraat
et al., 2015). Only recently, an X-ray neutralizer became available to replace the

radioactive source.
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Therefore, a novel portable nanoparticle sizing and counting instrument (NanoScan
SMPS TSI 3910; Tritscher et al., 2013) which was recently commercialised, was
used in this thesis (Article |, Il and Ill) for real-time mobility particle size distributions
within the range from 10 to 420 nm in 13 channels (Figure 3.4). This device
incorporates a non-radioactive unipolar diffusion charger (corona jet type) (Medved et
al., 2000), a radial differential mobility analyser (rDMA, Zhang et al., 1995; Fissan et
al., 1998) and an isopropanol-based CPC. The main advantage of this instrument is
its portability (< 9 kg), battery operation without the need to use power supply, small
size (LxWxH = 45x23x39 cm), and the use of a nonradioactive unipolar charger
which makes it an interesting monitor for real-time workplace measurements without
the transport and application restrictions currently affecting traditional SMPS
instruments. Another advantage is the use of isopropanol instead of butanol as a
working fluid since it is a relatively benign chemical when compared to butanol (TSI,
2015).

Both the stationary SMPS and NanoScan SMPS instruments, as well as the ELPI

(described below), provide time and size-resolved particle concentration data.

Figure 3.4 Electrical mobility spectrometer for measuring online particle number
particle concentration: a) schematic diagram of the functioning of the
NanoScan SMPS TSI 3910 (Source: TSI, 2012); b) NanoScan SMPS
TSI 3910.

- Diffusion Size Classifier Miniature (DiSCmini)

The miniature diffusion size classifier (DiSCmini Matter Aerosol shown in Figure 3.53a;
Fierz et al., 2011) was used in Articles Il and Il to measure total particle number,
mean particle diameter, and the LDSA of particles in the size range of 10-700 nm.
This instrument is based on unipolar charging of the particle (corona charger),
followed by the removal of excess ions in the ion trap and the particle detection in
two electrometer stages (diffusion and filter), allowing for particle sizing and counting.

A schematic operation principle of DiSCmini is shown in Figure 3.5b and is detailed
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by Fierz et al. (2011). It should be noted that DiScmini instrument is calibrated with
monodisperse aerosol, and the instrument response for polydisperse aerosols with a
lognormal size distribution with a geometric standard deviation ¢ = 1.9 is then
calculated (Fierz, 2010). As a result, for aerosols that do not match this size
distribution, errors may occur both in the number and particle diameter calculation.
Furthermore, this instrument was used exclusively with tygon tube (% inch inner
diameter, approximately 30 cm in length) since the use of different tubing such as
conductive black silicone tubing, have resulted in technical failures as corona voltage

increases and LDSA concentration decreases (Asbach et al., 2015).

b)
T e ST .' TN .' - . .' . k_—-.' .
~ . (._A._ﬁ';.;._‘._' > * . * & < ‘B < * =
e > e P o A Y. * < f. = . ?ﬂ- .
1 | B N U
4 lon Trap Voltage ? %
High Voltage  Charging current measurement

Figure 3.5 Diffusion size classifier miniature: a) Workplace measurements with
DiSCmini and, b) schematic operational principle where D = diffusion
stage and F = filter stage. Source: Fierz et al. (2011).

- Electrical low-pressure impactor (ELPI)

Aerosol particles may be also [ .o

classified according to their inertia by |- Charger

|

. : . . « LCD displ L
size impaction. The mechanical spiay 0
L. . . . . « Controls 2
principle behind size impaction |, — -
o

employs the known quantities of [+ Outlet

Stokes number and slip correction

factors to derive particle inertia, Figure 3.6 Measurements of the particle aerodynamic
o ) size distributions by an electrical low-pressure impactor
therefore  ascribing a  stopping | (ELPI™. Dekati Ltd.. Finland). Source: Dekati (2010).

distance in accordance to particle size (Hinds, 1999). This metric is called as
aerodynamic diameter. In this work, the particle number concentrations and
aerodynamic size distributions from 7 nm to 10 ym were measured in Article | by a 13
stages ELPI™ (Dekati Ltd., Finland; Keskinen et al., 1992; Jarvinen et al., 2014;
Figure 3.6). The operating principle is based on particle charging with a unipolar
diffusion charger (corona charger), preceding the particles size classification in the
cascade impactor and subsequently, the electrical charge carried by particles are
detected in real time with multi-channel electrometers. Particle number units were
afterwards converted to mass units by assuming unit density (1 g cm™) and spherical
shape. Even though filter samples were obtained with the ELPI, then were not

subsequently analysed in the framework of this PhD thesis.
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- Optical particle sizers and aerosol photometers

In optical sizers, such as the optical particle sizers (OPS, TSI Model 3330) single
particle scatters light which is collected and measured with a photodetector, where it
is converted to a proportional voltage pulse (McMurry, 2000). The scattering light
pulse of every single particle is counted and the intensity of its scattering light signal
classified to a certain particle size. An example of the measuring principle is

schematically shown in Figure 3.7.

3 aperture
' "\,1/’_’,’:‘* g angle
mirror —
Figure 3.7 Schematic operational principle of a photodetector. Source: Grimm

(2007).

The pulse height depends strongly on particle size, shape, and refractive index
(Sorensen, 2001). In this PhD thesis, online measurements of the optical particle size
distributions from 0.3 to 10 ym (within 16 channels) were performed by an OPS in
Articles | and Il and by an optical particle counter (OPC; Grimm Model 1.108 shown
in Figure 1.7d) from 0.3 to 20 uym (within 15 channels) in articles Il and Ill, which were
converted to mass units using particle density-based equation. In addition,
determination of the mass fraction concentrations (PM;o, PM2 5, PM;) were monitored
continuously by a light-scattering laser photometer (DustTrak™ DRX aerosol monitor
TSI, Model 8533; Figure 1.7¢) in Article II.

3.2.2 Nanoparticle collection on filter substrates

Size fractioned of particles (< 0.25 ym; 0.25-2.5 ym and >2.5 ym) were collected in
Article Il by personal cascade impactor samplers (Sioutas™ PCIS, SKC Inc.; Misra et
al., 2002; Figure 3.8a) operating with a flow rate of 9 L min™ at a pressure drop of 11
inches of H,O (2.7 kPa). The collection substrates were 37 mm quartz fibre filters
(Pall) for the < 0.25 ym stage and 25 mm polytetrafluoroethylene filters (PTFE) for
the 0.25-2.5 ym and >2.5 ym stages.

Additionally, in Articles Il and lll, particles were collected on 25 mm polycarbonate
filters Orthopore™, with 0.8 pym pore size. Samples were collected using 3-piece

conductive polypropylene air sampling cassettes (SKC Inc., inlet diameter 1/8 inch;
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Figure 3.8b) connected to SKC Leland Legacy pumps operating between 3.5 L min™

and 6 L min™.

Particle mass concentrations were gravimetrically determined by pre- and post-
weighing the filters with a Mettler MT5 electronic microbalance with a + 1 pug
sensitivity and taking into account the known volume of air sampled. From every
batch of ten filters, two were stored to be used as laboratory blanks. All samples were
equilibrated for a period of 24-h before weighing in a temperature and relative
humidity controlled room. Each sample was weighed three times with an accuracy of
mass determination of + 2 ug. After weighing, the sampled filters were stored in the

freezer at -18 °C for subsequent chemical characterisation (details in section 3.2.3).
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Figure 3.8 Filter collection by: a) personal cascade impactor sampler (Sioutas™
PCIS, SKC Inc.), and b) air sampling cassettes (SKC Inc.).

3.2.3 Chemical characterisation of collected particles

Once the gravimetric determination of the particle mass concentration was
performed, an acid digestion of the particles collected on the filters was carried out,
following the methodology described by Querol et al. (2001). It consists in a complete
dissolution of the sample by means of an acid digestion by using nitric acid (HNO3),
hydrofluoric acid (HF) and perchloric acid (HCIO,) for the analysis of major and trace
elements by means of ICP-AES (IRIS Advantage TJA Solutions, THERMO) and ICP-
MS (X Series Il, THERMO), respectively. Bulk concentrations of major elements (Al,
Ca, K, Fe, P, Na, S, Mg, Ba, Cu, Mn, Ni, Sr, Pb, Ti, V, Zn) and trace elements (Li, Sc,
Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Cd, Sn, Sb, Cs,
Ba, La, Ce, Pr, Nd, Gd, Hf, Ta, W, Tl, Pb, Bi, Th, U) were determined in the solution.
Laboratory blank filters were analysed following the same procedure. Element

concentrations were blank corrected.

The average precision and accuracy for most of the elements fell under the expected
analytical errors (in the range of 1-10%), and were checked by repeated analysis of
NIST - 1633b (fly ash) reference material.
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3.2.4 Electron microscopy

TEM-EDX was used to characterise particle size, morphology and chemical
composition of nanoparticles. Samples for TEM were collected directly onto Au or Cu
grids. TEM grids were attached (as shown in Figure 3.9a) to the air sampling
cassettes described above (SKC Inc., USA, inlet diameter 1/8 inch and filter diameter
25 mm) on mixed cellulose ester (MCE; Article | for SWCNT) or polycarbonate
membrane filters with 0.8 pm pore size (Articles Il and Ill during sintering and
ablation of ceramic tiles). In addition, during an intercomparison study between a
portable NanoScan SMPS and a stationary SMPS (described below), the TEM grids
were attached to the electrostatic precipitator shown in Figure 3.9b (NAS; TSI, Model
3089; Li et al., 2010; TSI, 2013b; Dixkens and Fissan, 1999) and charged particles in

the range from 2 - 100 nm were sampled.

a) TEM grid

Air stream l
Polycarbonate filter

| s,
?‘% Back up pad

l Cassette base

Pump

Figure 3.9 TEM grid sampler: a) air sampling cassettes (Tsai et al., 2008) and b)
nanometer aerosol sampler (NAS; TSI, Model 3089).

3.2.5 Instrumental and technical limitations

Major limitations of instruments and techniques which have been identified so far

include the following:

= SMPS: the main limitation of SMPS systems in workplace applications is their
size, size, weight, and complexity of operation, and also the need for radioactive
chargers to neutralize the incoming aerosol. In some European countries, the
presence of an internal radioactive source restricts its use to laboratory
applications (Ostraat et al., 2015). Only recently, an X-ray neutralizer became
available to replace the radioactive source. In addition, the SMPS has a scanning
time of at least 3 minutes, resulting inadequate to monitor dynamic processes.
The alternative to SMPS systems is a portable version of SMPS (NanoScan
SMPS TSI 3910) which has been tested by Stabile et al. (2014) and in the
present PhD thesis by Article IV.
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= Diffusion chargers: direct measurement of the particle number or surface area
concentration is not always feasible as in the case of fibres, highly porous
nanoparticles, and highly irregular morphologies. It presents accuracy of around
t+ 30% and an increase of measurement error for particles > 400 nm has been
registered (Ostraat et al., 2015).

=  Optical particle sizers and aerosol photometers: their applicable particle size

range is outside the nanoscale.

= ELPI: this instrument is voluminous and presents similar practical limitations (size
and weight) as the SMPS.

= Cascade impactors: impactors allow for personal or static sampling with a range
of particle size cut points but lacking real-time data output (Berner and Luerzer,
1980; Berner et al., 1979; Hering et al., 1978; Hillamo and Kauppinen, 1991;
Preining and Berner, 1979). As with mass-based samplers, it is important to
collect sufficient material on each stage to allow for adequate quantification
without overloading the upper collection stages. Particle bounce may be an issue,
reducing the resolution and accuracy of the size bins. Common approaches to
avoid particle overloading include using multiple-orifice collection stages, rotating
collection substrates (Marple et al., 2014; Marple et al., 1991), and using coated

and/or porous collection substrates.

= TEM and SEM analysis can be compromised if there is particle overload on the
filter. If the loading is too sparse, an accurate assessment of particle

characteristics may not be possible. Both techniques are not quantitative.
3.3 Instrument intercomparisons

In order to ensure the agreement between all the instruments deployed in the
different experimental campaigns, instrument intercomparisons are required. A
number of factors may affect data compatibility including the size ranges, averaging
times, principles of operation, etc. The performance of the instruments employed was
assessed with ambient air side by side prior each of the sampling campaigns during
a minimum of 12h. With the results of these intercomparisons exercises, the correct
operation of all the devices was verified and, if needed, correction factors were

obtained to adjust the measurements to each other.

As already mentioned, in order to overcome the current lack of specific
instrumentation for characterisation of nanoparticles and related personal exposure

(Savolainen et al, 2013) new instruments are being currently developed and
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comparisons with other instrumentation is still scarce. This is the case of the novel
portable NanoScan SMPS TSI 3910 and several cascade impactors enabling the

collection of ultrafine particles (< 100 nm).

In order to assess the suitability of the NanoScan SMPS TSI 3910 instrument for
occupational exposure studies and determine the reproducibility of data provided and
study how it relates to other sampling instruments, an intercomparison study of the
performance of this portable SMPS with that of two stationary SMPS instruments
(with a long and a nano DMA; SMPS-L and SMPS-N) and one ultrafine butanol
condensation particle counter (UCPC) in a controlled atmosphere (Figure 3.10a) and
for different particle types (Figure 3.10b, ¢ and d), was undertaken in Article IV. The
instruments were simultaneously challenged with intentionally produced particles
covering a wide range of particle sizes and morphologies: di-ethyl-hexyl-sebacate
(DEHS; spherical), sodium chloride (NaCl; cubic or near spherical shape), and
agglomerates as ZnO, spark generated soot and diesel soot particles (Kaminski et
al., 2013).

a
) Exposure cgamber i 20m
20m Wind tunnel 0.7 m E“Kr Aerosol generator
' 4_. “7 (Atomizer; Burner; Spark; Diesel engine)
NanoScan 2
C 3 3]
g =2 40 L min”!
3 -
?  swPs-L |10 Lmin” B = optional ULPA filter
NAS X] = High efficiency particulate air (HEPA filter)
%€ G| = Vacuum pump
X = Blower fan
EXH E“Kr = Neutralizer
& - Dryer

Figure 3.10  Figures illustrating: a) Experimental setup; b) home-made atomizer for
DEHS and NaCl particles generation; c) burner generator (FG2,
MoTec Konzepte, Bochum Germany) of NaCl and ZnO patrticles; and
d) diesel engine (aspiration type, 2180 cm®, Mercedes Benz 220D, 44
kW at 4200 rotations min™) for diesel soot particles generation

Finally, to the authors’ knowledge there has been no field campaign to-date
intercomparing impactor collection efficiency for the nanoparticle size range. Article V

in this PhD thesis seeks to address this knowledge gap by assessing the
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performance of a number of conventional and nano-range impactors (Figure 3.11),
namely BLPI (26 nm - 13.5 ym, 25/0.018/2, Hauke, Austria), nano-BLPI (11 nm - 1.95
pum, 10/0,01, Hauke, Austria), nano-Moudi (10 nm-18 uym, MSP Corp., Shoreview,
MN, USA Model 125R; U.S. Patent # 6,431,014B1) and PCIS (< 250 nm - 10 um,

SKC Inc.; Misra et al., 2002), by means of two intercomparison exercises.

nano-BLPI

i

LS —

= ———————

SN
7

__________

i 1
[
!

Figure 3.11  Cascade impactors deployed in outdoor during winter in Prague
(Czech Republic).

The aim of the campaigns was to test the instruments’ performance under different
environmental conditions and aerosol loads and types. This study reports on the
impactor performances not only with regard to different particle size distributions but

also to aerosol composition.

3.4 Measurement strategy

The measurement strategy adopted in the framework of this PhD thesis followed the
tiered approach described in previous chapter 1.2.3 and included exposure
assessment, exposure control measures and their effectiveness, and compliance

with recommended occupational exposure limits.
3.4.1 Personal task-based vs. full shift exposure assessment

Personal task-based (Article I; SWCNT manufacturing without LEV and reactor

cleaning activity) as well as full shift-based exposure assessment approaches

49

>
O
@)
_
®)
@)
o
I
—
17
=




Chapter 3. METHODOLOGY

(Articles Il and Ill) were applied. Task-based exposure assessment (where samples
are collected through the length of a task) allowed for the evaluation of the
contribution of specific tasks to overall exposure and thus helps the implementation
of control measures on the major source/task (Brouwer et al., 2012; Ramachandran
et al., 2011). In addition, simultaneously data was collected over full shifts. Based on
these data worker daily exposures (usually 8-h TWA) may be estimated and

compared with occupational exposure limits, based on 8-h TWA concentrations.
3.4.2 Multi-instrument approach

Based on the assessment of worker exposures to nanoparticles in different industrial
settings, a multi-instrument approach was adopted in which CPC or DiSCmini were
used to identify potential sources of emissions (and background sources), an SMPS
or ELPI was used to characterise size distributions and how these vary as a function
of time or space, combined with collected filters and TEM samples to characterise

the chemical and physical form of nanoparticles in the workplace.
3.4.3 Sampling locations

All the sampling inlets were placed close to the emission source, next to worker at
the height of the nose and open mouth of the workers “breathing zone” (Brouwer et
al., 2009), and where possible in outdoor air. Measurements at the emission source
allowed for the determination of nanoparticle release and identification of locations
most likely to result in worker exposure and possible need for controls. Only data

acquired at the breathing zone was considered representative of worker exposure.
3.4.4 Background distinction

Adequate characterisation of exposures cannot be accomplished without
successfully distinguishing background nanoparticle contributions. Background
distinction in this PhD thesis was achieved by using a time series approach during
the non-activity period (measured at the breathing zone without the target process
going on) before and after the activity (Brouwer et al., 2009). This approach assumed
that the concentration at the working area corresponded to the background and any
increase in particle concentrations during the work activity were related to the
working process itself. However, it is important to take into consideration that this
approach assumes background concentrations to be constant, and possible temporal

and spatial changes in the background were not considered.
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3.4.5 Worker exposure concentrations

Exposure concentrations were calculated by subtracting the background
concentrations from the measured particle concentrations at the breathing zone
during the work activity, as described in section 1.2.3 by Eq (1). Worker exposure to
nanoparticles was considered statistically significant when the previous calculated
exposure was higher than three times the standard deviation of the BG concentration
(3.086; Eq 2). The cumulative worker exposure for an 8-h TWA was estimated as
follows:

t 1

Worker exposureg  rya = 5 - %i1BZi Eq (4)

Where, t is the time duration of the activity, BZ; is the the measured background
corrected particle concentration (subtracted the background concentration) and n is

the total number of measurements.
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4. RESULTS

This section presents the results of this PhD thesis in form of five articles published
per chronological order in peer-reviewed journals. In regard to the Article I, the
second objective presented in chapter 2 was undertaken by a characterisation of
nanoparticle release and exposure in real-world industrial settings, dealing with
SWCNT while manufacturing semiconductor thin films. To overcome the third
objective dealing with PGNP, both Articles Il and Il characterised nanoparticle
release and exposure in real-world industrial scenarios during conventional
processes in the ceramic industry. Lastly, Articles IV and V contributed to overcome
the first objective by assessing the performance of novel instruments for nanoscale
aerosol measurements (portable NanoScan SMPS TSI 3910, and cascade impactors

such as nano-BLPI and nano-Moudi).
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4.1 Article I: Characterisation of exposure to carbon nanotubes in

an industrial setting
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ABSTRACT

While production and use of carbon nanotubes (CNTs) is increasing, workers exposure to CNTs is
expected to increase as well, with inhalation being potentially the main pathway for uptake. However,
there have been few studies reporting results about workers’ personal exposure to CN'Ts. In this study,
worker exposure to single-walled CNTs (SWCNTs) during the production of conductive films in a
modern up-scaling factory was assessed. Particulate matter concentrations (2.5-10 ym) and concen-
trations of CO and CO, were monitored by using real-time instruments. Workers’ exposure levels to
SWCNTs were qualitatively estimated by analyzing particle samples by transmission electron micros-
copy (TEM). TEM samples identified high aspect ratio (length/width > 500) SWCNTs in workplace
air. SWCNT concentrations estimated from micrographs varied during normal operation, reactor use
without local exhaust ventilation (LEV), and cleaning between 1.7x 107, 5.6 and 6.0x 10 SWCNT
cm’, respectively. However, during cleaning it was unclear whether the SWCNTs originated from the
cleaning itself or from other reactor openings. We were unable to quantify the SWCNT emissions with
online particle instrumentation due to the SWCNT low concentrations compared to background parti-
cle concentrations, which were on average 2.6 £ 1.1 x 10°cm=3. However, CO concentrations were veri-
fied as a good indicator of fugitive emissions of SWCNTs. During normal operation, exposure levels
were well below proposed limit values (1.0 x 107 fibers cm™ and 1 pg m™) when LEV was used. Based
on the results in this study, the analysis of TEM grids seems to be the only direct method to detect
SWCNTs in workplace air.

KEYWORDS: fibers; industry; nanoparticle; nanotube; occupational exposure limits; SWCNT;
workplace exposure

© The Author 2014. Published by Oxford University Press on behalf of the British Occupational Hygiene Society.
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INTRODUCTION

Carbon nanotubes (CNT5s) are one of the most promi-
nent commercially produced nanostructures due to
their unique mechanical and physicochemical proper-
ties which may be adjusted by changing their structure
(De Volder et al., 2013; Park et al, 2013; Sun et al,
2013; Yang et al,, 2013; Zhang et al., 2013). Currently,
CNTs are used in electronics, polymers, composite
materials, coatings, and films (De Volder et al., 2013;
Zhangetal., 2013).In electronics, CN'Ts cover applica-
tions such as flexible circuits, flexible displays, flexible
solar cells, electronic paper, touch screens, implant-
able medical devices, skin-like pressure sensors, and
conformable Radio Frequency Identification tags (De
Volder ef al., 2013; Park et al., 2013; Sun et al,, 2013;
Yang et al, 2013). CNTs are used to replace some
rare transition metal oxides such as indium tin oxide
(Wu et al.,, 2004). As this market is increasing globally,
the potential for worker exposure may also increase.
CNTs are promising materials, but they are also con-
sidered potentially higly toxic for humans. The inhala-
tion pathway is considered the predominant route of
workplace exposure and uptake (Schmoll et al., 2009).
Toxicological studies performed by using high con-
centrations (>typical concentrations found in expo-
sure studies ranging from 0.7 to 53 pg m~*; NIOSH,
2013) have shown that certain CNTs induce pulmo-
nary disorders such as fibrosis (Manke et al., 2013,
2014; Donaldson ef al, 2013) and unconventional
allergic airway inflammation (Rydman et al., 2014).
Conversely, Sato et al. (2013) showed that oxidized
and tangled multiwalled CNTs (MWCNTs) do not
evoke adverse health effects but are potentially highly
biopersistent. The similarities between single-walled
CNTs (SWCNTs) and microtubules has been sug-
gested as the reason why thin nanotubes may be incor-
porated into cellular structures, which could result in
errors of chromosome number (Sargent ef al., 2012;
Rydman et al., 2013). It has also been suggested that
the chromosome-breaking capacity of various fibrous
materials is linked to the presence of unencapsulated
fiber-associated iron (Kisin ef al, 2011; Catalan et al.,
2012).

With conflicting literature regarding a potential
hazard from exposure to a variety of CNTs, several
occupational exposure limits (OEL) have been pro-
posed (Ogura, 2013). The National Institute for
Occupational Safety and Health (NIOSH, 2013) has
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established that the recommended exposure limit
(REL) for CNTs should be 1 pg m™ of respirable
elemental carbon (EC) as an 8-h time-weighted aver-
age (TWA) concentration (see definition of respirable
particles, e.g. by CEN, 1993). In addition, NIOSH
recommends an OEL for CNTs of 1 yg m™ during a
40-h workweek, 50 weeks per year, for 45 years. Other
investigators and organizations have also been con-
cerned about the CNT effects and have recommended
OELs within the range of 1-50 pg m™* (8h TWA)
(Nanocyl, 2009; Aschberger et al, 2010; Pauluhn,
2010). The British Standards Institute (BSI, 2007)
and Germany's Institute for Occupational Safety and
Health of the German Social Accident Insurance
(IFA, 2009) designed the permissible exposure limit
(PEL) for 8h TWA for all CNTs as one-tenth of their
asbestos fiber exposure limit (0.1 fibers cm™), result-
ingin 1.0x 107* fibers cm™. However, CNTs generally
exist in an agglomerated state for which single fibre
limit values are difficult to apply.

The majority of CNTs are produced by Chemical
Vapor Deposition (CVD) (De Volder et al.,, 2013).
Studies have shown that airborne background concen-
trations of EC are typically less than 1 pg m~ (Evans
etal., 2010; Birch, 2011; Birch et al,, 2011; Dahm et al,,
2012) and thus an elevated exposure to EC in the work-
place may be a reasonable indicator of CNT release for
CVD produced CNTs. However, the number of expo-
sure and emission measurements performed at work-
places is low and the occupational CNT exposure data
is limited (Hedmer et al.,, 2013). Both stationary and
personal measurements have been performed, but
often under specific exposure scenarios and during
short sampling periods (Maynard et al., 2004; Bello
et al., 2008; Han et al., 2008; Bello et al., 2009; Tsai
et al., 2009; Bello et al., 2010; Lee et al., 2010; Methner
et al,2010; Cena and Peters, 2011; Dahm et al,, 2012;
Huang et al., 2012; Dahm et al., 2013). These obser-
vations have emphasized the importance of reliable
assessments of workers” exposure to CNTs with inha-
lation being the primary concern.

In this study, worker exposure to SWCNTs while
manufacturing conductive thin films was assessed.
Assessment of quantitative SWCNTs concentrations
from workplace air were studied by measuring in real-
time size-resolved aerosol particle concentrations,
gaseous concentrations of carbon monoxide (CO)
and carbon dioxide (CO,), and by analyzing particle
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samples collected from workplace air with transmission
electron microscopy (TEM). Measured concentration
levels were linked with work activity where potential
SWCNT emissions occurred. Measurements were
performed over eight consecutive days in order to be
able to link possible SWCNT emissions to measured
particle concentrations and to get a good overview of
particle concentration levels inside the factory.

METHODS

Production of SWCNT films

Exposure to CNTs was measured at a modern up-scal-
ing factory producing SWCNT films. SWCNTs were
produced in a high temperature furnace where CO and
iron (Fe) seed particles were introduced (Fig. 1; see
reactor operation principle by Nasibulin et al., 2007).

From the reactor where they were synthesized,
SWCNTs were directed (i) during collection to the
deposition chamber and through a collector filter
to the exhaust and (ii) during filter change to the
exhaust (Fig. 1). When the deposition chamber was
open for the change of the collector filter SWCNTs
and by-product gases, (mainly CO), were potentially
released to the workplace air. Local exhaust ventilation

Reactor
percursors
Carbon gases + Fe

Reactor

QDCEQZﬁ Collector
filter
5= = HEPA fitter 5 o

@ = Pump

Process flow diagram of SWCNT films
production.

Figure 1

(LEV) was used to prevent emissions to workplace
air. The deposition chamber exhaust was under nega-
tive pressure (P, ) compared to the room (P,; Fig. 1).
The collector filter containing SWCNTs was carried
by hand from the deposition chamber to a pressing
machine located at work bench (Fig. 2). In the press-
ing machine, SWCNTs were transferred from the
collector filter to a film after which the film was post
processed with solutions. Except during gas phase
SWCNT synthesis, the potential release of SWCNTs
during other process stages by re-suspension can be
considered to be low (Nowack et al.,, 2013). Thus, all
SWCNT emissions were assumed to occur during
reactor collection chamber opening during normal
operation. The dependence of potential SWCNTs
emissions during reactor collection chamber open-
ing times with the amount of time that the reactor was
closed was not assessed in this study. Since the syn-
thesis of SWCNTs involves CO, it was assumed that
CO emission indicates a leak in the process where also
SWCNTs may be released into workplace air. The fac-
tory produces annually ~10 000 SWCNT films and
employs 20 people.

Work environment

The production hall area was 1200 m* and contained
two floors with open pathways. The incoming air was
ventilated mechanically with filtered outdoor air two
to three times per hour. Figure 2 shows a layout of the
work area and location of the instruments and active
reactors referred as Reactor 1 (R1), Reactor 2 (R2),
and Reactor 3 (R3). R1 was the most used reactor and
thus was chosen as the main measurement location.
It is important to take into account that only R1 was
operating with LEV.

Aerosol measurements were conducted over eight
consecutive days in May 2013. Three different work
events (WE) were registered and monitored: manu-
facturing of SWCNT films using LEV (113 films were
manufactured where SWCNT collection time varied
from 1min to 10min) (WE1), manufacturing one
SWCNT film without LEV using a collection time
of 8min (WE2), and cleaning of one of the reactors
(WE3). The reactor hall was an open space where
from 5 to 10 workers were working at the same time.
One single reactor was operated mainly by one worker
and up to three reactors were used simultaneously at
the same time during the measurement campaign.
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Processes: Instruments and samples:
Reactor 1 @NanoScan and OPS

®N-WCPC
®)Reactor2  @ELPI
(@ TEM sample
ReaCtOF 3 QO Tmperature, relative humidity and gas sensors
. . . OPS NanoScan
Fume hood Production facility area is 1200 m2
83
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x Work Bench 8 50 Limin
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Indoors
(Within building) —

Figure 2 Layout of the work environment showing approximate positions of processes and sampling locations.

Supplied-air face piece respirators and gloves were used USA; sample flow rate 1.5 I min™'; 0.5 s time
by the cleaners during WE3, otherwise the work was resolution) and from 7 nm to over 1 ym with
performed without personal protective equipment. a portable condensation particle counter
(CPC, TSI Inc., Model 3007, Shoreview,
Measurement setup MN, USA; sample flow rate 0.7 I min™").
. CPC was used to identify local particle
Real-time measurements
sources.

Airborne particle concentrations from ~2.5 to 10 pm . e
P ¥ - Aerodynamic particle size distributions were

were measured by using following instruments: measured from 7nm to 10 um in 13 stages
with an electrical low-pressure impactor
(ELPL, Dekati Ltd., Finland, Q = 9.6 Imin,
Keskinen et al., 1992). Logging time interval
was set to 1 s which was averaged to 60 s
samples with the ELPIVI 4.0 software for the

data analysis using stokes density of 1 g cm™.

« Mobility particle size distributions were
measured in 13 channels from 10 to 420 nm
with an electrical mobility spectrometer
(NanoScan, SMPS TSI Inc., Model 3910,
Shoreview, MN, USA; sample flow rate 0.7 1
min~'; 105 s scan with 15 s retrace).

« Optical particle size distributions were
measured in 16 channels from 0.3 to 10 pm
with an Optical Particle Sizer (OPS, TSI Inc.,
Model 3330, Shoreview, MN, USA; sample
flow rate 1l min!; 1 s time resolution).

« Total particle number concentration was

Particle number units were converted to mass units
by assuming unit density (1g cm™) and spherical
shape. Mobility, optical, and aerodynamic diameters
were assumed to be equivalent.

The following instruments were used to measure:

measured from 2.5nm to 3 pm with a + CO, volume concentration with
condensation particle counter (N-WCPC, Vaisala HM70 indicator using GMP70
TSI Inc., Model 3788, Shoreview, MN, CARBOCAP* (Vaisala Oyj, Finland etc.).
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« Relative humidity (RH) and temperature
(T) with Vaisala HM70 indicator using
HMP75 RH&T probe (Vaisala Oyj).

+ CO volume concentration with Graywolf
1Q-410 (GrayWolf Sensing Solutions LLC,
USA).

Transmission electron microscopy samples
Particles for TEM analysis were sampled onto holey car-
bon film-coated copper grids of 200-mesh size (SPI West
Chester, USA) from workplace air (between the collec-
tion chamber and worker, ~50cm from the collection
chamber opening) at a height of 1.4 m. TEM-copper
grids were attached to air sampling cassettes (SKC Inc.,
USA, inlet diameter 1/8 inch and filter diameter 25 mm)
on mixed cellulose ester (MCE) membrane filters with
0.8 um pore size. Air flow was driven by a sampling pump
at a flow rate of 5-15 I min™ and collection efficiency for
SWCNTs was assumed to be 1. Five TEM grids were
collected and analyzed without any standard method
since the aim was to verify the presence of SWCNT5 in
workplace air. Particle morphology, chemical composi-
tion, and size were analyzed by TEM (Jeol, JEM 1220,
Tokyo, Japan equipped with Olympus Veleta CCD
TEM camera), coupled with an energy-dispersive X-ray
spectroscopy (EDS; Noran System Six, Thermo Fisher
Scientific, USA). SWCNT concentrations in air were
estimated by counting the number of SWCNTs from
scanning grid openings (3-11) and dividing per volume
of sampled air. A homogeneous distribution across the
grid was assumed. Similar methods for CNT counting
have been used in previous studies (Bello et al., 2010; Lee
et al,, 2010; Dahm et al.,, 2012).

Particle sampling inlets

Sampling locations are shown in Fig. 2. The OPS and
the NanoScan inlet were located between the collection
chamber and the worker at face level (~1.5 m). The inlets
of the N-WCPC, TEM sampling and gases, RH and T
sensors were ~30cm from the collection chamber at a
height of 1.2-1.4 m. The ELPI was located on the balcony,
3 m above the R2. The clocks of all instruments were syn-
chronized prior to the measurement starting time.

Discriminating reactor concentrations from back-
ground particles
In this study, background particles were defined as
outdoor particles penetrating indoors and particles

emitted by indoor sources that were not SWCNTs
(e.g. from a laser printer which was rarely used). The
background and collection chamber opening con-
centrations (peak) were calculated for each reactor
separately (see an example in Supplementary Figure
S1 available at Annals of Occupational Hygiene online).
The peak concentration was defined as the average
of 2min, i.e. 1 min before and 1 min after of each col-
lection chamber opening time. Similarly, two back-
ground concentrations were calculated with a 1-min
gap before and after collection chamber opening times
which were averaged to mean background concentra-
tion. The background concentration was defined as
the average of 4 min, i.e. 2 min before and 2 min after of
the corresponding collection chamber opening time.

RESULTS

The production hall T and RH varied from 22.5°C to
25.4°C and 8.2-37.9%, respectively. The work activ-
ity took place during weekdays mainly between 08:00
and 17:00 which were classified as working hours
(WH). Table 1 provides the geometric mean values
of particle number (N) and CO concentration for the
entire duration of WH, non-WH including weekend
(NWH) and WE. Details of concentrations for each
WE and instruments are listed in Supplementary
Tables S1 and S2 available at Annals of Occupational
Hygiene online which show number of minutes sam-
pled (t, min), mean and maximum particle number,
CO, and mass concentrations.

Figure 3a shows the time series of particle num-
ber and CO concentrations and Fig. 3b shows parti-
cle number size distributions. According to the ELPI,
mean N and N concentrations were on average
3.9%10° em™ (6.7 yg m™*) and mean 2.6x10° cm™
(4.5 ugm), respectively. According to the NanoScan,
N-WCPC, and OPS mean N were higher by a fac-
tor of 1.5, 4.0, and 1.2 than N, respectively. All
instruments showed elevated concentrations during
WHs than during non-WHs. A similar trend was seen
with CO maximum concentration (CO,,, = 6.3 x 10°
ug m> vs CO_ . = L7x10° pyg m™~). CO levels
decreased during non-WHs to typical CO concen-
trations in urban environments (mean maximum 8 h
concentration 0.9-2.6x 10° ug m % Alm et al., 2001)
This suggests that the main significant CO emission
source during the industrial process was the process
itself that was related to collection chamber openings
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Table 1. Mean of particle number and CO concentrations

N-WCPC, N (cm™)  NanoScan, N (cm™)

ELPL,N (cm™@) OPS,N(cm™®) CO,m (pgm™)

WEI1 1.9x10? 2.0x10° 3.2x10° 4.9 8.3x10?
WE2 2.3x10? 2.5x103 S5.7x10? 11 5.5x10?
WE3 3.3x10? 1.9x10° 2.7x10% — 49x10?
WH 5.4x103 2.0x103 3.9x10° 16 7.7 x 10?
NWH* 1.4x 10 1.3x10° 2.6x10° 13 2.7x10?
‘—, Not measured.
“Including weekend.
CO ——N-WCPC
1055(8) ._h2 I T I I I I Cleaﬁ?ng e &
S 10°F * it E
z 10k 5
b #3
102%— 1 | 1 1 1 | 1 4
10 Example work day 10 L
(Figt?re 5 and 6) 103 E
= 1 =
E 1021 Y
o 01 10 §
10"'3
E sxi " ; 235
0.01 - = 107
Day 2 Day 3 Day 6 Sat.

Day 5

ay 1 Day 4

Day7 Sun.

Time, [days]

Figure 3 Time series of (a) particle number and CO concentrations and (b) particle number size distributions
measured by OPS and NanoScan. #1-#5 in (a) correspond to TEM sampling periods.

which indicate that SWCNTs were also released. CO,
concentrations remained at similar concentrations
increasing only 4% during WHs (430 ppm) compared
to non-WH (415 ppm) which was assumed to be
mainly caused by human activity. Figure 3b shows that
according to the NanoScan, work activities produced
mainly particles below 150nm diameter (>95%) in
number concentration.

On Day 3 at 12:42h and Day S at 16:40hr high
number concentration peaks were seen (Fig. 3a)
consisting of particles mainly smaller than 200nm
in diameter (Fig. 3b). The N-WCPC reached N, .
=1x10° cm™ and N, ; =4x 10° cm™ (on a minute
basis), respectively. According to the ELPI, during
the Days 3 and S events, the calculated particle mass
increased from 1 to 50 yg m~ and from 1 to 20 yg m™3,
respectively. These peaks did not affect CO concentra-
tion levels (Fig. 3a). Furthermore, particles that cor-
respond to the measured size range were not found in
the TEM sample #3 (Fig. 4) which suggests that these

incidental particles evaporated in the electron micro-
scope vacuum. Thus, it can be concluded that, in both
cases (Days3 and $), the maximum number and mass
concentrations were dominated by incidental particle
release or formation processes and were not SWCNTs
or directly related to the production of SWCNTs.
TEM analyses of collected samples evidenced the
presence of SWCNTs in workplace air (Fig. 4). Only
a rough estimation was provided by TEM image anal-
ysis of #2, #4, and #S (Table 2). Time intervals from
the TEM samples are shown in Fig. 3a. Our analysis
revealed workplace air concentrations of 1.7x 107
SWCNT fibers cm™ during normal operation and
5.6 SWCNT fibers cm™ during operation without
LEV (Table 2). SWCNTs length varied from several
micrometers to tens of micrometers. The thickness
of SWCNT bundles varied from 10 to 20nm and a
single fiber from 2 to 3nm. A closer examination of
micrographs shows the presence of iron catalyst parti-
cles (~10nm in diameter) attached to the nanotubes.
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Figure 4 TEM images of SWCNTs collected in workplace air (#1, #3, and #4), during film manufacturing without
local ventilation system (#2) and reactor cleaning operations (#S). Dashed rectangles show the magnified area.

Corresponding estimated concentrations are shown in each

figure (if determined). Identified particles are shown as

background particles (BG), elemental carbon (EC), iron (Fe), and sulphur (S).

Table 2. TEM sampling details indicating time sampled (¢, min), air volume sampled, the number
of collection chamber openings and the corresponding estimated concentration of SWCNTs in

workplace air
TEM sample t (hh:min) Airvolume (m*) Collection chamber SWCNT concentrations
openings (SWCNTscm™)
#1: Workplace air 26:48 9.65 25 Not calculated
#2: Workplace air without LEV 0:08 0.05 1 5.6
#3: Workplace air 139:24 49.6 81 Not calculated
#4: Workplace air 17:52 10.3 S 0.0017¢
#5: Reactor cleaning operation 0:44 0.69 3 0.006°

“Lower than PEL of 1.0 x 10~ fibers cm~* (BSI, 2007; IFA, 2009).

Accurate counting of these nanomaterials with TEM
micrographs was not possible for TEM #1 and #3 (see
Fig. 4) due to the high aspect ratio of the SWCNTs
(length/width > 500) and branching of bundles that
could not be distinguished from each fiber. Accurate
calculation requires stitching of multiple TEM images

so that it becomes possible to track and count a single
fiber bunch (see Fig. 4; #2, #4, and #5). Because stitch-
ing should be done for each bunch, the work can be
accomplished only with an automatized microscopy
system in reasonable time to obtain statistically rea-
sonable results.
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Particle concentration analysis during collection
chamber openings

The particle number size distributions measured by
the ELPI show that average particle number con-
centrations of R1, R2, and R3 during their opening
time (peak) were 3.9x10°% 4.6x10° and 3.2x10°
cm™ respectively (see Supplementary Figure S2
available at Annals of Occupational Hygiene online).
Corresponding background concentrations differ
from workplace concentrations by a maximum of 3%.
In the case of R3 and for particles > 1 pm in diameter,
number concentration increased ~25% while the reac-
tor chamber was opened. However, this increase is
not significantly above the instruments signal to noise
levels, and thus the concentrations cannot be linked
to SWCNT emissions. Similar results were obtained
for NanoScan and OPS both in number and mass con-
centrations. This fact suggests that workers’ exposure
to SWCNTs during operation could not be distin-
guished from the background based on the particle
measurements in this case.

WETI: example of workday 4 concentrations during
normal operation

Figures 5 and 6 show particle number and mass con-
centrations, respectively, for workday 4 when LEV was
used. During this day, ELPI data showed simultaneous
elevations, in both N and m up to 1.1x 10* cm™ and
2.8x10* ug m™>. The average concentration for the
workday was according to the ELPI, NanoScan, and
OPS respectively N, = 3.2x10° em™ (m,,, =3.4 ug
m™), N, =2.0x10°cm™ (m,, =0.83 ygm™), and
N, =49cm™ (m =081 ugm™).

WE

—ELPI
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Figure S and 6 show that some collection chamber
openings coincide with peak number and mass con-
centrations but there is no evidence that concentration
peaks are caused by SWCNT emissions. However,
according to the micrograph analysis of TEM #4 there
were on average 1.7x10° SWCNTs cm™ (Fig. 4).
Moreover, maximum CO concentrations during col-
lection chamber opening times were clearly higher (up
to 3.8x10° yg m™*) than the average CO concentra-
tions during WE1 (Table 1; 8.3x 10* ug m™). These
CO concentration peaks suggest that SWCNTs were
also released during the collection chamber openings.

It is important to highlight the uncertainties linked
to the data provided by online particle instruments
mainly due to background concentrations which
were relatively high in comparison to the very low
concentration of airborne SWCNTs. In addition, the
accuracy in response to particles or fibers of irregular
shape, high internal surface area, high aspect ratio,
and low effective densities may vary (Bottlinger and
Umbhauer, 1989; Gebhart, 1991; Szymanski et al,
2009). While most spherical or spherical-like particles
can be described either by their geometrical size or
fractal geometry, it is not known if such descriptions
are applicable to high aspect ratio fibers such as CNTs
(Kulkarni et al, 2009). Thus, whereas monitoring
instruments such as particle counters and sizers may
respond in a relatively same way to particle concentra-
tions and size classifications for near-spherical parti-
cles, this may not be the case for particles with high
aspect ratios and irregular shapes. The results of this
study seem to suggest that the online instrumentation
could be detecting SWCNTs as larger particles, even

CO0—o0R1 opening =—=a R2 opening *—*R3 opening
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N, [em™]
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1 1
15:30 17:30
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Figure S Example of workday 4 particle number and CO concentrations. The vertical lines with circle, square, and

cross correspond to R1, R2, and R3 collection chamber opening times, respectively.
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though further analyses would be necessary to confirm
this hypothesis. Figure 7 shows eight coincidences
between the collection chamber opening times and
both CO and particle number concentrations meas-
ured by the OPS and ELP1I for particles with diameter
335 and 318 nm, respectively. However, this was not
consistent and did not occur for the remaining 21 col-
lection chamber opening times. Since measured par-
ticle diameters did not correspond with the particle
diameter for SWCNTSs by means of the corresponding
TEM images, it could be hypothesized that the fibrous
nature of SWCNTs (high aspect ratio > 500 and vary-
ing irregular shapes) is causing an overestimation of
particle diameter by different online instrumentation
as suggested by the eight increases in particles with
diameter 318 and 335 nm during collection chamber
opening times.

Although there is a large difference in aerodynamic
and mobility SWCNT-equivalent diameters due to
their surface area, large dynamic shape factors, and
low effective densities, the previous supposition can
be supported by Moisala et al. (2005). They showed
that DMA measurements of SWCNTs suggest an
effective electrical mobility diameter higher than the
average value observed by TEM imaging and SWCNT
perpendicular orientation to the electric field in the
DMA. Furthermore, Kulkarni et al. (2009) found
that the charging-equivalent diameters of SWCNTs
are higher than their mobility diameter by a factor of
2.85-4.34. Since physical size of CNTSs inferred from
microscopy must rely on their property-equivalent
diameters, further and more detailed research is cur-
rently ongoing to test instrument responses to high
aspect ratios nanomaterials. One other possibility

——ELPI 0—0R1 opening =—&R2 opening *—*R3 opening

SO T T 1T 1T T 1
Dg:BO 11!30 13:|30 15:130 17!30

Time, [hh:mm]

Figure 6 Example of workday 4 particle mass concentrations. The vertical lines with circle, square and cross
correspond to R1, R2, and R3 collection chamber opening times, respectively.
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Figure 7 CO and particle number concentrations for ELPI (channel 6, D, =318 nm particle diameter) and OPS
(channel 1 D = 335 nm particle diameter) during WE1. The vertical lines with circle, square and cross correspond
to R1, R2, and R3 collection chamber opening times, respectively, when the expected SWCNTs emissions may
occur. The rectangular areas (A, B, C, D, and E) indicate coincidences between reactor opening times and increased
number concentrations for particle sizes 318 and 335 nm.
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could be that online instruments detect iron catalyst
particles attached to the nanotubes, as larger particles
(Nasibulin ef al., 2005), although this would be the
case on a low percentage of occurrences since it was
verified that their diameter was ~10nm (Fig. 4).

WE 2: SWCNT manufacturing without LEV system
In order to test the effectiveness of LEV systems dur-
ing SWCNT manufacturing the LEV system of R1 was
removed during Day 2 from 14:18 to 14:26 (Fig. 3a).
Particle peak concentrations of the corresponding
collection chamber opening for R1 remained at the
same level as the background particle concentrations
(differences below 3%), indicating that N and calcu-
lated m were not largely different from background
concentrations. A different trend was seen for CO, i.e.
1.8 x 10* pg m~ as peak concentration and 1.4 x 10° g
m™ as background concentration, meaning an order of
magnitude increase with respect to background con-
centrations. Assuming the CO average concentration
during one workday operating with LEV (C =

COWEL

8.3x 10% pg m™3), the following formula was applied:

(CO without LEV —CO with LEV ) 1

CO without LEV
=%Reduction in CO due touse of LEV

00

As aresult, the CO concentrations associated with
use of LEV system were reduced by an average of 95%.
However, it should be taken into account that CO dif-
fusion is orders of magnitude higher than SWCNT

——ELPI >—0R1 opening
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diffusion and that CO is only a good indicator if con-
vection dominates the mass transfer of both CO and
SWCNTs.

According to TEM analysis, SWCNT concentra-
tion was 5.6 SWCNTs cm™ (Fig. 4; #2) which gives
LEV protection factor of 99.6% when compared to
TEM sample of workplace with LEV (Fig. 4; #4).
These results appear to support the finding that LEV
can be effectively used to control emissions of engi-
neered nanomaterials (Methner, 2010). Also CO
appears to be a good tracer for SWCNT emissions.

WE 3: reactor cleaning operation

Reactor cleaning was performed with wet wipes and
a vacuum cleaner with HEPA filter (Nilfisk Alto Attix
30, Nilfisk-Advance Inc.,, Morgantown, USA) dur-
ing Day 8. Figure 8 shows the particle mass concen-
trations calculated from ELPI during the cleaning
operation, between 10:24hr and 11:08 hr. The total
particle number concentration during the cleaning
operation was on average N, .. = 2.7x10° em™ and
the calculated total mass concentration m_ . = 6.1 ug
m~> (Table 1; Fig. 8). The ELPI measured three sharp
concentration peaks increasing in m up to 120 pg
m™* originating from particles larger than 1 pm;
Fig. 8b). The estimated SWCNT concentration by
TEM images, during the reactor cleaning, was 0.006
SWCNTs em™ (Fig. 4; #5). However, it is not clear
whether the SWCNTs detected in the TEM samples
originate from the cleaning process or reactor RI
openings.

' 1

10°L [ (@

D, [um]

10:26 10:33 10:40

10:48

11:02

10:55

Time, [hh:mm]

Figure 8 Reactor cleaning operation. (a) Particle mass concentration time series and (b) particle mass size
distributions time series measured with ELPL The vertical line with circle in (a) corresponds to R1 opening times

when the expected SWCNTSs emissions may occur.
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DISCUSSION

The metrics of SWCNT exposure

Overall, WH particle number concentrations were
clearly higher than during non-WH mainly due to
different worker activities, as well as outdoor sources
such as increased traffic emissions during daytime.
A similar trend was seen for CO indicating that emis-
sions occurred during the collection chamber open-
ings (see Supplementary Tables S1 and S2 available at
Annals of Occupational Hygiene online). However, the
time series did not reveal any clear correlation between
the collection chamber opening times and consistent
increases in particle number or mass concentrations
when SWCNTs were expected to be released (Figs S
and 6). This suggests that the detection of SWCNTs
was limited probably due to: (i) the background con-
centration being relatively higher than the SWCNT
concentrations and (ii) instruments response to fibers
with irregular shapes and high aspect ratios (length/
width > 500; see Fig. 4).

Of all the instruments, the N-WCPC was the
most affected by other particle sources. An example
of this can be seen in Fig. 3a, which displays the sam-
pling time-series plot. On Day 3 at 12:42 and Day 5
at 16:40, two number concentration peaks were seen,
while the other measurement instruments did not
show similar responses. Similar findings were reported
by Dahm et al. (2013) and Evans et al. (2010), where
the measured number concentration by the N-WCPC
was dominated by other nanoparticle sources.

Transmission electron microscopy analysis
Nowadays, TEM based methods appear to be one of
the most feasible, reliable, and selective way to assess
quantitative worker exposure to CNTs (Birch et al,
2011; Dahm et al., 2012; Dahm et al., 2013). However,
up to date, there is no accepted method for counting
especially high aspect ratio CNT structures (Hedmer
etal,2013).

Despite the inability of the online instruments to
accurately detect SWCNT release, the analysis of TEM
images was able to confirm their presence in work-
place air (Fig. 4). TEM qualitative analysis revealed
workplace air estimations of 1.7 x107°-5.6 SWCNTSs
cm™ (Table 2), depending on the process. The high-
est SWCNT counts were seen during the worst case
scenario where SWCNTs were collected without LEV

(WE2). However, accurate counting of these nanoma-
terials with TEM micrographs was challenging due to
high aspect ratio (length/width > 500) and branch-
ing. Accurate count of single fiber bunch required the
use of high magnification and the need to stitch multi-
ple TEM images. The counting fibers in TEM #1 and
#3 was not possible (see Fig. 4).

Comparison of SWCNT exposure with

exposure limits
According to the workplace TEM sample during the
SWCNT manufacturing with LEV (WEL1), the esti-
mated concentration of 1.7x 10 SWCNTs cm™ (see
Fig. 4; #4) did not exceed the proposed limit value
of 1.0x 107 fibers cm™. In terms of calculated par-
ticle mass, assuming SWCNTs bunch with 20 nm of
diameter, 10 pm of length, a density of 1 g cm™, and
aspect ratio of ~500, the obtained mass concentration
would be 2.14x 10 ug m. Based on these assump-
tions, SWCNTs manufacturing with LEV would not
have exceed the OEL of 1 pyg m™ recommended by
the NIOSH.

According to the workplace TEM sample dur-
ing SWCNT manufacturing without LEV (WE2),
the estimated concentration of 5.6 SWCNTs cm™
exceeded the personal exposure limit of 1.0x 107
fibers cm™. Assuming the background as the average
mass concentration of NWH (meH = 4.5 pug m™)
and subtracting it from the average mass concentra-
tion of WE2, which was 25.0 pug m™, it suggests that
the SWCNTs exposure concentration (20.5 pg m™).
This clearly exceeds the OEL of 1 pug m™ proposed by
NIOSH. This clearly shows that risk control measures
are needed. Concerning the reactor cleaning operation
(WE3), by subtracting the background mass concen-
tration from average the average mass concentration of
WE3, which was 6.1 pg m~, it suggests that SWCNTs
exposure concentration was 50% higher than OEL of
1 pug m~. However, it was well below the established
and proposed limit of 1.0 x 1072 fibers cm™ (see Fig. 4;
#5).

CONCLUSIONS
In this study, workers” quantitative exposure levels to
SWCNTs while manufacturing conductive thin films
in a modern up-scaling factory was assessed. To this
end, particulate matter concentrations in the size range
of 2.5 nm to 10 um, and gas phase concentrations (CO,
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CO,) were measured and TEM samples were col-
lected. The following conclusions may be extracted:

1. The analysis of TEM images was able
to confirm the presence of SWCNTs in
workplace air. The estimated concentrations
were 1.7 X% 107°-5.6 SWCNTs cm >, depend-
ing on the process. There was potential
tor release of SWCN'Ts during collection
chamber openings, both while using LEV
(WE1) and without using LEV (WE2).
There was weak evidence that release of the
SWCNTs may also happen during cleaning
operations performed under pressure with
wet wipes (WE3). During WE1 and WE3
exposure levels were well below proposed
OEL (1 pgm™and 1.0x 107 fibers cm™?)
and during the WE2 it was clearly exceeded
(8 min exposure = 5.6 SWCNTs cm™?).

The collection and analysis of SWCNTSs on
TEM grids was found to be the only direct
method to detect SWCNT5s in workplace
air. However, defining quantitative exposure
levels by counting of SWCNTs with TEM
micrographs was challenging due to their
high aspect ratio (length/width > $00) and
branching. Additional research is required to
develop methods for quantitative exposure
assessment for this type of CNT structures.
For example, in this company CO was

used as a tracer gas for potential SWCNT
emission;

2. CO concentration was verified as a good
indicator of fugitive emissions of SWCNTS,
even though correlation between CO con-
centration and SWCNT concentration was
not found due to the low SWCNTs concen-
trations detected in workplace air;

3. Analysis of number and mass concentration
time series did not reveal consistent coinci-
dences between increases in particle number
or mass and collection chamber opening
times when SWCNTS were expected to be
released;

4. Despite being unable to directly identify
SWCNT emissions, the online instruments
used may have detected SWCNTs as larger
particles (>300 nm) but further studies are
needed to fully understand this behavior;
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5. Correct application of LEV to the collec-
tion chambers was found to reduce CO and
SWCNT emissions by ~95 and 98%, respec-
tively. The operation of the LEV should be
systematically verified.
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Figure S1. Schematic procedure for calculation of background (BG) and collection
chamber opening concentration (peak) for each specific reactor. The vertical dashed
line corresponds to the collection chamber opening time. Between the peak and
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Table S1. Summary results by process and instruments which are further stratified by number of minutes sampled (t, min), geometric mean (N and m), geometric standard deviation (o) and
maximum value of particle number (N max) and CO concentration (CO max).
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N-WCPC NanoScan ELPI OPS CcoO
WE |t [min] N[cm® o[cm® N max[cm?| t [mn] N[cm® o[cm® N max[cm?®| t [mn] N[cm® ofcm® N max [cm®]| t [mn] N[cm® ofem® N max [cm®]| t [min] m [ugm®] o[ug m*] m max [ug m?]
WEL | 540 1.9x10° 5.0x10°  2.0x10* 540 2.0x10° 4.4x10°  3.4x10° 540 3.2x10° 8.3x10°  1.1x10° 540 49 7.8x10* 7.1 540  8.3x10° 2.1x10° 3.8x10°
WE2 8  2.3x10° 3.3x10°  1.0x10* 8  25x10° 1.3x10*>  2.7x10° 8  5.7x10° 1.7x10*>  6.0x10° 8 1 1.3x10? 11 8 5.5x10°  1.3x10* 7.3x10*
WE3 | 44 3.3x10° 5.0x10°  4.3x10° 44 19x10° 1.2x10°  2.2x10° 44 2.7x10° 2.6x10°  3.7x10° - - - - 44 49x10° 1.4x10° 2.1x10°
WH [ 2707 5.4x10°® 1.7x10*  5.7x10° 2760 2.0x10° 1.4x10°  1.3x10° 2005 3.9x10° 3.2x10°  2.7x10° 2671 16  1.3x10" 65 2358  7.7x10°  7.0x10° 6.3x10°
NWH*| 7380 1.4x10° 3.4x10°  9.7x10° 7380 1.3x10° 4.8x10°  2.8x10° 6480 2.6x10° 1.1x10°  9.5x10° 7380 13 8 28 6480  2.7x10°  86.00 1.7x10°

o - Standard deviation
* Including weekend
""Not measured

Table S2. Summary results of calculated mean of mass concentration (m), geometric standard deviation
(0) and maximum value (m max).

NanoScan ELPI OPS
WE | m [ug m®] o[ugm®] m max [ugm®|{m [ugm®] o[ugm®] m max [ugm®]|m [ug m®] o[ugm®] m max [ug m’]
WEL | 8.3x10"  1.8x10™ 13 3.4 22.0 2.8x10? 8.1x10"  8.2x10* 12.0
WE2 1.0 7.1x107 1.2 25 3.8 34.0 1.7 6.9x10™" 26
WE3 1.2 1.2x10* 1.4 6.1 12.0 1.2x10? - - -
WH 1.0 3.2x10* 45 6.7 22.0 3.2x10° 1.5 5.7 2.2x10°
NWH* [ 9.2x10"  3.1x10™ 2.5 45 6.0 34.0 4.2x10"  2.1x10* 16

o - Standard deviation
* Including weekend
""Not measured
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ARTICLE INFO ABSTRACT

Article history: The use of laser technology in the ceramic industry is undergoing an increasing trend, as it

Received 25 February 2015 improves surface properties. The present work aimed to assess ultrafine and nanoparticle

5253V6d2:}'11 5“5"'53‘1 form emissions from two different types of laser treatments (tile sintering and ablation)
ay

applied to two types of tiles. New particle formation mechanisms were identified,
as well as primary nanoparticle emissions, with concentrations reaching up to
6.7 x 10° particles cm > and a mean diameter of 18 nm. Nanoparticle emission patterns

Accepted 27 May 2015
Available online 6 June 2015

KFJ’W?WS-" were strongly dependent on temperature and raw tile chemical composition. Nucleation
;E‘le sintering events were detected during the thermal treatment independently of the laser applica-
urnace . tion. TEM images evidenced spherical ultrafine particles, originating from the tile melting
New particle formation . X ; . L
LDSA processes. When transported across the indoor environment, particles increased in size

Particle transport (up to 38 nm) with concentrations remaining high (2.3 x 10° particles cm~*). Concentra-
Indoor air tions of metals such as Zn, Pb, Cu, Cr, As and TI were found in particles <250 nm.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Laser irradiation of ceramic material is a novel technique with numerous advantages regarding the sintering process such
as speed, temperature and enhanced durability and surface properties of structural materials (Schmatjko, Endres, Schmidt,
& Banz, 1988; Toenshoff & Gedrat, 1991; Jervis, Nastasi, Hubbard, & Hirvonen, 1993; de Francisco et al., 2011; Lahoz, de la
Fuente, Pedra, & Carda, 2011). The use of high powered CO; lasers for industrial ceramic materials processing was studied in
the framework of LIFE projects and is currently being assessed for two different industrial processes: (i) tile sintering in a
high-temperature furnace and, (ii) ablation of ceramic materials. A recently developed “in-situ” melting method (tile
sintering) makes use of a CO; laser scanner combined with simultaneous external heating of the substrate (in a conventional
furnace) and uniform movement (Estepa & de la Fuente, 2006; de Francisco et al., 2011). This innovative technology allows
to obtain coatings of practically any oxide material on an alumina substrate (Estepa & de la Fuente, 2006; de Francisco et al.,
2011). In addition, this novel tool can also make use of CO, lasers in pulsed mode (induced laser ablation) to perform
engravings on the surface of ceramics (Lahoz et al., 2011).

* Corresponding author at: Institute of Environmental Assessment and Water Research (IDAA-CSIC), CfJordi Girona 18, 08034 Barcelona, Spain.
Tel.: +34 934006100; fax: +34 932045904.
E-mail address: ana.godinho@idaea.csic.es (A.S. Fonseca).

http://dx.doi.org/10.1016/j.jaerosci.2015.05.013
0021-8502/@ 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The high-energy nature of these laser processes implies a significant potential for the generation and emission of
particles in the ultrafine and nanoparticle size range. However, nanoparticle emissions have so far never been evaluated for
these industrial processes, mainly due to the novelty of this technology. The high temperatures applied in the furnace (up to
1195 °C) may cause chemical transformations in the raw tiles and the emission of particulate and/or gaseous pollutants into
indoor air, which could be enhanced by the addition of the laser treatment.

Nanoparticle emissions from industrial processes are receiving increasing attention in the literature in recent years
(Demou, Peter, & Hellweg, 2008; Pfefferkorn et al., 2010; Curwin & Bertke, 2011; Gandra, Miranda, Vilaga, Velhinho, &
Teixeira, 2011; Koivisto et al., 2012; Van Broekhuizen, 2012; Gémez, Irusta, Balas, & Santamaria, 2013; Fonseca et al., 2014;
Gomez et al,, 2014; Voliotis et al., 2014; Koivisto et al., 2014). These works focus on different types of processes, and reveal
that nanoparticle emissions and subsequent exposures may reach up to particle number concentrations of
1 % 10° parts cm > such as the cases of firing processes where the painting and glazing of ceramics occur (Voliotis et al.,
2014), as well as during and welding/soldering (Gomez et al., 2013). However, because of the vast number of industrial
processes with potential for nanoparticle emissions, the assessment of nanoparticle emissions under real-world scenarios
should be encouraged. The present work addresses the emissions from a highly innovative process with a large potential for
global-scale implementation in the ceramic industry, which has so far not been evaluated regarding nanoparticle emissions.

This work aimed to identify and characterize nanoparticle formation and emission mechanisms during tile sintering and
laser ablation processes in a pilot plant-scale furnace (3 m long). Special attention was paid to new particle formation
processes and their dependence on process variables such as temperature or raw tile chemical composition. Finally,
nanoparticle transformations through transport in indoor air are also described.

2. Materials and methods
2.1. Materials and experimental procedure

Nanoparticle monitoring and sampling was conducted over three consecutive days (from 23rd October to 25th October
2013), in a research laboratory at the Instituto de Ciencia de Materiales de Aragén (ICMA) located in Zaragoza, Spain. The
experiments were not extended over a longer period of time due to two main reasons: (a) particle emissions detected (see
next section) were significantly above background concentrations, and thus the data obtained were considered statistically
representative of the processes under study, and (b) the availability of the pilot-plant scale furnace was limited. The laser
used included a Rofin-Sinar 350 W SLAB-type CO, laser resonator and an optical beam steering system (Estepa & de la
Fuente, 2006). Two types of laser-based processes were assessed:

a) Tile sintering
Industrial ceramic tiles were sintered by laser irradiation in a high-temperature furnace. The tile sintering process was
performed using a CO, laser emitting at a wavelength 2=10.6 pm. The tiles were introduced in the furnace at a constant
speed (1.5mh~") in an orthogonal direction to the laser focus. The samples were gradually externally heated with a
resistance furnace in a temperature range from ambient temperature up to 850 °C. Afterwards, the tiles followed the
standard thermal cycles used at industrial-scale, with gradually increasing temperatures which reached peak values of
about 1195 °C and 1115 °C for porcelain and red clay tiles, respectively.
Six conventional industrial tiles were selected: raw porcelain (#1), porcelain with frit (#2), porcelain with frit and colored
decoration (#3), raw red clay (#4), red clay with frit (#5) and red clay with frit and colored decoration (#6). These are six of
the most frequently used types of tiles in the industry.

b) Laser ablation
Laser ablation is the process by which material is expelled from a surface by irradiating it with a pulsed laser (Bauerle,
1996; Rubahn, 1999; Lahoz et al., 2011). Fig. S1 in the supplementary information presents an illustration of these effects.
It illustrates the presence of a melted layer at the surface of the porcelain tiles where the laser is irradiating. Particle
emissions during laser ablation were only assessed for one type of material (raw porcelain; #7).

2.2. Sampling locations

The laboratory under study had a surface of 29 m?. The particle monitors and samplers were placed simultaneously at
the emission source, directly above the furnace, at a second location indoors to assess the influence of transport (referred to
as the breathing zone), and in outdoor air. Measurements at the emission source were performed between the furnace and
the extraction system, and were therefore only influenced by emissions generated in the furnace (no contamination from
background air was possible). Fig. S2 of the supplementary information shows the layout of the indoor area under study and
sampling locations.

The height of the furnace from the floor is 1.1 m. At the source, instrument inlets were placed inside a 15 cm diameter
tube (2.05 m above ground level), which acted as ventilation system for the furnace. In addition, measurements were made
in the worker area, located at approximately 2 m from the furnace. Inlets were placed at breathing zone height (~ 1.6 m).
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2.3. Real time measurements

Particle measurements in the range 5 nm to 20 pm were performed using different instrumentation, aiming to combine the
specific advantages of each of the instruments used with the purpose of overcoming their specific limitations, especially regarding
lower particle sizes and maximum particle number concentrations measured:

a) At the emission source:

® An electrical mobility spectrometer (NanoScan, SMPS TSI Model 3910; sample flow rate 0.7 L min~') to measure the
particle mobility size distribution in 13 channels from 10 to 420 nm mobility diameter. Time resolution was 1 min.

® An Optical Particle Sizer (OPS, TSI Model 3330; sample flow rate 1Lmin ') which measures the optical size
distribution from 0.3 to 10 um in 16 channels with 1 min time resolution.

® A water-based condensation particle counter (WCPC, TSI Model 3785; sample flow rate 1 L min~') measuring total
particle number concentration between 5 nm and 3 pm with 1 min time resolution.

In the breathing zone:

® An optical particle counter (OPC; Grimm Model 1.108) to measure particle mass in the range 0.3-20 pm. The sample

b) flow rate and the sampling time interval were 1.2 L min~! and 1 min, respectively. The particles were classified in 15

channels according to their optical diameter.
In addition, the following instruments were placed simultaneously at the emission source and at the breathing zone:

® Two light-scattering laser photometers (DustTrak™ DRX aerosol monitor TSI Model 8533; sample flow rate
3.0Lmin" ') to measure PM;g, PMy s, PM; with 1 min time resolution. The PM values in the breathing zone were
corrected with respect to reference gravimetric values, using a high-volume reference sampler. This was not possible,
however, for the instrument at the emission source, and therefore only uncorrected values are reported.

® Two miniature diffusion size classifiers DiscMini Matter Aerosol (Fierz, Houle, Steigmeier, & Burtscher, 2011) to
measure total particle number, mean particle diameter and alveolar lung deposited surface area (LDSA) concentration.
The sample flow rate and the sampling time interval were 1 L min~"' and 1 min, respectively. The instrument detects
particles with a mode diameter between 10 and 300 nm.

Because certain of these instruments monitored similar parameters (e.g. WCPC and NanoScan monitoring particle
number concentrations although in different size ranges), in the results and discussion section only one of the datasets
will be discussed for each parameter. In the case of total particle number (N), the results presented will be those
obtained with the WCPC, unless otherwise specified, because of the highest concentration range measurable with this
instrument (up to 107 parts cm 3, as opposed to 10° parts cm > with NanoScan or DiscMini). The same applies for
mean particle diameter, which will be discussed using the DiscMini data, because it is the only instrument for which
particle diameter data were available simultaneously in the emission source and breathing zone. In the original setup,
the use of different instruments measuring similar parameters aimed to maximize the number of valid data points
obtained, given that the risk of exceeding the measurement capabilities of the instruments was high (due to the high
nanoparticle emissions expected). Intercomparisons carried out during data processing (not shown) evidenced a high
degree of comparability ( + 15% of relative difference) between the different instruments for those with matching
particle size ranges.

2.4. Sample collection

Particles emitted at the source were collected on 25 mm polycarbonate filters (one sample per ceramic material, plus one
sample each night) with 0.8 pm pore size. Samples were collected using cassettes (SKC Inc., inlet diameter 1/8 in.) connected
to SKC Leland Legacy pumps operating at 0.21 m*> h~' (3.5 Lmin~'). The sampling periods ranged from 20 min to 102 min,
which correspond to air volumes sampled between 0.07 m* and 0.36 m?, respectively.

In addition, one accumulated sample was collected over the entire sampling period (26 h) by means of Personal Cascade
Impactor Sampler (SioutasTM PCIS, SKC Inc.) (Misra et al., 2002). Two PCIS were placed simultaneously indoor and outdoor
connected to pumps operating at 9 L min~'. The collection substrates were 37 mm quartz fiber filters for the <0.25 um
(Pall) stage and 25 mm teflon-PTFE filters for the 0.25-2.5 pm and 2.5-10 pm stages (Pall).

Mass concentrations were gravimetrically determined by pre- and post-weighting the filters on a microbalance.

Particle morphology, chemical composition, and size were analyzed by transmission electron microscopy (TEM, Jeol, JEM
1220, Tokyo, Japan), coupled with an energy-dispersive X-ray (EDX) spectroscopy. Particles for TEM were collected onto
Quantifoil™ gold (Au) grids with 1 pm diameter holes — 4 ym separation of 200-mesh at the emission source. TEM grids
were attached to air sample cassettes (SKC Inc., USA, inlet diameter 1/8 in. and filter diameter 25 mm) on polycarbonate
membrane filters. Air flow was driven by pumps operating at 3.5 L min~' and collection efficiency for particles was assumed
to be 100%. TEM sampling durations and sampled air volume were the same as for the polycarbonate filter samples
described above.
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2.5. Sample treatment and analysis

All the filters and samples of each raw ceramic material were acid digested by using nitric acid (HNO3), hydrofluoric acid
(HF) and perchloric acid (HCIO4) following the method proposed by Querol et al. (2001) for the analysis of major and trace
elements by means of ICP-AES (IRIS Advantage TJA Solutions, THERMO) and ICP-MS (X Series I, THERMO). Laboratory blank
filters were analyzed following the same methodology. Element concentrations were blank corrected.

In order to identify the mineralogical phases, a portion of each raw studied ceramic material was analyzed by X-ray
powder diffraction (XRD).

3. Results and discussion
3.1. Chemical and mineral composition of the raw tiles

The chemical composition of the raw porcelain and red clay tiles is reported in Table S1 of the supplementary
information. The composition of red clay and porcelain tiles was clearly distinct. Porcelain was characterized by higher
concentrations of SiO,, Al;03, Na,O and P,0s with the largest difference being observed for NayO (93% higher than in red
clay tiles). The relative concentrations of the remaining metal oxides were always higher for red clay tiles. The relative
concentrations of trace elements were also higher in red clay tiles, which are enriched in all the elements analyzed, except
for Y and Nb.

Fig. S3 of the supplementary information shows the diffraction pattern determined by XRD analysis for each type of tile.
Common crystalline constituents found in both types of tiles were quartz, SiO, (00-046-1045); kaolinite, Al;Si,O5(0OH)y
(00-014-0164); illite, (K,H30)(Al;Si3AlO9(OH);) (00-026-0911) and, anhydrite, CaS04 (00-037-1496). Conversely, mineral
phases such as albite, NaAlSi;Og (00-019-1184) were only found in porcelain tiles, whereas calcite, CaCO5 (00-005-0586),
dolomite, CaMg(C0Os3), (00-036-0426), hematite, Fe;03 (00-033-0664) and microcline, KAlSizOg (00-019-0932) were only
found in red clay tiles.

The composition of frit and pigments used for decoration may not be provided due to confidentiality reasons. Pigments
are essentially composed of oxides of Al, Cu, Cr, Co, Mn, Fe, Pb, and Sn (Taylor, Bull, & Ceramics, 1986; Casasola, Rincon, &
Romero, 2012; Celades, 2013). Furthermore, ZrSiO.,, ZrO,, Zn0, TiO; and SnO; are frequently used as opacifying agents to
produce opaque frits (Jacobs, 1954; Romero, Rincon, & Acosta, 2003; Lahoz et al., 2011; Casasola et al., 2012).

3.2. Nanoparticle emissions

The time series of particle number concentrations, measured at the emission source (the furnace for sintering processes,
and outside the furnace for ablation process) are shown in Fig. 1. Table 1 summarizes the mean and maximum
concentrations obtained in terms of number and mass concentrations, as well as the mean particle diameter for the
emissions from each of the materials sintered (from #1 to #6), the material ablated (#7) and for background air (non-
activity period).

Over the two-hour periods during which each of the tiles underwent the thermal treatment, major nanoparticles
emissions were registered. On average, mean and maximum N minute concentrations were 1 and 2 orders of magnitude
(respectively) higher than background levels, and by applying the methodology described by Asbach et al. (2012) and based
on the ratio between workplace air concentrations and 3 times the standard deviation of the background concentration, it
may be concluded that nanoparticle emissions during thermal treatment were statistically representative, Mean particle
diameters were lower (8-18 nm) than in background air (38 nm). The fact that measurements were carried out in a pilot-
plant scale furnace suggest that the emission processes detected are likely to take place also at industrial scale.

The highest nanoparticle emissions were registered during red clay tile sintering and, in particular for material #5,
reaching a maximum of 6.7 x 10° parts cm > (particle mean diameter=18 nm). Maximum nanoparticle emissions during
sintering of a similarly coated material (#2) were lower by a factor of 2, thus suggesting that majority of the nanoparticles
emissions originate from the base of the tiles, as opposed to the coating materials. On average, nanoparticle emissions were

107 {71 #2 B #5 #6  #T

Non-activity period

108

105-

N, [parts. cm'a]

104 4

108 T T T
12h00 16h00 20h00 00h00 04h00 08h00 12h00
Time [hh:mm]

Fig. 1. Time series of particle number concentration measured at emission source.
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Table 1

Average and maximum (in parenthesis) particle number concentrations, particle diameter and mass concentrations measured during tile sintering, ablation
and background. Mean values corresponding to each sintering and ablation process, approximately 1.5 h and 20 min in duration, respectively. Maximum
values are 1 min means.

Material N [parts cm 3] D, [nm] PM, [pg m 3] PMy5 [ug m 3] PM;p [pg m 3]
#1: Raw porcelain 2.7 x 10° (1.4 x 10°) 8 (16) 5.4 (25.0) 6.5 (26.0) 10.2 (40)

#2: Porcelain with frit coated 5.7 x 10° (3.3 x 10°) 11 (24) 6.0 (41.0) 7.0 (48.0) 12.4 (115.0)
#3: Porcelain with frit and decoration coated 3.6 x 10° (1.1 x 10%) 11 (22) 22.6 (52.0) 23.5(53.0) 28.5 (58.0)

#4: Raw red clay 4.2 % 10° (3.1 x 10°) 16 (31) 10.2 (43.0) 11.3 {(50.0) 16.9 (115.0)
#5: Red clay with frit coated 9.7 x 10° (6.7 x 10%) 18 (30) 24.1 (125.0) 25.8 (128.0) 30.4 (131.0)
#6: red clay with frit and decoration coated 9.5 x 10° (6.1 x 10°) 15 (25) 19.5 (64.0) 21.5 (66.0) 26.1 (69.0)

#7: Ablation 3.8 x 10° (5.8 x 10°) 80 (130) 610 (1110) 650 (1200) 670 (1300)
Background® 1.6 x 107 (9.8 x 10%) 38 (60) 8 (24.0) 4 (27.0) 4.7 (57.0)

* Corresponding to non-activity period.

higher for red clay sintering (7.8 x 10° parts cm ) when compared to porcelain (4.0 x 10° parts cm ~3). This is an especially
relevant finding for the tile industry, given that red clay materials are usually preferred because of their lower cost with
respect to porcelain, However, due to esthetic reasons, the demand for porcelain tiles is currently increasing in the global
ceramic market. Regarding mean particle diameter, emissions from red clay sintering were on average coarser (16 nm) than
from porcelain tiles (10 nm), even if both particle diameters are extremely small especially in comparison to background air.

A relatively similar pattern was observed for particle mass. The highest total PM emissions were generated during
sintering of frit coated red clay tiles (#5; 32.8 pg m~3), although followed closely by frit and decoration coated porcelain
(#3; 30.5 pg m~2). The lowest emissions in terms of mass originated from porcelain sintering where a reduce influence on
the formation of larger particles were found, especially for coated porcelain.

Fig. 1 and Table 1 also show the results from the ablation (#7). Results show that ablation emissions were highest in
terms of mass for all size ranges and materials and lowest in terms of particle number concentration (3.8 x 10° parts cm )
(with exception of material #1, and #3). Furthermore, the particle size was highest showing a mean diameter of 80 nm.
These observations were expected during ablation because it is a mechanical process (as opposed to a thermal process). The
TEM samples show a large number of spherical morphology particles below 1 ym in indoor air (Fig. 2), especially during the
ablation process (d) where aggregates of particles in the nano-size range are observed. This is expected to occur due to the
fact that laser engraving induces phase transitions, causing break down of the original material (Lahoz et al,, 2011). During
ablation, particles are produced with a more spherical shape whereas during sintering (Fig. 2a—c) they are finer and may be
interpreted as portions of melted material involved in melting processes at a high temperature under the laser beam.
Chemical analysis by EDX showed that the nanoparticles are mostly constituted by elements such as Zn, Cu and Fe due to the
extensive use of these substances as opacity and pigmentation agents in ceramic tiles (Casasola et al.,, 2012; Celades, 2013).

3.3. Particle size distributions

The particle number distributions corresponding to porcelain and red clay sintering are shown in Fig. 3a and b,
respectively. Additionally, results from raw porcelain ablation are presented in Fig. 3a. The mean particle diameters
produced from sintering were below mostly 35 nm (for > 80% of the particles). Conversely, the ablation process produced
mainly particles between 65 and 200 nm (for > 90% of the particles) in number.

The size distributions present different trends during sintering and ablation. During sintering, trimodal shaped
distributions were measured, with mode values at 10-20 nm, 20-85 nm and 85-420 nm. This was observed for red clay
and porcelain tiles. Conversely, laser ablation of porcelain tiles produced a bimodal curve, with mode values 10-50 nm and
50-420 nm, with a clear prevalence of coarser particles ( > 100 nm) as expected.

Particle size distribution seemed to depend on the type of material. In particular, for particles ranging between 10 and
85 nm, mean particle number concentrations from porcelain tiles were higher (4.1 x 10° parts cm ?) than from red clays
(3.0 x 10° parts cm ), However, the number concentration for particles below 11.5 nm during sintering of material #6 were
higher than for material #3, respectively. Concerning particles between 85 and 420 nm in diameter, particle number
concentrations were higher for red clays (3.7 x 10% parts cm ) than for porcelain tiles (1.9 x 10% parts cm ).

3.4. Particle formation and emission mechanisms

Fig. 4 shows an example of time series of particle number concentrations and size for the particles emitted during the
entire thermal cycle for porcelain and red clay tiles with frit coating (materials #2 and #5). Table 2 summarizes, for all of the
materials, the mean and geometric standard deviation () of particle number concentrations (N) and particle diameter (D).

Two different emission behaviors, strongly linked to temperature, were registered. In the first 30 min, when porcelain
and red clay tiles were externally heated in the furnace in a temperature range between 850-1195 °C and 850-1115 °C for
porcelain and red clay tiles respectively, a thermally-induced emission pattern was observed starting from 1.3 x 10° parts for
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Fig. 2. TEM images of nanoparticles collected in indoor air during: (a) sintering of porcelain with frit coated; (b) sintering of raw red clay; (c) sintering of
red clay with frit and decoration coated; (d) ablation of raw porcelain. Corresponding identified particles by EDX are shown in each figure.

a 1.0E+07 b 1.0E+07
OE+0 —o-#4
- -a-#5
& 1.0E+06 £ 1.0E+06 u m-#6
§ ]
: - G -
£ 10E+05 i 1.0E405 { {65 . S ~~l\
2 ‘§ b‘h“\i\ OB T
§ 1.0E+04 S 1.0E+04 ~O»?f’ | s
3 3 S N Rt CYOR
2 \ =
° Ay
1.0E+03 1.0E+03 %
ki _ sk
1.0E+02 10602 b ——--c
[} 100 200 300 400 0 100 200 300
D, [nm] Dy, [nm]

Fig. 3. Size distributions of particles including standard error bars during porcelain and red clay sintering and porcelain ablation. Error bars
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Table 2
Geometric mean and standard deviation (in parenthesis) of particle number concentrations and
particle diameter, only during the period of laser incidence.

Material N [parts cm 3] Dy, [nm]
#1: Raw porcelain 7.4 % 10° (5.0 x 10°) 8(2)
#2: Porcelain with frit coated 2.5x 10° (7.0 x 10%) 21(5)
#3: Porcelain with frit and decoration coated 8.5 % 10° (1.6 x 10%) 15 (4)
#4: Raw red clay 2.3 x 10° (7.0 < 10%) 24 (5)
#5: Red clay with frit coated 5.6 x 10° (1.8 x 10°) 24 (8)
#6: red clay with frit and decoration coated 5.0 x 10° (1.4 x 105) 15 (4)

Table 3
Average and maximum (in parenthesis) particle number concentrations, mean particle diameter and mean LDSA measured at breathing zone during tile
sintering and background concentrations.

Material N [parts cm 3] Dp [nm] PM, [pg m~?] PMzs[pgm~?] PMy [pgm~—?] LDSA [pm?
cm~?]
#1: Raw porcelain 3.0%10° (1.2 x 105) 18 (26) 6.1 (8.9) 73(12.0) 13.2 (19.9) 277 (1547)
#2: Porcelain with frit coated 5.6 % 10° (1.4 % 10%) 13 (28) 5.9 (7.8) 7.0(10.4) 12.5 (214) 371 (1686)
#3: Porcelain with frit and decoration coated 8.0 x 10° (2.3 x 10°) 16 (29) 8.2 (12.8) 10.7(18.3) 17.0 (26.2) 687 (2271)
#4: Raw red clay 75 % 10* (4.7 x 105) 27 (36) 6.5 (8.0) 8.0(10.5) 13.8 (16.7) 69 (223)
#5: Red clay with frit coated 11x 10° (3.1 x 10°) 26 (38) 7.3 (9.1) 9.3(12.4) 15.7 (19.4) 115 (229)
#6: red clay with frit and decoration coated 2.7 x 10° (1.2 x 10%) 19 (35) 7.7 (13.8) 10.0(20.2) 16.3 (28.5) 213 (551)
Background® 2.6 % 10* (1.7 x 10°) 36 (58) 5.6 (12.9) 6.4(18.9) 11.4 (30.9) 35 (118)

* Corresponding to non-activity period min means.

porcelain cm~2 and 3.1 x 10 parts cm 2 for red clay tiles frit coated. For material #2, the increase in mean particle size also
followed the increase of the temperature in the furnace increasing from 9 nm probably due to condensation of pre-existing
nanoparticles after emission. The evolution of the particle size of material #5 exhibited a different pattern: for the first
20 min, particle number concentrations and size remained stable and during the following 10 min, particle number
concentration started to increase and a decrease in particle size was detected reaching lowest values of 5 nm. This suggests
the occurrence of new particle formation processes by nucleation (nanoparticles <30 nm in diameter being formed; Kumar,
Fennell, & Britter, 2008), which would result in higher particle number concentrations with a lower particle size. This was
probably due to the S-bearing species in the raw material such as anhydrite (CaSO,4), which decomposes at high
temperatures (Chinchon, Querol, Fernandez-Turiel, & Lopez-Soler, 1991), into CaO and SO,. In the furnace, SO, probably
causes nucleation events induced by H.SO4 as exhaust gases cool down (Kulmala et al., 2004). These events were not
detected so clearly with porcelain materials, probably due to their much lower S04~ content (0.03%).

Upon introduction of the laser beam (within the peak temperature zone, Fig. 4), the particle number concentrations
increased reaching maximum values of 3.3 x 10° parts cm > (porcelain) and 6.7 x 10° parts cm 2 (red clay) with mean
diameters of 24 nm and 30 nm, respectively. The increase in both particle size and concentration probably resulted from
additional emissions of primary nanoparticles of melted products from the surface materials due to the laser treatment with
slightly coarser particle diameters ( >24 nm as opposed to <20 nm during the thermal treatment). The presence of
submicron spherical nanoparticles (most < 100 nm) resulting from melting was confirmed by TEM images (Fig. 2).

Upon completion of the laser treatment (minute 46, Fig. 4), nucleation events were once again detected as a decrease in
mean particle size to 5-6 nm. On minute 50 (cooling zone), particle number concentrations for porcelain tiles dropped back
to the registered levels in the beginning of the sintering process (1 x 10° parts cm ). Concerning the red clay tiles, the
decrease in particle number concentration to background levels (3 x 10 parts cm ) occurred slightly later, on minute 55.
Finally, whereas a constant of particle number concentration was detected, significant particle growth was observed for red
clay tiles during the cooling stage, probably due to condensation of gaseous species and/or the agglomeration of existing
finer nanoparticles from nucleation. This particle growth was not observed for porcelain probably due to the less intense
particle nucleation rates observed for these materials.

Similar patterns were obtained for all the materials analysed, although with the highest nanoparticle emissions during
laser treatment being registered for material #5, followed by material #6, reaching an average of 5.6 x 10° parts cm~> and
5.0 x 10° parts cm 3, respectively. Nanoparticle emissions during laser treatment on similarly coated porcelain materials,
such as #2 and #3, were lower than coated red clay tiles by a factor of 2.2 and 5.9, respectively. Although for porcelain and
red clay the size of the emitted particles exhibited diameters finer than 24 nm, the particles emitted by porcelain sintering
under laser treatment were finer than for red clay. Conversely, particle number concentrations emitted were higher from
red clay than from porcelain. These results have direct implications for the ceramic industry, given the current increasing
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global demand for porcelain tiles and the similarly decreasing demand for red clay tiles. This would imply increasing
exposures to nanoparticles of lower diameters ( < 20 nm) in ceramic industrial plants.

3.5. Transport of emissions across indoor air

Table 3 shows the results obtained at the secondary indoor location (the worker breathing zone) during tile sintering.
The patterns observed in the breathing zone were somewhat different to those from the emission source.

Particle concentrations decreased from the furnace to the breathing zone for four of the six materials studied. The
exceptions were material #1 and material #3. These decreases were interpreted as resulting from dilution of emission with
workplace air, and also from coagulation and agglomeration of the particles emitted at the furnace. On average, mean and
maximum N minute concentrations in the breathing zone were one order of magnitude higher than background levels for
all the materials. Mean particle diameters in the breathing zone were 13-27 nm, larger than in the furnace but smaller than
background air (36 nm). This increase in particle diameter with regard to the furnace area is consistent with particle ageing
and coagulation particle processes described above,

In contrast to the emissions monitored at the emission source, the highest nanoparticle concentrations in the breathing
zone were registered during material #3 with a maximum of 2.3 x 10° parts cm > (particle mean diameter=16 nm). On
average, nanoparticle concentrations were lower for red clay sintering (1.5 x 10° parts cm ) when compared to porcelain
(5.5 x 10° parts cm~ ). Similarly to the mean particle diameter measured at the furnace, particles from red clay sintering
were on average coarser (24 nm) than from porcelain tiles (16 nm). Once they reached the breathing zone, particles from
porcelain and red clays were 1.6 and 1.5 times coarser than the same particles at the emission source, respectively.

In terms of mass, a relatively similar pattern to the one described for the furnace area, was registered. Increases in
particle mass were detected after transport to the breathing zone.

The alveolar LDSA of the nanoparticles emitted during tile sintering and measured in the breathing zone was
significantly larger than in background air. Background air LDSA concentrations were 35 um? cm > and they increased by
a factor of 2-20 in the breathing zone. LDSA concentrations were higher during porcelain sintering than during red clay
sintering. In terms of average values, sintering of frit coated porcelain tile exhibited the highest mean value
(6.9 x 102 ym? cm—3). Finally, alveolar LDSA concentrations during tile ablation exceeded the levels recorded during
sintering, reaching an average value of 6.3 x 10> ym? cm > (data not shown). Monitored levels of LDSA in both processes
were significantly higher than the outdoor levels registered in major European cities such as Dusseldorf, Germany (30-
45 pm? cm %) (Kuhlbusch et al., 2004), Lisbon, Portugal (35-89 yum? cm ™~ 3) (Albuguerque, Gomes, & Bordado, 2012; Gomes,
Bordado, & Albuquerque, 2012) and Barcelona, Spain (37 + 26 um? cm~3) (Reche et al., 2015).

3.6. Particle chemical characterization

The chemical composition of particles collected in indoor and outdoor air for 26 h is summarized in Tables S2 (major
species) and S3 (trace elements) of the supplementary information.

Indoor mass concentrations of PM 25, PMgas_25 and PMss 1o were 43.1pgm >, 53pgm > and 48 pgm
respectively. PM _ o5 mass concentrations were higher than in other size fractions for most of the elements analysed in
indoor air, evidencing the influence of sintering emissions in the lowest particle size range. The main indoor components of
PM _ g5 were Si0, (2.0 pugm 3), K20 (3.7 pg m 3), S04%~ (4.6 pgm 3), Zn (0.8 pgm ), Cr (0.6 pg m 3), Pb (0.1 pg m3)
and As (0.05 pg m~3). Indoor PM, 5_10, was enriched in Zr (12.2 ng m~>) and Sr (4.3 ng m~3), when compared with outdoor
concentrations (Zr < detection limit and Sr=1.2 ng m > of Sr), probably linked to frit and pigments used in the ceramic tiles
(Querol et al., 2007; Minguillon et al., 2009; Sanchez de la Campa et al., 2010). This statement is in agreement with the
chemical composition of the PM collected during each sintering and ablation process, which is displayed in Table 54 of the
supplementary information.

Indoor/outdoor concentration ratios (I/O) (Fig. S4 in the supplementary information) were especially high for typical
tracers of components in PM _ o35 used in the mix of frits and pigments in tile decoration such as Cr, Mn, Ni, Cu, Ce and Pb
(Minguillon et al., 2009; Sanchez de la Campa et al., 2010). Concerning PMg 25_2 5, the main species with I/O ratios > 1 were
P,0s5 and ZnO0. Zn is very often used in frit and enamel formulas (Casasola et al., 2012; Celades, 2013). Finally, the coarse
particles (PM;5_10) showed a larger occurrence of I[/O > 1 for Ba. [/O < 1 indicate the predominance of outdoor sources or
particle losses and evaporation processes indoors. This was the case for certain crustal elements of outdoor origin such as Al,
Ti and Fe, indicating that their origin is mainly linked to traffic re-suspension of road dust (Querol et al., 2007). As expected,
secondary inorganic aerosols such as S04~ also showed ratios <1 in the accumulation mode (Seinfield & Pandis, 2012;
Viana et al., 2014). The chemical profile of particles emitted from red clay sintering was characterized by high concentrations
of mainly K, Rb, TI and probably Zn and S0,2~, Cu and Sn (Table 54). Inversely, emissions of CaO were found to be 1.2-3.2
times higher from porcelain tiles sintering than from red clay tile sintering.

3

4. Conclusions

Nanoparticle formation, emission mechanisms, and impact on exposure were assessed for different ceramic materials
during tile sintering and laser ablation processes in a pilot plant scale furnace. Six conventional and the most frequently
used types of tiles in the ceramic industry were assessed.
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The main findings from this study may be summarized as follows:

® Nanoparticle emissions were detected in high concentrations (mean minute concentration up to 9.7 x 10° parts cm 3
over 1.5 h), with mean diameter of 18 nm.

® Two different emission behaviors were detected: (i) Thermally induced emission, and (ii) nanoparticle formation through
nucleation. These behaviors were, independent of the laser treatment, and they were strongly linked to tile composition.

® |t is concluded that temperature plays a major role in particle emission in this kind of industrial process.

® New particle formation processes by nucleation occurred mostly during red clay tile sintering and probably due to S-
bearing species in the raw material (e.g., CaSOy).

® Ablation emissions were highest in terms of mass for all size ranges and highest in terms of particle size (mean diameter
of 80 nm).

® When emissions were transported across the indoor area, particle number, mass and LDSA concentration decreased but
remained at extremely high levels (up to N=2.3 x 10° parts cm —3; LDSA=2.3 x 10> pm? cm >} with small particle sizes
(13-27 nm). Mean particle diameters in the breathing zone were larger than in the furnace (8-18 nm) but smaller than in
background air (36 nm).

® The highest concentrations of metals (mainly Zn, Pb, Cu, Cr, As and Tl} were found in the ultrafine fraction <0.25 pm.

It is recommended that preventive and protective actions (e.g., exhaust fume extraction) should be undertaken in
ceramic industries using laser irradiation during tile sintering, but also during conventional thermal treatment.

Further research is underway in order to confirm the findings from this study and to provide a better understanding of
nanoparticle formation mechanisms and of potential exposures in workplace air, in a larger number of representative
samples and under pilot plant conditions.
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Figure S2. Layout of the indoor environment under study.
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Table S1. Relative chemical composition of the raw tiles.

Porcelain Red Clay
Major elements (wi, g kg™)
SiO; 487.6 412.1
Al2O3 162.5 137.4
Fe, 03 4.8 45.3
MgO 28 18.0
CaO 6.0 101.2
Na,O 54.3 4.0
K20 9.2 36.4
P,0s5 1.5 1.2
TiO2 55 6.9
Zn0O <0.1 0.5
S04~ 0.3 0.9
Trace elements (wi, mg kg™)
Li 17.9 44 .4
Sc 6.2 8.2
Ti 3263.2 3425.2
\ 50.5 62.3
Cr 42.3 52.6
Mn 20.5 250.5
Co 1.1 10.4
Ni 5.2 12.0
Cu 18.5 16.1
Zn 24.8 305.6
Ga 21.7 15.4
As 5.3 13.0
Rb 55.6 135.3
Sr 142.5 184.7
Y 25.2 235
Zr 114.0 346.4
Nb 40.0 29.9
Sn 3.3 6.5
Cs 7.2 11.7
Ba 268.1 423.3
La 29.3 36.5
Ce 58.8 83.3
Pb 25.6 48.8
Th 11.8 12.7
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Table S2. Concentration of major elements (in ug m™).

OUTDOOR INDOOR
25-10 ym 0.25-2.5uym <025pum 25-10uym 0.25-2.5um <0.25pum
SiO, 0.56 0.36 0.59 1.28 0.28 1.96
Al;03 0.19 0.12 0.20 0.43 0.09 0.65
Fe20s 0.16 0.07 0.11 0.07 0.07 0.20
MgO 0.07 0.05 0.03 0.06 0.04 0.08
Ccao 0.27 0.09 0.29 0.54 0.20 0.68
Na,O - - - - - 0.05
K20 - - 0.20 - - 3.66
P20s 0.01 0.01 0.11 0.04 0.06 0.30
TiO2 - 0.01 0.01 0.01 - 0.03
Zno - - 0.02 0.03 0.32 1.03
S04~ 0.11 0.74 1.32 0.16 0.61 4.55
Table S3. Concentration of trace elements (in ng m™).
OUTDOOR INDOOR
25-10ym 0.25-2.5puym <0.25pum 25-10pum 0.25-2.5uym <0.25pum
Li - - - - - 11.77
Ti 3.00 3.41 2.74 8.78 2.49 15.18
Y - 0.40 1.77 - - 7.95
Cr - 0.56 1.83 14.73 34.40 566.99
Mn 1.31 1.36 1.92 1.01 1.99 19.13
Ni - - 0.69 2.91 3.31 15.03
Cu 1.26 1.27 0.63 3.28 4.89 48.87
Zn 3.92 7.39 26.01 28.17 242.63 774.39
As - - - - 1.82 54.67
Se - - - - - 25.85
Rb - - - - - 18.30
Sr 1.20 0.50 0.66 4.33 1.30 2.74
Zr - - - 12.24 3.35 -
Mo - - 6.05 - - -
Cd - - - - - 1.91
Sn - - - - 0.32 1.99
Sh - - - - - 1.86
Cs - - - - - 4.41
Ba 3.13 0.99 1.99 6.89 1.13 3.96
Ce - - 0.05 - - 0.41
W - - - 2.32 2.11 24.78
Tl - - - - - 39.33
Pb - 0.60 1.22 2.96 4.44 96.95
Bi - - - - - 3.32
U - - - - - 2.86
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Table S4. Concentration of major components and trace elements in PM collected (in
-3
Hg m”).

NWH*  #1 #2 #3 #4 #5 #6 #7
Major components
SiOz 295 745 1249 1151 131 5.07 8.82 541.94
Al203 0.98 248 4.16 384 437 1.69 2.94 180.65
Fe20s 0.18 095 0.16 056 038 044 198 9.32
MgO 0.24 0.7 1.2 0.66 0.48 0.53 1.23 5.16
CaO 1.38 8.48 13.76 1192 6.88 4.29 8.44 2498
NazO - - - - - - - -
K20 - - - - 4.64 2235 13.14 9.67
P20s 0.11 094 1.18 1.8 0.71 1.32 1.24 4.65
TiO, 0.02 0.17 0.04 009 011 0.11 0.1 8.24
Zn0O 0.12 0.62 0.26 1.86 0.51 10.49 1.7 1.11
S0~ 145 728 386 13.05 9.81 641 10.65 12.15
Trace elements
Ti 0.02 009 0.01 0.03 0.04 004 0.03 4.54
Y - - - - - - - 0.04
Cr 028 168 0.1 292 11 114 173 0.45
Mn 0.01 0.05 - 0.14 0.03 0.04 0.05 -
Cu 0.02 0.12 0.02 02 091 015 0.19 0.22
Zn 0.08 045 0.22 1.48 0.4 7.81 1.25 0.93
As - 0.03 - 0.1 - 0.32 0.14 -
Rb - - - - 0.07 0.12 0.08 -
Sr 0.01 002 0.04 0.04 0.02 001 0.03 0.18
Zr 0.02 - - - - - - -
Sn - - - - 0.02 - - -
Ba 0.01 0.02 - 0.09 0.03 0.01 043 0.21
W 0.01 0.06 - 0.16 0.05 0.05 0.06 -
TI - - - - 0.25 0.21 0.23 -
Pb - - - 0.19 0.06 0.04 0.01 0.22

*Non-Working-Hours: average data from 2 nights
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ABSTRACT

The ceramic industry is an industrial sector in need of significant process changes, which may benefit from inno-
vative technologies such as laser sintering of ceramic tiles. Such innovations result in a considerable research gap
within exposure assessment studies for process-generated ultrafine and nanoparticles. This study addresses this
issue aiming to characterise particle formation, release mechanisms and their impact on personal exposure dur-
ing a tile sintering activity in an industrial-scale pilot plant, as a follow-up of a previous study in a laboratory-scale
plant. In addition, possible particle transformations in the exhaust system, the potential for particle release to the
outdoor environment, and the effectiveness of the filtration system were also assessed. For this purpose, a tiered
measurement strategy was conducted.

The main findings evidence that nanoparticle emission patterns were strongly linked to temperature and tile
chemical composition, and mainly independent of the laser treatment. Also, new particle formation (from gas-
eous precursors) events were detected, with nanoparticles <30 nm in diameter being formed during the thermal
treatment. In addition, ultrafine and nano-sized airborne particles were generated and emitted into workplace air
during sintering process on a statistically significant level. These results evidence the risk of occupational
exposure to ultrafine and nanoparticles during tile sintering activity since workers would be exposed to
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concentrations above the nano reference value (NRV; 4 x 10* em ), with 8-hour time weighted average con-
centrations in the range of 1.4 x 10° cm™ > and 5.3 x 10° cm>.
A potential risk for nanoparticle and ultrafine particle release to the environment was also identified, despite the
fact that the efficiency of the filtration system was successfully tested and evidenced a >87% efficiency in particle
number concentrations removal.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

According to the Ceramic Industry Roadmap to 2050 (Cerame-Unie,
2012) by the European ceramic industry association, the European ce-
ramic industry employs over 200 000 people in the EU-27, around 80%
of them in small and medium-sized enterprises (SMEs). Ceramic
manufacturing from the EU-27 Member States accounts for 23% of global
production of ceramics. Ceramic manufacturing is, thus, considered a ro-
bust industrial activity at the global scale. It is also a growing industrial
sector, which has benefited from advances made available through nano-
technology and through innovative industrial processes. However, pro-
cesses applied in ceramic industries where heating or combustion are
involved or where electrical and high energy equipments are used, such
as the case of firing of the ceramics in kilns (Voliotis et al., 2014), laser
tile sintering (Fonseca et al., 2015), or fracturing and abrasion activities
(Fonseca et al,, 2015), have evidenced that large ultrafine particle concen-
trations may be released to the workplace environment (up to 10° cm™3)
and that these particles may have potentially harmful mean diameters
(<100 nm, ultrafine and <50 nm nanoparticles). The materials and the
technology used may thus be significant sources of process-generated ul-
trafine and nanoparticles which may impact worker exposure.

The inhalation pathway is considered the predominant route of
workplace exposure and uptake (Schmoll et al., 2009; Hansen, 2009).
As particles reach smaller diameters they can travel deeper into the
lungs (Oberdorster, 2001; Hoet et al., 2004; Heal et al., 2012;
Weichenthal, 2012). The health outcomes of exposure to ceramic
dusts are chronic obstructive pulmonary disease, reduced lung and re-
spiratory symptoms such as risks of wheezing and breathlessness, dry
cough and chronic bronchitis (Trethowan et al., 1995; Jaakkola et al.,
2011; Kargar et al.,, 2013). Therefore, there is a need to characterise
ultrafine and nanoparticle release mechanisms in these workplace set-
tings similarly to what is done in industries dealing with engineered
nanoparticles, in order to decrease workers exposure (Hameri et al.,
2009; Van Broekhuizen, 2012; SER, 2012). However, exposure assess-
ment studies for process-generated ultrafine and nanoparticles, espe-
cially as a result of innovations in the manufacturing processes, have
received little attention in the scientific literature. Laser sintering of ce-
ramic tiles is an innovative technique with a large potential for global-
scale implementation in real-world ceramic industrial facilities. Laser
sintering of tiles has numerous advantages such as speed, temperature
and enhanced durability and surface properties of structural materials
(de Francisco et al., 2011; Lahoz et al., 2011).

In this framework, this study addresses this knowledge gap by
characterising particle release mechanisms and their impact on person-
al exposure during a tile sintering process using a high power CO; laser.
As a follow-up to a previous study (Fonseca et al., 2015), the present
work aims to identify and characterise nanoparticle formation and
release mechanisms, as well as their impact on exposure, during the
next step of the industrial up-scaling process in a 7 m-long industrial
furnace (as opposed to a 3 m-long laboratory scale one) and in a facility
emulating industrial-scale manufacture (as opposed to laboratory
conditions). In addition, these industrial pilot-plant conditions allowed
for the study of possible particle transformations in the exhaust system,
the potential for particle release to the outdoor environment, and the
effectiveness of mitigation strategies (such as the filtration system)
already in place in the pilot plant.

2. Materials and methods
2.1. Measurement strategy

Aerosol measurements were conducted over six consecutive days in
January 2015 in an industrial pilot plant scale furnace (length = 7 m)
during a laser-based tile sintering process at the Instituto de Ciencia
de Materiales de Aragén (ICMA) located in Zaragoza, Spain. It makes
use of a 2000 W Rofin DC 025 SLAB CO, laser, equipped with the galvan-
ic scan mirrors head emitting at a wavelength N\ = 10.6 pum and an op-
tical beam steering system (Estepa and de la Fuente, 2006; de Francisco
et al,, 2011). While the furnace applies heat to the tiles in the conven-
tional sense, the laser is applied to the surface in order to reach higher
temperatures which provide enhanced surface properties (Larrea
et al., 2002; Mora et al.,, 2003; Lennikov et al., 2004, 2007, 2010;
Estepa and de la Fuente, 2006; Gutiérrez Mora et al., 2009; de
Francisco et al.,, 2011; Fonseca et al., 2015).

The main differences between the laboratory-scale furnace and
industrial-scale furnaces should be highlighted here regarding the
used fuel, gas flow and furnace length:

i. Fuel: industrial furnaces are powered by gas, as opposed to electric-
ity in the case of the laboratory-scale furnaces.

ii. Gas flow: because of the different fuel used, the gas flow inside the
industrial-scale furnaces is much higher than in laboratory-scale
furnaces, and therefore, particle release to workplace air is expected
to be lower.

Length: industrial-scale facilities are frequently larger in length size
and thus, lower particle concentrations at the breathing zone are
expected, mainly due to the largest distances between the emission
source and the breathing zone.

iii.

Based on these differences it seems acceptable to conclude that it is
not possible to directly extrapolate the results regarding particle emis-
sions obtained in the laboratory-scale furnace to the industrial-scale
ones. In this work, the emissions from the furnace running were not
included as they are considered negligible. The industrial furnaces usually
are operated with gas, but in case of the present work an electrical furnace
was used and therefore no emissions from the fuel are generated. Hence,
the particle emissions are generated by the ceramic tile processing.

For the experimental procedure 6 of the most frequently used types
of tiles in the ceramic industry were selected: red clay raw (#1), red clay
raw with frit (#2), red clay raw with frit and decoration (#3), raw
porcelain (#4), raw porcelain with frit (#5) and raw porcelain with
frit and decoration (#6). The tile samples were 20 x 30 cm in size.
Three replicas for each material were analysed. The tiles were
introduced in the furnace at a constant velocity (8 m h™!) in an
orthogonal direction to the laser focus, and were gradually externally
heated from ambient temperature up to 1000 °C and 950 °C for
porcelain and red clay tiles, respectively. Upon reaching the peak
temperatures, the laser beam was introduced and directed through an
optical beam steering system, which transformed the circular cross-
section beam into a line measuring 1 mm in thickness.

The methodology employed in this study followed the tiered mea-
surement strategy described by various authors (Methner et al., 2010;
VCletal,, 2011; Ramachandran et al., 2011; Asbach et al., 2012; Brouwer
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etal,, 2012) and follow the new harmonized tiered approach published
by The Organisation for Economic Co-operation and Development
(OECD, 2015). The measurement methods employed in this study
aimed to study particles in the range 5 nm-20 pum and can be classified
as online (size resolved/integrated and time resolved) and offline (size
and time integrated) as follows:

= An electrical mobility spectrometer (NanoScan, SMPS TSI Model
3910; sample flow rate 0.7 L min~') to measure the particle
mobility size distribution in 13 channels from 10 to 420 nm mobility
diameter with a time resolution of 1 min.

Miniature diffusion size classifiers DiscMini Matter Aerosol to mea-
sure total particle number, mean particle diameter, alveolar lung de-
posited surface area (LDSA) concentration as well as particles with a
mode diameter between 10 and 700 nm. The sample flow rate and
the sampling time interval were 1 L min~' and 1 min, respectively.
An optical particle counter (OPC, Grimm Model 1.108) to measure
particle mass in the range 0.3 to 20 pm. The sample flow rate and
the sampling time interval were 1.2 L min~ ' and 1 min, respectively.
The particles were classified in 15 channels according to their optical
diameter.

Particles collected on 25 mm polycarbonate filters with 0.8 um pore
size (one sample per ceramic material) for chemical analysis. Sam-
ples were gathered using cassettes (SKC Inc., inlet diameter 1/8 in.)
connected to SKC Leland Legacy pumps operating at 6 L min .
Particle collection for chemical and morphological analysis by TEM
(Jeol, JEM 1220, Tokyo, Japan), coupled with an energy-dispersive
X-ray (EDX) spectroscopy were collected onto Quantifoil® Au
grids with 1 um diameter holes-4 pm separation of 200-mesh.
TEM-grids were attached to air sample cassettes (SKC Inc., USA,
inlet diameter 1/8 in. and filter diameter 25 mm). Air flow was
driven by pumps operating at 6 L min—" and collection efficiency
for particles was assumed to be 100%.

All the filters were acid digested by using nitric acid (HNOs),
hydrofluoric acid (HF) and perchloric acid (HCIO,) following the meth-
od proposed by Querol et al. (2001) for the analysis of major and trace
elements by ICP-AES (IRIS Advantage TJA Solutions, THERMO) and
ICP-MS (X Series II, THERMO). Laboratory blank filters were analysed
following the same methodology. Element concentrations were blank
corrected.

The particle monitors and samplers were placed simultaneously at
the emission source (furnace), in the worker breathing zone (BZ). In ad-
dition, three locations along the exhaust tube connecting the emission
source to outdoor air were also assessed: (i) immediately above the
laser chamber, (ii) before the high-efficiency particulate air (HEPA)
filter and (iii) after the HEPA filtering system, immediately before the
exhaust to outdoors (at 50 cm from outdoor air).

The worker area, where the workers operated the furnace control,
was located approximately 1.5 m from the furnace. The sampling tube
inlets were placed at the height of the breathing zone of the workers
(Brouwer et al.,, 2009). The work environment showing the instrumen-
tation and sampling locations are shown in Fig. 1.

Background particle concentrations (particles infiltrated from out-
doors or other work-related activity occurred in parallel to tile sintering
process) may be considered significant at lower concentration in the
workplace and hence crucial to take into account in exposure assess-
ment studies (Kaminski et al.,, 2015). In this particular study, the back-
ground was identified by using a time series approach during the non-
activity period (measured at the breathing zone without the process
of tile siltering in operation) before activity (Brouwer et al., 2009).
This approach assumed that the concentration at the working area cor-
responds to the background and any increase in particle concentrations
during the work activity is related to the working process itself
(Kaminski et al., 2015). However, it is important to take into consider-
ation that this approach assumes background concentrations to be

constant and possible temporal and spatial changes in the background
are not considered. The use of a combined approach of time series and
spatial analysis such as described by Kaminski et al. (2015) would
allow the background distinction over a full shift period and hence,
the estimation of the so called “theoretical background”. However, be-
sides the measurement location at the work area, a second measure-
ment location would be necessary to calculate the background particle
concentration in the work area during the work activities. Because tile
sintering was the only activity in the plant during this work it was con-
sidered not essential to account for the possible temporal and spatial
changes in the background.

2.2. Data quality

The use of different instruments monitoring similar parameters at
different sampling locations aimed to maximize the number of valid
data points obtained, given that the risk of exceeding the measurement
ranges of the instruments was high (due to the high nanoparticle emis-
sions expected, Fonseca et al., 2015). This was the case of DiscMini and
the NanoScan instruments placed in paralle] at the emission source, to
monitor particle number concentrations (N) although in different size
ranges. For this reason, in the results and discussion section only one
of the datasets will be discussed for each parameter. In the case of
total N and for the mean particle diameter (D), the results presented
will be those obtained with the DiscMini data, because it is the only in-
strument for which particle diameter data were available simultaneous-
ly in the emission source and breathing zone. However, concerning the
representative particle number size distributions of the released emis-
sions, the NanoScan data will be used.

The particle mass concentration (PM, o, PM; 5 and PM; ) values mon-
itored with the Grimm monitor were previously calibrated with a collo-
cated EU-reference high-volume sampler with a PM, 5 cutoff inlet. PM5 5
and PM;, were the only parameters for which an equivalent to an EU
reference instrument was available, given that the rest of the parame-
ters are unregulated (Viana et al., 2015). In the case of N, one of the
DiscMini units was taken as internal reference for the correction of the
others employed. The performance of these instruments was assessed
with ambient air side by side prior the sampling campaign in terms of
mean Dy, and total N. Figs. S1 and S2 in Supplementary data show the re-
gression analysis for the total N and mean D, measured with NanoScan
and DiscMini 2-DiscMini 4 compared with DiscMini 1 (reference) based
on 1-min resolution data for 12 h intercomparison. The black line in
each of these figures indicates the linear fit to the data points. The cor-
responding equations and correlation coefficients R? are also given in
each graph. The intercomparisons evidenced a high degree of compara-
bility in terms of total N concentration between the different instru-
ments with correlation coefficients R? > 0.96. Different levels of
agreement with DiscMini 1 (Reference) were registered with a slope
on the order of 0.74-1.77, hence deviating at a maximum of 77%. Fur-
thermore, the regression analysis obtained for NanoScan shows a higher
y-intersect than the DiscMini 2-DiscMini 4 regressions mainly due to
the lower particle size range measured (10-420 nm). The comparability
for mean particle diameter was also reasonable with deviations <67%
and with correlation coefficients R? in the range of 0.89-0.99.

2.3. Data processing

Workplace air particle concentrations deriving from process-
generated particle emissions were calculated by using the similar ap-
proach described by Asbach et al. (2012) and Kaminski et al. (2015):
Process-generated particle release = WA - BG (1
where WA is the measured particle concentrations at the breathing

zone during the work activity and BG is the background registered
concentrations.
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Fig. 1. Layout of the work environment. a) Approximate positions of processes and sampling locations; b) emission source and breathing zone; c) laser incidence on the tile surface, and

d) HEPA filtering system.

According to Asbach et al. (2012), the process-generated particle re-
lease is statistically significant if the mean particle concentration in
workplace air is higher than the BG concentrations plus three times
the standard deviation (3 - 0pg) of the BG concentration. This means
that if the ratio

Process-generated particle release>]
3.0

2)

then particle release should be considered as significant.
The cumulative workers exposure for an 8-hour time weighted
average (8 h TWA) was estimated as follows:

Worker exposuregy,mwa = §€ﬁ% Z:’Zl WA;

3)
where, t is the time duration of the activity, WA; is the measured back-
ground corrected particle concentration (subtracted the background
concentration) and n is the total number of measurements.

In this study, an equivalent workers exposure of 7 h working shift
during sintering activity with one specific ceramic material and 1 h
working shift during non-activity period, was considered.

3. Results and discussion
3.1. Particle concentrations at the source

Fig. 2 summarises the median, mean, minimum, maximum and per-
centiles (P10, P25, P75 and P90) obtained at emission source in terms of

number concentrations (range 10-700 nm), as well as the mean particle
diameter emitted by each of the materials sintered (from #1 to #6) and

for background air. Measurements were taken with 1 min time resolu-
tion, approximately 1.5 h in duration. Results are presented as average
values for the number of replicas of each experiment carried out (data
shown in supporting information, Figs. S3, S4 and S5.

As evidenced by Fig. 2, over the 1.5 h periods during which each of
the tiles underwent the thermal treatment, major ultrafine and nano-
particle emissions reaching up to 1.0 x 107 cm™> were registered at
the emission source with mean diameters of 14 nm and 12 nm for red
clay and porcelain tiles, respectively (Fig. 2). It can be observed that
coarser particles (maximum diameters ranging between 28 and
30 nm) were detected during sintering of coated tile materials, indepen-
dently of the base of the tile. On average, mean N minute concentrations
were 2 orders of magnitude higher than background levels and the
mean particle diameters were finer (10-16 nm) than in background
air (58 nm). On average, mean nanoparticle emissions were moderately
higher during porcelain sintering (2.3 x 10° cm~2) than from red clay
sintering (2.2 x 10° cm™3). This finding is similar to the results from
laboratory scale furnace (3 m long) (by measuring in the same range
of 10-700 nm) where it was observed that red clay sintering emitted
lower N (2.9 x 10° cm~2) than porcelain sintering (5.0 x 10° cm™3).
Aside from this, it may be concluded that lower N were measured
with the industrial-scale furnace when compared to the laboratory-
scale one. Nonetheless, the conclusion is then that the larger furnace
emits lower N than the laboratory scale furnace (Table 1).

Particle emissions from porcelain and red clay sintering showed sim-
ilar mean diameters (12 & 3 nm and 14 + 5 nm, respectively), which
were markedly finer than those from background air particles (58 +
8 nm), influenced by vehicular traffic emissions (with a high percentage
of diesel) in the surroundings of the pilot plant. These results are in
agreement with those from the laboratory-scale furnace (Fonseca
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Fig. 2. Horizontal box plots for the tile sintering activity obtained at the emission source and background air with regard to mean particle diameter (D, DiscMini, range 10-700 nm) and
particle number concentration (N; DiscMini, range 10-700 nm}. The boundary of the box closest to zero indicates the 25th percentile, a line within the box marks the median, and the
boundary of the box farthest from zero indicates the 75th percentile. Whiskers {error bars) above and below the box indicate the 90th and 10th percentiles. In addition, the mean is
shown as dotted line and the outlying points as minimum and maximum (in red). Mean D, was consistently < detection limit during the entire experiment of material #4 (raw
porcelain). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

et al,, 2015), even if mean particle diameters were slightly different for
the different materials then (16 4+ 6 nm for red clay tiles and 10 +
3 nm for porcelain, versus 34 & 5 nm for background air). These results
suggest that the size of the furnace does not have a major impact on the
mean diameter of the particles emitted and, which is relatively depen-
dent on the raw materials and coatings used.

As regards N, Table 1 shows that similar results were obtained across
all the red clay tiles evaluated, independently of the presence or absence
of coating materials (2.0 x 10° cm™? for raw red clay, 2.1 x 10 cm™> for
red clay with coating and 2.5 x 10% cm ™2 for red clay with coating and
decoration). Conversely, with porcelain tiles, higher N were monitored
with coated materials (2.8 x 10 cm™2, Table 1) than with the raw
tiles (1.1 x 108 cm™3). These results were consistent across the different
replicas tested. In both cases (red clay and porcelain), the highest mean
N concentrations were recorded when sintering coated materials (with
frit and/or decorated). These results suggest that nanoparticles may
originate from the coating materials, as opposed to the base of tiles
(with the exception of the raw red clay tiles).

3.2. Emission patterns

In order to understand the particle emission processes, the time se-
ries of N and D, at the emission source are shown in Figs. 3,5 and 6 (raw
materials and one example of a coated material). The figures show the
particle emission patterns as a function of the main parameters of the
sintering process (temperature and incidence of the laser beam). The
materials shown (raw red clay, raw porcelain, and porcelain coated
with frit and decoration) were selected given that they are the most rep-
resentative of the main emission patterns observed during tile sintering.

Table 1

Fig. 3 shows the characteristic emission pattern observed for all coat-
ed materials, based on the example of porcelain with frit and decoration
coating (material #6). Results show that when the tiles were externally
heated in the furnace in a temperature range between 450 and 900 °C,
constant N and relatively stable particle diameters (for 2 particle
diameters, 15 < Dp < 37 nm and 87 < D, < 116 nm) were monitored at
the emission source and also impacting exposure in the breathing
zone. Upon reaching the peak temperature in the furnace (900-
1000 °C), a thermally-induced emission pattern was observed and a
decrease in particle size for the smallest particles was detected
(reaching minimum values of 10 nm or lower for all the coated mate-
rials). The particles with 87 < D, < 116 nm were not affected by this
increase in temperature. It should be noted that the lower limit of detec-
tion of the particle sizing instruments (DiscMini and NanoScan) is
10 nm. As previously discussed by Fonseca et al. (2015), these results
suggest the occurrence of new particle formation processes by nucle-
ation (nanoparticles <30 nm in diameter being formed; Kulmala et al.,
2004; Kumar et al., 2008) inside the furnace, which would result in
higher N with a lower particle size. Nucleation processes from gaseous
precursors were probably induced by the cooling down of exhaust
gases containing SO, emitted from the thermal decomposition of
S-bearing minerals present in the tile's raw material (e.g., anhydrite,
CaS0,, Fig. 4c and e), which decomposes at high temperatures
(Chinchén et al.,, 1991). Upon introduction of the laser beam (still within
the peak temperature stage), Fig. 3 shows a decrease in N and an in-
crease in D, (37 nm for the smallest particles as opposed to 10 nm dur-
ing the thermal treatment), probably as a result of coagulation/
condensation processes. This increase in size also affected the
87 < Dp, < 116 nm particles (increasing to 365 nm). Results seem to

Mean and standard deviation (4 o) of particle number concentrations (N) and mean particle diameter measured during tile sintering (D,; range 10-700 nm) at the emission source and in
background air of the pilot plants (industrial-scale; laboratory-scale, Fonseca et al., 2015). Mean values (from #1 to #6) correspond to the average of the replicas analysed for each specific
tile material, approximately 1.5 h in duration, each one. Mean D, was consistently < detection limit during the entire experiment of material #4 (raw porcelain).

Material Industrial-scale furnace (7 m) Laboratory-scale furnace (3 m)”
N (em™?) D, (nm) N(em™?) D, (nm)
Red clay tiles #1 2.0 x 10° 4+ 3.1 x 10° 151 + 4.1 2.8 % 10° £ 4.1 x 10° 159+ 7.0
#2 2.1 % 10° 4+ 2.8 x 10° 14.0 + 4.8 2.6 10°+ 52 % 10° 17.9 + 6.2
#3 25 % 10° 4+ 2.9 x 10° 114+ 4.7 3.4 % 10°+ 6.1 x 10° 145 £ 43
Porcelain tiles #4 1.1 % 10° + 1.4 % 10° 100 £0 3.8 % 10% £ 5.1 x 108 8.0+24
#5 2.8 x 10° + 1.8 x 10° 113 +47 6.0 x 10° + 3.6 x 10° 109 £ 5.0
#6 2.8 % 10° 4+ 3.6 x 10° 158 + 3.9 5.1 % 10% + 4.0 x 10° 105 + 3.0
BG 1.1 10 £ 4.7 % 10° 582 + 84 1.3 % 10" £ 86 10° 339455

* Fonseca et al. (2015).
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Fig. 3. Porcelain with frit and decoration coating (material #6). (a) Time series of (a) particle number concentrations (N) measured simultaneously at the emission source and the
breathing zone (range 10-700 nm), and (b) particle size distributions (range of 10-420 nm), and (c) mean particle diameter (D,) at the emission source (range 10-700 nm). The laser
period is shown as red rectangle and the entrance and exit of material are shown as green circles. Results for one of the replicas analysed of the same material, representative of all the
replicas. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

suggest that the incidence of the laser inhibited further particle forma-
tion mechanisms, possibly due to the sealing of the tile's surface with
the laser, and conversely favoured particle growth. Upon completion
of the laser treatment, nucleation events were once again detected as
a decrease in mean particle size down to 10 nm and an increase in N.
During the cooling stage (temperatures decreasing to 800 °C), N
dropped back to the initial concentrations and a significant particle
growth was observed, probably due to condensation of gaseous species
on pre-existing particles and/or the coagulation processes. As stated
above, this pattern was observed for all coated materials (whether
using red clay or porcelain as substrate; (Figs. S3, S4 and S5 in Supple-
mentary data).

Fig. 4 shows examples of ultrafine and nanoparticle morphology and
composition detected at the emission source during sintering activity.
The TEM/EDX analyses of the samples show a large number of spherical
ultrafine particles ranging from 10 nm-1000 nm in size diameter which
may be interpreted as portions of melted material involved in the tile
melting processes. In addition, a large amount of agglomerated particles
were collected by TEM (Fig. 4a, d and f), thus confirming the occurrence
of particle condensation and/or agglomeration of existing finer nano-
particles (10-30 nm in size diameter) from nucleation process.

Different emission patterns were registered when monitoring raw
materials, which were in addition different for the two materials evalu-
ated. Fig. 5 shows the case of raw red clay. The emission pattern ob-
served during raw red clay sintering showed certain similarities with

a)

'f%}‘-m

e)

NAISi, 05

MgiCa(COs):
Cago,

200 B

that described for coated materials (Fig. 3), showing lower N and larger
diameters (15 < D, < 37) during the lowest temperature stages and new
particle formation processes by nucleation before and after the laser
treatment coinciding with the highest temperatures inside the furnace
(particle diameters <20 nm). The main difference with regard to the
coated materials was found during the laser treatment, when particle
diameters did not increase as much as in Fig. 3 (mean diameter during
the laser treatment = 81 nm with coated materials vs. 43 nm with
raw red clay). In addition, almost no emissions of larger-sized particles
(around 100 nm) were detected from raw red clay sintering (Fig. 5),
which points to the coating materials (and not the tile substrate) as
their most probable source.

Finally, the emission pattern of raw porcelain sintering was also
assessed (Fig. 6). A different pattern was observed on this occasion,
which was replicated in all the analyses of raw porcelain carried out.
As shown in Fig. 6, particle emissions followed similar trends as in the
case of raw red clay, with only one dominant particle size (20 nm, as op-
posed to two particle sizes obtained with coated materials). However,
upon incidence of the laser beam an increase in N was detected, while
particle diameter showed a slight decrease (up to 10 nm). This result
would suggest that, in contrast to all other materials, during sintering
of raw porcelain nucleation events took place during the laser
treatment.

To summarise, nucleation process (nanoparticles <30 nm in diame-
ter being formed) were detected for both materials (red clay and

Fig. 4. TEM images of nanoparticles collected at the emission source during different sintering activities: a) red clay raw; b) red clay frit coated; c) and d) red clay frit and decoration coated;
e) raw porcelain; f) porcelain frit coated and g) porcelain frit and decoration coated. Corresponding identified particles by TEM/EDX are shown in each figure.
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Fig. 5. Raw red clay (material #1). Time series of (a) particle number concentrations (N) measured simultaneously at the emission source and the breathing zone (range 10-700 nm), and
(b) particle size distributions (range of 10-420 nm), and (¢) mean particle diameter (D,) at the emission source (range 10-700 nm). The laser period is show as red rectangle and the
entrance and exit of material are shown as green circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

porcelain) during the thermal treatment, independently of the laser
treatment. This result goes beyond the results from the previous study
(under laboratory conditions) where such events were only observed
during red clay sintering. Except for the raw porcelain, the influence of
the laser treatment results in the emission of larger particles than
when compared to the same temperature (950-1000 °C) without the
laser. This suggests that the incidence of the laser inhibits new particle
formation processes by nucleation which can be observed immediately
before the laser treatment.

3.3. Exposure to particles in the breathing zone

The particles emitted inside the furnace were released to workplace
air and transported toward the worker area, resulting in potentially
health-hazardous exposures for the workers. The mean N and D, mea-
sured in the breathing zone for each of the materials analysed, as well
as in background air, are presented in Fig. 7. A comparison with the re-
sults from the laboratory-scale furnace (3 mlong, Fonseca et al., 2015) is
also included.

As shown in Fig. 7, mean N in the breathing zone were in all cases at
least 1 order of magnitude higher than background levels, thus
confirming the increase in worker exposure to ultrafine and nanoparti-
cles resulting from the sintering process. Regarding particle transport
across the workplace, N in the breathing zone were much lower than
in the emission source for all the materials, as expected (Figs. 2 and 7)
due to dilution of the emissions in combination with particle agglomer-
ation and coagulation. However, in all cases and similarly to previous

laboratory-scale study, N were significantly above background concen-
trations since mean N in workplace air were always higher than the
background concentrations plus three times the standard deviation of
the background concentration {>3.9 x 10* cm™2 and 2.5 x 10* cm ™2
for particles in the range of 10-700 nm, at 3 m and 7 m furnace,
respectively). As a result, the increase in worker exposure was consid-
ered statistically significant.

When comparing the results from the industrial-scale and the
laboratory-scale pilot plants (Fonseca et al., 2015), results show that
breathing zone N concentrations were lower for most materials in the
laboratory-scale plant, with the exception of materials #1 and #2. The
highest exposure concentrations were recorded during porcelain
sintering (3.6 x 10° cm ™), and more specifically for the porcelain
with frit and decoration tiles (#6), reaching mean N of 6.2 x 10° cm™>.
The decrease in exposure concentrations when compared to the
laboratory-scale conditions (Fig. 7) was probably related to the higher
gas flow inside the industrial-scale furnace than in laboratory-scale one
and also to the size of the facility (mainly, the distance between the emis-
sion source and the breathing zone). Particle diameters were lower in
the industrial-scale plant due to their lower emission diameters.

Worker exposure during the sintering processes was also calculated
in terms of particle mass (PM) (Fig. 8). As in the case of N, PM concentra-
tions in the breathing zone were consistently higher than in background
air. The maximum mean concentrations registered were 6.0 ug m~?;
18 ug m—2 and 70 pg m 3 for PM;, PM 5 and PM,, respectively, for
raw porcelain (material #4). The ratio (Eq. (2); Process-generated par-
ticle release/3 - Ogg) results in 1.1, 2.7 and 7.8, respectively and thus
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Fig. 6. Raw porcelain (material #4 ), Time series of (a) particle number concentrations (N) measured simultaneously at the emission source and the breathing zone (range 10-700 nm}), and
(b) particle size distributions (range of 10-420 nm), and (c) mean particle diameter (D) at the emission source (range 10-700 nm). The laser period is show as red rectangle and the
entrance and exit of material are shown as green circles. Mean D, (c) was consistently < detection limit during the entire experiment. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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should be considered a statistically significant increase in exposure con-
centrations, for this material (Asbach et al., 2012). For the rest of the ma-
terials, exposure was significantly high only for PM;, and for materials
#1, #2, #5 and #6 (Fig. 8). This was likely caused by re-suspension of
coarse particles which is commonly observed during activities in indoor
environments (by walking, etc.). TEM/EDX analyses confirmed the pres-
ence of coarse particles (agglomerates, coarse size) in workplace air
(Fig. 4a,d and f).

The results concerning the PM concentrations presented here are
considerably higher than those found in laboratory scale. Fonseca et al.
(2015) measured an average PM;o exposure during the same sintering
activities varying from 12 to 17 pg m > whereas the results of PM;q
presented here, showed levels of 7-70 pg m™ 3, although not very high
for a working place.

3.4. Particle characterisation

The conducted TEM/EDX analyses of the samples show that quartz
(Si0,) appears to be the main inorganic component released in both
types of tiles. Other crystalline constituents found in both types of tiles
were albite (NaAlSi3Og), metakaolinite (Al,Si;0s5), and huntite
(MgsCa(C03)4). Conversely, mineral phases such as microcline
(KAISiz0g) and hematite, (Fe,03) were only found in red clay tiles
whereas augite (CaMg(Fe, Al, Ti) (Si Al)20¢ only in porcelain tiles. In ad-
dition, metal oxide nanoparticles of Zn, Cr, Al and Fe were also found,
resulting from their use as opaque frits or pigments (Jacobs, 1954;
Romero et al., 2003; Minguillon et al., 2009; de la Sinchez Campa
et al, 2010; Lahoz et al., 2011; Casasola et al., 2012; Celades, 2013).

The chemical analysis of particles collected on 25 mm polycarbonate
filters revealed also that a considerable amount of SO3 ~ (14-24% of

total particle mass) was consistently found in workplace air (Fig. S6 in
Supplementary data). Other relevant components found in both raw
tiles were CaCOs3 and SiO, (6% of particle mass concentration, each).
Commonly used in frit and decoration coated tiles, a relevant percent-
age of ZnO was found for both porcelain and red clay tiles (4% and 7%
for red clay frit and decoration coated (material #3) and porcelain frit
coated, respectively).

3.5. Comparison of worker exposure concentrations with the nano refer-
ence values

Although occupational exposure limits (OELs) were established by
Council Directive 88/642/EEC as “the limit of the time-weighted average
of the concentration of a chemical agent in the air within the breathing
zone of a worker in relation to a specified reference period” (EC, 1998), no
OELs are available regarding nanoparticles or nanomaterials yet. Despite
this, nano reference values (NRVs) have been set by Social and Economic
Council of The Netherlands (SER, 2012) regarding worker exposure to
engineered nanoparticles (ENPs). NRVs are background-corrected 8-
hour TWA concentrations. However, high-energy processes such as the
pone under study may generate nanoparticle emissions to workplace
air, which by nature are comparable to ENPs in terms of hazardous prop-
erties (Van Broekhuizen, 2012). According the SER (2012), for low-
density biopersistent granular nanomaterials (density < 6000 kg m~3
such as Al,0s, Si0-, ZnO, etc.) and for high-density biopersistent granular
nanomaterials (density > 6 x 10° kg m™2) such as Ag, Au, CeQ,, etc.), the
NRVs are 4 x 10* em™? and 2 x 10" ecm™3, respectively. In the present
study, ultrafine and nanoparticles generated from sintering processes
(generally metal oxides) were considered as substances with a
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Fig. 8. Particle mass concentrations (PM) measured in the breathing zone for each of the materials analysed, as well as for background air. Mean values correspond to each sintering
process, approximately 1.5 h. Error bars above the box indicate the standard deviation (). The solid blue, green and red horizontal line indicate the significance level of PMy, PM, 5
and PM,, concentrations during sintering in workplace air, respectively (BG + 3 - 0pg; Asbach et al., 2012). (For interpretation of the references to colour in this figure legend, the
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Table 2

Background corrected 8 h-TWA particle number (N) and mass (PM) exposure concentrations obtained for each activity, and comparison with the SER nano-reference value (NRV) and the

ACGIH threshold limit value (TLV).

Sintering Ng n-twa NRVg j,.rwa (em ™) Na n-twa/ PMi g h-twa PMz5s g h-Twa PMig g h-wa TLVg p-rwa (Mg m™?) PMig 8 h-wal
activity (em™?) (SER, 2012) NRVs hrwa (ngm—?) (ug m—?) (ug m—?) ACGIH (2013) TLVs horwa
#1 3.7 % 10° 4.0 % 10* 9 <0.1 1.0 7.7 3.0 x 10° 3x10°3

#2 1.5 % 10° 4 1.0 23 10.5 4x1073

#3 2.0 % 10° 5 0.2 0.9 45 2x10°3

#4 1.4 % 10° 3 3.9 14.4 60.0 2x1077

#5 26 % 10° 7 1.2 33 22.6 8x 1073

#6 5.3 % 10° 13 1.0 3.1 21.5 7x 1073

density < 6 x 10® kg m—>. In general, only the pure metals have a
density > 6 x 10% kg m™>(Van Broekhuizen, 2012).

In terms of PM, the only limits available are those established by the
American Conference of Governmental Industrial Hygienists (ACGIH,
2013) and the Occupational Safety and Heath Administration (OSHA,
2006). These institutions set a permissible exposure limit (PEL; 8 h
TWA) of 5 mg m~ > for the respirable fraction (PM,o) (OSHA, 2006)
and of 3 mg m~? (threshold limit value TLV, 8-hour TWA concentra-
tion) for respirable particles (PM;q) ACGIH (2013).

Table 2 represents the background-corrected 8 h-TWA worker
exposure to N and PM concentrations (by Eq. (3)) during the sintering
activities under study.

Considering that the workers were exposed to nanoparticle concen-
trations during a 7-hour working shift of sintering of each material and
1 h working during non-activity period, 8-hour TWA exposure N con-
centrations were in the range of 1.4 x 10° cm™? and 5.3 % 10° cm™>.
This outcome exceeded the NRV established by the SER (2012) with a
ratio (Ng n-rwa/NRVg ,.twa) ranging from 3 to 13 (Table 2). In terms of
mass, the 3 mg m~>TLV for the total respirable fraction would not
have been exceeded during any sintering condition given that the
PM;, for 8 h TWA would be in the range of 5-60 pg m—>,

3.6. Environmental release and filter efficiency

To mitigate the potential risk for ultrafine and nanoparticle release
to the environment (ambient air), a filtration system (with a HEPA fil-
ter) was placed at the end of the exhaust conduct and before exhaust
gases were released to outdoor air. The aim of this system was to re-
move particles originating from the tile sintering processes from the ex-
haust gas. However, at the time of the study, the facility managers had
no specific data on the performance of the filtration system. Therefore,
in order to test the effectiveness of the filtration system during tile
sintering activity, particle number concentrations and size distribution
were monitored before and after the HEPA filter (Table 3). The following
formula was applied for the calculation of the filtration system efficien-
cy:

Efficiency of filtration system to reduce N(%)
_ Nietore nea—Natter HEPA 400 (4)
Nbefnre HEPA

Table 3
Mean particle number concentration (N) measured before and after the HEPA filter, and
calculated HEPA filtration efficiency for each sintering process.

Material  Nuean before HEpa (€M ™*)  Ninean after wepa (cm™?)  Efficiency” (%)
#1 2.0 % 10° 1.0 % 10° 95%
#2 2.1 10° 7.4 % 10* 96%
#3 2.5 % 10° 8.5 % 10* 97%
#4 1.1 % 108 5.9 x 10* 95%
#5 2.8 x 10° 1.6 % 10° 94%
#6 2.8 % 10° 1.1 % 10° 96%

* Calculated by Eq. (4).

Results show that the mean and maximum N concentrations mea-
sured after the filtration system were lower than before the system by
one or two orders of magnitude, implying a calculated system efficiency
of 94-97% (Table 3). However, because of the high N emitted (in the
order of 10° cm~?), particle emissions to outdoor air in the order of
mean 1.5-hour concentrations of 10° ecm™> were still detected
(Table 3). The largest impacts on outdoor air were registered during
porcelain sintering (1.1 x 10° cm~?*), and in particular for the porcelain
with frit (material #5; 1.6 x 10° cm™>) (Table 3). Because of rapid dilu-
tion processes it is not expected that this particle release would gener-
ate major environmental or health impacts in outdoor air.

Finally, filter efficiency seemed to be dependent on particle size.
Fig. 9 shows the time series of the efficiency of the HEPA filtration sys-
tem with regard to the mean particle diameters measured before and
after the filtration system, for material #3 (red clay with frit and decora-
tion). Similar results were obtained for the rest of the materials. Results
evidence a clear inverse relationship between filtration efficiency and
initial particle diameter (before the HEPA filter), with efficiency
decreasing to <94% during the laser treatment periods when particle di-
ameter increased (see Figs. 5 and 7). Conversely, during the thermal
treatments (before and after laser incidence) particle size before the fil-
tration system was close to the instrument's detection limit (10 nm)
and higher efficiency values were registered (>97%).

As a result, the efficiency of the filtration system was successfully
tested, evidencing a > 87% efficiency of N removal (on a 1-minute
basis), mostly for nanoparticles <15 nm (Fig. 9). The lowest filter
efficiency was detected for larger particles released during the laser
treatment (~30 nm).

4. Conclusions

This study aimed to characterise particle formation and release
mechanisms, and their impact on personal exposure and the environ-
ment during a tile sintering process using a high power CO; laser in an
industrial up-scaling process. In addition, possible particle transforma-
tions during transport through the exhaust system and the effectiveness
of the filtration system were also assessed.

Based on the experiments carried out, it was possible to conclude
that new particle formation mechanisms from gaseous precursors
occurred for both types of ceramic materials (red clay and porcelain)
during the thermal treatment, independently of the laser treatment.
The incidence of the laser seemed to inhibit new particle formation pro-
cesses, possibly due to the sealing of the tile surface by the laser.

Ultrafine and nano-sized airborne particles were generated and
emitted into workplace air during sintering process on a statistically sig-
nificant level (>BG + 3-0p¢). When comparing exposure levels to the
exposure limits available in current regulations, according to SER
(2012), exposure concentrations to ultrafine and nanoparticles generat-
ed in this workplace would exceed the nano-reference value (NRV) of
43 10" cm™3, since their 8 h TWA was in the range of 1.4 x 10° cm™>
and 5.3 x 10° cm ™ (worst case scenario considering an equivalent
worlkers exposure of 7 h working shift during sintering activity and
1 h working shift during non-activity period). In terms of mass, current
regulations seta 3 mg m > TLV (8 h TWA; ACGIH, 2013) for the total
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Fig. 9. Example of the efficiency of the HEPA filtration system (in %) as a function of particle diameter (range 10-700 nm) measured before and after the filtration system for each tile
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green, black and blue circles, respectively, D,: mean particle diameter (range 10-700 nm). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

respirable fraction which would not have been exceeded during any
sintering condition given that the PM;, for 8 h TWA would be in the
range of 4.5-60 pg m >,

A potential risk of ultrafine and nanoparticle release to the outdoor
air was identified, despite the mitigation measures in place (a HEPA fil-
tration system). The efficiency of the filtration system was successfully
tested, evidencing a >87% efficiency of N removal (on a 1-minute
basis), mostly for nanoparticles <15 nm whereas it was slightly less ef-

ficient for larger particles released during the laser treatment (~30 nm).

Overall, the results from this study evidence the risk of occupational
exposure to ultrafine and nanoparticles during high-energy laser pro-
cesses in the ceramic facility under study. Although the results regard-
ing exposures may not be extrapolated directly to real-world ceramic
industrial facilities, this study may be taken as reference from a method-
ological perspective and with regard to the particle formation mecha-
nisms described. In addition, our results could be representative of
potential exposures in case of leaks in the process in industrial settings,
when major nanoparticle releases would be expected. Hence, the devel-
opment of mitigation strategies and systematic approaches toward bet-
ter identifying the processes and/or materials are recommended to
enable risk assessments and to reduce worker exposure,
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Abstract

During occupational exposure studies, the use of conventional scanning mobility
particle sizers (SMPS) provides high quality data but may convey transport and
application limitations. New instruments aiming to overcome these limitations are
being currently developed. The purpose of the present study was to compare the
performance of the novel portable NanoScan SMPS TSI 3910 with that of two
stationary SMPS instruments and one ultrafine condensation particle counter (UCPC)
in a controlled atmosphere and for different particle types and concentrations.

The results show that NanoScan tends to overestimate particle number
concentrations with regard to the UCPC, particularly for agglomerated particles (ZnO,
spark generated soot and diesel soot particles) with relative differences >20%. The
best agreements between the internal reference values and measured number
concentrations were obtained when measuring compact and spherical particles
(NaCl and DEHS particles). With regard to particle diameter (modal size), results
from NanoScan were comparable < [+ 20%] to those measured by SMPSs for most
of the aerosols measured.

The findings of this study show that mobility particle sizers using unipolar and bipolar
charging may be affected differently by particle size, morphologies, particle
composition and concentration. While the sizing accuracy of the NanoScan SMPS
was mostly within £ 25%, it may miscount total particle number concentration by
more than 50% (especially for agglomerated particles), thus making it unsuitable for
occupational exposure assessments where high degree of accuracy is required (e.g.,
in tier 3). However, can be a useful instrument to obtain an estimate of the aerosol

size distribution in indoor and workplace air, e.g. in the tier 2.
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1. Introduction

Associations between exposure to ultrafine particles (particles of low solubility with
equivalent aerodynamic diameters < 100 nm) and adverse health effects have been
identified (Atkinson et al., 2001; Dockery et al., 1993; Donaldson et al., 2006;
Kreyling et al., 2002; Maynard and Kuempel, 2005; Oberdorster et al., 2005;
Oberdorster et al., 2004). Epidemiological studies have shown that at similar mass
concentrations, ultrafine particles can be more harmful than micrometer-size particles
due to their ability to penetrate deeper into the lung (Oberdorster et al., 2005; Peters
et al., 1997b). Taking into account that nanoscale particles typically contribute
negligibly to total mass concentrations, there is evidence that other metrics such as
particle number (PN) concentration are more sensitive for this type of particles
(Kuhlbusch et al., 2011a). In order to assess exposure to potentially health
hazardous particles, measurements of particle diameter and mean size are also
advisable

Different instruments have been developed to quantify airborne PN concentrations
such as condensation particle counters - CPC (Agarwal and Sem, 1980; Hermann et
al., 2007; Wiedensohler et al., 1997) for the determination of total PN concentration,
and mobility particle size spectrometers such as Differential Mobility Particle Sizer
(DMPS, Kousaka et al., 1985; ten Brink et al., 1983), Scanning Mobility Particle Sizer
(SMPS, Wang and Flagan, 1989, 1990) or Fast Mobility Particle Sizer (FMPS,
Tammet et al., 2002) for the measurement of PN concentrations as a function of
particle size, i.e., particle number size distributions.

The theoretical principle of mobility particle size spectrometers is that particles of a
specific charge distribution (Fuchs, 1963) may be classified in a differential mobility
analyser (DMA, Knutson and Whitby, 1975; Winklmayr et al., 1991; Fissan et al.,
1996; Chen et al., 1998) according to their electrical mobility. To obtain the mobility
distribution, the electric field strength inside the classifier is sequentially (Fissan et
al., 1983) or continuously (Wang and Flagan, 1990) ramped to give the bandwidth of
electrical mobilities. Typically the particles exiting the classifier are counted as PN
with a CPC (Agarwal and Sem, 1980). However, during occupational exposure
studies, the use of conventional SMPS conveys transport and application limitations,
due to its need for a radioactive or X-ray neutralizer and its bulky nature. Therefore, a
novel portable nanoparticle sizing and counting instrument (NanoScan SMPS TSI
3910, Tritscher et al., 2013) was recently commercialised for real-time nanoparticle

measurements within the range from 10 to 420 nm. This device incorporates a non-
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radioactive unipolar diffusion charger (corona jet type) (Medved et al., 2000), a radial
differential mobility analyser (rDMA, Zhang et al., 1995; Fissan et al., 1998) and an
isopropanol-based CPC. The main advantage of this instrument is its portability (< 9
kg), battery operation without the need to use power supply, small size (LxXWxH =
45x23x39 cm), and the use of a nonradioactive unipolar charger which makes it a
suitable monitor for real-time workplace measurements without the transport and
application restrictions currently affecting traditional SMPS instruments. Another
advantage is the use of isopropanol instead of butanol as a working fluid since it is a
relatively benign chemical when compared to butanol (TSI, 2015). The downside of
the NanoScan is its lower sizing resolution (only 13 channels) (Stabile et al., 2014).
Several studies have reported that based on unipolar diffusion charging of the FMPS,
particles are wrongly sized in the upper working size range (Levin et al., 2015; Price
et al., 2014; Zimmerman et al., 2015).

To date, few studies have measured the total PN concentrations and particle number
size distributions by using the above mentioned methods/instruments in a variety of
settings and environments such as ambient air (Asmi et al., 2011; Beddows et al.,
2014; Brines et al., 2015; Costabile et al., 2009; Cusack et al., 2013; Gomez-Moreno
et al., 2015; Reche et al., 2011; Watson et al., 2011; Wehner et al., 2002), indoor air
(Buonanno et al., 2010; Buonanno et al., 2013b; Morawska et al., 2009a; Voliotis et
al., 2014; Zhang et al., 2010) and industrial and nanotechnology-related workplaces
(Brouwer, 2010; Demou et al., 2008b; Fonseca et al., 2015a; Fonseca et al., 2015c;
Koivisto et al., 2012; Koivisto et al., 2014; Kuhlbusch et al., 2011a).

Intercomparisons between stationary mobility particle size spectrometers and CPCs
can be found in the literature (Asbach et al., 2009a; Asbach et al., 2012a; Jeong and
Evans, 2009; Kaminski et al., 2013; Price et al.,, 2014; Watson et al., 2011;
Wiedensohler et al., 2012). However, intercomparisons between stationary SMPS
and the novel portable NanoScan are scarce. Only recently, Tritscher et al. (2013)
studied the comparability between the NanoScan SMPS, two research-grade SMPS
reference systems and an ultrafine butanol CPC. Although a good comparability was
found, there is still a need to determine the reproducibility of data provided by the
NanoScan and study how it relates to other sampling instruments in order to
scrutinize the limits concerning different materials, concentrations, particle shapes
and sizes. Stabile et al. (2014) compared the NanoScan and an SMPS with a variety
of different polydisperse test aerosols. They found that the agreement was best for
spherical particles, whereas significant deviations were observed for agglomerates.
They furthermore found a better agreement between the NanoScan and the SMPS
when no diffusion and multiple charge corrections were applied to the latter. It should,

however, be noted that only data from an SMPS with both corrections active can be
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considered as the most accurate representation of a particle size distribution,
whereas SMPS data obtained without these corrections are known to be flawed,
especially in the case of the larger e. g. DEHS particles, where the fraction of multiply
charged particles is significantly higher and needs to be corrected using the multiple
charge correction (Kaminski et al.,, 2013). Reineking and Porstendorfer (1986)
reported that diffusional losses of particles inside a TSI long DMA are equivalent to
losses in a 13 m long tube. As an example, losses of 20 nm particles in a long DMA
amount to approximately 66% and of 10 nm particles to approximately 75%.
Diffusional losses of particularly small particles can therefore be quite significant and
need to be corrected for. Deconvolution of the NanoScan raw data is much more
complex than for the SMPS data and therefore the multiple charge and diffusion loss
correction are already inherently included in the empirical data evaluation routines. In
the present study, only SMPS data that had been corrected for multiple charge
effects and diffusion losses were used.

The purpose of the present study was to compare the performance of the portable
NanoScan SMPS TSI 3910 with that of two stationary SMPS instruments (with a long
and a nano DMA) and one ultrafine butanol condensation particle counter (UCPC) in
a controlled atmosphere and for different particle types. The ultimate goal was to
assess the suitability of the NanoScan instrument for occupational exposure studies,
given their specific needs with regard to accuracy, transport and use limitations, etc.
The instruments were simultaneously challenged with intentionally produced particles
covering a wide range of particle sizes and morphologies: di-ethyl-hexyl-sebacate
(DEHS; spherical), sodium chloride (NaCl; cubic or near spherical shape), and
agglomerates as zinc oxide (ZnO), spark generated soot and diesel soot particles
(Kaminski et al., 2013).

2. Methodology

Instrumentation

Two common stationary and one NanoScan SMPS were used for measuring particle
size distributions. In addition, for measuring total size-integrated number
concentrations, an ultrafine CPC was used (Table 1).

The two stationary SMPS used as internal reference for the size distribution in this
study were: (i) SMPS (TSI, Model 3936 long), which consists of a long-column DMA
(TSI, Model 3081; Liu and Pui, 1974) and a butanol CPC (TSI, Model 3772) with a
lower detection limit of 10 nm, hereafter referred to as “SMPS-L” and (ii)) SMPS (TSI,
Model 3936 nano), which consists of a nano-DMA (TSI, Model 3085; Chen et al.,
1998) and an Ultrafine Water-based Condensation Particle Counter with a lower
detection limit of 2.5 nm (UWCPC, TSI, Model 3786; Hering et al., 2005), hereafter
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referred to as “SMPS-N". Both SMPS used a ®°Kr bipolar neutralizer with an initial
activity of 74 MBq (TSI, Model 3077). The neutralizer used in SMPS-N was
approximately 5 years old and the one in SMPS-L more than 10 years. In the
measuring configurations selected for this study, both SMPS-L and SMPS-N
delivered size distributions available in 64 channels per size decade. SMPS-L
measured in the size range 9.7 nm < D, < 421.7 nm (0.6 L min™" aerosol, 6 L min™
sheath flow rate) or 19.1 nm < D, < 897.7 nm (0.2 L min™" aerosol, 2 L min" sheath
flow rate) whereas the SMPS-N in the size range 3.2 nm < D, < 107.5 nm (0.6 L min™
aerosol, 6 L min™ sheath flow rate). The aerosol flow rate was frequently checked by
using a flow meter (TSI, Model 4045) to ensure it remained + 10% of the instrumental
flow rate. The SMPS with long DMA was equipped with an impactor (nozzle diameter
0.0508 cm) which removes all particles > 553 nm (aerodynamic diameter) at an
aerosol flow rate of 0.6 L min™ and >1,011 nm at a flow rate of 0.2 L min". The SMPS
with nanoDMA was equipped with an impactor with a 0.071 cm nozzle with a cut off
size around 1 um. The latter impactor was mainly used to protect the instrument from
larger particles, because no impactor with a cut-off size matching the upper size limit
of the DMA is available. Data were collected and evaluated with the TSI Aerosol
Instrument Manager software (AIM, version 9.0.0.0, TSI), which allows correcting for
particle diffusion losses inside the instruments based on empirical factors as well as
for multiple charge correction (Fissan et al., 1983; Hoppel, 1978). The time resolution
of both SMPSs was set to 180 sec (120 s upscan, 30 s retrace and 30 s wait time for
SMPS-L and 120 s upscan, 20 s retrace and 40 s wait time for SMPS-N,

respectively).

Table 1. Specifications of instruments used in this study.

. Time
. Size range i Aerosol Sheath
ID Manufacturer Studied resolution flow rate  flow rate Software Other settings
and Model metric ) Ll version
[nm] [s] [Lmin®  [Lmin™Y
Long DMA (TSI,
PNC 2 Model 3081) + CPC
TSI SMPS, 9.7-421.7 0.6 6 ; (TSI, Model 3772)
SMPS-L Model 3936 + 180 oo o e
long \ 19.1-897.7 0.2 2 0.0 ®Kr bipolar neutralizer
PSD (74 MBq, TSI model
3077)
Nano DMA (TSI,
a Model 3085) +
TSI smps.  TNC ~ UWCPC (TSI, Model
SMPS-N Model ~ 3936 + 3.2-107.5 180 0.6 6 o o version 3786)
nano pSD " ®Kr bipolar neutralizer
(74 MBg, TSI model
3077)
PNC ® NanoScan Non-radioactive
TSI SMPS, . ) Manager unipolar diffusion
NanoScan Model 3910 * 10-420 60 0.75 Version charger (corona jet
PSD°® 1.0.0.19 type)
TSI UCPC, a AIM,  version
UCPC Model 3776 PNC 2.5-3000 1 15 9.0.0.0
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PNC #- PN concentration

PSD °- Particle size distribution

While SMPSs are generally used to measure stable particle size distributions, the
time resolution of the portable electrical mobility spectrometer NanoScan SMPS (TSI,
Model 3910; aerosol flow rate 0.75 L min™ + 20 % flow inlet) allows in principle for
measuring more rapidly changing particle mobility size distributions in 13 channels. In
this study, while the stationary SMPS delivered size distribution data every 3 min, the
time resolution of the NanoScan SMPS was 1 min (45 s up-scan in which the
measurement occurs, and a 15 s retrace).

An ultrafine butanol condensation particle counter (UCPC, TSI, Model 3776) was
used as internal reference to determine the total number concentration. According to
the manufacturer's specifications, the UCPC covers the size range between 2.5 nm -
3 um and uses a single particle count mode measuring up to 3 x 10° cm™. The UCPC
was operated in high flow mode with a flow rate of 1.5 L min™ in order to minimize
particle diffusion losses in the system. Particle losses were not corrected, because
the UCPC does not record size distributions, which are required for correction of
diffusional losses.

In order to confirm the particle morphology and the elemental chemistry of spark
generated soot and diesel particles, samples were collected onto Quantifoil® gold
(Au) grids with 1 um diameter holes - 4 ym separation of 200-mesh with the
nanometer aerosol sampler (NAS; TSI, Model 3089; Dixkens and Fissan, 1999) for
transmission electron microscopy (TEM) and energy dispersive x-ray spectroscopy
(EDS) analysis. Charged particles in the range from 2 - 100 nm were sampled onto
collection substrates for 10 min at a flow rate of 2.5 L min™" and a collection voltage of
+10 kV.

Particle generation

Four different types of aerosol generators were used to intentionally produce five
different types of aerosol: (i) NaCl; (ii) DEHS; (iii) ZnO; (iv) spark generated soot and
(v) diesel soot. A total of fifteen experiments were performed, to assess the
performance of the instruments under different concentration levels and different
particle sizes. Twelve of these experiments corresponded to aerosols with unimodal
particle size distribution and the remaining three were multimodal (online
Supplemental Information Table S1).

Cubic (NaCl) particles with average sizes of 10 nm and 60 nm were produced by a
burner (FG2, MoTec Konzepte, Bochum Germany; Monsé et al., 2014) and a home-
made atomizer, respectively. ZnO particles with average particle size of 60 nm were
generated by using the same burner generator, while small droplets of DEHS were

generated by spraying pure DEHS using the aforementioned atomizer.
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Agglomerated carbonaceous aerosol (spark generated soot) were produced using a
spark generator (GFG 3000, Palas GmbH, Karlsruhe, Germany) equipped with
graphite electrodes. The total spark generator current was always 14.6 mA and the
argon flow rate approximately 5 L min™. The generator allows for a dilution of the
freshly produced aerosol with particle-free dilution air to avoid rapid coagulation. A
dilution air of 17.5 L min™ during experimental runs for the smallest spark generated
soot in diameter (#8 and #9), and 5 L min™" during experimental runs for the largest
spark generated soot in diameter (#10 and #11), were added. The highly
concentrated aerosol was further diluted in a wind tunnel with filtered air ranging from
200 to 2880 m*® h™'. The use of different dilution rates, allowed to understand the
performance of the instruments under two different concentration levels, around 10*
cm® and 10° cm™. An average particle size of 48 and 67 nm was obtained for
experiments spark generated soot #8 and #9, respectively whereas for spark
generated soot #10 and #11, particles of 82 and 105 nm in diameter were obtained.
Agglomerated diesel soot particles (~100 nm), were generated by using a diesel
engine (aspiration type, 2180 cm®, Mercedes Benz 220D, 44 kW at 4200 rotations
min™") idling at 1400 rotations min™.

Additionally, bimodal size distributions were produced from diesel soot by letting the
same diesel engine idling at 800 rotations min™ and NaCl by using burner and
NaCIl/DEHS trimodal size distributions by a combination of burner and atomizer. For
the ZnO, diesel soot and multimodal particle size distributions, only one
concentration level was chosen.

All the measured concentrations were within the range specified by the
manufacturers for the instruments included in the study.

Experimental setup

Experiments were conducted at the NanoTest-Center of the Institute for the Research
on Hazardous Substances (IGF) in Dortmund, Germany. Details of the Nano Test
Center can be found in Asbach et al. (2009a), Asbach et al. (2012a) and Kaminski et
al. (2013).

Particles from the atomizer and spark generator were neutralised before being
introduced into the wind tunnel by passing through a radioactive source 3°Kr (TSI,
Model 3012A; 370 MBq initial activity, approximately 3 years old). Particles from the
atomizer were additionally dried by a silica gel diffusion dryer. Afterwards, they were
injected into the wind tunnel (20 m long with a diameter of 0.7 m), where they were
mixed with ultra-low penetration air (ULPA) filtered dilution air. The wind tunnel feeds
into a 20 m® exposure chamber, which is ventilated by a blower that defines the
dilution air flow rate in the wind tunnel. A schematic diagram of experimental setup is

shown in Figure S1 of the online Supplemental Information.
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The dilution air flow rates in the wind tunnel were adjusted to flow rates between 250
and 3660 m® h” in order to produce the desired particle concentration levels.
According to Asbach et al. (2012a), the aerosol is homogenously mixed in the
exposure chamber so that all instruments placed inside sample identical aerosol
concentrations and particle size distributions.

All devices were placed in the mixing chamber and sampled directly without any
tubes attached. They were positioned on a table inside the exposure chamber
(Figure S1 of the online Supplemental Information), measuring at approximately the
same height with adequate distance between each other. The NAS, which required
frequent replacement of TEM grids, was placed outside the exposure chamber and
connected to a sampling train, operated at 20 L min™, which splits the total flow into
two flows of 10 L min".

Before each experimental run, the mixing chamber was flushed with clean air until
the background concentration in the exposure chamber reached a level of typically
around 1 x 10° cm™ or below, and after that the respective aerosol generator was
connected to the wind tunnel. Measurements started approximately 20 min after the
generator was switched on, when the N concentration in the chamber was constant
(x 10%). Each experiment consisted of 30 consecutive minutes of particle
measurements under stable PN concentrations.

Data analysis

Regarding the measured size distribution data, since the SMPSs and NanoScan
instruments use different size channel widths and midpoints, data fitting of the
measured size distributions was necessary. Thus, for a quantitative comparison of
the measurement results, each experiment data was averaged for the approximately
30 min period and afterwards fitted to lognormal particle number size distributions
(characterised by parameters as total number concentration, mode diameter, and
standard deviations). Fitting was conducted using the multi-peak fit option of IGOR
version 6.2.0.0. The distributions were fitted within the size limits of SMPSs. The
probability value (p-value) calculated by the Two Sample t Test (unequal variances)
provided insights into the quality of the fitting procedure. If the p-value is less than or
equal to the significance level (a, most often set at p-value<0.05), the test suggests
that the observed data are inconsistent with the null hypothesis (that the means of
two datasets are equal), so the null hypothesis must be rejected. This test
guarantees that the type | error rate (is the incorrect rejection of a true null
hypothesis) is at most a. In this study, a p-value=0.05 was considered acceptable in

data fitting.
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3. Results and discussion

3.1. Unimodal aerosols

The comparison between the response of the NanoScan SMPS with the internal
reference response for size distribution (SMPS-L and SMPS-N) and total PN
concentrations (UCPC) to unimodal aerosols is shown in Table 2 and Table 3 for
compact spherical and agglomerated particles, respectively. It should be noted that
the size range of both SMPS-N and SMPS-L is limited due to the nano-DMA and
long-DMA, respectively and therefore only in case of the aerosol size range in
experiment #1 NaCl was properly covered by SMPS-N and in case of experiments
#4, #5 and #6 DEHS, were only covered by SMPS-L. In the case of spark generated
soot #10 #11 and diesel soot #12, only the SMPS-L data was used for
intercomparison since the SMPS-N size distribution was incomplete and the multiple
charge correction was not usable, because it requires the use of an impactor that
removes all particles larger than the largest particle size covered by the DMA with the

settings used. Such an impactor is not available.

Table 2. Parameters of the fitted lognormal particle number size distributions (total
number concentrations, modal diameter, and standard deviations) measured by the
SMPSs (NanoScan, SMPS-L and SMPS-N) and UCPC measuring compact and
Spherical particles (number 1 to 6 in Table S1 of the supplementary information); all
concentrations (PNioay) in [cm'3] and all diameters (Dmoqge) in [nm]. Values in bold:
considered internal reference value for total N concentration (UCPC) and for particle
number size distributions (SMPS-N or SMPS-L).

_ NaCl DEHS
Experiment
#1 #2 #3 #4 #5 #6
ucprC 4 4 5 4 4 4
4 7.940.3x10* | 1.840.3x10* 1.6+0.7x10° | 2.1+0.03x10*  9.9+0.2x10* | 4.2+0.3x10
PN totat O [Cm ]
NanoScan b 2.1+0.1x10" | 1.8+0.4x10% 2.1+0.2x10° | 2.3+0.02x10"  1.0+0.1x10°> | 5.1+0.6x10"
Ho_
SMPS-L g f'-’E * 1.6+0.3x10*  1.7+0.1x10° | 2.1+0.04x10* 1.0 +0.05x10° | 4.0+0.3x10"
SMPS-N z = 7.840.5x10* | 1.7¢0.3x10* 1.9+0.1x10° * * *
NanoScan 5 13.2+0.09 72.9+2.4 68.6+2.1 173.6£2.5 182.2+2.6 131.6+1.6
SMPS-L g * 64.3+0.3 58.7+0.3 231.2+3.9 228.2+1.4 198.8+1.3
3 c
SMPS-N £~ 10.6+0.04 73.6+1.3 64.3+0.6 * * *

o - Standard deviation

* - Non-overlapping size
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Table 3. Parameters of the fitted lognormal particle number size distributions (total
number concentrations, modal diameter, and standard deviations) measured by the
SMPSs (NanoScan, SMPS-L and SMPS-N) and UCPC measuring agglomerated
particles (number 7 to 12 in Table S1 of the supplementary information); all
concentrations (Nita) in [cm'3] and all diameters (Dpo4e) in [nm]. Values in bold:
considered internal reference value for total PN concentration (UCPC) and for
particle number size distributions (SMPS-N or SMPS-L).

Diesel
] Zn0O Spark Generated Soot
Experiment Soot
#7 #8 #9 #10 #11 #12
UCPC 5 4 5 4 4 5
5 1.3+0.03x10° | 1.5+0.02x10* 1.0+0.02x10° | 1.1+0.02x10* 7.9+0.2x10* | 1.2+0.09x10
PN total i g [Cm ]
NanoScan b 1.8+0.2x10° | 1.8+0.1x10%°  1.4#0.1x10° | 1.6+0.02x10" 1.3+0.05x10° | 1.9+0.2x10°
Ho_
SMPS-L E “PE 1.5+0.09x10° | 1.6+0.1x10% 1.1+0.04x10° | 1.1+0.02x10* 7.2+0.3x10* | 1.2+0.1x10°
SMPS-N 2 = | 15:0.1x10° | 1.840.2x10° 1.130.03x10° * * *
NanoScan 67.4+0.9 49.1+0.7 63.2+0.9 74.6+1.1 91.1+1.7 95.1+1.5
SMPS-L g 66.2+0.3 47.9+0.3 66.70.2 81.9+0.2 105.4+0.2 95.60.5
3 <
SMPS-N £ T 66.9+0.3 48.610.3 70.7£0.5 * * *

o - Standard deviation

* - Non-overlapping size

As shown in Tables 2 and 3 the variability across instruments was broad for each
specific type of aerosol, even at times between the two SMPS instruments. These
data should be interpreted bearing in mind the different size ranges measured by
each of the instruments, which may significantly influence the total PN concentrations
measured. To support the interpretation of these Tables, Figure 1 shows the
differences in total PN concentration between the three instruments and the UCPC

while Figure 2 shows the relative differences in modal diameters between NanoScan

and the other SMPSs.
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Figure 1. Relative difference in PN concentration between the three SMPSs and
UCPC measurement. Error bars indicate the standard deviation (xo). The dashed
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(red) horizontal line indicates the considered arbitrary threshold of +20% difference
between PN measured (NanoScan, SMPSs) and PN expected (UCPC).

Overall, for aerosols >50 nm NanoScan measured higher PN concentrations than the
internal reference UCPC, with deviations between 4% and 66% (Figure 1 and Tables
2 and 3). The largest deviations of the total PN from the reference instrument UCPC
were observed for agglomerated particles although, these type of particles registered
the lowest standard deviations (<+11%; error bars shown in Figure 1).

If an arbitrary threshold of 20% difference (representing a worthy performance for a
field instrument, and also the sum of the +/-10% uncertainty of CPC instruments)
between PN measured (NanoScan, SMPSs) and PN expected (UCPC) is
considered, the results obtained with NanoScan were above threshold for 7 of the
aerosols (NaCl #1 and #3; ZnO #7; spark generated soot #9, #10 and #11; and diesel
soot #12) whereas a good agreement (below threshold) was obtained for 2 of the
aerosols for which SMPS-N covered most of the particle size distribution (NaCl #1
and ZnO #7) and for all unimodal aerosols with SMPS-L, excepting NaCl #1 (which is
not covered by SMPS-L).

80%

5 40% | ESMPS-L  mSMPS-N

' _dnen
40% Diesel

NacCl DEHS Zn0O Spark soot Soot

NanoScan relative difference inmodal diameter
(%) with respectto SMPS-L and SMPS-N
ey
2 (2)
Y

-60%

N of experiment

Figure 2. Relative difference in modal diameter between NanoScan and SMPS-L
measurement (grey columns) and SMPS-N (black column). Error bars indicate the
standard deviation (o). The dashed (red) horizontal line indicates the considered
arbitrary threshold of £20% difference between PN measured (NanoScan, SMPSs)
and PN expected (UCPC).

Contrary to the total PN concentrations, the particle modal diameter measured by
NanoScan and SMPS-L (Figure 2) agreed poorly (>20% difference) for DEHS
particles, but agreed fairly well within <10% deviation for 66 nm ZnO, 48 and 67 nm
spark generated soot at low and high concentrations, 82 nm spark generated soot at

low concentrations and 96 nm diesel soot.
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Detailed information concerning the performance of each instrument as the
measured total PN concentration and particle size distribution for each type of

aerosol under study is shown and discussed in the following sections.

3.1.1. Compact and spherical particles

In the NaCl experiments, it is important to take into account that the generated
aerosol was outside the measurement range of the SMPS-L (19.1 - 897.7 nm) and in
lower end of the NanoScan particle size measurement range for 11 nm NaCl #1 and
that SMPS-N did not cover the entire range of the generated 60 nm NaCl #2 and #3.
When comparing total PN between the different instruments and the UCPC
(considered here as the internal reference instrument), results showed that, for 11 nm
NaCl #1 particles, PN concentrations were significantly underestimated (p-
value<0.05) by the NanoScan (74+5%). Total PN concentration reported by the
SMPS-N agreed with the reference (1 % underestimation; p-value = 0.2). Since the
generated 60 nm NaCl #2 and #3 was within the size range of the NanoScan and
SMPS-L, the performance of the two instruments in terms of PN concentrations
improved largely with coarser particles (when compared to 11 nm NaCl #1 particles).
At low concentrations (NaCl #2), PN concentrations measured by NanoScan and
SMPS-L overestimated by 5.1 + 22 % and underestimated by 9.3 + 19 %
respectively, those measured by the UCPC. At high concentrations (#3), PN was
overestimated by 32 £ 10 % by NanoScan and by 7 + 6 % by SMPS-L. Thus, the
deviation from the reference value of NanoScan was larger at high concentrations.
The size distributions measured for 11 nm NaCl #1 and 60 nm NaCl #3 are illustrated
in Figure 3a and 3b, respectively. As for 11 nm NaCl #1, the performance of
NanoScan was far from optimal for this type of aerosol since particle size
distributions deviated >20% from SMPS-N (Figures 2 and 3a). As a result, care
should be taken when using NanoScan data from the lower end of the instrument’s
particle size range.

Particle size distributions of 60 nm NaCl #2 at low (Figure S2 in the online
Supplemental Information) and NaCl #3 at high concentrations (Figure 3b) measured
by NanoScan were slightly shifted towards larger particle sizes (73 and 69 nm,
respectively) whereas the mode diameters measured by SMPS-L at low and at high
NaCl concentrations were 64 and 59 nm, respectively. The standard deviations of
mode diameters showed variations in a similarly narrow range between 0.3 and 2.4
(NaCl #2) and between 0.3 and 2.1 nm (NaCl #3). The dilution in the wind tunnel not
only affected the concentrations but also influenced particle size (i.e., with an
increase of the flow rate inside the wind tunnel, an increase of particle concentration

and a decrease in particle diameter are detected due to the shorter residence time
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for coagulation). The performance of the NanoScan instrument regarding particle
diameters was slightly better for low PN concentrations and larger NaCl particles (1.8
+0.3 x 10 cm™®; 73 nm; NaCl #2; Figure 2) which was in agreement with the lowest
deviations in total PN concentrations observed from NanoScan when compared to
the reference value of UCPC. Since the particle mode shifting was more pronounced
at higher concentrations of NaCl and lower diameter (69 nm; NaCl #3), the
NanoScan overestimation in measuring particle number concentration may possibly
be explained by a particle size misclassification in the radial DMA and a
corresponding effect on the data deconvolution. However, it should be take into
account that these misclassification of particle size is within the uncertainty of 20% of
deviations. In addition, this behaviour was not observed for all other spherical aerosol

types (e.g., DEHS, see below). Thus, further studies are needed to understand this

behaviour.
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Figure 3. Measurement data and fitted particle number size distribution of generated particles
measured in the exposure chamber with SMPS-N, SMPS-L and NanoScan: a) 11 nm NacCl
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#1; b) 60 nm NaCl #3 at high concentration and; c) 199 nm DEHS #6. Error bars indicate the
standard deviation. p = p-value.

Spherical DEHS particles #4, #5 and #6 were mostly outside the measurement range
of the SMPS-N (3.2-107.5 nm). When comparing the measured PN between the
SMPS-L, NanoScan and UCPC in experiments ~230 nm DEHS #4 and #5, results
showed that PN was overestimated by NanoScan (10 + 1 % at low and 4 + 10 % at
high concentrations) and by the SMPS-L (3 £+ 2 % at low and 6 + 5 % at high
concentrations). Regarding the 199 nm DEHS #6 (Table 2), NanoScan
measurements agreed with the reference PN concentration within the arbitrary 20%
threshold defined above (19 + 12% difference), while the SMPS-L underestimated
the reference value with 5 + 8 % (Table 2 and Figure 1). Especially in the case of
NanoScan these values should be considered with care, as the instrument did not
cover the entire size range of the test aerosol. A higher overestimation of the
reference values might be expected if we consider the results obtained when
measuring the 199 nm DEHS #6. However, for both NanoScan and SMPS-L an
agreement within 20% is to be expected, which was the case.

For DEHS particles, the particle size distributions measured by NanoScan showed a
poor agreement when compared with the ones measured by the SMPS-L (Table 1
and Figure 2). The NanoScan particle size distributions measured for ~230 nm DEHS
#4 and #5 (Figure S3 of the online Supplemental Information) and 199 nm DEHS #6
(Figure 3c) were shifted towards smaller particles sizes, measuring mode particle
diameters of 174-182 nm and 132 nm (20-25% and 34% lower than reference value
of SMPS-L, respectively). The deviations among both instruments were considered
not statistically significant (p-value>0.05) (Table 2 and Figure 2). This difference in
NanoScan performance for the DEHS aerosols may be caused by the fact that the
Cunningham slip correction factor gets an increasingly weak function of particle
diameter with increasing particle size and eventually even passes a minimum (Levin
et al., 2015), and hence the electrical mobility of unipolar diffusion charged particles
(as acquired in the NanoScan) also becomes less sensitive in measuring the particle
diameter (Morawska et al., 2009b) by acquiring a charge level which is nearly
proportional to the particle diameter (Asbach et al., 2011; Jung and Kittelson, 2005).
It should be noted that a constant and unexpected peak was detected around 22-27
nm with NanoScan in each experimental run with DEHS particles, and it is also
suggested by the SMPS-L data. Although these peaks were well below the main
peak of the measured size distribution, there is no apparent reason for this
occurrence and seems due to a systematic failure e.g. due to an overcompensation

in the data deconvolution.
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The results from the experiments with compact and spherical particles (DEHS and
NaCl aerosols) suggest that the agreement between NanoScan and SMPS
concerning sizing and PN concentrations is dependent on the combination of total
PN concentration and particle size, given that the better performances for NanoScan
were observed while measuring aerosol NaCl concentrations in the range of 10* cm™
(NaCl #2), and excluding those for which particle diameter was at the lower end of
the measurement range of the instrument (NaCi#1).

Additionally, the lower accuracy of NanoScan (lower number of channels) and
consequently, the particle size misclassification seems to be the reason for the
Nanoscan overestimation in measuring particle number concentration. The higher the
deviation on the mode particle size, the higher the deviations on the particle counting.
From this assessment, the NanoScan underestimated particles larger than 200 nm
by up to 34%, thus making it unsuitable for occupational exposure assessments
where a high degree of accuracy is required. This instrument may be advisable for
tier 2 studies, with an indicative purpose and which require a lower measurement
accuracy, but its use should not be encouraged for tier 3 studies.

In addition, it is important to highlight that these results cannot be generalised for all
spherical particles. The recent study of Stabile et al. (2014) concluded that the
spherical atomized dioctyl phthalate (DOP) particles (111 nm by SMPS with diffusion
and multiple charge correction) were both correctly counted and sized. Similar results
were also published by Tritscher et al. (2013), with both polydisperse NaCl and
Emery Qil (EO) particles. These discrepancies highlight the need for further research
in this field.

3.1.2. Agglomerated particles

While the size distribution agreement between SMPS-L and NanoScan was poor for
NaCl particles with sizes around 59-64 nm and DEHS with sizes around 199-231 nm,
it agreed well for the tested agglomerated 66 nm ZnO #7 (Figure 4). The size
distribution measured by NanoScan showed a narrow range of modal diameter of
67.4£0.9 nm. However, the total PN concentrations measured by NanoScan, SMPS-
L and SMPS-N, were 1.8+0.2x10°, 1.5+0.1x10° and 1.5£0.1x10° cm’3, with deviations
from the internal reference UCPC concentration below 20% threshold for both
SMPS-L and SMPS-N, and over (37%) for NanoScan (Table 3 and Figure 1). As
described above, this significant overestimation (p-value<0.05) of the PN by
NanoScan could be related to the ZnO concentrations generated (in the order of 10°
cm™®), higher than in previous NaCl experiments (in the order of 10* cm®) or, in this
case, eventually due to the effect of particle morphology on NanoScan particle

unipolar diffusion charger. Previous studies with unipolar diffusion chargers have
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recognised that the charging efficiency for agglomerates is different from the ones for
spheres (Asbach et al., 2009a; Asbach et al., 2012a; Biskos et al., 2004; Kaminski et
al.,, 2013; Leskinen et al., 2012; Stabile et al., 2014; Zimmerman et al., 2014;
Zimmerman et al., 2015). Particle borne pre-existing charges may also affect the
charging efficiency (Kaminski et al., 2013; Qi et al., 2009).

4.5%10°

ZnO #7
NanoScan
T 5 ox10° SMPS-N
5 ~ SMPS-L
E Fit NanoScan (p=0.95)
> Fit SMPS-N (p=0.81)
o . Fit SMPS-L (p=0.86)
% 1.5x10° 4
0 -ofumonduogs . —
10 100 1000
D, [nm]

Figure 4. Measurement data and fitted particle number size distribution of generated
66 nm ZnO particles (#7), measured in the exposure chamber with SMPSs and
NanoScan. Error bars indicate the standard deviation. p = p-value.

Similarly to ZnO, the spark generated soot particle morphology deviated most from

the commonly assumed spherical particle shape. The 48-67 nm spark generated
soot particles were produced at low (1.5 + 0.02 x 10* cm®; spark generated soot #8)
and high (1.0 £0.02 x 10° cm3; spark generated soot #9) concentrations. In these
experiments, SMPS-N did not cover the entire range of the generated aerosol.

When comparing total PN between the SMPSs and the internal reference UCPC,
results evidenced that PN concentrations were overestimated by NanoScan above
the 20% threshold (35 =+ 7 % at high concentrations; spark generated soot #9) and
below the threshold at low concentrations (17 + 6 %; spark generated soot #8), as
well as by SMPS-L at low and high concentrations (7 + 6 % for low concentration and
5 + 4 % for the high concentration). All these deviations were considered to be
statistically significant (p-value<0.05) The performance of SMPS-L regarding the
particle count was better at higher than at lower concentrations, as opposed to
NanoScan (in agreement with the results obtained in the previous experiments such
as NacCl).

Corresponding TEM images for these generated spark soot particles are shown in
Figure 5a whereas the particle size distributions are shown in Figure S6 in the online
Supplemental Information. As can be confirmed, the TEM images show a presence
of compacted spark generated soot particles of diameter >50 nm which agrees fairly
well with the delivered diameters by the instruments at high concentrations (63.2 nm
spark generated soot #9 by NanoScan and 66.7 nm spark generated soot #9 by
SMPS-L).
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t T < B RN
Figure 5. TEM images of collected samples: (a) 67 nm spark soot at high concentration (spark
generated soot #9); (b) and (¢) 105 nm spark generated soot at high concentration (spark

generated soot #11).

Contrary to the total PN concentrations measured by NanoScan, the instruments
performances regarding particle size distributions were almost identical at high and
low concentrations with 3 + 1% and 5 + 1 % difference from the reference,
respectively (Figure 2 and Figure S4 in the online Supplemental Information).

Since the NanoScan agreement regarding particle size was better for agglomerated
particles (48 - 67 nm spark generated soot #8 and #9 and 66 nm ZnO #7) than for
compact particles (59-64 nm NaCl #2 and #3), it can be concluded that the
performance of this instrument not only depends on effective particle size but also on
particle morphology. Different charging probabilities of the bipolar (SMPSs) and
unipolar diffusion charger (NanoScan) under differently shaped particles may be a
hypothesis for this dependence. It has been reported that charging is affected by
particle morphology (Asbach et al., 2009a; Kaminski et al., 2013; Zimmerman et al.,
2014; Zimmerman et al., 2015).

Subsequently, the instruments were exposed to larger spark generated soot particles
of 82 nm and 105 nm in diameter using the same settings: low (1.1 + 0.02 x10* cm’3;
spark generated soot #10) and high (7.9 + 0.2 x10* cm’3; spark generated soot #11)
concentrations.

The PN concentrations measured by NanoScan significantly overestimated, 40 £ 1 %
and 66 * 4%, those measured by the internal reference UCPC at low and high
concentrations, respectively (spark generated soot #10 and #11). As in the case of
PN concentration with 48-67 nm spark generated soot #8 and #9, the performance
of NanoScan decreased from lower to higher concentrations, despite both scenarios
being in the order of 10* cm™ (Figure 1). Concerning SMPS-L, different behaviours
were observed in comparison to those registered for 48-67 nm spark soot, since the
PN concentrations were underestimated for low (by 5 + 2 %) (spark generated soot
#10) and for high concentrations (by 9 + 4%) (spark generated soot #11).

The corresponding size distributions are shown in Figure S5. Spark generated soot
particles sampled on TEM grids are shown in Figures 5b and c. The TEM images
show that the spark soot particle sizes were larger than those reported by all of the
instruments, evidencing that all of them under-represented the actual spark
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generated soot particle size (>100 nm) delivering an electrical mobility diameter
much smaller than the geometric extension of the agglomerate spark soot (seen in
Figure 5¢) and unstructured appearance (seen in Figure 5b). The Figure 5¢ suggests
that the particles were aligned in the electric field and thus, classified as mobility
diameter smaller than the particle length itself. However, from Figure 5b it seems that
there is two overlapping particles, a less structured and larger particle on the left side
(>200 nm) and a more structured particle on the right side of approximately 100 nm
as diameter which agrees well with the instrument’s response.

As can be seen, the resulting spark generated soot size distributions measured by
NanoScan showed smaller modal diameters (75 - 91 nm; Table 3) than the internal
reference SMPS-L (82 - 105 nm). In agreement with previous experiments, as in the
case of total PN concentrations, the shift towards smaller particle sizes according
NanoScan was more evident at high particle concentrations. Also, by comparing both
spark generated soot particles (48 - 67 nm and 82 - 105 nm), the reported effects
were more pronounced by NanoScan when the spark soot agglomerates were larger
(Figure 2, Figure 5b and c). Such observations suggest that with an increase of
particle size, the electrical mobility of unipolar diffusion charged particles becomes
less accurate to the registered particle diameter (Morawska et al., 2009b).

Diesel soot #12 particles were generated at high total PN concentrations (1.2 £ 0.09
x 10° cm™ reported by the UCPC). Total PN concentrations measured by NanoScan
were statistically significantly higher (p-value<0.05) than the reference by >20% (1.9
+ 0.2 x10° cm®), whereas SMPS-L underestimated the reference concentration by 4
t+ 8 % (p-value>0.05; not statistically significant) (Figure 1 and Table 3). The diesel
soot #12 particle size distribution (Figure 6) measured with NanoScan was found to
agree well with the internal reference SMPS-L (96 + 0.5 nm) (Figure 2). The recent
study of Stabile et al. (2014), observed similar results such as an up to 2-fold
overestimation of the actual total particle number concentration obtained through the
laboratory SMPS and pointed the effect of particle morphology on the NanoScan
particle charging technique should be a possible explanation of the deviations on
particle counting. The reason for the better agreement between the reference and
measured particle diameters by NanoScan for diesel soot #12 with regard to spark
generated soot at high concentrations #11 may be that freshly emitted diesel soot
particles are often covered with volatile organic compounds, likely giving the particles
a more compact shape than the spark-generated soot particles. The corresponding
TEM image (Figure 6) revealed diesel soot particles as fairly compact agglomerates
of smaller spherical particles of approximately 100 nm as physical diameter, which is
in a good agreement with the modal diameter reported by the SMPS-L and

NanoScan.
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Figure 6. (Left) Measurement data and fitted particle number size distribution of generated 96
nm diesel soot particles at high concentrations, measured in the exposure chamber with
SMPS-L and NanoScan. Error bars indicate the standard deviation. p = p-value. (Right) TEM
image of collected diesel soot particles.

1000

Based on these findings the NanoScan seems to be a useful instrument to estimate
particle size distribution in occupational environments where the target particles are
considered as agglomerated. However, total particle number concentrations can be
overestimated by up to 66% (see previous sections). For accurate exposure
assessment studies (e.g., in the tier 3 of a tiered exposure assessment strategy;
Methner et al., 2010; Witschger et al., 2012; Asbach et al., 2014), the stationary
SMPS instruments are still the preferred choice to measure simultaneously the total

particle number concentration and size distribution.

3.2. Multimodal aerosols

Concerning the multimodal aerosols, the comparison between the NanoScan with the

internal reference is shown in Table 4.

Table 4. Parameters of the fitted lognormal particle number size distributions (total number
concentrations, modal diameter, and standard deviations) measured by the SMPSs
(NanoScan, SMPS-L and SMPS-N) and UCPC measuring multimodal aerosols (number 13 to
15 in Table S1 of the supplementary information); all concentrations (PNy) in [cm™] and all
diameters (Dmoge) in [nm]. Values in bold: considered internal reference value for total PN
concentration (UCPC) and for particle number size distributions (SMPS-N or SMPS-L).

Multimodal aerosols
N° of experiment Diesel soot #13 NaCl #14 NaCl/DEHS #15
UCPC s s s
2.3+0.07x10 1.7+0.04x10 2.9+0.4x10
PN tota £ o[cm3]
NanoScan 2.8+0.1x10° 1.9+0.2x10° 3.3+0.9x10°
SMPS-L  § g 2.5+0.1x10° 2.5+0.07x10° 4.1+0.7x10°
SMPS-N Z 2 2.7+0.2x10° 2.5+0.1x10° 3.2+0.5x10°
NanoScan _, 30.9+1.9/48.1+2.2 50.9+0.7 66.6+1.1
SMPS-L § b g 30.740.1/136.421.1 | 27.420.2/ 61.0£0.3 | 26.9£0.5/ 53.8+0.4 / 145.4+2.6
SMPS-N Ao 31.1+0.1/99.442.3 | 27.0+0.2 / 59.640.3 | 23.2+0.4 / 51.940.3 / 116.5+5.9

o - Standard deviation
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Bimodal diesel soot #13 (31+136 nm) and NaCl #14 (27+61 nm) and trimodal
NaCIl/DEHS #15 (27+54+145 nm), were generated at high total PN concentrations
(2.3 + 0.07 x 10° cm?3, 1.7 + 0.04 x 10° cm™ and 2.9 +0.4 x 10° cm™ reported by
UCPC, respectively). Total PN concentrations measured by NanoScan were below
the reference by <20% for all the multimodal aerosols besides considered statistically
significant (p-value<0.05). The SMPS-L and SMPS-N overestimate the reference
concentration by 50% and 47%, respectively for the bimodal NaCl aerosol #14 (p-
value<0.05). Although better agreement from NanoScan with regard to total N
concentrations, the corresponding fitted particle size distributions were found to not
agree well with the internal reference SMPS-L and SMPS-N for the bimodal NaCl #14
(Figure S6 in the online Supplemental Information) and the trimodal NaCl/DEHS #15
(Figure S6 in the online Supplemental Information) since an unimodal distribution
was obtained in both cases, delivering mode diameters of 51 £ 0.7 and 67 + 1.1 nm,
respectively which correspond to the predominant mode size of the total particle
number size distribution. Therefore, the NanoScan does not seem to be able to
properly resolve multimodal distributions.

Only in case of bimodal diesel soot #13, the size distribution delivered by NanoScan
may be interpreted as bimodal, however its shape and modal diameters are very
different from the ones measured with SMPS-L (Figure 7a). Generated diesel soot
particles sampled on TEM grids are shown in Figure 7b. The TEM images revealed
diesel soot particles as compact agglomerates of spherical primary particles, which
fairly agrees with the modal diameters reported by the SMPS-L and the smaller
diameter reported by NanoScan (31.1 + 0.1 nm). Therefore, the NanoScan under-
represented the actual diesel soot particle size of 136 nm delivering a mobility

diameter much smaller maybe due to its open structure (seen in Figure 7b).
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Figure 7. a) Measurement data and fitted particle number size distribution of
generated bimodal diesel soot, measured in the exposure chamber with SMPSs and
NanoScan. Error bars indicate the standard deviation. p = p-value. b) TEM images of
collected 136 nm (left) and 31 nm (right) diesel soot particles.

4, Conclusions

The present study compared the performance of the novel portable NanoScan SMPS
TSI 3910 to two reference stationary SMPS instruments (one equipped with a nano-
DMA, the other a long-DMA) an ultrafine condensation particle counter (UCPC). The
instruments were challenged with five aerosol types with variable morphology and
concentrations. The performance of the NanoScan was evaluated with regard to PN

concentrations and size distributions and the main findings are summarised as

follow:

Total particle number concentration

" NanoScan was able to measure compact and spherical particles (NaCl and
DEHS) with a reasonable agreement with an UCPC in terms of PN concentration for
particles between 60 nm and 230 nm in diameter, but showed significantly higher
deviations for agglomerated particles especially when the spark soot agglomerates
were larger and at high concentration (overestimation of 66% compared with the total

particle number concentration obtained with the reference UCPC).
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" PN concentrations measured by NanoScan tended to overestimate those
reported by the UCPC, patrticularly for agglomerated particles such as ZnO, spark
generated soot and diesel soot particles (with relative differences >20%), likely
because of the differences in the charging efficiency of the NanoScan unipolar
charger for compact and agglomerated particles. These observations are consistent
with Stabile et al. (2014) who conclude that the NanoScan is not able to properly

measure diesel-generated particles (fresh aerosol made up of aggregated patrticles).

" The clear underestimation of 11 nm NaCl particles’ PN concentration by the
NanoScan evidences difficulties to accurately determine PN at the lower end of the

instrument’s particle size measurement range.

. Stationary SMPSs reproduced better agreements with UCPC with regard to
PN than NanoScan when measuring agglomerated particles such as ZnO, spark soot

and diesel soot particles (with relative differences <15% with respect to UCPC).

Particle size distributions

. Results from NanoScan were comparable to those measured by SMPSs
(considering an arbitrary 20% threshold) with regard to particle diameter, for most of
the aerosols measured, with the exception of 11 nm NaCl and DEHS particles.

u Particle size tended to be underestimated by NanoScan for spherical particles
larger than 200 nm (by up to 34%).

. The NanoScan does not seem to be able to properly resolve multimodal

distributions.

NanoScan results and their comparability with an SMPS show dependence on
particle size, particle morphology, particle composition and particle concentration.
Different charge levels acquired by the particles in the unipolar charger might be the
reason of this dependence. Although NanoScan instrument is known to provide
higher time resolution analysis than the stationary SMPSs, it could be considered
slow in certain specific microenvironments but it can be a useful instrument to obtain
estimates of the size distribution in workplace air. Due to its portability, it is a valuable
tool for simplified exposure assessment, e.g. in the second tier of a tiered exposure
assessment strategy (Asbach et al.,, 2014; Methner et al., 2010; Witschger et al.,
2012). However, its accuracy should not be overestimated. While the sizing accuracy
was mostly within £25%, measured total concentrations in some cases deviated by
more than 50% (especially for agglomerated particles). For accurate measurements,

e.g., in tier 3, stationary SMPS instruments are still the preferred choice.
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Table S1. Experiments performed in this study.

N° of experiment Aerosol Modal Diameter [nm] PNconcentration [cm™| Type of generator
1 NaCl 11 78 600+3 000 Burner
2 NaCl 64 17 500 £ 3 230 Atomizer
3 NaCl 59 163 000 + 6 630 Atomizer
4 DEHS 231 20 800 = 280 Atomizer
5 DEHS 228 98 600 + 2 440 Atomizer
6 DEHS 199 42 400 + 3130 Atomizer
7 ZnO 66 124 900 + 4,730 Burner
8 Spark soot 48 15 000 * 240 Spark
9 Spark soot 67 101 600 + 1 800 Spark
10 Spark soot 82 11 100 + 180 Spark
11 Spark soot 105 78 700 + 2 350 Spark
12 Diesel soot 96 123 900 + 8 760 Diesel engine
Diesel soot ) )
13 ) 31+137 233 000 + 7 220 Diesel engine
bimodal
14 NaCl bimodal 27+60 168 400 + 3 720 Burner
NaCl/DEHS .
15 ) 27+54+146 292 400 * 40 450 Burner + atomizer
trimodal
Exposure cgamber i_ 20m
20 m 85:
windtunel Jo7m [i]. B perosolgeneraor
NanoScan ©
z S
E = 10 L min”!
£ )
?  smPs-L afoL min’* B - Optional ULPA filter
Lo NAS g = High efficiency particulate air (HEPA filter)
al\ Gl = Vacuum pump
% X = Blower fan
EXH @ﬁsKr = Neutralizer

8 - Dryer

Figure S1. Schematic diagram of experimental setup (not to scale).
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Figure S2. Measurement data and fitted particle number size distribution of
generated 60 nm NaCl particles at low (#4) concentrations, measured in the
exposure chamber with SMPS-L and NanoScan. Error bars indicate the standard
deviation. Error bars indicate the standard deviation. p = p-value.
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Figure S3. Measurement data and fitted particle number size distribution of
generated ~230 nm DEHS particles at low (#4; top) and high (#5; bottom)
concentrations, measured in the exposure chamber with SMPS-L and NanoScan.
Error bars indicate the standard deviation. Error bars indicate the standard deviation.

p = p-value.
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Figure S4. Measurement data and fitted particle number size distribution of
generated 48 - 67 nm spark soot particles at low (#8; top) and high (#9; bottom),
measured in the exposure chamber with SMPSs and NanoScan. Error bars indicate

the standard deviation. p = p-value.
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Figure S5. Measurement data and fitted particle number size distribution of
generated 82-105 nm spark soot particles at low (10; top) and high (#11; bottom),
measured in the exposure chamber with SMPS-L and NanoScan. Error bars indicate

the standard deviation. p = p-value.
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Figure S6. Measurement data and fitted particle number size distribution of
generated bimodal NaCl (#14; top) and trimodal NaCIl/DEHS (#15; bottom) measured
in the exposure chamber with SMPSs and NanoScan. Error bars indicate the

standard deviation. p = p-value.

145



Chapter 4. RESULTS

146



Chapter 4. RESULTS

4.5 Article V: Intercomparison of four different cascade impactors
for fine and ultrafine particle sampling in indoor and outdoor

air

Authors:

Fonseca, A. S.*?, Talbot, N.*>*, Schwarz, J.3, Ondragek, J.?, Zdimal, V., Kozakova,
J.34 Viana, M.}, Karanasiou, A.', Querol, X.!, Alastuey, A.}, Vu, T. V.°, Delgado-
Saborit, J. M., Harrison, R. M.>T

! Institute of Environmental Assessment and Water Research (IDAA-CSIC), Barcelona,

08034, Spain

2 Universidad de Barcelona, Facultad de Quimica, Barcelona, 08028, Spain

® Institute of Chemical Process Fundamentals of the ASCR, v.v.i. (ICPF), Prague, 165 02,
Czech Republic

“Charles University in Prague, Faculty of Science, Institute for Environmental Studies, Prague,
128 43, Czech Republic

®University of Birmingham, Division of Environmental Health & Risk Management,
Birmingham, B15 2TT,UK

TAlso at: Department of Environmental Sciences / Center of Excellence in Environmental
Studies, King Abdulaziz University, PO Box 80203, Jeddah, 21589, Saudi Arabia

n
—
-
2
0
L
o

Published in:

Atmos Chem Phys Discuss, 1-27, 2016
doi: 10.5194/acp-2015-1016

Accepted date: 19 January 2016 (available online)

147



Chapter 4. RESULTS

148



Chapter 4. RESULTS

Intercomparison of four different cascade impactors for fine and ultrafine

particle sampling in indoor and outdoor air

A. S. Fonsecal®’, N. Talbot®**, J. Schwarz®, J. Ondraéek®, V. Zdimal®, J.
Kozakova®**, M. Viana®, A. Karanasiou®, X. Querol*, A. Alastuey®, T. V. Vu®, J. M.
Delgado-Saborit®, R. M. Harrison® 1

! Institute of Environmental Assessment and Water Research (IDAEA-CSIC), Barcelona, 08034, Spain

2 Universidad de Barcelona, Facultad de Quimica, Barcelona, 08028, Spain

3 Institute of Chemical Process Fundamentals of the ASCR, v.v.i. (ICPF), Prague, 165 02, Czech
Republic

4Charles University in Prague, Faculty of Science, Institute for Environmental Studies, Prague, 128 43,
Czech Republic

5University of Birmingham, Division of Environmental Health & Risk Management, Birmingham, B15
2TT,UK

TAlso at: Department of Environmental Sciences / Center of Excellence in Environmental Studies, King
Abdulaziz University, PO Box 80203, Jeddah, 21589, Saudi Arabia

"Correspondence to: A. S. Fonseca (ana.godinho@idaea.csic.es)

Abstract

Due to the need to better characterise the ultrafine particles fraction and related
personal exposure, several impactors have been developed to enable the collection
of ultrafine particles (<100 nm). However, to the authors’ knowledge there have been
no field campaigns to-date intercomparing impactor collection of ultrafine particles.
The purpose of this study was two-fold: 1) to assess the performance of a number of
conventional and nano-range cascade impactors with regard to the particle mass
size distribution under different environmental conditions in indoor and outdoor air,
and 2) to characterise aerosol size distributions including ultrafine particles using
impactors in 2 European locations. The impactors used were: (i) Berner low-pressure
impactor (BLPI; 26 nm - 13.5 ym), (ii) nano-Berner low-pressure impactor (nano-
BLPI; 11 nm - 1.95 ym) and (iii) Nano-microorifice uniform deposit impactor (nano-
Moudi; 10 nm-18 um), and (iv) Personal cascade impactor Sioutas (PCIS; < 250 nm -
10 ym). Only the BLPI substrates were coated with a thin layer of vacuum grease,
therefore particle bounce that may occur during dry collection should only be
considered for the other impactors.

Taking the BLPI as an internal reference, the best agreement regarding mass size
distributions was obtained with the nano-BLPI, independently of the aerosol load and
aerosol chemical composition. The nano-Moudi showed a good agreement for
particle sizes >320 nm, whereas for particle diameters <320 nm this instrument
recorded larger mass concentrations in outdoor air than the internal reference. This
difference could be due to particle bounce, to the dissociation of semi volatiles in the

coarser stages and/or to particle shrinkage during transport through the impactor due
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to higher temperature inside this impactor. Further research is needed to understand
this behaviour. With regard to the PCIS, their size-resolved mass concentrations
were comparable with other impactors, but the cut-off at 250 nm did not seem to be
consistent with that of the internal reference. Chemical processed linked to aerosol

infiltration (e.g., evaporation) were identified in indoor air samples.

Keywords: Mass size distribution; Chemical characterisation; Ultra-fine particles;

Cascade Impactors; Nanoparticles; Ultrafine particles

1. Introduction

Used in numerous areas of air quality research, cascade impactors are established,
relatively simple, and robust instruments. They collect airborne aerosols and
segregate them into a number of aerodynamic sizes for subsequent determination of
mass size distribution, chemical and/or physical properties (Hitzenberger et al., 2004;
Seinfeld and Pandis, 2006). The mechanical principle behind size impaction employs
the known quantities of Stokes number and slip correction factors to derive particle
inertia, therefore ascribing a stopping distance in accordance to particle size (Hinds,
1999). Particulates are collected onto substrates, frequently made of quartz,
polytetrafluoroethylene (PTFE; best known as Teflon), polyethylene terephthalate
(commonly abbreviated PET, otherwise known as Mylar), polycarbonate or aluminium
(Howell et al., 1998; Schaap et al., 2004; Tursic et al., 2008). The choice of substrate
is dependent on the type of impactor, sampling conditions and analytical techniques
intended to be carried out (Fujitani et al., 2006). A variety of cascade impactor
designs have appeared since May (1945) first reported on an initial design to sample
coarse aerosols (>2.5 um). Since then, sampling size fractions for traditionally
designed commercially available cascade impactors allowed for particle collection
from coarse to fine fractions (<2.5 ym), for example 10 ym - 0.034 ym for the Berner
low-pressure impactor (BLPI) (Hering et al., 1978; Berner and Luerzer, 1980; Hillamo
and Kauppinen, 1991) and size cuts as small as 0.056 ym for the micro-orifice
uniform deposit impactor (Moudi) (Marple et al., 1991).

However, epidemiological studies have evidenced the need to focus on ultrafine
particles (UFP; D,<100 nm), due to their possibly larger impacts on health when
compared to coarser particles (Oberdorster, 2000; Oberdorster et al., 2005).
Recently, due to the growing need to better characterise the UFP fraction, the second
generation of Moudi impactors (Model 122 and Model 125 Nano-Moudi-lII™, MSP
Corp., Shoreview, MN, USA), both available in the rotating version (122-R and 125-
R) and in the non-rotating version (122-NR and 125-NR) and nano-BLPI (not
commercially available) were introduced, both adaptions of the original Moudi

(Marple et al., 1991) and BLPI impactors (Hering et al., 1978; Berner and Luerzer,
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1980; Hillamo and Kauppinen, 1991), modified to enable the collection of UFP down
to 11 nm. Also, the need to better understand and characterise personal exposure led
to the development of portable, light-weight impactors such as the personal cascade
impactor sampler (PCIS; Misra et al, 2002).

Due to the physical principle of particle collection associated with all impactors
sampling artefacts can occur, including particle bounce, particle blow off, and particle
wall loss (Wall et al., 1988; Schwarz et al., 2012). These artefacts vary according to
the impactor type (Hillamo and Kauppinen, 1991; Howell et al., 1998; Stefancova et
al., 2011) loads, composition of the aerosol sampled (Huang et al., 2004; Sardar et
al., 2005; Fujitani et al., 2006; Crilley et al., 2013), and the type of substrate used
(Fujitani et al., 2006; Nie et al., 2010). Also, because long sampling time is required
for having enough mass of the finest UFP for chemical analysis may produce
sampling artefacts of volatilisation or absorption.

As well as those previously described, the sampling and accurate sizing of
UFP/nanoparticles also present challenges. There is a need to produce a fast flowing
jet of air onto an impactor plate, creating the inertia allowing for collection of the
smallest size fractions producing a high pressure differential at the lowest cut sizes.
This pressure drop changes the vapour pressure in the bulk which can then enhance
volatilisation (Hering and Cass, 1999). Attempts to address this issue were
successfully carried out by decreasing the pressure drop over a reduced number of
stages (Marple et al., 1991; Stefancova et al., 2011). Moreover, the low mass of UFP
requires a greater collection concentration which then increases the possibility of
mass overloading on the larger fractions. The commercially available Nano-Moudi-
II™seeks to reduce jet velocity, pressure drop, particle bounce, re-entrainment and
evaporative loss by incorporating micro-orifice nozzles (up to 2000 as small as 50 ym
in diameter in the 10 L/min Model 125 and up to 6 000 of 50 um diameter in the 30 L
min” Model 122). The rotating Nano-Moudi-Il™ versions (Model 122-R and 125-R)
have internal embedded stepper motors for the rotation of the sampling stages,
thereby spreading the sample over the filter to reduce build-up (Marple et al., 2014).
However, as will be described below, this spreading of the sample may lead to new
uncertainties and complications.

Cascade impactors have been deployed in a diverse array of measurement
campaigns utilising their versatility, characterising size-fractionated chemical
composition of urban aerosols (Sardar et al., 2005; Schwarz et al., 2012), particle
volatility (Hering and Cass, 1999; Huang et al., 2004), vapour-particle phase
partitioning (Delgado-Saborit et al., 2014), influence of relative humidity (Stefancova
et al, 2010), indoor - outdoor relationship (Smolik et al, 2008), archive

contamination (MasSkova et al., 2015), metals in particles collected near a busy road
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(Lin et al., 2005; Karanasiou et al., 2007; Ondracek et al., 2011), size-segregated
emission particles in a coal-fired power station (Tursic et al., 2008), whilst extensive
theoretical investigations and experimental characterisation of cascade impactors
tended to focus on the performance of one type of cascade impactor (Biswas and
Flagan, 1984; Wang and John, 1988; Stefancova et al., 2011; Jiménez and Ballester,
2011; Marple et al., 2014). Howell et al. (1998) carried out an intercomparison of
‘traditional’ BLPI and Moudi impactors during a field campaign. Field campaigns
usually provide a greater variation of conditions than controlled laboratory based
conditions, offering a more robust analysis of comparable instrumentation. Another
notable intercomparison study was conducted by Pennanen et al. (2007) who tested
a modified 4-stage Harvard high-volume cascade impactor against a reference 10-
stage BLPI in 6 different European locations over different seasons. The authors note
the implicit effects on individual impactors of meteorology and aerosol composition.
Other studies have run two or more impactors in tandem measuring simultaneously
indoors and outdoors (Smolik et al., 2008; Maskova et al., 2015), to cover extended
particle size distributions (Geller et al., 2002), or characterise artefacts caused by
particle volatility (Huang et al., 2004; Schaap et al., 2004) or changes in size
distribution due to different relative humidity (Stefancova et al., 2010).

To the authors’ knowledge there has been no field campaign to-date intercomparing
impactor collection efficiency of UFP. As a result, this paper seeks to address this by
assessing the performance of a number of conventional and nano-range impactors,
namely Berner low-pressure impactor (BLPI, 25/0.018/2, Hauke, Austria), nano-
Berner low-pressure impactor (nano-BLPIl, 10/0,01, Hauke, Austria), nano-
microorifice uniform deposit impactor (Nano-Moudi-lII™, MSP Corp., Shoreview, MN,
USA Model 125R; U.S. Patent # 6,431,014B1) and Personal cascade impactor
Sioutas (SioutasTM PCIS, SKC Inc.; Misra et al, 2002), by means of two
intercomparison exercises in indoor and outdoor air. The aim of the campaigns was
to test the instruments’ performance under different environmental conditions and
aerosol loads and types, with an emphasis on the transport of outdoor aerosols into
the indoor air. Our work reports on the impactor performances not only with regard to

different particle size distributions but also aerosol composition and meteorology.
2. Methodology

2.1. Sampling sites and sampling set-up
2.1.1. Prague
The field intercomparison initially took place in outdoor air (6"™-23" February 2015)

and it was subsequently moved indoors (23 February 2015 - 2™ March 2015) in

Prague, Suchdol at the Institute of Chemical Process Fundamentals (ICPF),
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Academy of Sciences of the Czech Republic (ASCR) compound (50°7'36.47"N,
14°23'5.51"E, 277 m.a.s.l). Suchdol is a residential area in north-western Prague,
about 6 km from the city centre. It is recognised as a suburban background site with
residential houses and a university campus interspersed between plenty of green
spaces. The traffic flow is moderate along one major 2-lane road (average traffic of
10000-15000 vehicles day™”) with regular bus services. Due to its location on a
plateau above the river Vitava there are not many contributory roads alongside
(Figure S1 in the supplementary information). Detailed information of the area where
the impactors were located were previously provided by Smolik et al. (2008) and
Hussein et al. (2006).

Outdoor sampling consisted of 3 weekend sampling periods (6 - 9", 13 - 16™ and 20™
- 23" February 2015), and 2 week-day samplings, (10 - 12" and 17 - 20% February
2015).

In addition, indoor samples were also collected during 2 week-day samplings (23" -
25" and 25" - 27" February 2015) and a final 3-day weekend sampling period (27"
February 2015 - 2" March 2015). This resulted in a total of 5 valid outdoor samples
(three weekend and two week-day) and two valid indoor samples (one weekend and
one week-day). For both outdoor and indoor sampling, the weekend runs started on
the preceding Friday between 11:00h-13:00h local time and finished at 9:00h local
time on the following Monday. The week-day samplings started between 11h00-
14h00 and terminated at 9h00. The sample duration in Prague was defined based on
the experience from previous research (Smolik et al., 2008; Stefancova et al., 2011).
Based on ambient PM concentrations it was considered that samples should be

collected over no more than 72 hours, to avoid substrate overload.

2.1.2. Barcelona

The Barcelona intercomparison was conducted exclusively outdoors at an air quality
monitoring station at IDAEA-CSIC located in an urban background site in the
southwest of Barcelona (41°23'14" N, 02°06'56"E,, 78 m.a.s.l) from 18" May to 3™
July 2015 (Figure S2 in the supplementary information). The sampling site, described
in detail by Reche et al. (2015), is influenced by vehicular emissions from one of the
city’s main traffic avenues (Diagonal avenue), located at approximately 200 m from
the site and with a mean traffic density of 90 000 vehicles/day™ (Amato et al., 2015).
Even though the site is officially classified as urban background, it is located in a city
with very high road traffic and influenced by the emissions of one of the largest

arterial roads of the city.
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Outdoor sampling in Barcelona consisted of 4-day (during week-days) samples, each
of them accounting for 96h (4 consecutive days). A total of 4 samples (4-days each)
was collected. The runs started every Monday between 10:00h-12:00h local time and
finished on Fridays around 14:00h-16:00h local time. The sample duration in
Barcelona was set longer than in Prague since the averages of particle mass
collected during a sampling less than 4 days would not be sufficient for further
chemical analysis. Indoor intercomparisons were not carried out due to the absence

of an appropriate location for indoor air sampling.

2.2. Instrument set-up and experimental specifications

In the present study, the mass size distribution of the aerosol was measured by

different types of cascade impactors:

= A Berner low-pressure impactor (BLPI, 25/0.018/2, Hauke, Austria; (Berner et
al., 1979; Preining and Berner, 1979) which collects particles onto PET foils (Mylar
13 pm thick) (flow rate 24.8 L min™). The impactors separated particle mass into 10
size fractions. The cut diameters of the stages were 0.026, 0.056, 0.1, 0.16, 0.25,
0.43, 0.86, 1.73, 3.425, and 6.61 um (Stefancova et al., 2011). The impactors were
equipped with inlets with the cut-point calculated as 14 um.

. A modified BLPI (denominated as nano-BLPI, 10/0.01, Hauke, Austria)
collecting particles on PET foils (Mylar 13 um thick) (flow rate 17.2 L min™*) from 0.01
Mm to 1.95 um in 8 size stages. The aerodynamic cut diameters of stages 1 to 8 were
0.011, 0.024, 0.039, 0.062, 0.095, 0.24, 0.49, 1.0 ym, and the inlet cut-point was
calculated as 1.95 uym. Given that the nano-BLPI is a custom made instrument, the
design parameters of each of its impaction stages are shown in Table S1 in the
supplementary information.

. A nano-microorifice uniform deposit area impactor (Nano-Moudi-lI™, MSP
Corp., Shoreview, MN, USA Model 125R; U.S. Patent # 6,431,014B1) equipped with
PTFE filters (with diameters of 47 mm, 0.5 um pore and 0.14 mm thick) was used to
collect size-resolved aerosol samples.

. This impactor effectively separated the particulate matter into 13 stages with
nominal cut diameters of 0.010, 0.018, 0.03, 0.06, 0.10, 0.18, 0.32, 0.56, 1.0, 1.8,
3.2, 5.6, 10 um and the inlet cut-point as 18 um when operated at an inlet flow rate of
10 L min™,

" Three personal cascade impactor samplers (SioutasTM PCIS, SKC Inc; Misra
et al, 2002) operating with a flow rate of 9 L min™ at a pressure drop of 11 inches of
H,O (2.7 kPa). Particles can be separated in the following aerodynamic particle
diameter ranges: <0.25; 0.25 to 0.5; 0.5 to 1.0; 1.0 to 2.5; and >2.5 ym. The

collection substrates were 37 mm PTFE filters (Pall) in Prague or quartz fibre filters
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(Pall) in Barcelona for the < 0.25 um filter stage, and 25 mm PTFE filters (Pall) for the
0.25-2.5 ym and >2.5um impactor stages. Two of the PCIS deployed in Prague
separated particle mass in all of the 5 size fractions while another unit collected
particles only at 3 of the stages (< 0.25 ym; 0.25-2.5 ym and >2.5 ym). In order to
facilitate interpretation of the data, a lower cut diameter of 30 nm was assumed for

the last filter stage of particles < 0.25 ym (quasi-UFP).

All the cascade impactors were loaded with uncoated substrates to avoid possible
interferences in future chemical analysis (mainly, determination of organics), so the
particle bounce that might occur during dry collection has to be considered excepting
for the case of BLPI which foils were coated with a thin layer of vacuum grease
(Apiezon L, Apiezon products, M&I Materials Ltd, Manchester, England) to ensure
adherence of deposited particles and reduce the artefact of bounce.

For the Prague winter intercomparison, the abovementioned six different impactors
were deployed simultaneously in both outdoor and indoor sampling periods. The
cascade impactors and their inlets were positioned outside above the roof of ICPF
building, 285 m.a.s.l. The nano-Moudi, in order to protect its electrical components,
was kept inside an air-conditioned cabin with a temperature continually lower than
20°C and a metal pipe (about 300 cm long) was extended through the roof of the
building. With regard to indoor sampling, the impactors were placed inside
Laboratory of Aerosol Chemistry and Physics experimental hall on the 2™ floor where
office and other experimental activities take place. In both campaigns (indoor and
outdoor), the pump exhausts were extended far of the sampling spots in order to
avoid sampling artefacts.

For the Barcelona summer intercomparison, the same cascade impactors were
deployed (except for the PCIS) at the urban background monitoring site located in
IDAEA-CSIC (78 m.a.s.l; South West part of the city) within the University Campus
and they were positioned under a plastic shelter to protect them from rain while
allowing free ventilation. All the impactor pumps were placed 5 m distance from the
impactors whilst long tubes (10 m) were connected to the exhausts to avoid
contamination of the samples.

The error in the sampling flow rate and sampled volume in both campaigns was <
5%. Thus, it is assumed that flow rates did not affect the particle size cut-offs. The
uncertainty in the particle mass concentration determination was < 15% except in
some cases for the smallest stages of nano-BLPI and nano-Moudi impactor which
reached mass value deviations > 20 % (standard deviation).

The specifications of the campaigns and the impactors deployed in the
intercomparison study are summarised in Table 1. The BLPI was used as internal

reference for the size distribution in this study as it was calibrated with the method
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described by Hillamo and Kauppinen (1991) for the fine stages and by Stefancova et

al. (2011) for coarse stages.

Table 1. Impactors deployed in Prague and Barcelona and their specifications.

Impactor

type BLPI nano-BLPI nano-Moudi PCIS (5 stages) ° PCIS (3 stages) d
5x outdoor (3x  5x outdoor (3x  5x outdoor (3x
weekend-days weekend-days weekend-days 5x outdoor (3x 5x outdoor (3x
+ 2x week- + 2x week- + 2x week- weekend-days + 2x weekend-days + 2x
Number of  days) days) days) week-days) week-days)
samplings
in Prague 2 x indoor 2 x indoor 2 x indoor 2 x indoor 2 x indoor
(Ixweekend- (1xweekend- (1xweekend- (I1xweekend-days + (1xweekend-days +
days + 1x days + 1x days + 1x 1x week-days) 1x week-days)
week-days) week-days) week-days)
Number of
samplings 4 xoutdoor (4 4 xoutdoor (4 4 x outdoor (4 N/A N/A
inin x week-days) x week-days) x week-days)
Barcelona
(Fl_'on"q"ir:‘f"f)? 24.8 17.2 10 9 9
37 mm PTFE filters 37 mm quartz-fibre
. . (Pall) < 0.25 ym filters (Pall) < 0.25
. PET foils PET foils
Sampling stage and 25 mm um stage and 25 mm
substrates ('\r’]'th;iACRk) 13 ('\r"nY;/i*ci) 13 PTFEATMM  orre fiters (Pall) for  PTFE filters (Pall) for
H H the 0.25-25 ymand  the 0.25-2.5 um and
2.5-10 ym stages >2.5 ym stages
N° Stages 10 8 13 5
Lower cut
bsizes (Mm) 0.026 0.011 0.01 0.03 0.03
0.056 0.024 0.018 0.25 0.25
0.10 0.039 0.032 0.50 2.50
0.16 0.062 0.056 1.00
0.25 0.095 0.10 2.50
0.43 0.24 0.18
0.86 0.49 0.32
1.73 1.0 0.56
3.42 1.00
6.61 1.80
3.20
5.60
10
Inletcut- 1.95 18 10 >2.5
point (um)

& Volumetric flow rate at 20°C and ambient pressure
® All sizes are aerodynamic equivalent diameters

“Two units deployed; A cyclone was installed ahead which cut PMyo
40ne single unit deployed
N/A — Not available

2.3.

Sample conservation and gravimetric analysis

Particle mass concentrations on impactor substrates were gravimetrically determined

by pre- and post-weighing the Mylar foils and filters (PTFE and quartz fibre) with a

Sartorius M5P-000V001 electronic microbalance in Prague and a Mettler MTS

electronic microbalance in Barcelona, both with a +1 pg sensitivity. Blank samples (1

per sample) were collected per each impactor type in both intercomparison (Prague
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and Barcelona) for each of the sampling periods. The deviation of mass values due

to varying conditions was corrected with the help of the corresponding blanks.

All samples were equilibrated for a period of 24 hours before weighing in a
temperature and relative humidity controlled room (20.0 £ 0.2 °C; 45.4 £0.6 % RH).
The electrostatic charges of the filters were removed using an U-shaped electrostatic
neutralizer (Haug, type PRX U) in Prague and a zerostat anti-static instrument
(2108812-1EA, Sigma-Aldrich Co. LLC.) in Barcelona. Each sample was weighed
three times with an accuracy of mass determination of £ 2 ug. After weighing, the

sampled foils and filters were stored in the freezer at -18 °C.

2.4. lon chromatography analysis

lon chromatography analysis were only carried out for the Prague samples and for
the BLPI, nano-BLPI and nano-Moudi impactors with the aim to support the
interpretation of the particle mass size distributions data. The PCIS filters were not
analysed due to the differences observed for the finest size fraction with the other

impactors, as will be discussed below.

The whole nano-Moudi impactor samples were extracted in 7 ml of ultrapure water. In
case of the Berner impactors, approximately 1/3 of each foil with samples from each
stage was cut out and number of aerosol spots on cut piece was calculated. The ratio
between cut and total number of spots at each impactor stage was used to
recalculate results to overall ion amount on each stage. All samples were then
extracted with 7 ml of ultrapure water, sonicated for 30 min in ultrasonic bath and
shaken for 1 hour using a shaker. The extracts were then analysed using a Dionex
5000 system both for cations (Na*, NH,", K*, Ca* and Mg*") and anions (SO,*,
NOj~, CI") in parallel. An lonPac AS11-HC 2 x 250 mm column was used for anions
using hydroxide eluent, lonPac CS18 2 x 250 mm for cations using methane sulfonic
acid solution as an eluent. Both anion and cation set-up were equipped with
electrochemical suppressors. External calibration was done using NIST traceable

calibration solutions.
3. Results

3.1. Meteorological data and mean aerosol concentrations in outdoor air
Table 2 displays the meteorological data (ambient temperature, relative humidity,
ambient pressure and wind speed), the mean and standard deviations (+o) of aerosol

concentrations for Prague and Barcelona and season during sampling with BLPI.
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Table 2. Meteorological data and mean daily aerosol concentrations in outdoor air in
Prague from 6™ to 23 February 2015 and in in Barcelona from 18" May to 3™ July
2015.

Relative
) Temperature . Barometric pressure Wind
Sampling humidity Mean PMy,
' (°C) recalculated to sea Speed 3
site (RH, %) 4 (ug m™)
level (mbar) (km h™)
Min Max Min Max
Prague
) -3.4+2.6 3.9+3.3 514154 92+2.1 10231+9.4 12.5+6.6 34.6 £15.8
(winter)
Barcelona
18+3.3 26+3.3 39+9.9 85+7.1 1018%3.1 12+2.6 152+2.1
(summer)

During the winter campaign in outdoor air from 6™ to 23" February 2015 in Prague,
the daily maximum average temperature was 3.913.3 °C and the minimum average
temperature was -3.4+2.6 °C. The relative humidity varied in the range of 51-92%
from day to day. As expected, higher temperatures during summer were monitored in
Barcelona from 18™ May to 3™ July 2015 (minimum of 183 °C and maximum of 2643
°C). However, slightly lower RH (minimum of 3910 % and maximum of 85+7%),
similar pressure (1018+3 mbar) and wind speed (12+3 km h™') values were recorded.
The results imply that aqueous particles may have been collected on an impaction
stage different from the stage where they ought to be collected due to the flow-
induced relative humidity changes during the day (Fang et al., 1991; Stefancova et
al., 2010). Aqueous particles can shrink due to evaporation caused by pressure drop
through the impactor and/or grow due to condensation caused by aerodynamic
cooling. Also, a distortion of the size distribution due to bounce-off should not be
neglected for Barcelona in the nano-BLPI, nano-Moudi and PCIS given that foils
were not greased prior to sampling. The same artefact is not expected to occur
during winter in Prague (outdoors). This is supported by previous tests from BLPI
(authors‘ unpublished data) showing no difference between two identical impactors
when one of them used greased foils and the other one ungreased foils in winter
conditions.

In Prague, the mean PMy4 mass concentration measured outdoors (with BLPI) was
34.6 + 15.8 ug m™ whilst in Barcelona (with BLPI) it was 15.2 + 2.1 yg m™ (Table 2),
in a similar order of magnitude as during previous results from2008 winter campaign
in ICPF (Schwarz et al. 2012; PM,=34 ug m™) and during a 2014 summer campaign
in the monitoring station at IDAEA-CSIC (PM;,=19.6 pug m™). The reason of higher
averages of particle mass concentrations in winter in Prague than in summer in
Barcelona are due to higher emissions (mainly due to coal and biomass burning used

for residential heating) and meteorological conditions such as the lower mixing

158



Chapter 4. RESULTS

heights of the boundary layer or even temperature inversions occurring in Prague
(Schwarz et al., 2012).

3.2. Average particle mass concentrations per stage for the different

impactors

To estimate the cumulative mass concentration for the different size ranges in each
of the impactors, the integrated curve of the measured particle mass size
distributions was determined by Eq (1):

Dy am
M;=M;_,+ [P
L i—-1 poi—l legDp

x dlogD,, Eq. (1)

Where, M; is the estimated mass concentration for each impactor stage i, D,.1 and Dy,
are respectively the lower and upper cut-off diameters of the impactor stage i

The cumulative curves of the particle mass size distributions from Prague (indoor and
outdoor) and Barcelona are shown in Figures 1 and 2, respectively.

Results show that the nano-BLPI behaved similarly to the internal reference
considered for this work (BLPI), especially for particles larger than 250 nm. Outdoors
and indoors, the nano-Moudi was in agreement with the BLPI for particles larger than
320 nm (independent of the aerosol load and type). However, for particles below 320
nm, the particle mass concentration of the nano-Moudi tended to be higher than for
the BLPI, especially during winter in Prague. In indoor air, the nano-Moudi cumulative
curve of the mass size distributions was closer to the curve obtained for the BLPI
impactor.

While in Prague, the nano-Moudi mass size distributions for particles >1 ym were
lower than the rest of the impactors, in Barcelona, this trend was not so evident
(Figure 1 and 2). This different behaviour could be ascribed to a number of causes:
(a) in outdoor air the effect of particle bounce and/or the shrinkage of semi volatile
compounds may have caused a shift in particle mass towards the lower sizes of the
nano-Moudi, especially in winter in Prague resulting in higher concentrations for
particles below 320 nm; and/or (b) indoors, the mechanism of the nano-Moudi of
spreading the sample (rotating plates) and also the heat generated from the sensor
board of nano-Moudi, with the increase in temperature, both in indoor air and inside
the nano-Moudi cabinet, could favour particle dissociation/evaporation from the PTFE
filters and thus result in lower mass loads across the lower size ranges, and thus the
nano-Moudi curve would appear to be closer to the internal reference BLPI. This
effect would not be so prominent in outdoor air, given that the instrument does not
reach such temperature increments since it was kept inside an air-conditioned cabin
with a temperature continually lower than 20°C while indoors, the temperature was
continually higher than 23°C. For one sampling exercise outdoors, in Prague, the

instrument’s temperature shown on nano-Moudi cabinet’s screen increased from
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18.8 °C up to 26.6 °C after 4 hours sampling, and then increased up to 31.6 °C at the
end of one of the sampling periods (3 days sampling; 72h). The temperature increase
(both indoors and outdoors) was significant and able to explain dissociation of
ammonium nitrate which increases progressively with increasing temperature (Allen
et al., 1989; Stelson and Seinfeld, 1982; Talbot et al., 2016). Ammonium chloride is
known to behave similarly (Pio and Harrison, 1987a,b; Allen et al., 1989). Nie et al.
(2010) also attributed the loss of volatiie compounds to the increase of the
temperature inside the MOUDI. However, nitrate concentrations were low in indoor
air (see sections below), and therefore the volatilisation of this species would have
had a low impact on particle mass (leaving only the organic fraction to account for
this). Further research is necessary to clarify the different behaviours observed.

The average PMj, mass concentrations and corresponding standard deviation
obtained using the internal reference (BLPI) in Prague outdoors were 34.6 + 15.8 ug
m=. In Barcelona, the PM,s; mass concentrations and standard deviation in summer
were 152 + 2.1 pug m>. Comparison of independent data from Grimm laser
spectrometer (corrected with high volume sampler) and the impactors with PM; and
PMy, size cuts, was carried out for the outdoor campaign in Barcelona (4 samples). A
slope of 0.98 and a R? of 0.7 was obtained for the PM,4 for BLPI with PM,, from an
online laser spectrometer (corrected with regard to reference instrumentation)
whereas for PM;, a slope of 0.7 and a better fit of the data was obtained (R?=0.9).
Similarly to BLPI, the nano-BLPI shows a slope of 0.7 and a R? of 1 for the cut point
PM,. The mass differences detected for PM; suggest that impactors sampling
artefacts such as particle blow off, particle wall losses and/or particle bounce
occurred.

Finally, the portable PCIS were only used in Prague during winter given the
differences obtained with regard to the BLPI for the quasi-ultrafine size mode (<250
nm; PMys5). A similar pattern was observed for indoor air, although with a relatively
smaller difference. A possible reason for the discrepancies observed regarding the
PM.05 fraction could be ascribed to the different pressure drops across the impactor
stages. The higher pressure drop in the stationary impactors (e.g., BLPI) may
increase the probability of volatilisation of semi-volatile species during prolonged
sampling, and could contribute to an underestimation of the PMy,s when compared
to the PCIS (Sioutas, 2004).

The differences with regard to the coarse fractions were much smaller when
compared to the quasi-UFP fractions. In outdoor air, the PCIS showed consistently
higher concentrations for particles larger than 1 ym. Similar results were reported by
Sioutas (2004) where an average ratio PCIS to Moudi (Model 110, MSP Corp,
Minneapolis, MN) of 2.02 (+ 0.59) and 1.21 (£ 0.35) was reported for an aerodynamic
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size range < 0.25 ym and 2.5-1 ym, respectively. However, in indoor air a consistent

underestimation was observed for an aerodynamic size range 1-10 ym.

In summary, for the aerosols and sampling conditions in this work, the PCIS provided
comparable size-resolved mass concentrations for particles > 1 um while the cut-off
at 250 nm did not seem to be consistent with the internal reference BLPI. In order to
fully understand these phenomena, a more systematic evaluation might be required.

For this reason, data from PCIS will not be discussed in the following sections.
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Figure 1. Cumulative mass concentrations measured by the six impactors in Prague:
(a) outdoors and (b) indoors. Error bars indicate the standard deviation (o).
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Figure 2. Cumulative mass concentrations measured by the three impactors in
Barcelona, outdoors. Error bars indicate the standard deviation (+0).

3.3. Aerosol mass size distributions

3.3.1. Particle size distribution in outdoor air

The average particle mass size distributions obtained in the outdoor intercomparison

study (Prague and Barcelona) can be found in Figure 3.
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Figure 3. Average mass size distributions obtained outdoors: (a) winter in Prague and

(b) summer in Barcelona.

As can be seen, the particle mass size distributions are very different depending on
the season and sampling location. During winter in Prague (outdoors), the mass size
distributions have a predominantly fine mode, with the coarse mode being almost
negligible (by all impactors). The maximum mass concentration obtained in the fine
size fraction mode was between 0.4-0.9 ym, whereas in summer in Barcelona, this
maximum was shifted towards smaller size fractions between 0.2 and 0.4 ym. In
addition to the different aerosol types, this shift to lower sizes might be caused by a
lower average relative humidity during sampling in Barcelona that could have caused
the particle drying (Tables 2) and therefore, be a reason for particle bounce (Fang et
al., 1991; Stefancova et al., 2010). In Prague (outdoors), particle bounce had a
negligible effect because high RH was recorded. In the same time only few coarse
particles were present and the high share of primary, less oxygenated organics was
found (Kubelova et al., 2015; Vodi¢ka et al., 2013). Although it is known that RH is
lowered at each stage of any cascade impactor this decrease is only moderate for
the first stages. For example, the pressure below stage 6 of the BLPI which
corresponds to particles as small as 440 nm is only 6% lower than ambient. A similar
value is found for nano-BLPI for equivalent stage. The nano-Moudi has even smaller
pressure drops at equivalent stages. The drying becomes important for lower stages,
however, it is known that kinetic effect limiting drying of particles would be more
pronounced at lower temperatures in winter due to lower equilibrium water vapor
pressure. In any case, atmospheric particles in the size range below 250 nm are
comprised mostly of organics, especially in winter (see e.g Kubelova et al, 2015).
These fractions of organics are often of semiliquid nature and this fact efficiently
prevents bounce.

While in Prague during winter the coarse mode was mostly insignificant, in Barcelona
during summer the mass size distributions were clearly bimodal, with larger coarse
mode concentrations (Figure 3). The coarse mode obtained may be due to mineral

and marine aerosol contributions in the study area (Querol et al., 2008).
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The maijority of mass concentrations were found in the accumulation mode (PM,) for
both campaigns (7.9 + 0.7 ug m™® and 22.9 + 9.8 ug m™ according the internal
reference BLPI in summer Barcelona and winter Prague, respectively). With the
increase in mass there was an increase in agreement between the impactors, where
the closest agreement was observed (between 200-600 nm) (Figure 3).

Figure 3 reveals that the nano-Moudi recorded higher particle mass concentrations in
the ultrafine range (<100 nm) than the reference BLPI during winter in Prague (5
samples in total outdoors). Although differences were smaller, the same is true for the
Barcelona summer campaign (4 samples in total, Figure 3). As previously mentioned,
to protect the electrical components of the nano-Moudi during winter campaign in
Prague outdoors, it was kept inside a climate controlled cabin with a temperature
continually lower than 20°C. At these temperatures dissociation of ammonium nitrate
can still occur at a slow rate (Smolik et al., 2008). In addition, during the sampling, an
increase of temperature inside the nano-Moudi cabinet was detected due to the
internal mechanism of spreading the sample (rotating plates) and the electric current
in the sensor board which generates heat. It is therefore likely that the internal
temperature in the nano-Moudi (always >30 °C) was higher than that of the cabin
(<20 °C) and thus led to particle volatilisation (Stefancova et al., 2010). The lower
nitrate and chloride concentrations in the accumulation mode on the nano-Moudi
filters (see below) would support this interpretation. It is also known that a 5°C
difference between the PTFE filter (of the type used in the nano-Moudi) and sampling
temperature may accelerate the dissociation of ammonium nitrate on PTFE filters up
to 20% (Hering and Cass, 1999).The BLPI and nano-BLPI have no internal warming
mechanisms and were located outdoors in Prague and Barcelona, so it is expected
that lower volatilisation would occur in these scenarios. However, drying of particles
before they are deposited on a substrate may happen also in the BLPI and nano-
BLPI due to higher pressure drops (at equivalent sizes) despite lower residence
times in comparison with the nano-Moudi. This would increase the driving force for
evaporation at those stages, which would encourage particle shrinkage. However the
situation is more complicated while a particle is incorporated into a deposit of
particles where other processes like diffusion in semiliquid mixture of other organics
or Raoult’s law play their roles. This process influences the measured concentrations
and therefore the impactors comparison.

Furthermore, decomposition of ammonium nitrate and chloride, is probably also
enhanced in the nano-Moudi due to the spreading of the sample on the whole filter
surface, in comparison with thick individual spots of material obtained with the BLPI
and nano-BLPI impactors. All these previous facts (temperature, RH, high surface

area) appear to enhance the evaporation of semi-volatiles (and dissociation of
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ammonium nitrate) and therefore particle shrinkage during transport through the
nano-Moudi explaining the mass size distributions from the nano-Moudi being
skewed towards smaller particle fractions during the Barcelona and Prague
campaigns (Figure 3). It should be stated that the rotation of the impaction plates and
the nozzle plates of the nano-Moudi was specifically designed to achieve a uniform
deposit on the collection substrates and therefore, eradicate the particle bounce-off
artefact (Marple et al., 2014) that may otherwise occur. Particle bounce-off would
only be expected when collecting particles in dry conditions such as in Barcelona (<
50% RH) (Table 2) or indoors. Finally, the overall internal volumes in the low pressure
stages seem similar in all of the impactors tested; however, this would need

experimental confirmation.

3.3.2. Particle size distribution in indoor air

In Prague, indoor concentrations were lower than outdoors mainly due to a change in
weather conditions resulting in cleaner air masses during sampling periods (Figure 3
and Figure 4). Reduced penetration efficiency and faster settling times probably
explain the lower indoor coarse mode mass obtained (Figure 4; Hussein et al, 2007).
Once again, the nano-BLPI measured similar mass concentrations to the reference
BLPI while the nano-Moudi recorded notably lower mass from fine to coarse modes.
In addition, the nano-Moudi size distribution showed a slight shift towards larger
particle sizes (Figure 4). The difference between the BLPIs and the nano-Moudi
could suggest that the latter underestimated mass during this campaign for all
particle cut sizes. Initially this would appear to reduce the possibility of volatility
losses being responsible for this difference, as ammonium nitrate dissociates readily
indoors thereby causing equal losses to all impactors (Lunden et al., 2003). However,
because of the way the sample is spread across the substrate in the nano-Moudi, as
described above, the ammonium nitrate collected would be more prone to
volatilisation than that collected on the other impactors. Therefore it could be
considered that the mechanism of the nano-Moudi of spreading the sample (rotating
plates), with the increase in temperatures, both indoors and inside the nano-Moudi
cabinet, could enhance dissociation/evaporation from the nano-Moudi PTFE
substrates. This conclusion can be supported by Figures 5 and 6, which show
significantly lower mass concentrations of major species of ammonium nitrate with
the nano-Moudi, in comparison with the BLPI.

A number of sources of uncertainty in this interpretation should be taken into account:
a) Increased uncertainty in the mass determination due to lower mass

concentrations and shorter sampling times

b) No blank correction available for nano-Moudi IC data
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c) No uncertainty calculations for mass determinations available for nano-Moudi,

possibly resulting in negative mass concentrations in the lower stages
d) Only 2 valid samples available for indoor air (for all impactors)
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Figure 4. Average mass size distributions in Prague during winter in indoor air.

3.3.3. Size distribution of inorganic ions

Figures 5 and 6 show the particle mass size distributions of major (SO,*, NO; and
NH,") and minor (CI, Na*, K*, Mg? and Ca*") aerosol constituents for the winter
campaign in Prague in outdoor and indoor air, respectively. Corresponding actual
mean values for mass concentrations for all of the ions analysed for each of the
environments (indoor and outdoor) in Prague, are shown in Table S2 of the
supplementary information. The uncertainty of the blanks is also included in the
Table S2.

In the winter in Prague, the mass size distributions of components have a
predominantly fine mode (< 1 um), with the coarse mode being almost negligible in
winter in Prague (by all impactors) but highly significant in Barcelona during summer,
such as the case for BLPI.

While the fine mode was dominant for the particle mass concentration and all the
predominant aerosol constituents (SO42', NO; and NH,") for both indoor and outdoor
air during winter in Prague, the average mass size distributions for minor species (CI’
, Na*, K*, Mg* and Ca*"), were clearly multimodal (Figures 5 and 6). Similar mass
size distributions of these species were obtained by the nano-BLPI and the reference
BLPI both outdoors and indoors in Prague. However marked differences in the mass
size distributions of these species were observed with the nano-Moudi impactor. In
outdoor air there is a clear decrease of NO3;  concentrations measured with the nano-
Moudi (PMyo = 1.7 ug m™: Table S2), confirming the interpretations provided in the
previous sections. The same is valid for fine chlorides that are missing on same
nano-Moudi samples showing ammonium chloride evaporation (NH4Cl). Nitrates

present indoors (due to indoor ammonium nitrate dissociation; Allen et al., 1989;
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Stelson and Seinfeld, 1982; Talbot et al.,, 2016) are influenced by other species
different to ammonium salts (e.g. sodium or potassium nitrate) that are not prone to
dissociation. For this reason, the difference between nano-Moudi and the other
impactors indoors (Figure 6) was much smaller compared to outdoors (Figure 5). The
lower sulphate and mass concentration on nano-Moudi indoor samples were caused
by other factors (possibly bounce) given that average RH indoors in winter was low
(21%). In addition, outdoors in Prague, the mass size distributions obtained by the
BLPI showed that Ca**, Na* and Mg?* were dominated by coarse modes and for the
case of K, the fine mode is the dominant one (suggesting biomass combustion as a
possible emission source). As for CI, the mass size distributions were clearly
bimodal. The nano-Moudi outdoors had different size distributions from the BLPI for
Cl, Na*, Ca** and Mg®. Only for K* the size distribution is similar. Mass size
distributions of CI" and Na® may have been influenced by filter contamination. The
Ca* peak detected at around 100 nm obtained by the nano-BLP!I in outdoor air may
possibly be ascribed also to filter contamination, although no specific data are
available to support this interpretation. Similar peaks at 10 and 50 nm were observed
indoors with the nano-Moudi and nano-BLPI which may suggest bounce,

contamination or blank variability.
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Figure 5. Average mass size distributions for different ionic species (left: SO, NOs
and NH," and right: CI, Na*, K', Mg?* and Ca**) during winter in outdoor air in
Prague.
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Figure 6. Average mass size distributions for different ionic species (left: SO, NO5
and NH," and right: CI, Na*, K*, Mg** and Ca**) during winter in indoor air in Prague.

4. Conclusions

This work aimed to assess the performance of four conventional and nano-range
impactors, by means of two intercomparison exercises in Prague, during winter 2015
and in Barcelona during summer 2015. The aim of the campaigns was to test the
instruments’ performance with regard to the particle mass size distributions under
different aerosol compositions resulting from different emission sources, meteorology,
seasons, and air mass origins. All the cascade impactors were loaded with uncoated

substrates excepting for the case of BLPI which foils were coated.

Taking the BLPI as an internal reference, the best agreement regarding mass size
distributions was obtained with the nano-BLPI, especially for particles larger than 250
nm. The nano-Moudi showed a good agreement for particle sizes >320 nm, whereas
for particle diameters <320 nm this instrument recorded larger mass concentrations
than the internal reference. Different particle effects may have caused the differences

regarding particle mass concentrations collected in indoor and outdoor air by the
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nano-Moudi. Particle volatilisation may have occurred due to the internal rotating
mechanisms and the electric current in the sensor board of nano-Moudi which heat
the impactor casing up. Decomposition of ammonium nitrate and chloride, as
evidenced by the lower nitrate and chloride concentrations in the accumulation mode,
is probably also enhanced in the nano-Moudi due to the spreading of the sample on
the whole filter surface, in comparison with thick individual spots of material obtained
with the BLPI and nano-BLPI impactors. Further research is needed to clarify this
issue. With regard to the PCIS, their size-resolved mass concentrations were
comparable with other impactors, but the cut-off at 0.25 um was not consistent with
that of the internal reference.

In Barcelona, the sampling took place under dry conditions (< 50% RH) and thus,
particle bounce would be expected since some particles (depending on composition)
could get dry. Inversely, bounce can be probably neglected for the Prague outdoor
intercomparison since the RH was always >50 % indicating the presence of droplet
aerosols that tend to adhere to the impaction substrate.

Aerosol mass size distributions were assessed for the Prague and Barcelona
campaigns. During winter in Prague (outdoors), the mass size distributions showed a
predominantly fine mode, with the coarse mode being almost negligible (by all
impactors). However, in Barcelona, the coarse size fractions showed larger mass
concentrations, evidencing the higher influence of mineral and marine aerosols.

This study concludes that comparability between the different types of impactors
assessed was dependent on particle size. Different performances when challenged
with secondary aerosols (due to volatilization) with regard to primary aerosols
(potential bounce, also affecting secondary inorganics), were observed. Specifically,
the influence of the differences in impactor construction (number of jets, flow, vapour
pressure, etc.) on UFP mass concentrations should be further addressed. In addition,
further research is necessary with regard to the particle processes (evaporation,
bounce, etc.) behind the differences in particle mass observed across size fractions

in this study.

The conclusions from this work allow us to extract the following recommendations

with regard to ultrafine particle sampling with cascade impactors:

= To avoid particle bounce and increase the accuracy of the size cuts, impactor

substrates should be greased especially in areas and seasons with low humidity.

= Detailed assessments of the sampling duration should be carried out to allow
sufficient collection of material on each stage for adequate quantification without

overloading the upper collection stages. Common approaches to avoid particle
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overloading include using multiple-orifice collection stages, and rotating collection
substrates (Marple et al., 2014; Marple et al., 1991).

= Attention should be paid to volatilization issues during aerosol transport inside the
impactors especially with regard to temperature increases associated with internal

rotating mechanisms and the electric current in the sensor board of nano-Moudi.

= Attention should also be paid to sample storage, to avoid evaporation of already
deposited particles that may lead to a decrease of mass on a given stage. This
evaporation would modify the observed aerosol size distribution, and would affect
all impactor types.
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Table S1. Design parameters of the stages from nano-BLPI.

Stage number

Lower cut sizes (um)

Number of nozzles

Nozzle Diameter (mm)

P NWSA OO N 00 ©

1.95
1.00
0.49
0.24

0.095

0.062

0.039
0.024

0.011

1
39
17
8

43

88

142
237

408

3.60
0.70
0.60
0.54

0.27

0.25

0.25
0.25

0.25

Table S2. Average mass concentrations for different ionic species during winter in outdoor
and indoor air in Prague.

Mass ionic species (ug m>)

Type of environment Impactor NO= 507 N o N - i i
BLPI (PMy4) 6.72 5.72 3.78 0.40 0.22 0.20 0.03 0.14

Outdoor nano-BLPI (PMygs) 5.78 4.99 3.31 0.18 0.06 0.16 0.01 0.03
nano-Moudi (PMyo)  1.71 5.12 2.06 0.19 0.25 0.20 0.01 0.06
BLPI (PMy4) 0.49 2.15 0.78 0.05 0.10 0.10 0.01 0.05

Indoor nano-BLPI (PMigs)  0.35 1.93 0.73 0.02 0.05 0.09 0.00 0.02
nano-Moudi (PMig)  0.34 1.53 0.53 0.03 0.13 0.08 0.00 0.05
Blank uncertainty*  1.3x10° 9.4x10* 2.0x10” 3.0x10* 2.0x10° 2.0x10* 1.0x10” 3.0x10™

* Recalculated per 1m® of air for BLPI for 72 h sampling.
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5. DISCUSSION

In spite of nanotechnology being a research field with continuous innovation,
considerable knowledge gaps remain concerning ENP and N-ENP release and
exposure in industrial workplaces. The same is true for novel industrial technologies
and processes such as those described in this PhD thesis (e.g., ceramic applications
of laser technologies). Two of the main reasons for this are: (i) the relative novelty of
“‘nanosafety” as a field of research, and (ii) the fact that adequate analytical
techniques and monitoring instrumentation have only recently become available
(Asbach et al., 2015).

As presented in chapter 2, the objectives of this PhD thesis were:

1. To evaluate the performance of specific nanoparticle monitoring and sampling

instrumentation, under real-world conditions.

2. To characterise nanoparticle release and exposure in real-world industrial

settings, dealing with ENP.

3. To characterise nanoparticle release and exposure in real-world industrial

settings, dealing with PGNP.

In regard to the first, the ability of online instrumentation to detect nanoparticles and
characterise exposure in real-time is currently a major knowledge gap. This PhD
thesis contributed to overcome this issue by assessing the performance of two novel
instruments (portable NanoScan SMPS TSI 3910, and cascade impactors such as

nano-BLPI and nano-Moudi) for nanoscale aerosol measurements.

Concerning the second and third objectives, nanoparticle formation and release
mechanisms, and exposure, were characterised during two main types of real-world
industrial scenarios: (i) production and application of SWCNT while manufacturing
semiconductor thin films, and (ii) during conventional processes in the ceramic
industry (not involving nanoparticles as input materials) with potential for
unintentional nanoparticle release (ceramic tile sintering and ablation by laser

technology processes).

In the framework of the latter two objectives, these exposure assessments were
followed by the evaluation of the effectiveness of occupational exposure mitigation
strategies already in place in the industrial facilities under study through experiments

under real-world operating conditions.
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5.1 Performance of nanoparticle monitoring and sampling

instrumentation

In order to fulfil the first main objective, two dedicated studies were designed: the
evaluation of the performance of the novel portable NanoScan SMPS TSI 3910, and
the assessment of cascade impactors (nano-BLPI) for nanoparticle sampling. In
addition, the experimental work in this thesis gave the opportunity to identify
instrumental limitations that were evident during the course of the experiments.
These limitations refer to the online detection of high aspect ratio nanoparticles (e.g.,
nanofibers), and to the monitoring of high concentration of coarse particles with

diffusion chargers (e.g., DiISCmini). Both types of studies are discussed below.

5.1.1 Intercomparison studies

The results from the intercomparison study among the novel portable SMPS
(NanoScan SMPS TSI 3910) and the stationary SMPS showed a dependence on
particle size, particle morphology, particle composition and particle concentration.
Differences in the charging efficiency of the NanoScan unipolar charger when
compared to bipolar charger from the stationary SMPS might be the reason of this
dependence. Although the NanoScan instrument is known to provide higher time
resolution analysis than the stationary SMPS, it could be considered slow in certain
specific microenvironments but it can be a useful tool to obtain estimates of the size
distribution in workplace air. Due to its portability, it is a valuable tool for simplified
exposure assessment, e.g. in the basic exposure assessment described in Tier 2
(section 1.2.3). However, its accuracy should not be overestimated. While the sizing
accuracy for unimodal distributions was mostly within + 25% (Figure 5.1a), measured
total concentrations in some cases deviated by more than 50% (especially for
agglomerated particles such as spark soot; Figure 5.1b). These observations are
consistent with Stabile et al. (2014) who conclude that the NanoScan is not able to
properly measure diesel-generated particles (fresh aerosol made up of aggregated

particles).
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Figure 5.1 Measurement data and fitted particle number size distribution of: a)
generated ZnO and b) spark soot particles, measured in the exposure
chamber with portable and stationary SMPS. Error bars indicate the
standard deviation.

As for multimodal distributions, the NanoScan SMPS did not seem to be able to
properly resolve them. For accurate measurements, e.g., in the expert exposure
assessment in Tier 3, stationary SMPS instruments are still the preferred choice. It
should be noted that only one NanoScan SMPS unit was tested, and that results

could be unit-dependent. Therefore, further research is required in this direction.

The performance assessment of four conventional and nano-range impactors have
showed different impactor behaviours when challenged with secondary aerosols (due
to volatilization) with regard to primary aerosols (potential bounce, also affecting
secondary inorganics). Major differences regarding particle mass concentrations
collected in indoor and outdoor air were observed for the nano-Moudi impactor

probably due to the following particle effects:

= Particle volatilisation due to the internal rotating mechanisms which heats the

impactor casing up.

= Decomposition of ammonium nitrate (NH4NO3z) and chloride (NH4CI), also
probably enhanced due to the spreading of the sample on the whole filter
surface, in comparison with thick individual spots of material obtained with the

BLPI and nano-BLPI impactors.

Previous conclusions regarding nano-Moudi can be supported by the example
provided in Figure 5.2, which shows significantly lower mass concentrations of major
species sulphate (SO,*), ammonium (NH,*) and nitrate (NO5') with the nano-Moudi,
in comparison with the BLPI. The same is valid for fine chlorides that are missing on
same nano-Moudi samples showing NH,Cl evaporation (data not shown).
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Figure 5.2 Average mass size distributions for different ionic species (SO, NO3
and NH,') in outdoor air in Prague.

With regard to the PCIS, their size-resolved mass concentrations were comparable
with other impactors, but the cut-off at 0.25 ym was not consistent with that of the

internal reference.

In conclusion, the following recommendations may be extracted based on the

instrument performance assessments carried out in the framework of this PhD thesis:

=  The portable NanoScan SMPS is a valid tool for Tier 2 exposure assessments.
For Tier 3, conventional SMPS systems should be the preferred choice.

= Nanoparticle sampling with impactors should follow the following

recommendations:

- To avoid particle bounce and increase the accuracy of the size cuts, impactor
substrates should be greased especially in areas and seasons with low
humidity.

- Detailed assessments of the sampling duration should be carried out to allow
sufficient collection of material on each stage for adequate quantification
without overloading the upper collection stages. Common approaches to
avoid particle overloading include using multiple-orifice collection stages, and
rotating collection substrates (Marple et al., 2014; Marple et al., 1991).

- Attention should be paid to volatilization issues during aerosol transport inside
the impactors especially with regard to temperature increases associated with
internal rotating mechanisms and the electric current in the sensor board of
nano-Moudi.

- Attention should also be paid to sample storage, to avoid evaporation of
already deposited particles that may lead to a decrease of mass on a given
stage. This evaporation would modify the observed aerosol size distribution,

and would affect all impactor types.
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= Particle sampling with portable PCIS impactors did not provide comparable
results for the ultrafine and nanoparticle fraction (<250 nm) with regard to other

impactors.

As a result, and based on the evidences from this work, the multiple metric and
instrumentation approach proposed by Brouwer et al. (2012) seems to be confirmed
as optimal for nanoparticle assessments under real-world settings. Only through the
combination of diverse monitoring techniques and parameters does it become
possible to obtain a detailed characterisation of nanoparticle exposure routes and

scenarios.

5.1.2 Instrumental limitations during field measurements

A number of instrument limitations during field measurements were identified. The
first was related to the detection of nanofibers, specifically SWCNT (Article I). Figure
5.3 shows a TEM image of SWCNT collected in the workplace air, evidencing their
release during the industrial process. However, no clear correlation between the
collection chamber opening times and consistent increases in particle number (by
ELPI, CPC, NanoScan SMPS or OPS) or mass concentrations (by ELPI or OPS)
were obtained (when SWCNT were expected to be released). This suggests that the
detection of SWCNT was limited due to the inaccurate response of monitoring
instruments to nanofibers with irregular shapes and high aspect ratios (length/width >
500).
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Figure 5.3 TEM images of SWCNT and background particles collected in
workplace air during film manufacturing. Dashed rectangles show the
magnified area. Identified particles are shown as background particles
(BG), and SWCNT.

This work revealed that TEM based methods are the most feasible, reliable, and
selective way to assess qualitative worker exposure to nanofibers. However,
qualitative assessments with TEM can be compromised due to the high aspect ratio

and branching of the fibres.
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Chapter 5. DISCUSSION

Another example of a limitation of nanoparticle monitors was identified during an
experimental field campaign, while using a diffusion charging particle monitor
(DiSCmini). The results from this experiment are not included in the results section
(chapter 4) given that they were not published as a research paper. The experimental
work was carried out in the milling plant at the Institute for Ceramic Technology (ITC)
in Castellon, during October 2014. The objective of the work was to monitor ultrafine
and nanoparticle emissions during milling of ceramic tiles using a pendular mill. A
number of monitoring instruments were deployed in close proximity to the pendular
mill, including particle counters (DiSCmini, 10 - 700 nm; TSI butanol CPC, Model
3775, 4 nm-1.5 ym) and particle sizers (NanoScan SMPS, 10 - 420 nm). The
instruments were deployed simultaneously in indoor and outdoor air. Figure 5.4

shows the results from one of the milling experiments.
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Figure 5.4 Particle number (N) and particle mass (PM,s), concentrations
measured simultaneously in the industrial site during ceramic milling
activities and outdoor air.

As shown in the Figure 5.4, the time series of particle number concentrations
monitored by the CPC, NanoScan and the outdoor DiSCmini followed similar
patterns, which however were markedly different to the trend shown by the indoor
DiSCmini (Figure 5.4, top). Therefore, the time series of the indoor DiSCmini did not
seem to be representative of indoor particle number concentrations, and conversely it
showed a high degree of similarity with the particle mass concentration time series
monitored with the indoor OPC (Figure 5.4, bottom). These results suggested a poor

performance of the indoor DiSCmini unit. In order to clarify the reasons behind it, this
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instrument was intercompared with the NanoScan SMPS during non-activity hours
(night-time) at low coarse PM, 5 (20 - 50 pg m™), obtaining highly comparable results

with regard to particle number concentration (R?>=0.97; slope =1.19; Figure 5.5b).

8.0x10° 4.0x10*
a) b)
7 6.0x10° - 3.0x10°
§ §
£ 4.0x10° £ 2.0x10*
S &
(%]
& 5. y = 8.40x + 5450.03 D1 0x10* y =1.19x - 715.77
. 2.0x10 R2 = 0.40 2_ R2=0.97
0 0
0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 0  1.0x10* 2.0x10* 3.0x10" 4.0x10°
N, NanoScan (cm-3) N, NanoScan (cm)

Figure 5.5 Correlation coefficients and regression equations obtained from the
comparison between the DiSCmini and the NanoScan SMPS, for total
particle number (N) monitoring during: a) milling activity at high coarse
particle mass concentration (500-1400 ug m> PM,s) and b) real-world
conditions at low coarse particle mass concentrations (20-50 pyg m?
PM25s).

The optimal results obtained during this intercomparison exercise evidenced the
correct performance of the DiSCmini unit, and suggested that the poor performance
observed during the milling process was related to the type and concentration of

particles monitored.

Particle mass concentrations during the milling experiment ranged between 500-
1400 pg PM, s m™). The different DiSCmini response observed when compared to the
CPC and NanoScan (Figure 5.4 and Figure 5.5a) may probably be explained by the
varying shapes and geometric standard deviation of the size distributions of the
aerosol monitored. The DiSCmini is calibrated with monodisperse aerosol, and the
instrument response for polydisperse aerosols with a lognormal size distribution with
a geometric standard deviation of 1.9 is then calculated (Fierz, 2010). As a result, for
aerosols that are far from this this size distribution, errors may occur both in the
number and diameter calculation. This was probably the underlying cause behind the
poor performance of the DiSCmini which was deployed in indoor air. As a result, it
may be concluded that the performance of diffusion chargers such as the DiSCmini is
not optimal when exposure scenarios are characterized by high concentrations of
coarse (>2.5 um) particles, and therefore that their use should be discouraged in

these scenarios.

In conclusion, the following issues were identified during this work with regard to

instrumental limitations:
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Chapter 5. DISCUSSION

=  Detection of high aspect ratio particles (e.g., nanofibers) using current online
instrumentation is highly complex. Currently we are aware of research on
specially designed DMA for the selective separation of nanofibers, but these
instruments are still under development (Prof. K-H Ahn, University of Hanyang,
South Korea, pers. Com.). TEM-based methods are identified as the most
adequate tool to qualitatively assess exposure to nanofibers in indoor air, given
that they allow for the qualitative detection of airborne nanofibers. However,
guantification of these exposures still remains a challenge, both with TEM and

online methods.

= The performance of DiSCmini instruments under real-world conditions with
regard to particle number concentrations was within the expected uncertainty (10-
30%; Asbach et al., 2012a; Fierz, 2011). However, under scenarios characterized
by high coarse particle (>2.5 pym) concentrations (outside of the instrument’s
measurement range) the results from this monitor become unreliable, with a
higher correlation with particle mass than with particle number concentrations.
Under these circumstances other types of particle monitors (particle mass

concentration monitors or CPC) should be the preferred choice.

5.2 Nanoparticle exposure scenarios

Nanoparticle emission into workplace air and their influence on worker’s exposure
was assessed in five different workplaces: (i) production and application of SWCNT
while manufacturing semiconductor thin films (Article 1), (ii) laser-based ceramic tile
sintering in a laboratory-scale furnace (Article Il), (iii) laser-based ceramic tile
sintering in an industrial pilot plant scale furnace (Article Ill), (iv) ceramic laser
ablation at laboratory-scale (Article 1), and (v) atmospheric plasma spraying in an
industrial-scale pilot plant (Article in preparation). This last workplace, although not
directly included in the framework of this PhD thesis as a research publication, was
taken into consideration in this section for comparison of particle concentration levels
obtained during a high-energy nature processes frequently used in ceramic
industries. Atmospheric plasma spraying is used in the ceramic industry to deposit
different coatings on a number of surfaces in order to achieve enhanced properties
such as wear, corrosion, electrical insulation or heat resistance, while maintaining the
structural properties of the underlying material (Fauchais et al., 2013). In total, ten
different exposure scenarios (hereafter described as #1 to #10; Table 5.1), were
characterized. Three of the exposure scenarios have relation with ENP (specifically
SWCNT) and the remaining 7 scenarios with PGNP.
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Table 5.1 Description of the exposure scenarios.

Exposure o Target

P . Description g
scenario partlcles
#12 Best case: Manufacturing of SWCNT films using LEV
#2° Worst case: Manufacturing of a SWCNT film without LEV SWCNT
#3° Reactor cleaning performed under pressure with wet wipes

b Laser-based porcelain tile sintering in a laboratory-scale furnace (length =

b Laser-based red clay tile sintering in a laboratory-scale furnace (length = 3
#5 m)

c Laser-based porcelain tile sintering in an industrial pilot plant scale
#6 furnace (length = 7 m)

c Laser-based red clay tile sintering in an industrial pilot plant scale furnace
#7 (length =7 m)

PGNP

#sb Laser-based ablation of porcelain tiles

Atmospheric plasma spraying of a ceramic glass powder
#9 (microsuspension Na-Si-Ca-P; Na,O; SiO,; CaO; P,0Os) before application

of mitigation strategies

Atmospheric plasma spraying of a ceramic glass powder
#10 (microsuspension Na-Si-Ca-P; Na,O; SiO,; CaO; P,Os) after application of

mitigation strategies

2 Article | (Fonseca et al., 2015c); ° Article Il (Fonseca et al., 2015a); © Article Il (Fonseca et al., 2016); SWCNT:
Single-walled carbon nanotubes; PGNP: Process-generated nanopatrticles; LEV: Local exhaust ventilation

For the sake of clarity, the results described below regarding exposure scenarios #4
and #6 refer to mean concentrations monitored during sintering of different types of

porcelain materials. The same is true for #5 and #7 for red clay tiles.
5.2.1 Exposure to particles in the worker breathing zone

The impact of particle emissions into workplace air on worker exposure were
monitored in the workers’ breathing zone and compared with an average exposure to
background particles defined in section 3.4.4. Table 5.2 summarises the results of
each exposure scenario and corresponding background air concentrations including
data on number of minutes sampled (f), mean particle number (Nean) and mass
(Mmean) concentrations, standard deviation (+0), maximum particle number
concentrations recorded (Ny.x), as well as the mean particle diameter (D,) monitored.
Measurements were taken with a 1-min time resolution. The statistical significance
level of particle exposure in each exposure scenario (BG+3.0gg; Asbach et al.,
2012b) is shown in Figure 5.6.

As evidenced by Table 5.2 and Figure 5.6, non-significant nanoparticle exposure
levels (in terms of N and M) were found during the exposure scenarios dealing with
nanofibers (SWCNT< BG+3.0gg).
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Chapter 5. DISCUSSION

Table 5.2  Summary results of exposure scenarios. Number of minutes sampled
(1), mean (Npean and Myean), PM;, PM, s and PM,,, standard deviation
(o) and maximum particle number concentration (Np.,), particle
diameter (D,,). BG: mean background concentrations.

. t Nmean £ O Nmax D,to Mmean £ O PMi+ o PM,s+ o PMyx o
Exposure scenario . E K P R R . ~
P (min) (cm?) (cm?) (nm) (ug m®) (ng m?) (ng m®) (ug m®)
#1° 540 1.9+05x10° 2.0x10° 34+22
#2° 8  23%03x10° 1.0x10" 590 nm 25+3.8 )
b N/A
#3° 44  33+05x10° 4.3x10° (>95%) 6.1+12
BG? 1.4+34x10° 9.7 x10* 45+6
#4° 90 55+3.7x10° 1.6x10° 157+5.9 67+10 83+17 142+23
#5° 90 15+15x10° 6.5x10° 24.0+6.9 N/A 71+10 91+17 152+21
BG" 1.3+0.9x10° 6.0x10° 33.9+55 53+0.1 59+02 10.8+0.3
#6° 90 3.6+1.7x10° 8.0x10° 155+2.7 39+43 95+157 41.2+955
#7° 90 2.8+1.9x10° 8.0x10° 154+3.3 N/A 20+04 32+09 10.2+54
BG® 1.1+05x10° 2.3x10° 582+84 1.8+12 23+15 28+21
#8 ¢ 20 3.8+1.9x10° 5.8x10° 79.5+26.6 NIA 608 +365 650+391 673 +395
BG" 1.3+0.9x10° 6.0x10° 339+55 53+0.1 59+02 10.8+0.3
#9°© 10 7.7+7.6x10° 2.7x10° 67.0+21.0 )
N/A
BG ® 1.0+ 0.04 x10* 1.1x10° 583+13
N/A
#10° 10 1.7+1.8x10° 7.6x10° 53.6+12.0 )
N/A
BG ® 25+0.3x10* 2.9x10° 37.8+%15

% Nmean Mmeasured by N-WCPC Model 3788 (2.5 nm - 3 um); D, measured by NanoScan SMPS (10-420 nm); Mmean
measured by ELPI™ (7 nm - 10 uym)

® Nimean Measured by DiSCmini (10 - 700 nm); D, measured by DiSCmini (10 - 700 nm); PM1, PM,s and PM;, measured by
DustTrak™ DRX TSI Model 8533 (0.1 - 15 uym)

¢ Nmean measured by DiSCmini (10 - 700 nm); D, measured by DiSCmini (10 - 700 nm); PM;, PM.s and PM;, measured by
DustTrak™ DRX TSI Model 8533 (0.1 - 15 uym)

% Nimean measured by WCPC TSI Model 3785 (2.5 nm - 3 pym); D, measured by DiSCmini (10 - 700 nm); PM,, PM,5 and
PM;o measured by Grimm Model 1.108 (0.3 - 20 ym)

® Nmean measured by butanol CPC TSI Model 3775 (4 nm — 1.5 ym); D, measured by measured by NanoScan SMPS (10-
420 nm)

As described previously, the online instruments did not seem able to accurately
detect SWCNT release during collection chamber openings (both while using and
without using LEV; exposure scenario #1 and #2) or during cleaning operations
performed under pressure with wet wipes (exposure scenario #3), where SWCNT
were potentially released. This suggests that the detection of SWCNT was limited
probably due to the instruments’ response to nanofibers, and therefore that the
exposure concentrations reported above are probably underestimated. The results of
this study suggest that the online instrumentation could be detecting SWCNT as
larger particles (> 300 nm), even though further analyses would be necessary to
confirm this hypothesis. Although the counting of SWCNT with TEM micrographs was
challenging due to high aspect ratio and branching, the analysis of TEM images were
able to confirm the presence of SWCNT in workplace air. SWCNT length varied from
several micrometers to tens of micrometers. The thickness of SWCNT bundles varied

from 10 to 20 nm and a single fibre from 2 to 3 nm. The estimated concentrations
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varied between 1.7 x10™ - 5.6 SWCNT cm™, depending on the process. The highest
SWCNT counts were seen during the worst case scenario where SWCNT were
collected without LEV (exposure scenario #2; 8 min of exposure = 5.6 SWCNT cm™).
This study concluded that the collection and analysis of SWCNT on TEM grids was
the only direct method to detect SWCNT release in workplace air. Therefore, the
development of new methods to accurate characterise the exposure of this type of
fibres are required. For example, in this particular study, CO was used as a tracer
gas to detect fugitive emissions of SWCNT, even though correlation between CO
concentrations and SWCNT concentrations was not found due to the low SWCNT

concentrations detected in workplace air.

107
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[ Nmean Sintering 3m (cm?)
106 T _l B Nmean Sintering 7m (cm™)
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Figure 5.6 Particle number concentrations (Nmean) and mean particle diameter (Dp)
measured in the breathing zone for each of the exposure scenarios
analysed, as well as the significance level of particle exposure during
each activity (BG+3.0gg; Asbach et al., 2012b). The left and right y-axis
refer to the Npe.n and mean D, respectively. Error bars above the box
indicate the standard deviation (o).

Major nanoparticle exposures (> 1.0 x 10° cm™) were registered in the worker
breathing zone during high-energy laser processes such as tile sintering and ablation
(exposure scenarios from # 4 to #8) and especially during atmospheric plasma
spraying (exposure scenarios #9 and #10) reaching a maximum of 2.7 x 10° cm™.
The unexpectedly high exposure concentrations monitored during atmospheric
plasma spraying gave rise to the implementation of a risk prevention protocol aiming
to reduce worker exposure to such particle number concentrations. The effectiveness
of the risk prevention protocol was evaluated in scenario #10 (plasma spraying after
the implementation of mitigation measures), which included: (i) forced ventilation in
the breathing zone (by increasing > 12 air changes per hour); (ii) enhanced the
sealing of the exhaust fume extraction system; and (iii) implemented new chamber-
opening protocol. Nanoparticle concentrations monitored after the implementation of

the mitigation measures (exposure scenario #10) proved their effectiveness, with a
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decrease in particle concentrations by 78% (from 7.7 x 10° up to 1.7 x 10° cm™).
However, these levels are still considered high when compared to the NRV and thus,
improvements in these strategies should be proposed and tested specifically for this

environment, tailored to its needs.

When looking at the ceramic tile sintering scenarios (#4 to #7), both in the industrial-
and laboratory-scale pilot plants (Articles Il and Ill), results show that breathing zone
Nnean Were lowest for red clay materials. This has relevant exposure implications,
given that even though red clay materials are the most frequently used in the industry
due to their lower cost, the use of porcelain materials (with higher exposure
concentrations) is increasing largely due to aesthetic reasons. The decrease in
exposure concentrations at industrial pilot plant scale when compared to the
laboratory-scale conditions (exposure scenario #4 vs. #6; Table 5.2 and Figure 5.6)
was probably related to the higher gas flow inside the industrial-scale furnace and
also to the size of the facility (mainly, the distance between the emission source and
the breathing zone, which favoured nanoparticle dispersion and agglomeration). As
shown in Table 5.2 and Figure 5.6, exposure to PGNP during tile sintering was
statistically significant and reached exposure concentrations which were highly
relevant in terms of particle number concentration (Npean Up to 5.5 x 10° cm™). It is
important to highlight that nanoparticle formation and release during sintering was
consistent over time and detected systematically during all the experiments carried

out.

With regard to particle diameter, the smallest mean diameters detected during all of
the exposure scenarios were those monitored during laser sintering activities (D, <
24 nm), which were in addition markedly finer than those from background air
particles (D, > 33.9 + 5.5 nm), influenced by vehicular traffic emissions (with a high
percentage of diesel) in the surroundings of the laboratory or pilot plant scale
furnaces. The result of higher N..., with a lower particle size detected in these type
of industrial activities suggest the occurrence of new particle formation processes by
nucleation (nanoparticles < 30 nm in diameter being formed; Kulmala et al., 2004;
Kumar et al., 2008). Nucleation processes from gaseous precursors were probably
induced by the cooling down of exhaust gases containing SO, emitted from the
thermal decomposition of S-bearing minerals present in the ceramic tiles (e.g.,
anhydrite, CaSQ,, Figure 5.7b), which decomposes at high temperatures (Chinchén
et al., 1991). Results suggest that nucleation events occurred for both types of
ceramic materials (red clay and porcelain) and in both furnaces (industrial and
laboratory scale) during the thermal treatment, and that this process was

independent of the laser treatment. Actually, the incidence of the laser seemed to
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inhibit new particle formation processes, possibly due to the sealing of the tile surface
by the laser. Detailed explanations of emission patterns observed for each material
are described in the results chapter (Article Il and IIl). TEM-EDX analyses of the
samples show a large number of spherical ultrafine particles ranging from 10 nm -
1um in diameter which may be interpreted as portions of melted material involved in
the tile melting processes. Particle condensation and/or agglomeration of existing
finer nanoparticles (10 - 30 nm in size diameter) from nucleation process were also
identified by the large amount of agglomerated particles observed by TEM (Figures
5.7c and d).

Figure 5.7. TEM images of nanopatrticles collected in indoor air during high-energy
processes: a) ablation of raw porcelain; b); c); and d) tile sintering of red
clay. Corresponding identified particles by TEM-EDX are shown in each
image.

Finally, worker exposure was assessed using particle mass concentration as a more
effective metric during tile ablation, due to the coarser diameter of the particles
emitted (Table 5.2). As in the case of N, PM concentrations in the breathing zone
were consistently higher than in background air. Maximum mean concentrations
registered were 608 pyg m>; 650 ug m* and 673 yg m* for PM;, PM,s and PM,,,
respectively, for porcelain ablation (exposure scenario #8). Coarser particle
diameters were expected to occur due to the fact that laser engraving induces phase
transitions, causing catastrophic break down of the original material (Lahoz et al.,
2011). Overall, particles in the nanoparticle size range (D, = 79.5 + 26.6 nm ) were

released into workplace air but TEM-EDX analyses confirmed the prevalence of
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coarse particles (agglomerates, coarse size) in workplace air during laser tile ablation
(Figure 5.7a) which were markedly larger than those from background air particles
(D, =33.9 £5.5 nm).

Overall, nano-sized particles (D, < 100 nm) were generated and emitted into
workplace air on a statistically significant level (> BG+3.0gg) during all of the
processes evaluated (with the exception of SWCNT manufacturing; exposure
scenarios #1 to #3). These results imply that the exposures monitored may result in
potential health-hazards for the workers, based on the nanoGEM standard operation
procedures for assessing exposure to nanomaterials (Asbach et al., 2012b). On
average, N, concentrations during these non-intentional nanoparticle release
processes were 1 order of magnitude higher than background concentrations, in

terms of particle number concentration.
5.2.2 Comparison of worker exposure concentrations with exposure limits

For the comparison between the exposure concentrations monitored and exposure
limits available in current regulations, nanopatrticles generated from tile sintering (#4
to #7), ablation (#8), and atmospheric plasma spraying processes (#9 and #10)
(generally metal oxides) were considered as substances with a density < 6 x10° kg
m™ (low-density biopersistent granular nanomaterials) which is assigned a NRV of 4
x10* cm™ (SER, 2012). As for SWCNT released from exposure scenarios #1 to #3,
these were considered as rigid, biopersistent nanofibers for which effects similar to
those of asbestos are not excluded and consequently they were compared with the
NRV of 1.0 x107? fibers cm™ (SER, 2012) and the REL of 1 ug m™ established by
NIOSH (2013) for CNT and nanofibers. All the NRV and the REL are 8-h TWA

concentrations.

In terms of mass concentration, the only limits available are those established by
ACGIH (2013) and the OSHA (2006). These institutions set a PEL for 8-h TWA of 5
mg m™ (OSHA, 2006) and of 3 mg m™ (TLV, 8-h TWA concentration) for respirable
particles (PMyo; ACGIH, 2013).

Table 5.3 represents the background-corrected 8-h TWA worker exposure to N and M
concentrations (by Eq 4) during each exposure scenario underlying in this PhD

thesis.
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Table 5.3 Background corrected particle number (N) and mass (M) exposure
concentrations obtained for each activity, and comparison with
occupational exposure limits.

_ N OEL Mmean PM, PM_s PMyo OEL
Exposure scenario 3 3 3 g at g 3
(cm™) (cm™) (ng m™) (ng m™) (ng m~) (ng m™) (ng m™)
#1 1.7 x 1032 2.14x10°°
#2 5.6x10°%  1.0x102%" 20.5¢ N/A 1.0°¢
#3 6.0 x 10732 1.6¢
#4 4.7x10° ¢ 1.99 2.89 4.39
59 N/A g g g
#5 1.2 x 10 2.2 35 5.2
4.0 x 10*° 3.0x10%"
#6 3.1x10°9 2.19 6.69 34.0°
N/A
#7 2.4x10°¢ 0.4°9 1.1°9 6.8¢
#8 3.7x10°  8.0x10% N/A 6.0 x 10%' 6.4 x 10°' 6.6 x 10%' 3.0x10%"
#9 7.6 x 10°' , N/A N/A N/A
., 80x10" N/A
#10 1.5 x 10° N/A N/A N/A

& Estimated by TEM counting

® NRV; SER (2012)

® Calculated by N assuming SWCNT bunch with 20 nm of D,, 10 um of length (aspect ratio = 500) and a density of 1 g cm™®

4 Background corrected Mpean measured by ELPI™
® REL; NIOSH (2013)

fMeasured by Grimm Model 1.108
9 8-h TWA concentrations calculated by Eq (4) considering an equivalent workers exposure of 7h working shift during
sintering activity and 1h working shift during non-activity period

" TLV; ACGIH, (2013)

' Background corrected concentrations for the corresponding time of activity
! NRV15.min Twa defined in Eq (3)

According to the exposure scenarios involving ENP, the estimated concentration of
5.6 SWCNTs cm™ exceeded the personal exposure limit of 1.0 x 102 fibres cm™ only
during SWCNT manufacturing in the worst case scenario (without LEV, #2). An
exceedance of the REL of 1 yg m™ proposed by NIOSH (2013) was also detected
during this exposure scenario as well as during the reactor cleaning operation (#3). It
should be noted that, whereas scenario #2 represents a case of malfunctioning
mitigation tools (e.g., the LEV) and it is not expected to occur on a regular basis in
the workplace, scenario #3 (reactor cleaning operation) is a standard procedure

which is carried out on a regular basis in the workplace under study.

In the case of tile sintering, considering that the workers were exposed to
nanoparticle concentrations during a 7h working shift (plus 1h with no activity in the
furnace), the calculated Ny, rwa exposure concentrations were in the range of 1.2 x
10° cm™ and 4.7 x 10° cm™. This outcome exceeded broadly the NRV established by
the SER (2012) (Table 5.3). In terms of mass, the 3 mg m™ TLV for the total
respirable fraction would not have been exceeded during any exposure scenario
given that the PM,, for 8-h TWA would be in the range of 5-34 ug m™, if #8 scenario
is excluded (660 ug m™).
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Finally, similarly to the sintering activities described above, the ablation process (#8)
and atmospheric plasma spraying (#9 and #10) generated particle emissions which
resulted in exposure concentrations exceeding the short-term NRV5min.twa as defined
by Eq (3) (assuming a NRVg., twa of 4 x 10* cm™). Also similarly to sintering activities,
exposure concentrations lower than the 3 mg m™ TLV set by ACGIH (2013) were

obtained during tile ablation.

5.3 Mitigation strategies

A potential risk of worker exposure to nanoparticles was identified in all of the
industrial settings evaluated (dealing with ENP and with PGNP), despite the

mitigation measures in place (mainly, LEV systems).

When dealing with ENP, applying adequate mitigation strategies is complex given the
frequently low emission concentrations registered in workplaces, as shown in Article
I. Discrimination of ENP from background aerosols presents currently major
limitations, as discussed in previous sections. In addition, online instrumentation is
still unable to deal adequately with high aspect ratio particles (e.g., fibres, Article I).
Therefore, assessing the efficiency of strategies to mitigate ENP release, which focus
mainly on local exhaust ventilation systems, is complex under real-world scenarios
such as the ones evaluated in this PhD thesis. The assessment carried out in
exposure scenario #2 showed that an improper performance of the mitigation
measure in place (LEV system) can result in exceedances of occupational exposure
limit values. Hence, the operation of the LEV in industries dealing with fibres should
be systematically verified. Correct application of LEV to the collection chambers was
found to reduce CO and SWCNT emissions by approximately 95 % and 98 %,

respectively.

When dealing with PGNP from high-energy processes, on the other hand, the
interference of background aerosols becomes less relevant due to the frequently high
concentrations recorded. Therefore, mitigation strategies appear to be easier to be
implemented in industries dealing with high-energy processes (e.g., exposure
scenarios #4 - #10). As an example, in the case of atmospheric plasma spraying
(exposure scenarios #9 and #10), specific mitigation strategies not already in place
were proposed and implemented in the framework of this PhD thesis based on
increased ventilation in breathing zone, enhanced the sealing of the exhaust fume
extraction system and implementation of a new chamber-opening protocol which
resulted in a marked decrease (78%) in exposure concentrations in the worker
breathing zone. However, the identification and chemical characterisation of PGNP is

highly complex due to their (frequently) secondary nature and non-specificity of
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nanoparticle types and sources. Sampling of PGNP for subsequent quantitative
chemical analysis is hindered by their low mass in comparison to background
aerosols, and as a result, only qualitative characterization is possible by microscopy
tools (e.g., TEM or SEM). This implies the inability to carry out toxicological
assessments for this kind of particles, which constitutes a major knowledge gap, and
which are relatively available for ENP. Hence, the development of mitigation
strategies and systematic approaches towards better identifying the processes and
sources of PGNP are recommended to enable risk assessments and to reduce

worker exposure.

Additionally, the effectiveness of already existing mitigation strategies was also
tested in the tile sintering facility (exposure scenarios #6 and #7). In this case, a
HEPA filtration system was in place in the tile sintering facility when the nanoparticle
exposure measurement campaigns took place, but its effectiveness with regard to
nanoparticle collection had not been previously assessed. As discussed in Article I,
the efficiency of the filtration system was successfully tested, evidencing a >87 %
efficiency of N removal (on a 1-min basis) mostly for nanoparticles < 15 nm whereas
it was slightly less efficient for larger particles released during the laser treatment
(~30 nm).
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6. CONCLUSIONS

This PhD thesis addressed the detection and exposure assessment of nanoparticles
emitted in workplaces during ENP (SWCNT) manufacturing and application
processes, as well as during unintentional nanoparticle release scenarios (emission
of PGNP) which do not involve ENP as input materials (tile ablation and sintering with
laser technologies, and atmospheric plasma spraying in the ceramic industry). In
addition, possible particle transformations, the potential for particle release to the
outdoor environment, and the effectiveness of control measures were assessed.
Following the structure of the discussion chapter, the main conclusions that were
extracted from this work can be divided in three sections:

(i) Performance of nanoparticle monitoring instrumentation

=  NanoScan SMPS TSI 3910: the assessment of the novel portable SMPS
regarding its application in workplace exposure studies revealed that the results
from this instrument are dependent on particle size, morphology, composition
and concentration. Different charge levels acquired by the particles in the
unipolar charger might be the reason of this dependence. Although the
NanoScan is known to provide higher time resolution analysis than the
stationary SMPSs, it could be considered slow in certain specific
microenvironments but it can be a useful instrument to obtain estimates of the
size distribution in workplace air. Due to its portability, it is a valid tool for
simplified exposure assessment, such as in Tier 2. However, its accuracy should
not be overestimated. While the sizing accuracy was mostly within +25%,
measured total concentrations in some cases deviated by more than 50%
(especially for agglomerated particles). For Tier 3 exposure assessments,

conventional and stationary SMPS instruments are still the preferred choice.

= Cascade impactors for nanoparticle sampling: the performance of cascade
impactors for sampling of nano-scale aerosols was assessed. Physical and
chemical processes such as particle volatilisation and particle bounce were
identified as playing a major role in the collection efficiency and in the aerosol
size distribution by the impactors evaluated. Results were mostly comparable
between the two BLPI impactors tested. Particle sampling with portable PCIS
impactors did not provide comparable results for the ultrafine and nanoparticle
fraction (<250 nm) with regard to other impactors. As for the nano-Moudi
impactor, results evidenced differences regarding particle mass concentrations

which may have occurred due to the internal rotating mechanisms and the
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(i)

electric current in the sensor board of nano-Moudi, which heat the impactor
casing up and induce aerosol volatilization. Specific recommendations were

extracted, including greasing of the impactor collection substrates.

Online instrumentation for monitoring of nanofiber concentrations:
detection of high aspect ratio particles (e.g., SWCNT) using current online
instrumentation appears to be highly complex. Research is currently underway
on especially designed DMA for the selective separation of nanofibers (Prof. K-H
Ahn, University of Hanyang, South Korea, pers. com.), but these instruments are
still under development. TEM-based methods were identified as the most
adequate tool to qualitatively assess exposure to nanofibers in indoor air, given
that they allowed for the qualitative detection of airborne nanofibers. However,
guantification of these exposures still remains a challenge, both with TEM and

online methods.

DiSCmini: the performance of DiSCmini instruments under real-world conditions
with regard to particle number concentrations was within the expected
uncertainty (10 - 30%). However, under scenarios characterized by high coarse
particle (>2.5 um) concentrations (outside of the instrument’s measurement
range) the results from this monitor become unreliable, with a higher correlation
with particle mass than with particle number concentrations. Under these
circumstances, other types of particle monitors (particle mass concentration

monitors or CPC) should be the preferred choice.

Exposure monitoring strategy: the multi-metric and multi-instrument approach
suggested by Brower et al. (2012) seems to be confirmed as the best available

strategy for occupational exposure assessments.

Nanoparticle exposure scenarios

In the study where workers’ quantitative exposure to SWCNT while
manufacturing conductive thin films was assessed, it was found that the
conventional production and application of SWCNT showed only very limited
nanoparticle emissions into the workplace air, with exposure concentrations
below the occupational exposure limits available. However, a failure of the LEV
in reactor process may give rise to high airborne nanoparticle concentrations
near the worker breathing zone (exceeding the NRVg,, twa concentrations and
the REL). During reactor cleaning activities, the REL of 1 yg m™ was exceeded
(NIOSH, 2013).
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(iii)

The measurements performed in ceramic industries showed that ENP are not
the only source of workplace exposure to nanopatrticles. Also important can be
the exposure to PGNP. High-thermal processes applied frequently in ceramic
industries such as tile sintering, ablation and atmospheric plasma spraying, may
give rise to nanoparticle exposure concentrations which are significantly higher
than those registered in industries which use ENP as input materials.
Nanoparticle exposure concentrations in workplace air during these high-thermal
processes were, in addition, statistically significant (>BG+3.0ps). Thus, the
contributions of PGNP to the total nanoparticle workers exposure should not be

ignored in risk assessments.

Because the toxicity of PGNP is not necessarily different from the assumed
toxicity of ENP, the comparison of particle exposure concentrations with the
available NRV is advisable. Since workers were exposed to concentrations
above the NRV (4 x 10* cm™), during the high-thermal processes under study,
there was a clear evidence of the risk of occupational exposure to nanoparticles.
In terms of mass, current regulations set a 3 mg m® TLV (8-h TWA; ACGIH,
2013) for the total respirable fraction which would not have been exceeded
during any process condition. However, the results obtained in terms of particle
mass concentration during ablation of ceramic tiles should be highlighted due to
the considerably higher concentrations monitored with regard to other exposure

scenarios.

Nanoparticle emission patterns from tile sintering processes were strongly linked
to temperature and tile chemical composition, and mainly independent of the
laser treatment. New particle formation mechanisms from gaseous precursors
occurred for both types of ceramic materials (red clay and porcelain) with
nanoparticles <30 nm in diameter being formed during the thermal treatment.
The incidence of the laser seemed to inhibit new particle formation processes,

possibly due to the sealing of the tile surface by the laser.

Mitigation strategies

The correct application of LEV to the collection chambers in the SWCNT
manufacturing facility was found to reduce CO and SWCNT emissions by
approximately 95% and 98%, respectively. The operation of the LEV should be

systematically verified.

A specific exposure mitigation protocol was devised and implemented in the

plasma spraying facility. It included increased air exchange, delayed door
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openings and sealing of the exhaust extraction system. These measures
resulted in a quantitative reduction of exposure concentrations in the breathing

zone of 78% of particle number concentrations.

A potential risk for nanoparticle release to the outdoor air was identified, despite
the mitigation measures in place (a HEPA filtration system) in the tile sintering
facility. The efficiency of the filtration system was successfully tested, evidencing
a >87 % efficiency in particle number concentrations removal. However, this
efficiency was dependent on patrticle size. It is recommended that the efficiency
of mitigation strategies should be tested for the specific particle sizes under

evaluation.
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/. LIMITATIONS AND FUTURE RESEARCH NEEDS

From the results of this PhD thesis, the following research needs and potential future

lines of research have been identified:

Industries which have benefited from advances made available through
nanotechnology and through innovative industrial processes not only should be
safe themselves but should also guarantee human health and environmental
protection while still remaining competitive. Therefore, measurements at
workplaces under real-world conditions dealing with ENP or PGNP are needed
for risk assessment in order to characterise exposure scenarios and exposure
pathways of nanoparticle uptake. The large variability encountered in these

scenarios also highlights the need for further studies on exposure scenarios.

In this respect, sampling and characterisation of PGNP in workplace
environments is one of the major remaining challenges. Nanopatrticles display a
wide range of toxicities, with many being perfectly safe and others being harmful
to human health or the environment. Although the toxicity of specific ENP is
relatively better known, this is unknown for PGNP. To tackle the issues
associated with the complex composition of the PGNP (due to their frequently
secondary nature and non-specificity of nanoparticle types and sources),
validated sampling strategies and assessments on the basis of particle
physical/chemical properties should be developed and applied for process-
generated nanoparticles. This would enable in addition their toxicological

assessment.

Existing monitoring and sampling instrumentation is faced with a number of major
limitations, with regard to real-world exposure assessments. Thus, the
development of new and more robust and easy to use, portable real-time
instruments is necessary to improve exposure and risk assessment studies.

Specific aspects which require improvement are:

- Particle size: considering that ENPs may present mean diameters as low as 1
nm, instrumentation with a lower cut-off of 10 - 20 nm seems insufficient.
Decreasing the lower size detection limit of real-time instruments should be a

priority in this field of research.

- Discrimination of particles by type (e.g. ENP vs. background vs. PGNP): this
is a key challenge with regard to quantification of personal exposures,
especially in view of health impact assessments. ENPs could be especially

targeted with dedicated instrumentation able to carry out this discrimination in
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real-time, by focusing on physical or chemical properties of the particle such

as density, hygroscopicity, etc.

- Detection of non-spherical particles: as shown in this PhD thesis, the
challenge of monitoring high aspect ratio nanoparticles (e.g., SWCNT) still
remains. Work should be carried out to improve the performance of particle

monitors to enable them to deal with complex non-spherical structures.

International agreement on particle metric for better description of exposure and
better links with the biological response (i.e., toxicity) is needed for occupational
exposure studies. At present, the best approach still seems to be based on the

combination of multiple parameters and metrics.

Similarly, dedicated regulation should be developed for the metrics identified as
best representing worker exposure (e.g., particle number concentration, chemical
composition, etc.). A revision of the existing limit values, based on particle mass
concentrations for 8-h TWA (5 mg m™ by OSHA, 2006 and 3 mg m™ by ACGIH,
2013), would be advisable given the current development of certain industrial
processes which tend to generate higher particle emissions in terms of particle
number concentration (as opposed to mass). A review and decrease of the

current limit value in terms of mass would also be advisable.

Future research on exposure scenarios dealing with ENP and PGNP will
hopefully contribute to epidemiological studies which are so far lacking inputs
from the nanoparticle monitoring scientific community. The outcome of
epidemiological studies will be highly relevant to establish and evaluate threshold

limit values such as OEL values in occupational settings for workers.

Exposure and risk assessment tools (risk/control banding tools) should be tested
and validated for nano-sized patrticles, in order to identify potential hot spots for
risk and to enable straightforward interpretation of the exposure scenarios. This

type of tool is already in use for micro-scaled particles.

Modelling tools to describe the dispersion and transformation of nanoparticles in
the workplace should be validated with experimental measurements to a) assess
locations of maximal exposures, and b) to develop and plan safe working

environments.

Life-cycle considerations should be integrated into risk assessments, i.e.,
assessment of potential environmental impacts of nanoparticles focusing on
specific environmental compartments such as water or soil where originally

airborne nanoparticles might accumulate.
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Taking into account the high level exposure concentrations encountered in
ceramic industries, the development and promotion of good practices during
innovative processes in the ceramic industry are needed in view of worker
protection. It would also be interesting to extend this kind of approach to other
types of innovative technologies such as laser-based metal-cutting, welding or

micro-abrasion of metallic surfaces (e.g., ships) during maintenance operations.
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ANNEX A: LIST OF ABBREVIATIONS, ACRONYMS AND SYMBOLS

The following tables describe the significance of various abbreviations, acronyms and

symbols used throughout the Thesis.

Abbreviation/Acronym

Description

ACGIH
BLPI
CNF
CNT
CPC
DC
DiSCmini
DMA
DNEL
EC
EDX
EEA
ELPI
ENP
EU
HEPA
IARC
IC
ICP-AES
ICP-MS
ICRP

IFA

ITC

KET

LEV
LOAEL
Moudi
MWCNT
N/A
nano-BLPI

Nano-Moudi

American Conference of Governmental Industrial Hygienists
Berner low-pressure impactor

Carbon nanofibers

Carbon nanotubes

Condensation particle counters

Diffusion chargers

Diffusion Size Classifier Miniature

Differential mobility analyser

Derived no-effect level

European Commission

Energy dispersive X-ray

European Environment Agency

Electrical low pressure impactors

Engineered nanoparticles

European Union

High efficiency particulate air filter

International Agency for Research on Cancer

lon chromatography

Inductively coupled plasma by atomic emission spectrometry
Inductively coupled plasma by mass spectrometry
International Commission on Radiological Protection

German Institute for Occupational Safety and Health of the
German Social Accident Insurance

Institute for Ceramic Technology

Key enabling technologies

Local exhaust ventilation

Lowest observed adverse effect level
Micro-orifice uniform deposit impactor
Multi-walled carbon nanotubes

Not applicable

Nano-Berner low-pressure impactor

Nano-Micro-orifice uniform deposit impactor
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NAS Nanometer aerosol sampler

N-ENP Non-engineered nanoparticles

NIOSH National Institute for Occupational Safety and Health

NRV Nano reference values

N-WCPC Nano-Water-based condensation particle counters

OEL Occupational exposure limits

OPC Optical particle counter

OPS Optical particle sizer

OSHA Occupational Safety and Heath Administration

PCIS Personal cascade impactor sampler

PEL Permissible exposure

PGNP Process-generated nanoparticles

PM Particulate matter

PM,, Respirable particles

PPE Personal protective equipment

PTFE Polytetrafluoroethylene filters

rDMA Radial differential mobility analyser

REL Recommended exposure limit

SEM Scanning electron microscopy

SER Social and Economic Council of the Netherlands

Si International System of Units

SMPS Scanning mobility particle sizers

SMPS-L Scanning mobility particle sizer with a long DMA

SMPS-N Scanning mobility particle sizer with a nano DMA

SWCNT Single-walled carbon nanotubes

TEM Transmission electron microscopy

TLV Threshold limit value

TWA Time weighted average

UCPC Ultrafine butanol condensation particle counter

ULPA Ultra-low penetration air filters

WCPC Water-based condensation particle counters
Symbol Description Unit
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WA

BG

o Q
ko]

< =2

PSD

LDSA

SA

PM;, PM,.s5, PM4, PMy,

n

Time duration of the activity min

Measured particle concentrations at the
breathing zone or emission source during ug m>, cm™ or ym? cm’
the work activity

Average background registered

-3 3 2 3
i m™, cm™ or ym®cm
concentrations Mg M

Measured background corrected particle

-3 -3 2 -3
concentration in the breathing zone Hg M, cm*”or um=cm

Standard deviation nm, ug m>, cm>, um? cm’
Particle diameter Mm or nm
Total particle number concentration cm?
Total particle mass concentration ug m*
Particle size distribution ug m>, cm® or pm? cm™®
Lung deposited surface area 2 3
. Mm<cm
concentration
Surface area concentration pum? cm™
Particle mass concentration for particles m3
<1, 2.5, 4 and 10 ym, respectively Hg

Total number of measurements -
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Chemi(_:al_ Description Chemit_:al_ Description
abbreviation abbreviation

Ag Silver Nd Neodymium

Al Aluminium NH; Ammonia

Al,O3 Aluminium oxide NH," Ammonium

As Arsenic NH,CI Ammonium chloride
Au Gold NH4NO; Ammonium nitrate
Na Sodium Ni Nickel

Ba Barium NOs Nitrate

Bi Bismuth NOx Nitrogen oxides
Ca Calcium P Phosphorus
CaS0O, Anhydrite Pb Lead

Cd Cadmium Pr Praseodymium
Ce Cerium Rb Rubidium

CcO Carbon monoxide | S Sulfur

Co Cobalt Sb Antimony

Cr Chromium Sc Scandium

Cs Cesium Se Selenium

Cu Copper SiO, Silicon dioxide
DEHS prethyshexyl-— s Tin

Fe Iron SO, Sulfur dioxide
Fe,0s Hematite S0,% Sulphate

Ga Gallium Sr Strontium

Gd Gadolinium Ta Tantalum

Ge Germanium Th Thorium

H,SO, Sulfuric acid Ti Titanium

HCIO, Perchloric acid TiO, Titanium dioxide
HF Hydrofluoric acid Tl Thallium

Hf Hafnium U Uranium

HNO; Nitric acid \% Vanadium

K Potassium VOCs \C/grlﬁ:)il(;eu?]:jgsanic
La Lanthanum w Tungsten

Li Lithium Y Yttrium

Mg Magnesium Zn Zinc

Mn Manganese ZnO Zinc oxide

Mo Molybdenum Zr Zirconium

NaCl Sodium chloride

Nb Niobium

238


http://www.lenntech.com/periodic/elements/Nd.htm
http://www.lenntech.com/periodic/elements/As.htm
http://www.lenntech.com/periodic/elements/Ni.htm
http://www.lenntech.com/periodic/elements/Bi.htm
http://www.lenntech.com/periodic/elements/P.htm
http://www.lenntech.com/periodic/elements/Pb.htm
http://www.lenntech.com/periodic/elements/Cd.htm
http://www.lenntech.com/periodic/elements/Pr.htm
http://www.lenntech.com/periodic/elements/Ce.htm
http://www.lenntech.com/periodic/elements/Rb.htm
http://www.lenntech.com/periodic/elements/Co.htm
http://www.lenntech.com/periodic/elements/Sb.htm
http://www.lenntech.com/periodic/elements/Sc.htm
http://www.lenntech.com/periodic/elements/Cs.htm
http://www.lenntech.com/periodic/elements/Se.htm
http://www.lenntech.com/periodic/elements/Sn.htm
http://www.lenntech.com/periodic/elements/Ga.htm
http://www.lenntech.com/periodic/elements/Sr.htm
http://www.lenntech.com/periodic/elements/Gd.htm
http://www.lenntech.com/periodic/elements/Ta.htm
http://www.lenntech.com/periodic/elements/Ge.htm
http://www.lenntech.com/periodic/elements/Th.htm
http://www.lenntech.com/periodic/elements/Tl.htm
http://www.lenntech.com/periodic/elements/Hf.htm
http://www.lenntech.com/periodic/elements/U.htm
http://www.lenntech.com/periodic/elements/V.htm
http://www.lenntech.com/periodic/elements/K.htm
http://www.lenntech.com/periodic/elements/La.htm
http://www.lenntech.com/periodic/elements/W.htm
http://www.lenntech.com/periodic/elements/Y.htm
http://www.lenntech.com/periodic/elements/Mn.htm
http://www.lenntech.com/periodic/elements/Mo.htm
http://www.lenntech.com/periodic/elements/Zr.htm
http://www.lenntech.com/periodic/elements/Nb.htm




	GODINHO_COVER
	PhD Thesis_Ana Sofia Fonseca_April 2016

