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ABSTRACT

The presented doctoral dissertation deals withestenation of emission rates from
various aerosol sources, which may occur in a wiege of indoor workplace
environments. Moreover, substantial increase itiggamumber and mass concentration
may lead to high exposure levels of possibly harmftborne contaminants. Thus,
respiratory protection and human dose are alsmiabkparts of this research.

In the first part of Chapter 4, particle number @amtration and size distribution
along with PM and TVOC were measured during emissifsom painting materials
(turpentine oils) inside an indoor microenvironm@aboratory room of 54 . New
particle formation events were observed in all ¥pegiments. The nucleation events
lasted on average less than one hour with an aseyemyvth rate 33.9 £9.1 nm/h and
average formation rate 21.1 +8.7 ¢m'. After the end of the nucleation event, a
condensational growth of indoor particles followadth average growth rate
11.6 £2.8 nm/h and duration between 1.4 and 4Hidgh concentrations up to 3.24 ppm
were measured for the indoor TVOC concentrationsnduthe experiments. High
nucleation rates indoors were observed in conjanatiith high TVOC concentrations
originating from painting materials which resultechigh exposure concentration levels
of particle number concentration.

The next part of this study evaluates the nanaparmimissions from laser printers
in a print room (PR) and an office. Printing wasritified as the most significant indoor
source of nanoparticles (< 100 nm) resulting inuasgantial increase of indoor PN
concentration in the PR during the workdays. Averagrticle concentration during
opened hours was measured to be 5.4%#&0r* and similarly, as it was observed in the
chamber study, printers’ startup on any given dag sharacterized by a sharp increase
in particle concentrations (on average 4.4 %#/0n7). Printer from the PR examined in
a chamber (7.6 ywas generating nanoparticles (vast majod§0 nm with mode on
~15 nm) primarily during cold startup (1.9 x*10 1.6 x 18 #/cn?).

Dust reuspension may significantly contribute twr@ased mass concentration in
an indoor environment. Therefore, RjMand number concentration were measured
during walking experiments inside a laboratory. Thiféerent dust loadings were used
(25, 15, 5, 1 g/ff) in order to evaluate the impact of surface logdin the indoor PM
mass concentration and on the resuspension rateoVir, the experiments involved

two different walking patterns (rectangular anet)inThe average resuspension rate was



calculated to be equal to'#6- 102 hl. No impact on resuspension rate was observed for
different walking patterns or walking speed. On tiker hand, the measured mass
concentration inside the room was increased whieg isgher dust loading on the floor.

The objective of the last part of Chapter 4 wadgdtermine the emission rates
from two arc welding processes (SMAW and TIG) aatticg processes in a simulated
confined workspace of experimental chamber. Alh@estigated processes generated
high particle number concentrations ranging frod 2. 3.6 x 10#/cm® and were the
highest during TIG welding. Among all 3 processebio from cutting reached the
highest mass concentrations (11 and 22 mg/while SMAW had the highest
contribution of fine particles (~4.1 mg#nconsisting mostly of Phb.s

Chapter 5 deals with penetrations and the mosttgzimg particle size (MPPS)
of 47 mm filters from CE-marked filtering facepie@spirators (FFRs) These were then
compared to identical FFR models tested in manddsed chamber tests. These two
experimental methods were in good agreemefit@R1). Penetrations were evaluated
size-selectively using 9 sizes of charge-neutrdlim®nodisperse aerosol (20-400 nm
CMD). Comparison of the penetrations at MPPS frdritha examined filters and FFRs
showed within-respirator variations in all threléefing classes. The MPPS in this study
was found to be in the range of 25-65 nm (CMD)lInreeasurements. It is concluded
that the EN 149 method underestimates particle tpsien (especially for particles
<100 nm) due to the inadequate penetration testaddbr respirator certification.

Human dose from aforementioned aerosol sourcesasssssed in ExDoM2
model and the results are presented in Chapteru@ndp emissions from painting
materials, the average increase of total dosesepted 4.6 and 1-f8ld at emission and
post-emission period, respectively, compared te#posure dose from BC. Increase of
total dose in the PR represented 13.4 andfdd at printers’ startup and printing,
respectively. Cumulative deposited and retaine@ daee also estimated for 4 different
scenarios for resuspended dust, and arc weldingulRerevealed that: (1) In both
emission cases, the first scenario—staying in tkijged workspace for the entire time
period without a use of FFR, was the ‘worst casehario; and that (2) It would be more
beneficial in respect to total deposited doseeafdéRposed simulated subject not wearing
FFR at the duration of emission, would leave thibuped workspace immediately after
the end of emission. Due to very small contributidriine particles in the resuspended
dust, only ~4% of total dose were deposited inttieracic region. On the contrary,

retained dose in the thoracic region was the higloesirc welding processes (~20%).
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1. Introduction to Aerosol Characterization

1.1. Introduction

Aerosols are quite ubiquitous; airborne particlesmf resuspended soil, atmospheric
cloud droplets, welding fumes, smoke from poweregation, airborne particles from
volcanic eruptions, cigarette smoke, and salt glagiformed from ocean spray are all
examples of aerosols. Many commonly known phenonserh as dust, suspended
particulate matter, fume, smoke, mist, fog, hara,ds, or smog can be described as
aerosols. In its simplest form, term aerosol stdadsolid or liquid particles suspended
in a gas. In homogenous aerosol, all particles cremically identical, whereas
monodisperse aerosols have particles that havéasisize. However, most aerosols are
polydisperse with a wide range of particle sizem@d, 1999).

Aerosol sources are both natural and anthropog@mithropogenic sources of
aerosols include fossil fuel and biofuel burning &mergy production, or industrial
activities (Austin et al., 2002). On the other handtural aerosol sources, such as sea
salt, dust, marine organic aerosol, primary biogg@airticles (spores, viruses, microbes)
or volcanic eruptions can also be a source of aliuion. Anthropogenic and natural
aerosol can be introduced to the atmosphere dirastprimary aerosol, or as secondary
aerosol which has particles that are formed inatineosphere by chemical reactions of
gaseous components. Atmospheric aerosols rangeeifrem a few nanometers (nm) to
tens of micrometersit) in diameter (Figure 1.1). Once airborne, pagtavolve in size
and composition through condensation of vapor gsear by evaporation, by
coagulating with other particles, by chemical reagtor by activation in the presence of
supersaturated water vapor (Seinfield and Pan@5)2

The World Health Organization (WHO) guidelines &br quality are based on a
systematic review of the scientific evidence on a@ksociation between ambient levels
and health outcomes in large populations. Howelierast decade many studies focused
on the determination of indoor sources and its chpa indoor air quality. Since, people
spend most of their time indoors (Robinson and &elsl995), it is of significant
importance to recognize and isolate the most compotintant human activities, as well

as to characterize indoor particulate matter andantribution to indoor air.
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Figure 1.1. Particle size ranges and definitions (adapted ft@araridis and Colbeck,

2013).

1.2. Particle Size and Equivalent Diameter

Particle size vary widely for different types ofr@sol, which in most of the cases is

polydisperse rather than monodisperse. Particle &zperhaps the most important

property that determines its behavior in a gas, [@articles of different sizes behave

differently and can be governed by different phgkiaws (Hinds, 1999). Based on their

size, aerosol particles may be classified accortbnitpeir observed modal distribution,

the 50% cut-off diameter, or dosimetric variablelated to human exposure (Morawska

and Salthammer, 2003):

Nucleation mode: g< 10 nm
Aitken mode: particles with diameter 10 nm <<d100 nm

Accumulation mode: 0.im < ¢, < 1pm
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» Ultrafine particles: particles in the Aitkin andateation modes
* Fine particles: includes the nucleation, Aitkin amtumulation modes

» Coarse particles: gm < ¢, 10um

Classification according to the site of deposiiiothe lungs includes several fractions:
* Inhalable: mass fraction of total airborne parsdieat is inhaled
» Thoracic: mass fraction of inhaled particles thengtrates beyond the larynx
» Extrathoracic: mass fraction of total inhalabletjgdes that fails to penetrate
beyond the larynx
* Respirable: mass fraction of total inhaled partictbat infiltrates up to the

alveolar region.

Particles (or Particulate Matter—PM) significantiary also in shape. Most
airborne aerosol particles have irregular shapg,awxery small fraction of particles has
spherical shape. Therefore, an approach charaogptize irregular particle shapes is
known as the particle equivalent diameter. An egjent diameter is reported as the
diameter of a sphere having the same value of@fgpghysical property as the particle
under consideration. Most theories describing a¢feshavior assume that the particles
are spherical. Use of equivalent diameters and ofttreection factors allows application
of these theories to non-spherical particles. Conmiynased equivalent diameter are
aerodynamic, mobility, and volume equivalent disen€¢Kulkarni et al., 2011).

Aerodynamic equivalent diameter is the diametea adpherical particle with
standard density§=1000 kg/ml) having the same terminal velocity when settlinger
gravity as the particle under consideration. Theodmamic diameter is useful for
describing the behavior of particles typically karghan 0.5um, and is the key parameter
for characterizing the deposition in the respinatinact and in engineered devices such
as filters, cyclones, or impactors, where inertb@havior dominates. The volume
equivalent diameter is defined as the diameterspiteerical particle of the same volume
as the particle under consideration and can begtitoaf as irregular particle melted to
form a droplet with the diameter of a sphere. Sdakameterds) equals to aerodynamic
(da) and volume equivalentld) diameter if corrected with dynamic shape faciyrf@r
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irregular particles (Eq. 1.1). Stokes diameter tha@ssame density and settling velocity
as the particlepp), and is usually defined in terms of the bulk matelensity ), which
avoids the problem of defining the true particlaslgy (Hinds, 1999).

d, =d, (p—")E = d, (@)E (Eq. 1.1)

For extremely small particles (few nanometers),olwhare dominated by Brownian
motion instead of inertia, a mobility equivalent ¢bffusive) diameter is used. Mobility
equivalent diameter is the diameter of a sphepaadicle with the same mobility as the
particle in question where mobility is defined bs particle velocity produced by a unit
external force. Most commonly used mobility diameseelectrical mobility diameter,
which is the diameter of a spherical particle vifte same electrical mobility as that of
particle in question. Additionally, an optical diater is defined as the diameter of a
particle having the same response in an instruntieait detects particles by their

refraction index.

1.3. Particle Concentration and Size Distribution

Over the last few decades in various fields, susha@ pollution, public health,
atmospheric science, or manufacturing, the neethe@asure aerosols has increased
significantly. Particle concentration is used teatée spatial distribution of a particular
aerosol property and is defined as the specifipgnty of the particle suspension per unit
volume of gas (Kulkarni et al., 2011). Particle han mass, surface area, and volume
concentration are the most commonly used typesadicte concentration. Particle
number concentration is defined as the number icpes per unit volume of gas (most
often denoted unit is crfhor #/cn?). Particle number concentration can easily reach
10" #/cn? or even higher in many industrial environmentstiBla mass concentration,
on the other hand, is usually determined as thHeatel particles’ weight over a known

filtered volume of gas in time. The most commort vhimass concentration is mgior
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ug/m? and is used in conjunction with Riand PM sfractions. PM:s (or fine particles)
is the mass concentration of particles with aeradyic diameter smaller than 2uf,
while PMyo (coarse particles) is the mass concentration dfcges with aerodynamic

diameter smaller than 10m, specified by the inlet cut-offs with 50% effinizy.
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Figure 1.2. Three descriptions of the size distribution ofpigal” urban airborne
particles (Seinfield and Pandis, 2006).

Particle size distribution is one of the most obesgial characteristics of
polydisperse aerosol, i.e. conventionally, a spr@achore than about 10-20% (with a
geometric standard deviation of 1.1-1.2). It cquogsls to the distribution of a specific
aerosol property over the investigated particle semge (Figure 1.2). To construct a
particle size distribution, the particle size isigided by either number, mass, surface

area, volume, or other aerosol property. The symoa¢tnormal (or Gaussian)
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distribution is ideal for describing measurementartainties that are distributed
symmetrically about a central value, and the uagares can take positive or negative
values. If the measurement contains no systematicse then the distribution of the
measurements will be a symmetric bell-shaped careend the centered value. The
mathematical function that describes this curveaited the normal distribution or the
Gaussian distribution.

Size distributions more common than normal distrdns in aerosol science and
technology are lognormal particle size distribusiomhe lognormal distribution is used
extensively in situations where the ratio of thgéest to the smallest value is greater than
10 (Figure 1.2). It is used widely for aerosol silzgtribution due to its convenient form
of dealing with the momentum distributions and matoen averages. Lognormal
distributions of concentrations are typical of ind@nd workplace environments. The
lognormal function is simply obtained from the nainfunction by using logarithmic
variables. Aerosol size distributions from manyetént sources have been found to fit
the lognormal distribution. The lognormal numbestdbution described in John (2011)

is given in Eq. (1.2):

dN

_ (Ind,-IncmD) ] (Eq. 1.2)

= ———eX
V2minag p 2(In ag)z

1

_ d84%)5
o, = |\—— Eqg. 1.3
g (dle% (Eq. 1.3)

where N is the total number of particles, CMD is ttount (number) median diameter
andog is the geometric standard deviation (GSD) giverkQy(1.3). GSD is a measure
of the width of the peak—ifgdy and dew are the diameters that include 84% and 16%
of all the particles with diameters from zero te thameter in question. For a lognormal
distribution, CMD is equal to geometric mean diagngtg). If the particle number

distribution is lognormal, then the surface andunaé distributions are also lognormal.
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1.4. Indoor Particle Dynamics

Airborne particles undergo a range of physical @memical processes, which may affect
their chemical composition, physical charactersstiand concentration in the air.
Emissions from combustion are highly dynamic migtuof hot gases and patrticles,
undergoing rapid changes, while others, such ashamécally formed dust, are less
dynamic. As shown in Figure 1.3, the most signifiqarocesses affecting indoor particle
concentration levels and other characteristicdude penetration of outdoor particles
indoors, deposition of particles originating froratty indoor and outdoor sources on
indoor surfaces, resuspension of particles depbsitesurfaces, coagulation and changes
by evaporation or condensation, removal of pasgidtem the indoor environment by
ventilation and exfiltration, chemical reactionyatving vapors and gases leading to

particle generation, and indoor aerosol sources.
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Figure 1.3.Processes affecting indoor aerosol concentratiasand G represent the
outdoor and indoor concentrations, respectivelagée from Thatcher et al., 2003).

Outdoor particles can penetrate into indoor alegithrough opened windows,
doors, or through the building envelope leaks, saghracks or gaps. Penetration of the
building envelope, regardless of particle sizeobges insignificant if the windows or
doors are opened, which is also characterizedddy &ir exchange rate. On the contrary,

penetration through the building envelope is sigpethdent. However, ultrafine particles
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governed by Brownian motion and larger coarse glagido not penetrate the building
envelope easily. The size range of particles tlatefrates most efficiently is in the
accumulation mode, 0.1 touIn (Abt et al., 2000).

Deposition of particles on indoor surfaces is iaflaed by several factors, such
as particle size, airflow currents, available sctefaarea and surface charge, or
temperature gradient. Particle diffusion towardsghrfaces is significant for very small
particles, while gravitational sedimentation isngfigant for large particles. Particle loss
due to deposition is characterized by the depwositiss rate coefficient, which is defined
as the number of particles depositing per unitasigrfarea per unit time (Morawska and
Salthammer, 2003).

Particles deposited on indoor surfaces may becdrberae by resuspension
from the surfaces. Detachment of particles reqo@main forces to be applied. Force
required to detach a particle from surface by reasn may occur as a result of air jets,
mechanical forces, or electrostatic forces, anday involve rolling or sliding of the
particle before it becomes airborne (Hinds, 198&hough particle resuspension from
indoor surfaces depends on particle size (Wanb, & .2a), particles larger than 2u
detach more easily from the surface.

Airborne particles in the indoor environment willap into each other at a rate
that is proportional to the square of their numlmencentration. The number
concentration will decrease rapidly as the pai@gglomerate, thus directly changing
the size distributions (Nazaroff, 2004), while theiass concentration will remain the
same. This process is called coagulation and mathéeesult of Brownian motion
(thermal coagulation), or caused by external fo(keematic coagulation). Coagulation
is very complex, but important particle removal metism, which becomes significant
for particle number concentrations higher thah#/@nm® (Hussein et al., 2009).

Nucleated condensation (heterogeneous nucleatiot)r® at supersaturation
ratios lower than 1, and relies on existing subamgparticles known as condensation
nuclei (soluble or insoluble) or ions, which prozidome initial surface area for
adsorption of gas-phase molecules. Condensatisoaltly for particles larger than the
gas mean free path depends on the rate of diffuffiomolecules to the droplet surface.

For example, secondary organic aerosol (SOA) fomimsn concentrations of oxidized
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products of the gas-phase reactions of unsaturayeldocarbons with atmospheric

oxidants reach supersaturation and condense orgiingxparticles. Pressure difference
between the ambient vapor pressure and the vapssyre on the surface of the particle
determines the direction of the net vapor flux @mdis and Drossinos, 2013). The

process opposite to condensational growth is ewaipor. The shrinkage of particles due
to evaporation happens when the ambient partisgdspre of vapor is less than the
pressure of the saturated vapor.

Numerous studies can be found in literature dealiitly the characterization of
indoor sources and particulate matter emissionsetHs., 2004; Hussein et al., 2006;
Géhin et al., 2008; Slezakova et al., 2009; Seraphd., 2012). These studies focus on
the most common indoor sources provoked by humawitees and its contribution on
indoor number and mass concentration. Indoor seuate related with any kind of
human activities that take place in different eoniments such as schools, hospitals,
offices, houses. The generated particulate mattiereince both the indoor concentration
and particle size distributioEmissions from indoor sources arise from commandiu
activities such as vacuuming, cleaning, cookingplsng, burning candles, burning
wood or simply by walking (Ott et al., 2006, Pagetsal., 2009, Glytsos et al., 2010,
Torkmabhalleh et al., 2012, Zhang et al., 2012)héligh, these activities emit particles
with different characteristics, different types iodoor sources are associated with

enrichment of indoor air concentration with ultreffiparticulate matter.

1.5. Aerosol Filtration Mechanisms

Aerosol filtration is used in various applicatiorsjch as respiratory protection, air
cleaning hazardous materials processing, or cleams. Filters are also used to remove
particles from air to promote cleanliness and mtdtealth. Ventilation systems in offices
and homes use filters not only to remove nuisancs, dut also to remove pollens,
spores, and other organisms that cause diseadersFilsed for sampling are
characterized by their collection efficiencl)( i.e. the fraction of entering particles
retained by the filter. On the other hand, air-clag filters are usually characterized in

terms of penetratiorPj—the fraction of entering particles that penesate filter.
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Single-Fiber Efficiencyis an approach considering a single fiber positionih
its axis perpendicular to the airflow in the middiethe filter, and analyzing several
mechanisms by which particles can be collectedhanfilter (Figure 1.4), assuming that
the particle remains deposited on the fiber anmkrsnanently removed from the aerosol
stream. As described in Raynor et al. (2011), ingrdrmechanisms causing particle
deposition include (1) diffusiorkp, (2) interceptionEgr, and (3) inertial impactiork,;.
Other mechanisms such as (4) electrostatic atra&br, and (5) gravitational settling,
Ec, can also contribute to total efficiency. The #&nfiper efficiency Er) can be

composed of the arithmetic sum of the individuficefncies.

. Electrostatic
Interception

Deposition
Cross T
O section
of fiber
Inertial
Impaction Diffusion

Figure 1.4. Basic particle deposition mechanism  (adapted from
http://www.kjfiltration.com/monolith-triboelectrielectrostatic-air-filter-media.html).

Interception occurs when a particle follows a gesasnline that happens to come
within one particle radius of the surface of a fideis assumed that the particles have
negligible inertia, settling, and Brownian motidmterception is the only mechanism that
is not a result of a particle departing from itgyoral gas streamline, and which does not
depend on flow velocityo. Interception is an important collection mechanisnthe

particle size range of minimum efficiency.
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Diffusion occurs when aerosol particles undergovBrian motion. Particles,
especially small ones, do not follow the streandibat continuously diffuse from one to
another. Once a patrticle is collected on a fildenili generally adhere to it due to van
der Waals’ force. The single-fiber efficiency duwe diffusion is the only deposition
mechanism that increases with decreasing pariinte s

Inertial impaction of particle on a fiber occursevhthe particle due to its inertia
is unable to adjust quickly enough to the abrugplignging streamlines near the fiber and
crosses those streamlines to hit the fiber. Griwital settling causes the particles with
a finite velocity to settle in a gravitational fielUnder downward filtration conditions,
this mechanism would cause increased collectiontdwgravity. Gravitational settling
contributes significantly only for large particlaslow filtration velocities.

Electrostatically enhanced filters are createdngyuse of multiple materials that
produce charge by corona charging, or by induatltarging as fibers are produced. The
reason for intentionally using electrostaticallyhanced filters is that they offer the
opportunity to increase filtration efficiency withibincreasing the pressure drop for the
flow through the filter. The combination of paragchnd filter charging leads to particle
collection mainly because permanent charges oer filbers interact with charges on
particles to enhance filtration efficiency via Comibic forces (Martin and Moyer, 2000).

An increase in particle size causes increasedtiihin by interception and inertial
impaction mechanisms, whereas a decrease in pgagizk enhances collection by
Brownian diffusion. As a consequence, there iswggrmediate particle size region where
two or more mechanisms are simultaneously operatey none is dominant. The
particle diameter at which the minimum efficien@gors is termed the most penetrating
particle size (MPPS). MPPS is characterized assittes of a particle with the highest
relative particle number concentration passingughoa specific filtering material and is
also dependent on the detection method and opeahtemnditions. This means that
every particle size on the left and right of the R8Pon the penetration curve will have
lower penentration values. Although MPPS vary wiith type of filter and the filtration
velocity, numerous studies in the last years regbthe MPPS for filtering facepiece
respirator between 30-60 nm (Huang et al., 200vigRseamy et al., 2009; Plebani et al.,
2012; Ciotti et al., 2012; Penconek et al., 2013).

11
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1.6. Aerosol Deposition Models

Based on the approach, most aerosol deposition Isnode be identified as empirical,
deterministic, or stochastic in nature (Isaacs$.e2@13). In empirical deposition models,
regional or total aerosol deposition is describg@dpuations derived by fitting algebraic
relationships to experimental data. The empiri€® P respiratory tract dosimetry model
(ICRP, 2012) was developed by the International @dsion on Radiological
Protection. This model can be used to estimateonagideposition in the lungs as a
function of particle characteristics and ventilgtoonditions. Other models have been
developed for different parts of respiratory tré&sgharian et al., 1995; Kim and Hu,
2006) or combined with pharmacokinetic model (Catpe and Kimmel, 1999).
Although empirical models do not include informatiabout particle motion or the
anatomy of the respiratory system, they may beuligsettonjunction with experimental
data if parameters of aerosol and ventilatory dooms are known.

Deterministic models are developed using an engmgeapproach and
simplified assumptions about airway geometries aiflow conditions (Martonen,
1993). In deterministic models, the simulated pétdeposition patterns are determined
solely by the input parameters to the model. Tloeegffor any set of model input
parameters, the same deposition pattern is fourathyMeterministic models are able to
model deposition in different respiratory systemioas (extrathoracic, tracheobronchial
or pulmonary), in individual lung airway generaton

If the morphological lung description is considettedvary within prescribed
limits randomly, models of particle deposition aegegorized as stochastic (Koblinger,
1985). Since stochastic models do not consideaserfeatures, they may represent less
realistic model. However, they have the importaivamtage of being able to model the
realistic biological variability that is present ang each lung pathway in a single subject
and between individual subjects (Hoffman, 1996).mPatational fluid-particle
dynamics (CFPD) refers to aerosol deposition mbdsked on CFD simulations. It can
be used to predict deposition in complex anatongeametries where the assumption of
a smooth-walled cylinder should not be made, faneple, in the larynx, mouth, or nasal

passages (Comer et al., 2001; Martonen and Guéd).20
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2. Dissertation Outline and Objectives

This doctoral research was initiated as a parthef HEXACOMM project (Human
Exposure to Aerosol Contaminants in Modern Microemments). Hence, following
the context of this project, an effort has been enadncorporate the current knowledge
and available tools in the field of aerosol scieacel technology in the dissertation
presented herein. That is, to better understanthtfu®r aerosol emission processes and
to investigate how these may influence the humarogxre in an indoor workplace
microenvironment. Emphasis has been on the estmabf emission rates and
characterization of processes, which lead to is&ea particle number and mass
concentration indoors, particularly in the respieaparticle size range. The research
presented in this doctoral thesis is mainly of expental character and an essential part
of it was designing and construction of a smalliemmental experimental chamber. As
depicted in Figure 2.1, from broader perspectiveghesented dissertation has 3 main
parts and deals with several questions.

What is the human dose from these
emissions under different work scenarios?
Is respiratory protection required?

3. Human dese

2. Respiratory Can CE-marked FFRs protect the workers
protection against these harmful emissions and in
what particle size range?

1. Various simulated workplace What are the emission rates of indoor
emissions workplace related aerosol sources? What
are the characteristics of these emissions?

Figure 2.1.Schematics of presented dissertation’s outline.

2.1. Estimation of Emission Rates

Four different aerosol sources were investigatedagnordance to their prevailing
emission characteristics (Chapter 4), i.e. emittingh particle number or mass

concentrations. For this purpose, two aerosol eamssources of each were chosen
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(Figure 2.2). The experiments in this research weralucted in the environment of an
experimental chamber and laboratory under conttotlenditions. Emissions from
painting materials, such as turpentine oils, mayoa work environment of art painters
or art conservators, where use of ventilation isstvaf the time not feasible. In the
framework of this study, the particle growth anchiation rates were determined as well
as the impact of turpentine oils on the particlenbar concentration. Second and more
common source of ultrafine particle emissions ai@grs, which became an inseparable
part of many office workplaces. In this case, tfieat of printer’s startup, printing, and
number of printed pages on particle number conagatr were investigated in the
experimental chamber. Since there is a lack of tfearetudies combined with a field
study, measurements were conducted also in anl actoieroom in a detailed field study.

1. Various simulated workplace
emissions

Number Concentration Mass Concentration
(UFP) (Respirable PM)
' | : |
1.1.Painting materials 1.2. Printers (Chamber 1.3. Dust Resuspension 1.4.Welding
(Laboratory) & Field study) (Laboratory) (Chamber)

Figure 2.2.Schematics of the different aerosol sources iny&®d in this research.

From aerosol sources that may generate high massewtrations, dust
resuspension and arc welding processes were exandogh of these emission sources
occur in a wide range of mainly industrial workm@aenvironments (shipbuilding,
ironworkers, construction, etc.). In many of theseupational settings ventilation is not
a feasible option and working in confined worksgareay be required. The resuspension
rate and the effect of different floor dust loadargl walking pattern were examined, and
their impact on the indoor mass concentration wadied as well. Finally, particle
number and mass concentrations were measured imudated confined workspace

during two arc welding processes.
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2.2. Size-Resolved Penetration of Filtering Facepie Respirators

Personal respirarory protection should be useddwent the overexposure to harmful
aerosol emissions. The motivation to conduct ttusyswas a fact that (1) there is lack
of studies on filtering facepiece respirators (FFBextified in Europe (‘CE-marked’)
throughout all three respiratory protection classewl that (2) European Norm uses
inadequate certification method to test the fijpenetration, which does not give an
information about penetration of different partislees. Therefore, aim of this study was
to challenge CE-marked FFRs with a size-resolvednethod using a homemade filter
tester with a filter holder, and an experimentarober with a manikin (Chapter 5).

2.3. Calculation of Human Dose

In the last part of this doctoral thesis (Chapfeth@ human dose was calculated in an
empirical aerosol dose model. Different work scesaincluding use of respiratory
protection were considered. The total depositetige@human dose (#) was assessed for
emissions from turpentine oils and laser printetsthermore, cumulative deposited and
retained doseu) in the respiratory tract was assessed for thetoracic and the

thoracic region for the aerosol emissions from spsaded dust and arc welding.

Detailed study of different workplace aerosols astimation of emission rates is
necessary to understand the indoor particle dyraniibe necessity of size-resolved
penetration tests of FFRs in the context of theeaech is apparent. It is fundamental to
know the filtration efficiency of FFRs for differeparticle sizes. Finally, an accurate
estimation of exposure dose should be a compufsantyof IAQ assessment for specific
workplaces in order to establish the proper resmiyaprotection measures. In overall,
the novelty of this research inheres in its comensive approach. The general concept
along with toxicological research could be appked used as an indicator of personal
exposure to aerosol of known composition (partidyléor confined workspaces); and
for establishing required respiratory protectiord amew threshold limit values for
specific workplace environments, if certain limiteis are evaded.
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3. Instrumentation and Experimental Chamber

3.1. Particle Counters and Sizers

Throughout this research, a number of online measent instruments were employed
to measure particle number concentration. The Segriviobility Particle Sizer—SMPS
(CPC Model 5.403 coupled with Vienna type M-DMA, i8m) measures particle
number concentration up to @cn? in size range 5-350 nm divided into 44 size bins
at sample air flow rate 0.3 L/min and a sheatffi@iv rate 3.0 L/min taking sample every
3 minutes and 50 seconds. It is using bipolar?Ameutralizer to impair Boltzmann
charge equilibrium on sampled aerosol. The aerisstihen sized in the Differential
Mobility Analyzer (DMA), where only negatively chged aerosol particles of the same
size are selected. The number of particles in e bin is afterwards counted in
Condensation Particle Counter (CPC), where thenolitaondenses on particles to grow
them to detectable size. The particle countingageld on 90° light scattering.

Unlike the previous, the portable NanoScan SMP3{39Sl) is based on
unipolar charging of the particles where the plti@are positively charged in a mixing
chamber and sent to radial DMA (RDMA) for size slfisation and then are counted in
isopropanol-based CPC. It measures particle corat@nts from 18to 16 #/cn? in the
size range of approximately 10-350 nm (13 pre{s&tiels) under flowrate of 1.0 L/min
at a scan time of 60 seconds.

CPC (3775, TSI) was employed to measure the totatigee number
concentration. The particles pass through a butaapbr in the saturator chamber
(39°C), cool down in the condensation unit (14°G)grow the particles for easier
counting and afterwards they are detected by 3t Iscattering. CPC 3775 detects
particles up to ~gm and its concentration ranges up to 5 %¥#/@n7 in single particle
counting mode, and from 5 x 4@ 10 #/cn? in photometric mode. CPC can sample in
high-flow mode (1.5 L/min), or coupled with DMA ktw-flow mode (0.3 L/min).

The P-Trak (8525, TSI) uses high-purity isoprodgbaol to grow microscopic
particles for easier detection and counting indpiécal chamber. Its concentration range
is up to 5 x 1B#/cn? and it is able to measure particle concentratiothé size range

between 0.02 and 1 um at a sample air flow ra@lof./min.
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3.2. Aerosol Monitors and Sizers

Several online aerosol monitors were also used ®&asore the particle mass
concentrations. DustTrak (8520, TSI), DustTrakDegktop 8530 and Handheld 8532,
TSI) and DustTrak DRX (8534, TSI) are based on al@ht scattering and can detect
particle sizes up to 10m. Based on the used inlet nozzle, mass concemtratidifferent

particle size fractions (PM PMs, PMs or PMig) can be measured. DustTrak have
concentration range up to 100 md/an 1.7 L/min flow rate. DustTrak Il 8532 (Handheld
model) and DustTrak DRX work with flow rate of 3nhih and are able to measure
concentrations up to 150 mgirof particle sizes ranging up to 1@n and 15um for

DustTrak Il and DRX, respectively. DustTrak Il 858Desktop model), on the other
hand, detects particle mass concentrations upQowifint under flow rate of 3 L/min.

The Optical Particle Sizer (OPS 3330, TSI) is basedL20° light scatter and
filter sampling. It is able to count mass conceidres up to 275 mg/Mat particle
concentrations up to 3000 #/&mn the size range 0.3-10 um. It operates withaupé
user-adjustable channels at a sample air flowafatel/min.

In addition, the total volatile organic compound/(C) was measured in several
measurement campaigns with a PhoCheck Tiger (IOMn8e). This handheld
instrument uses a photoionisation detection (Pl&yJirfg a resolution from 1 ppb to
20,000 ppm (calibrated to isobutylene at 20 °CldteQual to 90% with concentration
up to 3000 ppm) at flowrate of ~0.3 L/min.

3.3. Experimental Chamber

An essential part of this doctoral research wasgdeand construction of a small
environmental stainless steel chamber (Figure 3ltF). interior dimensions are
2.50x2.39x1.27 m (HxLxW), thus has a volume of fri86Chamber is built from two
layers of drywall with aluminum skeleton in betwdgstal wall thickness of 75 mm) and
its interior surface is covered with 1.5 mm thi¢&isless steel sheets sealed with high
quality industrial silicon glue. Outdoor air entegithe chamber is purged through fitted
industrial HEPA filter (H14; 610x305x69 mm; 99.99%%®.3um; 0.45 m/s and 110 Pa).
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This HEPA can be removed or blocked in order tdeaghcomplete airtightness of the
chamber if needed. Small HEPA capsules (flow ratéous L/min) can be used as well
with combination of valves to adjust the requirkahfrate.

Chamber also features fixed window (510410 mnasgdoor (2110x805 mm),
and two openings for inlet/outlet. Special sealdzkbtopening was designed for a glove
(PVC Gauntlet, 60 cm long) to enable operatingdeshe chamber without entering it.
For purposes of usage of electrical appliancesnis®on experiments, classical 230 V
socket with cap was placed on the inner wall ofdi@mber. Chamber and the sampling
tubes were tested for leaks prior to the beginmihgach measurement and the particle
number and mass concentration were monitored aathstén order to maintain desired
environmental conditions throughout the experimet@gsiperature was controlled with
an A/C installed outside the chamber. Uniform péeticoncentration was ensured by
customized fan with adjustable rate installed @dimamber’s ceiling as well as a simple
G9 LED light (230 V, 42 W). Additionally, vacuum pyp (flow up to ~80 L/min) placed
outside the chamber allows for chamber cleaning faoborne particles, and can be used
in combination with fan to enhance the particle agon on the chamber’s internal

surfaces. Walls in the chamber were also cleantdisapropanol after each experiment.

CHAMBER (7.6 m3) HEPA H14
Interior: SS 316L, 1.5 mm L 610x305%69 mm
2.50%2.39x1.27 m (HxLxW) 99.995% @ 0.3 um
FIXED WINDOW FAN CONTROL
510x410 mm

Up to 1200 rpm

PVC GAUNTLET
Sealed glove opening

GLASS DOOR
2110x805 mm

DRYWALL ———e
75 mm; aluminum skeleton

SAMPLING POINT —
3/8” SS tube (optional)

PRESS. DROP/PUMP ———
Pump flow < 80 Ipm

Figure 3.1.Small experimental chamber constructed for th@@ses of this research.
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4. Estimation of Emission Rates

Almost every human activity generates particlethaindoor air. Usual indoor sources
due to human activities is combustion, cookingaelag, smoking, printing and walking
(Ferro etal., 2004; He et al., 2004; Wallace, 2@éhin et al., 2008; Glytsos et al.,
2010; Wang et al., 2012a; Semple et al., 2012). elhaer, UFP formation was also
observed in a study of emissions from natural gaipresence of ozone underlying that
the paint may play a significant role in generatbbnew particle in indoor environments
(Lamorena et al., 2007). Wide use of copy macharek printers in homes and offices
may have become a health concern. Numerous sthdses shown that these office
machines, beside volatile organic compound (VO@) @rone, also emit nanoparticles
(<100 nm) (He et al., 2007; Destaillats et al., 2008ivisto et al., 2010). The health
impact increases in the offices where the comlonatif printers’ emissions and poor
ventilation could be a serious health threat.

However, particles in the indoor air are not ortg tresult of newly formed
particles, but arising also from the resuspensidhealready existing particles, such as
settled dust on indoor surfaces. Any kind of huraetivity in indoor microenvironments
can result in particle resuspension (Spilak e&l14). The most common activities that
resuspend particles indoors are vacuuming and mgllCorsi et al., 2008; Rosati et al.,
2008; Shaughnessy and Vu, 2012). On the other handess that may considerably
contribute to increase in indoor particle mass eatration is welding. Welders may be
exposed to ultrafine particles (UFPL00 nm) (Debia et al., 2014; Graczyk et al., 2015)
and a variety of toxic airborne contaminants inoslgdnanganese (Mn) and hexavalent
chromium (C¥'") (Hobson et al., 2011). In particular, full-timeelders and other
professions that frequently perform welding reladpdrations (boilermakers, pipefitters,
construction workers, shipbuilders, automotive veosly are in risk of overexposure to
hazardous levels of airborne contaminants.

This chapter presents the results from investigatioaforementioned processes
and their impact on increase in particle number arags concentration in an indoor
microenvironment. Emission rates were estimateth aperimental data obtained from

measurements under controlled conditions in anrexeatal chamber and laboratory.
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4.1. New Particle Formation Events from Painting Maerials
4.1.1. Introduction

New particle formation events and condensationaivtr of particles in the outdoor air
were investigated extensively the last decadesn(iéld et al., 2004; Holmes, 2007).
Nucleation events were observed in many differgas $n the atmospheric air including
the free troposphere, lower stratosphere, in arctiforest, in coastal areas and in cities
(Kulmala et al., 2004; Curtius, 2006; Holmes, 20B8veral mechanisms are proposed
for the occurrence of new particle formation, sashhe binary homogenous nucleation
of sulphuric acid-water system, the ternary homogennucleation of sulphuric
acid-water-ammonia system, the heterogeneous riariean pre-existing particles and
the heterogeneous ion-induced nucleation (Kulmalaal.e 1991, Lazaridis,
2001; Housiadas et al., 2004; Seinfeld and Pagai5).

A nucleation event provokes the generation of nartigles at low patrticle sizes,
usually of few nanometers. Patrticles in the nuaeamode (< 0.lum) are the most
harmful to human health due to their ability to eate very easily through the human
respiratory tract. Several health effects (cardsoutar, respiratory, lung cancer) are
connected with the presence of ultrafine partitbethe ambient air (Pope and Dockery,
2006). However, ultrafine particles emitted to thdoor air originate from primary
sources as well. High emission rates or conceantratire reported in the previous studies
with substantial increase of indoor ultrafine pae$ during indoor activities (Géhin
et al., 2008; Glytsos et al., 2010; Wang et alL22() Semple et al., 2012).

On the other hand, indoor emissions of chemicalstsuizes from building
materials, household products and furnishings neagl lto secondary organic aerosol
formation (Weschler, 2001; Singer et al., 2006; iAakd Tanabe, 2007; Uhde and
Salthammer, 2007; Weschler, 2009). Semivolatile maumds found in indoor
environments are provoked by several sources (Viaseimd Nazaroff, 2008). In
particular, painting materials are a very commaurs® and it involves a wide range of
volatile organic compounds (VOC) (Guo et al., 198&schler, 2009). Emissions from
wet materials like paints are dominated by evapamadt the beginning and by internal

diffusion afterwards (Yang et al., 2001; Zhang &g, 2003). A previous study reported
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formation of ultrafine particles during the reaatiof VOCs and ozone (Fan et al., 2005),
suggesting that VOCs may behave as precursor ralateri

New patrticle formation events indoors, associateld thie presence of VOCs and
ozone, conducted in real environments are alreadgrted in the scientific literature
(Vartiainen et al., 2006; Betha et al., 2011; H&kaoand BraniS, 2011; Quang et al.,
2013). In the work by Quang et al. (2013) nucleateents observed inside a big office
building. However, the observed nucleation was theult of outdoor particles
transported indoors due to high air exchange ratéhe building with the outdoor
air. Vartiainen et al. (2006) investigated the fation of indoor particles as a result of d-
limonene oxidation. Betha et al. (2011) suggeditatithe formation of ultrafine particles
caused possibly by the ozone-induced oxidation@€¥, whereas Hovorka and Branis
(2011) associated the nucleation events into ateargg hall with emissions from the
paint spraying.

VOC emitted from the paint were more likely to caudtrafine particle formation
event rather than the penetration from outdoorstddew air exchange rate and high
residence time of the ultrafine particles inside fiall, as suggested by the authors. This
chapter presents an analysis of new particle faoma&vents from painting materials that
took place in a laboratory room. The objectivesesmer measure particle number (PN)
and mass (PM) concentrations emitted from paintiagerials, to investigate the aerosol
particle size distribution (PSD) during the emisspmocess and further to examine the
formation rates and condensational growth of theighes during the new particle

formation events.

4.1.2. Experimental Setup

The measurements were conducted in period of SégteR®13 to January 2014 in the
Atmospheric Aerosol Laboratory at the Technicalvuénsity of Crete. The area of the
laboratory is 19 rhof rectangle shape and its volume is 5%with one door and one

window placed at the opposite side. The window t#weddoor were closed at all times.
Indoor temperature and humidity were continuouglgorded in a nearby laboratory
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room (of the same dimensions) using the indoor aenef Vantage PRO 2 (Davis
Instruments, US) meteorological station.

Previous comparative measurements in the two lamgraooms showed that
there were no significant differences in the indoamditions, and therefore the data from
the nearby room can be used, since during the atimteexperiments no air-condition
or heating devices were used. Average indoor temper ranged from 19.6 °C to
28.5 °C, while indoor relative humidity ranged fr@i2% to 55% depending on the time
of the year that the experiments were conductedh&umore, the air exchange rate
between the laboratory room and the outdoor enment was measured using £8% a

trace gas and the average value for all the exetiah periods was 0.16"

Figure 4.1.Testing of experimental setup for emission fronmidag materials.

The indoor number and PMconcentrations were measured with several
instruments: DustTrak (8520, TSI), DustTrak Il (253 Sl) for particulate matter, and
NanoScan SMPS (3910, TSI) for determination ofipl@rthumber concentration and
particle size distribution. The outdoor particlencentraion was measured using the
SMPS+C (CPC Model 5.403 and M-DMA, Grimm). The @madmeasurements were
located in an urban background site located atJthigersity campus (Lazaridis et al.,
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2008; Kopanakis et al., 2012). Additionally, thetatovolatile organic compounds
(TVOC) were measured with a PhoCheck Tiger (IONe&ce) instrument. During the
measurements, the instruments were placed on tioh Imext to each other (Figure 4.1.).
At the first two experiments, two persons were @nésn the laboratory during the
emission period and only one person was preseheitaboratory during the rest of the
experiments.

The painting materials consisted of water mixablaredium (Artisan Series,
Winsor & Newton) (linseed oil) and turpentine medi(Winsor & Newton) (composed
mainly from monoterpenes alpha-pinene and betaapineOil colours (Old Holland)
were used during the first two experiments for pagon linen canvas. However, it was
observed in separate experiments that solely theotisil colours did not result to an
increase of the indoor number size concentraticoh therefore the ten experiments
performed using only oil medium and turpentine. Dettles of 250 ml each were used
(5 with oil medium and 5 with turpentine). During painting is a common practise to
use turpentine for diluting the oil colors in comgtion with linseed oil.

4.1.3. Measurement Protocol

The experiments were performed in two periods, eatsisting of 5 experiments (10

experiments in total). The measurements were cdeduic 3 stages:

Stage 1: Background: 0 - 60 min (Empty laboratory)
Stage 2: Emission period: 60 - 150 min (Painting and/oered bottles)
Stage 3: Removal period: 150 - 330 min (Empty laboratory)

During stages 1 and 3 no person was present ifatioeatory, whereas, during
stage 2 only one person was present. Only on thergments conducted on 26/09/13
and 02/10/13, two persons were present during Sadre these two experiments, the
activity period (stage 2) consisted of paintingietyye on a canvas with painting oil

colours with a simultaneous opening of the mediurd arpentine oils bottles. The
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emission period in the other experiments consistegening 10 bottles with oil medium
and turpentine, which, were brought in the labosajast before the start of stage 2
(emission period). The bottles with turpentine oigere placed close to the
instrumentation for a time period of 90 minutesteAfthe emission period, the bottles
were closed and removed from the laboratory roohne. door and window were closed

during all three stages.

4.1.4. Calculation of Growth and Formation Rates

The particle growth rate (GR) and formation ratg (ere calculated for each event. The
growth rate (hnm/h) represents the increase inglarsize, whereas, the formation rate
(cm®st) represents the increase in particle concentraltimimg the nucleation event. The

methodology followed for calculating GR angl \W@as first to identify the particles that

participate in the nucleation event. For this psmgoevery distribution of each time

interval was examined manually. In the cases whaoteation was present indoors, the
size distribution of particles had always a maximainparticle diameter lower than 50

nm. Particles up to this maximum considered toigpgte to the nucleation burst. Then,
the mean particle diameter was obtained from thaton:

— k
D, = Zi=1 NiDk (Eq. 4.1)

N¢

where k is the number of size bins in the distributibirjs the number of particles which
belong to diameteDx andN; is the sum of particles which belong to the modethe
diameter. Since, the mean particle diameter is knthe growth rate can be calculated

by the following equation:

GR = 22 (Eq. 4.2)
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where, 4D, is the size range of the particles fraénto D,,,, and t is the time required

for the particles to readh,,,,. The formation rate was obtained as:

=% (Eq. 4.3)

At

where,AN is the change in particle number concentratioa specific time period and
At is the time period (or nucleation period). Theadian of the nucleation event was
considered as the period where the concentratigraxticles with sizes close to 20 nm
started to increase along with particle size ametiand as long as the total number
concentration of particles inside the laboratorg\wereasing.

4.1.5. Estimation of Deposition Losses

The patrticle deposition on indoor surfaces foripkas with mobility diameters less than
50 nm was estimated using the model of Lai and Ndizé2000), which incorporates

equations for the deposition velocity on upwardyaaard and vertical surfaces. In order
to estimate the deposition on surfaces, a calomatf the total available area for
deposition was made by measuring the dimensioal thfe objects inside the laboratory
room during the painting experiments. Friction vl is a key parameter for the

computation of deposition velocity and the valueOd& cm/s was used in the current
study, which is characteristic for indoor enviromtsgewith a surface to volume ratio
equal to 2 and with low indoor air speed (Lai arakaroff, 2000).

4.1.6. Indoor Particle Number and Mass Concentratins

A comparison of indoor PN and Rbtoncentrations during the experimental procedure
is presented in Table 4.1a. The average backgroandentration (BC) and emission
period concentration is listed for each experim&able 4.1a suggests that the major
impact from the oil mediums and turpentine is ond@Ncentration. Aerosol formation

has been associated to ozone/terpenes reactiomsny studies conducted in chambers
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under controlled indoor conditions (Weschler andielsls, 1999; Rohr et al.,
2003; Coleman et al., 2008; Sarwar and Corsi, 200én and Hopke, 2009; Waring
et al., 2011).

In this study, the ozone concentration ranged ngutie measurement's periods,
from 57 ppb to 70 ppb while the average valuegfmh experiment ranged from 58 ppb
to 68 ppb. The indoor ozone concentration was |lawan the outdoor since ozone is
diffused in the building skeleton while penetratinghe indoor environment. The indoor
0zone concentration was determined by the outdoame because there were no ozone
sources (e.g. ionizers) and the laboratory roommaisly used, before the experiments,
for storing the instrumentation. Coleman et al. 0@0conducted experiments in a
chamber and studied nucleation events from terpehehousehold products. They
reported that these events can be recorded forolomme concentrations if these are
combined with high terpene emissions, which cowadp to experiments presented
herein. The emission rates of the substances ehfitben painting bottles cannot be
measured since an effort was made to achieve treatisnditions (just opening the
bottles) in a real indoor environment. Nevertheleise increase in TVOC's
concentrations indicated the high emissions froentibittles.

The concentrations of TVOC's presented averageesaldil 3.25 ppm at the end
of the emission periods (stage 2) while the maximbactkground values were
0.005 ppm. The results confirm that the oil medamd turpentine are important sources
of VOCs which act as precursors for new particlanf@ion. Immediately after the
emission period has begun, dramatic increase in ¥ @as observed and lasted on
average for 30 min. Then, the TVOC concentratianstl decreasing on average 60 min
before the end of emission period. At the end efakperiments and 3 h after the end of
emission period, the concentration was still 0.@pth, which is 50 times more than an

initial value recorded during the background measants.
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Table 4.1.(a) Average number and Rdtoncentrations during background (BC) and
emission period measurements; (b) Characteristiteenucleation events and post

nucleation period for each experiment.

a) Number Concentration Mass Concentration

Experiment  BC (#/cn¥) peﬁ(;r(ljlls(z/%rr]rﬁ) BC (ug/m?) perlf(g?:lls(lsxlgolrr]n%
26/09/13 2.6x19 1.6x10 23 26
02/10/13 2.2x19 1.3x1d 17 19
16/10/13 3.2x19® 6.3x10 - -
24/10/13 4.4x19 1.0x1d 32 36
01/11/13 4.5x19 1.0x1d 56 61
27/01/14 1.8x19 5.6x10 9 12
28/01/14 4.7x1D 1.7x1d 18 26
29/01/14 2.2x19 2.5x10d 10 12
30/01/14 3.1x19® 1.6x10d 8 11
31/01/14 6.6x10 1.4x1d 14 18

b) Nucleation Period Post nu_cleatlon

period
, . Duration GR

Experiment  Duration (h) GR (nm/h) Jo (cm3st) (h) (nm/h)
26/09/13 0.7 34.0 13.2 3.9 10.4
02/10/13 0.8 21.7 18.6 1.7 12.3
16/10/13 0.9 33.8 26.1 2.5 8.9
24/10/13 1.0 33.7 15.3 3.8 10.4
01/11/13 0.8 22.6 10.0 3.9 13.8
27/01/14 04 45.8 289.9 4.1 10.5
28/01/14 0.8 34.2 25.7 1.4 13.0
29/01/14 0.5 514 131.7 2.0 18.0
30/01/14 0.8 31.0 37.0 2.5 9.0
31/01/14 11 31.4 23.1 15 9.6

The PN and P concentrations during the experiment on 24/10f&3péotted
in Figure 4.2. Both PN and Plconcentrations increased from the beginning of the
event. Specifically, the PN concentration reach@ix11¢ #/cn? after 1 h of emission
period with average background concentration etual.4 x 18 #/cn?. On the other
hand, the average Rbkconcentration of particles increased fromug2m® to 36ug/me.
Although, the increase in Phtoncentration was much lower than the increaseNin P

concentration, it is observed that also theifddncentration is affected by the emission
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of particles from the painting materials. Similacriease on Ph concentrations was
observed in all the experiments. Lamorena et 8072 reported a simultaneous increase
in both mass and number concentrations during @émnis$rom natural paint by ozone
initiated reactions. Possible condensation fromtozg materials on the already existing

particles is likely to happen, thus, increasingitttmor PMo concentration.
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Figure 4.2.Number and P concentration versus time during experiment od@4/3.

Figure 4.3 shows a comparison between the 5 expatswf the second data set.
The second set was chosen due to the same pafdevéd during the emission period
(stage 2) for all 5 experiments. The BC indoors wasiverage 3.6 x @&/cn? (Table
4.2). An intensive increase in PN concentration alzserved along with the opening of
the bottles. The average PN concentration duriegethission period in the second set
varied between 1.4 to 5.6 x“&cn? (Table 4.2). Although, the painting materials used
in every experiment were the same, higher numbecadration was measured on the
experiment on 27/01/14. A possible reason coulthbethe bottles with turpentine oils
were closed tight for almost a week and storeahiafice room at higher air temperature
than in the laboratory, which resulted to a bufstew particles with three times higher

concentration than the average. This assumptiosupgported by the fact that the
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background measurements before the experiment shoave average number
concentration 1.8 x £Gt/cn?. Moreover, the indoor concentration was always
decreasing during the emission period indicatiraq the effective emission period lasted

less than 90 min (usually 20—40 min).
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Figure 4.3.Total particle number concentration of indoor et versus time for the 5
experiments of the second set.

4.1.7. Particle Size Distribution

In order to evaluate the particle size distributi®$D) characteristics, the total number
concentration of particles was separated into 8sela. The first class includes particles
of the lowest measured particle size up to 50 nhms Elass (ho-s9 corresponds to
particle sizes that involve particles at the nut@amode. The second class obtained at
particle sizes between 50 and 100 nmo(g, where the PN concentration was still
high, and the last class includes the remainingigharsizes from 100 to 350 nm

(N100-359, which is characterized by the accumulation mofdearticles.
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Table 4.2. Average number concentrations (NC) of differenttipke fractions for

background (BC) and emission period of all expentae
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Figure 4.4 presents the PN concentration for diffesize fractions versus time
during a typical event (30/01/14). TheoNoparticle fraction increased at the beginning
of the emission period, whereas thehbofraction increased after a short period during
the emission period. On the other hand, the enmidston the painting materials had no
significant impact on the No-ssoparticles. A slight increase onidy-zso particles was
observed at the beginning of the activity periotthdugh, the increase is minimal it is
believed that the increase originates from thectlieenission at this size fraction. The
same behavior of the different particles sizes alaserved in all experiments. Similar
PSDs were reported in studies correlating the eamssfrom VOCs to PSD
characteristics (Rohr et al., 2003; Sarwar et28lQ4; Fan et al., 2005; Coleman et al.,
2008).
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Figure 4.4.Number concentration of particles during an ewen80/01/14 for different
particle size modes.

The rapid increase oflso particles from the beginning of the emission iatks
a burst of No_soparticles inside the laboratory in the first mesibf the emission period.
This burst, provoked by the medium materials argbemtine, underlines that the
emission of new patrticles corresponds to partisiess lower than 50 nm. However, an
increase of Bb-ipoparticles was observed several minutes later. duration of this
period usually varied between 10 and 40 min. Téis iaccordance with previous works
studying the formation of ultrafine particles frodOC emissions (Fan et al., 2005;
Lamorena et al., 2007). Moreover, theoNoonumber concentration increased shortly
before the Mho_so particles reached the maximum value. Thereforeag assumed that
the increase in Md-100particles is due to coagulation of smaller pagsdbesides the direct
emission of particles at this size range. Consiggiiat the emission period had minimal
impact on Noo-3soconcentration, it is likely that the major impamh indoor PN
concentration originates from emissions of the fo@gnmaterials that correspond to a
size range of particles between 10 and 100 nm.

Table 4.2 compares the average number concentitaifierent particle classes
during the period before the emissions (BC) andnduthe emission periods for all

experiments. Backgroundiblsoconcentration inside the laboratory was highen tkis-
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100and Noo-ssoparticles. The average BC for all 10 experimentas wi.4 and
1.6 x 13 #/cn? for Nio—soand No-109 respectively, indicating thatidlsoparticles is the
fraction of particles that contributes mostly t@aor PN concentration. The lowest
concentration observed ondy-ssoparticles with average BC 4.8 x?1#/cn?. The same
behavior of the different particle sizes applies flee emission period. The highest
concentrations measured foroNo particles with average emission concentration at
1.2 x 1@ #/cn? and lowest for RAbo-ssoparticles with average number concentration
during the emission period at 5.5 x*#Jcn? confirming that the ultrafine particles were

the major fraction of the indoor particulate matter

4.1.8. Characterization of New Particle Formation Eents

New particle formation events were observed inl@llexperiments conducted in the
laboratory. During the nucleation, the major cdmition to the total indoor concentration
was the patrticles at the size range of 10-65 ntygpisal particle formation event inside
the laboratory is presented in Figure 4.5. The attaristic banana shape with a
simultaneous increase of both PN concentrationpaniicle size with time indicates the
nucleation event. The nucleation events usuallieth$or one hour (Table 4.1b) and
ended always before the end of the emission pefialle 4.1b lists the calculated growth
and formation rates for each nucleation event. &leage GR andJor the first set of
measurements was 29.2 +6.4 nm/h and 16.6 +6-3schrespectively, whereas, for the
second set of measurements the values were 385#9h and
101.9 +114.1 ciis?, respectively. Overall, the average GR amodflthe 10 nucleation
events inside the laboratory was 33.9 +9.1 nm/h2dntl +8.7 crivs™, respectively. The
highest values of GR and dbtained on 27/01/14 and 29/01/14 (second set\aand
mainly affected by the high indoor concentratioreseed in the laboratory during these
two experiments.

Calculations of loss coefficients due to depositizare performed for particles
with diameters from 10 to 50 nm. The computed \@lamged from 0.3 for 10 nm
particles to 0.009H for 50 nm particles, which suggests that in theent study the

deposition losses might affect the nucleation pscand reduce the intensity of the
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phenomenon. Nevertheless, since maximum indoordPentrations were achieved in
a time period less than 10 min, it is expected thateffect of deposition in the particle
concentration was not significant. High GR apd&dmpared to outdoor nucleation
events were observed in all the experiments coeduct the laboratory. The high GR
and & values were encountered due to the abrupt burstgainic substances inside the
laboratory along with the small scale of the pheaoam due to the volume of the
laboratory (54 ). Moreover, the duration of the nucleation eveayp a significant role

for the calculation of the GR and.J
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Figure 4.5. Particle number concentration inside the laboyat@rsus time during an
experiment on 24/10/13.

Outdoor nucleation at the same site (Akrotiri statiusually lasted for several
hours. The reported duration of the nucleation t/eatdoors varied between 4 and 21 h
(Kopanakis et al., 2013), whereas in the presesiiedly the duration of the nucleation
events indoors usually lasted for less than an.hithis feature has a significant impact
on the calculated GR and.Jdn Kopanakis et al. (2013) the average GR afduhd at
6 +4 nm/h and 13 +10 ci¥s , respectively. Similar studies close to the cdasta of
the Mediterranean revealed growth and formatioesrabnsiderably lower than the ones

33



4.1. New Particle Formation Events from Paintingdvials

presented here. Kalivitis et al. (2008) the rembftemation rate was at 1.1-1.7 ¢s1?,
while Cusack et al. (2013) observed the growth cdtéhe nucleation events ranging
between 1.3 and 6.9 nm/h. Hovorka and Branis (20b%¢rved nucleation events that
took place in large indoor space and the reportedtt rates were close to 2.6 nm/h.
Moreover, it was found that after the end of theleation event, condensational growth
of the indoor particles took place for several Isour

The average particle diameter, as calculated by4#), continued increasing for
a few hours. Hovorka and Brani$ (2011) also replocndensational growth of indoor
particles after the end of the nucleation eventshibuld be noted that the particle
condensational growth took place exactly after #m&l of the nucleation event.
Considering that all nucleation events lasted faximum one hour and the emission
period (stage 2) lasted for 1.5 h, condensatior@aitp observed usually at the end of
stage 2 (emission period) and for a few hours dwstage 3 (removal period). Table 4.1b
also presents the growth rates derived after tlieafrthe nucleation event for each
experiment. Significant differences between nuaegberiod and post nucleation period
were observed. The growth rate during the nucleaients lasted for maximum 1 h,
whereas, particle condensation lasted for severaish(1.4—4.1 h). Moreover, the rate of
condensation during the nucleation event was alvegser than the rate of condensation
indicating that the condensation after the endhefriucleation was less intensive. The
average condensational growth rate was 11.6 nmfaa@yulation of indoor particles is
also to be considered since at the removal pehedndoor particle concentration was
decreased.

In order to confirm that the new particle formatmrents originated from indoors
due to the emissions from the painting materiks gutdoor PN concentration, measured
at Akrotiri meteorological station, was also exaeainNo new particle formation events
were recorded before, during and after the enbdeékperiments for each day of the first
measurements’ period. As an example, Figure 4 €epts the fluctuations of the outdoor
PN concentration at Akrotiri station on 24/10/18isl obvious that there was no new
particle formation event during the sampling permd that day. Consequently, the
nucleation event observed inside the laboratogrtest and evolved indoors. Even if

there was penetration of particles from the ambaémbsphere inside the laboratory, the
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measured low outdoor number concentration sugdkeatsoutdoor particles were not
associated with the nucleation event observed irsddo conclusion, no new particle
formation events occurred in the outdoor environinggr low outdoor concentrations

were measured in all sampling periods.
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Figure 4.6.Outdoor number concentration of particles at Akirstation on 24/10/13.

Moreover, a comparison of the indoor and the outdoacentration on the same
day (24/10/13) is presented in Figure 4.7. Averageloor concentration of particles on
24/10/13 was 4.8 x 1@ 9.1 x 10 #/cn?, whereas average indoor particle concentration
was 7 x 16+1.9 x 10 #/cn?. Temporal increases of outdoor concentration were
observed at noon or late afternoon. During theseog® the outdoor concentration
reached values sometimes as high as indoors. Taimiporeases of outdoor particle
concentration at this site is associated with |@malrces (traffic, domestic heating) or
transport of polluted air masses (Lazaridis e28l05; Kopanakis et al., 2013). Since the
duration of these increases usually lasted onlyafdew minutes (10—20 min), it is
believed that they are mainly affected by the losailirces. Therefore, there is no

correlation between the fluctuations of outdootipkr concentration and the indoor one.
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Figure 4.7.Comparison of outdoor and indoor particle numlogrcentrations during an
indoor nucleation event on 24/10/13.

4.1.9. PSD during Different Stages of the Experimén

The PSD was obtained for different periods throtinghtotal duration of the experiments.
Each experiment was separated into 5 periods (lpagkd, emission periods A, B, and
removal periods A, B) and the average values foln ariod were calculated. In practice,
each period corresponds to a stage of the expetithankground (stage 1), emission
period A, B (stage 2) and removal period A, B (st&)). Stages 2 (emission) and 3
(removal) were divided into two periods (A and B)arder to isolate the changes on the
characteristics of the PSD through the progresthefexperiments. The duration of
periods A and B were equally distributed dependinghe total duration of each stage
of each experiment. In general, the PSDs showedlasincharacteristics for all
experiments with exceptions in emission period Adionally, the PSD was examined
through the progress of the new particle formagwents. PSD during the emission
period was closely related to the new particle fatiton event. There is an evolution of
the size distribution with time. Although the PSIbem the two experimental sets had
similar behavior, certain differences apply on dwelution of the distribution through

the duration of the particle generation periodse $tudy of the evolution of the new
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particle formation events essentially demonstrétesdifferences in emission period A
between the two sets of experiments.

In general, the beginning of the new particle faioraevent was characterized
by a size distribution with two dominant modes:fil& one located at nucleation particle
mode ¢20 nm) and the second one located at higher pasgizés. This is indicating that
the dominant particle modes were two: one at spaaticle sizes responsible for the start
of the event and one at larger particle sizes, whltaracterizes the major particle size
contribution inside the laboratory. During the firsinutes of the nucleation event, the
second and dominant particle mode was present gitehinumber concentrations.
However, as the phenomenon started evolving (lafrsiew particles) the nucleation

mode increased rapidly along with time reachindnhi#®dN concentrations.
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Figure 4.8.Particle size distribution on 01/11/13: a) differstages of the experiment;

and b) evolution of the particle size distributauring the nucleation period (in minutes).
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Figure 4.8a presents a typical PSD of the first affetneasurements for an
experiment on 01/11/13. The size distribution of B&s characterized by a dominant
mode located at 115 nm. However, in emission peAovo dominant modes were
observed, located at 36 nm and 115 nm, respectixelpis period, the nucleation mode
was present in the indoor air due to the burseef particles from the painting materials.
Particles started to grow by condensation resultingpntinuous increase of indoor PN
concentration. During emission period B, the PS&pnted one dominant mode (65 nm)
due to coagulation of the indoor particles andaswharacterized by the highest average
number concentration (1.9 x“4#&/cn?). During the removal periods A and B, no other
activities took place inside the laboratory, and #lize distribution was characterized
again by one dominant mode. However, during thesegs the indoor PN concentration
decreased with time due to deposition and coagmaiihe dominant particle diameter
shifted to bigger particle sizes (65-115 nm). Tésults are consistent with the study
presented by Lamorena et al. (2007).

On the other hand, Figure 4.8b plots the evoluicthe PSD only during the new
particle formation event for the same experimedfi0/13). The PSD is presented at
different times during the nucleation burst, staytifrom t=0 until the end of the
formation period at t=48 min. At the beginning (t=the distribution was characterized
by two modes: the nucleation mode at 20 nm withtiggar concentration
4.8 x 1§ #/cn? and the accumulation mode at 115 nm with particiacentration at
7.9 x 1@ #/cn?. However, after 5 min, the nucleation particle mchifted towards
bigger diameter (27 nm) and higher particle cormegion (8.2 x 18#/cn?), which was
higher than the concentration at the accumulatimden(7.5 x 1®#/cn?). This is
indicating a burst of new particles inside the labory. From t=5 to t=48 min, particles
at nucleation mode grew by condensation and coagulantil the end of the new
particle formation event resulting in the shiftthé original distribution to PSD with one
dominant mode. Particle size and number conceotraiticreased along with the
evolution of the event and reached the highestevatu=48 min with dominant mode

located at 50 nm.
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Figure 4.9.Particle size distribution at different stagesinigian experiment (28/01/14).

The major difference of the PSD at the secondfsaeasurements was observed
at the emission period A. The particle distributieas characterized by a dominant mode
in all 5 experiments and this is probably assodiatih higher PN concentrations (Table
4.2) and nucleation characteristics (growth/foromatrate, Table 4.1b). However, the
size distribution of BC in 3 experiments (29/01/130/01/14 and 31/01/14) was
characterized by two dominant modes, one at parside < 50 nm and a second mode
at sizes between 50 and 100 nm. Figure 4.9. preskea@ PSD on 28/01/14, where a
dominant particle mode located at 90 nm was obsddrvbackground period.

In contrast to Figure 4.8a, the size distributibtha emission period A presented
one dominant particle mode located at 37 nm. Howehke values presented on Figures
8 and 9 were obtained from the average number otrat®n of each particle size. This
is indicating that the final result is dominated the characteristics of each size
distribution. In fact, the nucleation fraction adrficles was present in the first minutes
of the emission period (emission period A), but vedserved in the second set of
measurements due to high growth and formation .ratass, the initial mode observed
at nucleation fraction embedded faster to the @it distribution. As a result, the size
distribution at emission period A in the second afetneasurements was found to be

dominated by one mode.
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In agreement with Figure 4.8a, in emission perioth® PN concentration was
the highest with 3.8 x #G#cn? at the particle size close to 65 nm. During thaaeal
periods A and B, the dominant particle size mows8it nm with a simultaneous decrease
in the PN concentration (3.1 x4&/cn? and 2.1 x 10#/cn?, respectively). It is likely
that deposition and coagulation determined thegbaxtharacteristics at removal period.
The indoor PN concentration decreased due to diosif particles on indoor surfaces,
while coagulation forced the indoor particles tbide with each another and form bigger
particles (Hinds, 1999; Glytsos et al., 2010).

Additionally, Figure 4.9 plots the evolution of thhew particle formation from
the experiment on 28/01/14. Att=0, the size distiion is characterized by the
nucleation particle mode at 15nm and a second nmetd&7 nm with number
concentration 1.0 x #G#/cn?® and 9.7 x 1®#/cn?, respectively. After 5 min, the PN
concentration at nucleation mode increased sigmifi¢1.8 x 10#/cn?) and shifted to
higher particle sizes (20 nm) indicating the bufstiltrafine particles to the indoor air.
Nucleation mode became dominant at t=10 min duleetdormation of the new particles
and the growth by condensation. The dominant moade hcated at 27 nm with PN
concentration 3.0 x fGt/cn?. However, at t=15 min the size distribution wamittated
by one mode located at 36 nm (in contrast to Figuse).

Moreover, it was found that all nucleation events tile second set of
measurements shifted towards size distribution witthominant particle mode earlier
than the first set of measurements. This is styppagbociated with the higher growth
rates observed in the second set of measurememesgrbwth rate on 28/01/14 was
34.2 nm/h, whereas on 01/11/13 it was 22.6 nmfhcating a difference of more than
10 nm/h between the two experiments. Higher grovate corresponds to higher
condensation rate. Moreover, at t=15 min the PNceotration at the dominant particle
mode (37 nm) was 3.5 x4@/cn? (1.1 x 1¢ #/cn? on 01/11/13), indicating higher
coagulation rate (Hinds, 1999). Thus, a size tistion characterized by one dominant
mode is observed earlier in the second set of measnts. From t >15 min until the end
of the nucleation event, PN concentration increaststime reaching the highest indoor
concentration (3.7 x fG#/cn?, dN/dlogDy) with dominant particle mode located at
50 nm.
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4.1.10. Conclusions

The presented study focused on emissions from ipginhaterials in an indoor
microenvironment. Painting activity and use of @iént turpentine oils were selected as
a source of emission. Painting itself (oil paird®) not evoke significant changes neither
in PN nor in PMgconcentration. On the other hand, emissions fratuhpentine oils
used for painting were identified as a significantirce of indoor emissions resulting in
a burst of new particles inside the laboratorygémeral, the new particle formation
events were characterized by high growth and faonattes. On average, the particle
growth rate was 33.919.1 nm/h, whereas the partitbrmation rate was
21.1 +8.7 cri® s L. The high formation and growth rates was causeth&yabrupt burst
of organic substances along with the small volunea af the laboratory. In conjunction
with the high TVOC concentrations measured afterdpening of the bottles, there is a
satisfactory evidence that the new particle fororatevents were triggered by the
painting materials. On the other hand, low PN catre¢ion measured outdoors without
recording any new particle formation event enstirasthe new particle formation events
were of indoor origin. Subsequent particle condgosal growth underlines the major
impact of the organic substances to the indoorighartnteractions. Although, new
particle formation event is a crucial issue for thedoor air particle dynamics, results
presented in this chapter provides an evidencenti@eéation is possible as a micro-scale

phenomenon when the necessary gaseous precursqnesent.
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4.2. Evaluation of Nanoparticle Emissions from LasePrinters
4.2.1. Introduction

Indoor contaminants involve a variety of chemicaitn@ounds and gaseous pollutants.
As the main component of particulate matter, indpoliutants essentially influence
indoor air quality (IAQ) with human occupational dith being on the focus for
improving environmental conditions. Accordinglyyveeal studies have investigated the
effect of ventilation and air-condition system (HEZA to indoor concentration of
particles (Fisk et al. 2000; Liddament et al. 20Q@iang et al. 2013; Park et al. 2014;
Chatoutsidou et al. 2015). These studies indichée dffective removal of outdoor
particles through the ventilation system, thus cedlhuman exposure to ambient
pollutants. Nonetheless, human occupation itseff cause particle generation and
release of numerous chemical compounds by inddostaes (Nazaroff and Weschler,
2004; Wu et al., 2012; Sangiorgi et al., 2013; lduset al., 2015).

In general terms, pollutants may be considered wdoor or indoor origin.
Outdoor originated pollutants include all compoutit® are transported indoors mainly
by natural convection. In this case, technical abi@ristics of the buildings play an
important role such as mechanical ventilationefdf insulation from doors and windows
(Taylor et al., 1999; Liu and Nazaroff, 2001; Teinal., 2009; Lai et al., 2012). Indoor
concentrations are then closely associated with db&loor ones. Alternatively,
pollutants may originate from indoor sources asottoeluct of human occupation, where
chemical composition and characteristics of indooliutants are directly linked with
primary sources. IAQ in office environments is Hyghaffected by photocopier equipment
as shown by numerous studies (Lee and Hsu, 2003i; é€aal., 2007; Koivisto et al.,
2010; McGarry et al., 2011), whilst the physicag®nce of the occupants can contribute
as well (Fisk et al., 2000; Chatoutsidou et al1%0

Multi-zone environments have been investigated lds years in order to
examine the impact from particle transport andair$ indoors (Miller and Nazaroff,
2001; Kao et al., 2009; Ng et al., 2013; Rim et 2013; McGrath et al., 2014). It was
found that multi-zone environments and the relevaoicentrations are affected by

several factors, those belong to building desigd #ose to the primary emissions.
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Accordingly, primary emissions and the related seutharacteristics (concentration,
size distribution, duration of emission) affect 1Agth enrichment of the indoor air with
pollutants, with the location of the source playangignificant role. On the other hand,
building design and operation of the ventilatiosteyn has major impact to airtightness
of the building and inter-zone distribution througkhaust or supply flows (Ng et al.,
2013). Higher exchange rates are recommended iescas$ higher pollutant
concentrations, where, inhalation exposure carohsiderably reduced. Internal layout,
airflows or door configuration determine partictartsport to indoor areas and dilution
of the indoor concentrations (McGrath et al., 20Pfinters release mostly nanoparticles
and since the toxicity and health effects of nantigdas do not necessarily depend on
their mass (Muller et al., 2005; Donaldson et2006; Poland et al., 2008; Dhawan and
Sharma, 2010), particulate mass as a parametssésamaterial toxicity is not of such
importance as it was considered in the past years.

Elemental, physicochemical and morphological contjpws of 40 metals and
100 semi-volatile organic compounds (SVOC) weresssd by Bello et al. (2013) for
nanoparticles emitted from printer. Their study whdhat engineered nanoparticles,
including titanium dioxide, iron oxide and fumedica, and several metals were found
in toners and airborne nanoscale fraction, anditteathemical composition of examined
nanoparticles reflected toner chemistry, which asistent with previous studies
(Barthel et al., 2011; Castellano et al., 2012 s from few studies reported that the
nanoparticles generated from printers originatedanfisecondary formation processes,
rather than from toner powder (Kagi et al., 200&naIng et al., 2008). Morawska et al.
(2009) suggested that the nanoparticles genenateddser printers are rather secondary
organic aerosol (SOA) formed from reactions betw&€Cs from laser printers and
ozone present in the office where also heat playmaortant role. Wolkoff et al. (1993)
pointed out that the increase of TVOC after theshiad printing might be due to the high
temperature inside and outside the printer afterptetion of the print task.

A significant aspect that needs to be investigatigld more detail is the formation
mechanisms and the processes inside the printadn{e to nanoparticle emissions.
Wang et al. (2011a) characterized the nanopafbcheation mechanisms and found that

nanoparticles were primarily emitted during coldrsip or cold printing if the laser
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printer had enough time to cool down the internafexes. Furthermore, the results
revealed that the nanoparticles are presumablyrgtefrom ion-induced nucleation of
vapor-phase organic compounds, which are released the toner powder during the
rapid heating of internal printer surfaces. Mogtigts dealing with the impact of particle
emissions from printers on IAQ are conducted uradetrolled conditions (He et al.,

2010; Koivisto et al., 2010) or in an environmerdfahmber (Schripp et al., 2008; Wang
et al.,, 2012b). There is still lack of field stuslieoncerning the printer emission
characteristics, especially combination of a fetlady (McGarry et al., 2011; Castellano
et al.,, 2012) with a detailed chamber study (Shalet2015) in conjunction with an

evaluation of actual human exposure to printer sims under real conditions (Tang et
al., 2012).

Although, emission characteristics from laser mmsitare widely investigated,
experimental studies in real working environments scarce; hence, occupational
exposure to these contaminants is still limitedisT¢hapter presents the results from
investigation of the influence of printer emissidsthe indoor environment and to
examine the particle concentrations in the IT & @mmications Center of Technical
University of Crete equipped with a print room (PR)e influence of human occupation
was examined in conjunction with printer emissiamsan office nearby, whilst the
contribution of the outdoor environment was alsgestigated. Additionally, evaluation
of the nanoparticle emissions from a chosen primtbtained from PR, and
characterization of the processes that lead t@asad nanoparticle concentrations was
studied as well. Measurements were conducted madl stainless steel environmental
chamber under controlled conditions, where evotutibparticle size distribution (PSD)

with time and printed pages is studied in detail.

4.2.2. Sampling Site and Experimental Chamber

Indoor/outdoor one-week sampling campaign was ccteduat the Technical University
of Crete in period of 18-25 of May 2015 and theoodsampling was performed in a
building, which is a part of the School of Enviroamtal Engineering. Outdoor R
sampling was sited 50 m away from the under studlling in approximately 1.5 m
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above the ground. The area surrounding the untyecsimpus corresponds to an
urban/semi-rural area and is 5 km NW of the citCbfania. Detailed description of the
area can be found in Lazaridis et al. (2008) arildpanakis et al. (2013). The building
consists of offices and computer rooms on the gfoflmor and offices and a few
laboratories on the first floor. All offices andlaratories on both floors are connected to
the main corridor, which has two exits, one on eawnth. The two floors are connected
with an elevator, stairwell and there are also $goare-shaped well-like floor openings

(4 rrP).

Ground floor

Office Al PR

Exit
m
1]
>
[0}
=,
-~

PC classroom wC Elevator wc

Figure 4.10.Floor plan and location of the print room (PR) afiice (Al).

The building is occupied daily on weekdays from0@%o 21:00. The building is
equipped with mechanical ventilation and separd@ gystem, both of them operated
manually by the occupants. Mechanical ventilatisesudistrict ventilation ducts for
entrance and exhaust of the airflows and does an¢ lany filters to capture particles
from outdoors. Therefore, the offices are conneutitd each other through ventilation
ducts, depending on their location in the buildi@mne office and a print room were
selected on the ground floor. Figure 4.10 showsimglified floor plan, the office (A1)
and the print room (PR) are of rectangular shapev@) with one window and one door
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leading to the corridor. Mechanical ventilation wamed off during the campaign but
the air condition system was selectively used leyatcupants in A1 only.

Office A1 was occupied permanently by staff (1-3spas), but also students
entered the office occasionally for a short perid hardcopy device was present inside
Al, but common office equipment (computers, teley@s) and furniture (desks, chairs,
shelves). On the contrary, PR is a printer roonhwitprofessional printers (2x HP
LaserJet 9050, Xerox 4110 PS and HP LaserJet 59 by the university students
during opened hours. PR is not permanently occupigicseveral students enter the room
briefly. Sampling in both A1 and PR were done in8+h height. Windows in PR and
Al were closed during the campaign, and the dooP&i and A1 were constantly opened
during office hours. The printers’ distances frone tsampling point were 2 to 4 m.
Temperature and relative humidity throughout thegaign were recorded to be 27 +1°C
and 43 +4%, respectively. The toner cartridge, fusler and the paper used in the
chamber study were provided by IT & CommunicatiQenter, and are the same used
by printers in the PR. During the field study, oremage ~11,000 pages were printed
daily, 67% of which by one printer (Xerox 4110 PS).

In order to maintain similar environmental condisothroughout the whole
experiment in the chamber, temperature and wasaitaat with an A/C installed outside
the chamber. The temperature during printing haaskept on 26 £1°C and the average
relative humidity was 60 £5%. Chamber and samplifges were tested for leaks prior
to the beginning of the measurements and the farnianber and mass concentration
were monitored at all times. The printers’ emissiavere sampled from one point,
approximately 0.5 m from the printed page dischangget at the corner of the printer
(Figure 4.11) so that it was also relatively clasthe emitted particles from cooling fans
(at the back of the printer). Instrument sampling total VOC was placed inside the
chamber, just above the discharge outlet.
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Figure 4.11.Experimental setup used to measure printer enmssiothe chamber study.

4.2.3. Methods and Instrumentation

Based on printers’ print statistics from one buselwvin May (beginning of summer
exam period) and October (freshmen registratio0ib5, one of the 4 printers from the
PR was chosen to be tested in the chamber. HP leas@050 was equipped with the
same refiled black toner cartridge was employed¢chvis used by printers in the PR
(other than the one specified by the manufactuf@rjor to the beginning of the
measurements a new (refilled) cartridge was indeffbe paper used for printing was
forOffice Deluxe white copy paper with weight of §0r° and was stored outside the
chamber.

According to the printer’s statistics, this prinfgints on average 2037 pgs./day
and operates almost 11 hours every working day n@behours 09:00-21:00,
Monday-Friday). Table 4.3 shows the average digtioin of printed pages and the times
during a work day when the print jobs occurredypidal printing day was simulated 3
times (on 16/11, 17/11 and 19/11), according td& 4L8, and then once with a different
schedule (18/11) where 226 pages of plain text warged 3 times and afterwards 137
pages of text and figures were printed 3 times ek Wwdditionally, the cartridge and

fuser were exchanged for new ones after the last pf the previous day in order to
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assess the emissions from printer startup andipgintith the new installed parts (on

20/11). Two times 50 pages and then 100 pagexbiviere printed within 3 hours.

Table 4.3.Average distribution of print jobs for HP Laser9660.

Hours Cumulative hours Average Printed pages
percentage

09:00 - 10:00 1 5% 110
10:00 - 11:00 2 8% 159
11:00 - 12:00 3 13% 255
12:00 - 13:00 4 11% 229
13:00 - 14:00 5 10% 208
14:00 - 15:00 6 16% 322
15:00 - 16:00 7 10% 197
16:00 - 17:00 8 8% 153
17:00 - 18:00 9 8% 154
18:00 - 19:00 10 7% 151
19:00 - 20:00 11 3% 63
20:00 - 21:00 12 2% 35

SUM 100% 2037

Particle number (10-350 nm) and mass concentra(i@rss10um) in PR was
measured with NanoScan SMPS (3910, TSIl) and OPS0(3BSI), respectively.
Additionally, number concentration of fine partiglegc 1um) in office A1 was measured
by P-Trak (8525, TSI). Indoor particle mass concditn in A1 was measured with
DustTrak Il (8532, TSI) and a DustTrak DRX (853&I)was employed in PR. Outdoor
particle mass concentration was measured with aTals Il (8530, TSI). Several
instruments were used to measure particle cond@mtrixom printer emissions in the
chamber study. More precisely SMPS (CPC Model 5ctapled with M-DMA - Vienna
type, Grimm) for detailed particle number size mlsttion (5-350 nm) analysis,
NanoScan SMPS for calculation of exposure dosesamgarison with the field study,
OPS for mass concentration measurements, and PbloCiger (ION Science) for the
estimation of the TVOC.

In addition, average of total losses due to diffusiinertial deposition and

gravitational settling in the sampling tubing i tthamber measurements for the particle

48



4.2. Evaluation of Nanoparticle Emissions from Lia@enters

size range found in this study were negligible fanoScan and OPS as they were
estimated to be less than 2.4%. Finally, the fisst days the sampling in the chamber
was done only with CPC (due to M-DMA technical €yrand the rest of the days were
conducted with SMPS. Transport losses correctioilcfC and SMPS were not applied
because in the CPC only total particle number catnagon is measured, so the patrticle
loss correction cannot be applied without knowledfeut particle size. In order to

receive comparable results, the particle losseg wet applied to SMPS data either.
However, the losses were on average 17% and 2¢@afticles<20 nm and for particles

20-350 nm, respectively.

4.2.4. Two-Compartment Indoor Mass Balance Model

Consider a two-compartment indoor volumar{dj) with an AC operating system where
particles are emitted only at compartmerhssuming a well-mixed air volume, indoor

particle concentration in compartmertdan be described by a mass balance model:

dC,,
ini Pacout - aCin 0T kCin,i _/]Cin” + blc

S
-b,C. . +> Eq. 4.4
at : v (Eq. 4.4)

in,j in,i

where,Cin;i is the indoor particle number concentration (#)jcati compartmentCin; is
the indoor particle number concentration (#c@tj compartmentCout is the outdoor
particle number concentration (#&mP is the penetration efficiency from outdoaoas,
is the air exchange ratefhwith the outdoor environment,is the recirculation rate of
the indoor air in the AC system)) 5 is the single-pass removal efficiency of the AC
system/b (h?) is the airflow rate from compartmepto i, b, (h?) is airflow rate from
compartment toj, k is the deposition rate #in compartment, Sis the emission rate
of particles (i), V is volume of the area under study mandt is the time (h).
Coagulation was considered negligible since indtdrconcentration was rarely higher
than 10 #/cn? in the present study (Hussein et al. 2009). Egt)(éan be used to
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determine the total removal of particles in commpartti when no source is present
(S=0. Thus, Eq. (4.4) is rewritten:

dCin i
! = paC,, +bC

-(a+k+An +b))C
ot ( n +b,)

o . (Eq.4.5)

where, the total removal rate is expressed by tla@ttya+k+Ay+bo, which corresponds
to losses due to airflow from the under study vatuim outdoorsd) or to compartment
j (b2), losses to filtration of the indoor air by the A¢stem {x) and losses due to particle
deposition on indoor surfacels).(On the contrary, the first two terms on the tigahnd
side of Eq. (4.5) express the airflow into the urgtady volume from outdoors and from
indoors respectively, thus, have a positive coatidn to indoor particle concentration
at compartment Eq. (4.5) can be solved analytically, therefoxdoior PN concentration

at any time is given as:

_ aF)(%ut +b1C:|n,j
~a+k+An+b,

apc;)ut-'-blc;m,j
atk+An+b,

C’ln,i (t)

+C,; 0) }e‘(“k””*bz)t (Eq. 4.6)

Eq. (4.6) suggests that the indoor PN concentrasiaxponentially decreasing
with a rate equal ta+k+iy+b.. Subsequently, the first term in the right harake sof
Eq. (4.6) represents the PN concentration thatiresrsaispended indoors, but originates
from penetration from outdoors or is transportemrfrindoors. Eq. (4.4) was used as a
mass balance model in order to evaluate the canioito from printer emissions inside
PR. Therefore, the contribution from other interaadas into PR was incorporated as a
common term in Eqg. (4.4) -compartmejat considering that the major source of

nanoparticles was located in PR (printers).
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4.2.5. Particle Number Concentrations in the PrinRoom

In a controlled chamber study, all relevant paramseinfluencing printer emission are
well defined and the characteristics of emittediplas can be studied in detail. This
scenario, however, does not reflect the real sdnatwhere influences, such as
environment background aerosol, occupants and dthportant factors playing a
significant role. Therefore, field measurement msimportant asset in evaluation of
nanoparticle emissions from laser printers. Fos tldason, an intensive one-week
campaign was performed in the print room of th&lTommunications Center, where
the studied HP LaserJet 9050 is permanently located

Figure 4.12 plots the particle number concentratidhe size range of 10-350 nm
in the PR with the total number of printed pagesmfrall four printers. Average
background concentration for both, nights (21:0809 and weekend, was equally
3.1 x 1G #/c?, while the average PN concentration during printirwas
5.4 x 16 #/cn. Similarly, as it was observed in the chamber mesasents, there was a
sharp increase in PN concentration every day dupgngters’ startup where the
maximum concentrations early in the morning (0809@0) on workdays reached on
average 4.4 x T@t/cnt (see Table 4.4). Interestingly, the PN concemiratit startup
after the weekend on 25/05 was even higher thatasinday before the weekend
(5.2 x 10 #/cm?).

Table 4.4.Total particle number concentrations (##muring measurements in the PR.

Conc./Date *18/05 19/05 20/05 21/05 22/05 Average
Printed pages (#) 5.06x101.69x10 9.28x1G 1.26x10 1.04x10 1.08x1d
Night (before) - 3.79x10 2.12x1G 3.01x1¢ 3.31x1§ 3.06x1G
Startup (average) - 2.44x10 3.11x10 2.20x1¢ 2.65x1d 2.60x10
Startup (max) - 4.07x10 4.63x10 4.13x10 4.59x10¢ 4.36x10
Printing 5.59x18 4.92x1G 3.62x1G 6.06x1G 7.02x1§ 5.44x10

*measurement campaign started at 12.00
There were 3 sharp PN concentration increasesnthgtnot relate to printing

itself, two on 21/05 and one on 22/05 (see Figut@) In the first case on 21/05 the PN

concentration increase also might be caused byidgaf the corridor just outside the
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PR. Emissions from cleaning agents usually invaleoparticle generation as a product
of SOA (Coleman et al., 2008; Huang et al., 201&rddard et al., 2014), but it was
rather unlikely the cleaning was the cause of Phceantration increase in the other 2
cases due to duration, PN concentrations, domsiaatmodes and the actual time when
the increases occurred. During the second ever21dd5 (late afternoon) the peak
reached the same concentrations as during statt@p< (1@ #/cn?) and was certainly

not caused by SOA from cleaning agents (cleaningllystakes place around noon).

H Particle Concentration Printed pages

Printed pages

Number Concentration (x10° #/cm?)

: MW&—. LT

2 Ze Z < <
<® 9 Q Q Q
0, Q. O

Date & Time

Figure 4.12.Total particle number concentration vs. printedgsaig the PR.

All three events lasted around 2 minutes and wellewed by immediate
concentration decrease, probably caused by eitaenup of one of the idling printers
or a cool-down after a finished print job basedtw events duration and the dominant
particle size (~35 nm) in all 3 cases. This coroesis to the size fraction of particles
emitted while startup and printer warmup (as disedsearlier in sections 3.1 and 3.2),
where 68% of emitted particles were smaller thamfB0 similarly as it was observed in
the chamber measurements. On the contrary, partateing 50-100 nm were dominant
during printing, most probably due to particle cglagion and deposition mechanisms.
Another possible explanation of the sharp PN comagan increase on 22/05 is that
according to the printers’ statistics, all 4 pristeeceived in relatively short time period
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of 5 minutes a total of 38 commands to print 67dgsaand at the time of increase, all 4
printers were printing simultaneously.

As 3 out of 4 printers (same manufacturer and typee identified as ‘initial
burst’, suggesting that the last printer, respdaditr 67% of all prints, could belong to
printers with constant emission profile. It was possible to prove a direct link between
the number of printed pages from one of the printerd the nanoparticle emissions,
which lead to a conclusion that, even though ungguall 4 printers contributed to the
emissions in the PR. Average PN concentration dunominting hours in PR
(5.4 x 1G #/cn?) is similar to the one observed in chamber measents
(6.7 x 18 #/c?). Nonetheless, these values are not quantitativefyparable due to
different conditions in PR, such as air exchange ({larger room volume, opened door),
background aerosol (also from other parts of thiédimg, penetration and infiltration
from outdoors), emission sources (4 printers amgrosources), distance of sampling
point from printers, and last but not least, thelRBrs.

In addition, Figure 4.13a shows that nanoparticlencentration varied
temporarily with sharp increases leading to subbstiyn higher indoor concentrations
during day time (printing) when the printers weperting, compared to night time when
no activity took place (Figure 4.13c). On averagmcentration of 10-100 nm particles
between 09:00 and 21:00 was 1.2-fold higher congp&oe night time during the
campaign. In addition, particles in the size rab@@-350 nm presented higher temporal
fluctuations during day time (Figure 4.13b), altbbuhe corresponding concentrations
were significantly lower than that of particlesgarg 10-100 nm. The sharp increases of
indoor nanoparticle concentration during printimg associated with primary emissions
from printers. Hardcopy devices and printers arewkn for their effect on indoor PN
concentration and especially in nanoparticle s(&shripp et al., 2008; Wensing et al.,
2008; McGarry et al., 2011). Accordingly, indoor Ebincentrations for fine particles
(< 1um) are likely influenced by outdoors during niginbe.

53



4.2. Evaluation of Nanoparticle Emissions from Lia@enters

12000

& a) Day 10-100 nm E 2000 - b) Day 100-350 nm
§ 10000t s
E § 100 [ i
T 8000 | 18 /W\’\
£ S 1200} \ 1
7] Q
o | S\
3 8 / \
i o 800| \ §
& 4000t i i &y | g f’\
E \\_/ ; W E
= \ 3 400} |
2000 - S
0900 1100 1300 1500 17.00 19:00 21:00 0900 1100 1300 1500 1700 1900 2100
4000 ; : : ; 600 . . . .
& c) Night 10-100 nm P, d) Night 100-350 nm
E 3500} E ‘gl
2 =
[ [ =
S 3000} S
e i T 400} /v\m 1
c [ =
2500 | /U\/ m\f
g g il W \
& A S s00f |/ VW
© 2000 K s 1 ®°
a MR e 2
E 4500l R i E 200
= =
1000 : : : s . s 100 - : : : - -
2200 00:00 0200 0400 0600 08:00 2200 0000 0200 0400 08:00 0800

Figure 4.13.Particle number concentration in two size fraddiam PR during day and
night hours on 19/05: (a) 10-100 nm at day; (b)-280 nm at day; (c) 10-100 nm at
night; and (d) 100-350 nm at night.

4.2.6. Contribution of Printer Emissions in the Prnt Room

Time-resolved PN concentrations in PR showed ammputial decrease of the indoor
concentration after reaching a peak concentrationarkdays during open hours (Figure
4.13a). The data after these peaks were used wnuee the total removal rate
(at+k+Antb2) for nanoparticles, the particle size that was thgpoaffected by printer
emissions. The total removal rate of nanopartialas estimated for each day separately
using Eq. (4.6). High removal rates were obtaineddil days. Although it was not
possible to estimate each variable separately,lielieved that the main contribution to
the total removal rate in PR originates framy the exchange rate of PR with internal
areas of the building. The door connecting PR wghmain corridor was opened during
day time, thus, air and particulate matter transigogasier and more effective. McGrath

et al. (2014) conducted measurements in a roomadifigrent sources and found that the
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opened door scenario results in lower indoor comagons, which is associated with
easier escape of particles. Moreover, daily viamatof the total removal rate are likely
influenced by diurnal variations of the air cureimside the building. Higher estimate
(12.84 h) was obtained on 20/05, which corresponds to #lyandth the lower measured
indoor PN concentrations among the working day®ig4.5).

Table 4.5. Averaged total removal rate and suspendedurn Iparticle concentration
originating from other areas estimated for eachkday in PR.

Parameter 18/05 19/05 20/05 21/05 22/05 25/05
a+k+An+b, () 9.98 7.26 1284 1029 808 7.21
aPG,, +bC

L #end) 3,751 2,536 1,936 3,478 4,769 3,296
atk+An+hb,

Subsequently, emissions from printers were estidndi@ fine particle
concentration (< um) using Eqg. (4.4) for each time interval. The esiaB rates were
determined from the teri®/V. Only, positive numbers were accepted when evalgiat
dCin,i/dt in order to represent the physical situation: smiss increase indoor particle
concentration. Moreover, linear regression was usedrrelate the estimated emissions
rates with the corresponding indoor concentrat{enksum). Accordingly, a least squares
line was obtained for each day wi@n=a S + h Table 4.6 presents the statistical

indicators of the estimated emission rates alori thie parameters of linear regression.

Table 4.6.Statistical indicators of the estimated nanoparchission rateS(10° min™)
in PR.

Date Min Max 10t Median (50") ogh

18/05 54 501 16 99 263
19/05 1.7 752 19 138 444
20/05 0.05 545 14 85 285
21/05 1.3 3,463 23 180 669
22/05 0.3 1,704 26 144 758
25/05 30 476 32 134 342

55



4.2. Evaluation of Nanoparticle Emissions from Lia@enters

Nanoparticle emission rates were scattered bo#ibsolute values and from day
to day. Higher values were obtained for 21/05 a@=® with 9¢" percentile at
669 x 16 min? and 758 x 1® min?, respectively. In agreement with the measured
indoor PN concentrations both days correspond ® higher averaged indoor
concentration with 6 x £o#/cm? and 7 x 18#/cn? for 21/05 and 22/05, respectively. In
agreement with other studies that evaluated emmisis@m printers (He et al., 2007;
Koivisto et al., 2010), median emission rates i@ trrent study varied in the range
10° - 10° min?, which corresponds to similar rates. Consequenifgjoor PN
concentrations were increased only by a few thalsda to 5 x 19 #/cn?) during
printing periods. Emissions from printers and te&vant indoor PN concentrations
depends substantially on the printer and room cheniatics (Wensing et al., 2008;
Koivisto et al., 2010).

Table 4.7. Parameters of linear regression between emissitas @ and indoor

concentration of fine particles (<uin) for PR.

Date N a (x 108) b R? P-value
18/05 45 9.0 3,804 0.91 <0.05
19/05 46 9.8 2,764 0.82 <0.05
20/05 43 6.4 2,010 0.87 <0.05
21/05 51 6.1 4,084 0.95 <0.05
22/05 42 9.1 4,879 0.87 <0.05
25/05 14 10.2 3,368 0.81 <0.05

average 8.4 3,485
st. dev. 1.8 1,011

Moreover, Table 4.7 suggests that the emissioms fhe printers were varying
in time. This behaviour is associated with the afshe printers during the day. Multiple
prints were performed during the opened hours tirggul pages varying in number.
Linear regression revealed that the two varialilizsandS) are in good agreement, with
R? being higher than 0.8, indicating that emissidasavere well estimated from number
concentration data. Emissions from printers andréfhevant indoor PN concentrations

depend substantially on the printer, room charasties and indoor conditions (Wensing

56



4.2. Evaluation of Nanoparticle Emissions from Lia@enters

et al., 2008; Koivisto et al., 2010). As was sadier, there is no specific trend between
indoor PN concentrations and the number of pripi@ges (Figure 4.14). This was most
probably associated with daily variations in renloages inside PR.

The same observation is reported in Betha et@L1Rin a study in a commercial
print center. Variations in time are also assodiatéh the use of the printers during the
day. Multiple prints were performed during openediis of the office with the printed
pages varying considerably in number. Figure 4d@hstrates the complexity of a real
working environment in office buildings and thefdifilty to obtain a mathematically
based correlation.
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Figure 4.14.Variations of indoor PN concentrations with numbgprinted pages.

Additionally, Figure 4.1%resent the correlation between Al with PR usimg th
number concentration data, where good agreemef#0(68) was found between
concentrations of particles <uin. Although, parallel correlation with the outdatata
is missing in this case, the presented resultsirmorihe impact of submicron particles
that originated from PR but transported to theceffiearby. Recall that A1 was occupied

during opened hours; hence, human presence in &4 hagligible impact to indoor PN
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concentration for submicron particles. Fine pagchre not effectively escaped as coarse
particles due to their smaller inertia that alldiwsm to be influenced by airflow patterns
of the building, momentum jets and eddies indoKmo(et al., 2009). Internal airflows,
location and magnitude of the emissions influendestantially particle transport indoors
(McGrath et al., 2014), thus variations may be oles from day to day. Therefore,
smaller particles are easily transported to inteamaas of the building compared to

bigger particles.
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Figure 4.15. Correlation of particles concentrations (grh) in the Print Room (PR)
with Office (Al).

4.2.7. PM Concentrations and I/O Ratio during the keld Study

Daily median PMo mass concentrations inside PR and Al are listébable 4.8. A
comparison between the values indicates that higiegtian mass concentrations were
measured in office B2. Additionally, comparing AhdaPR, higher daily median
concentrations were measured for office Al. Thesslts imply that office Al is

characterized by higher concentration of coarséges compared to print room (PR)
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probably due to constant occupation by the empky@#her studies propose that human
occupation in workplace environments is closelgted with resuspension which mainly
influence coarse particles (Fisk et al., 2000; Ghtsidou et al., 2015; Hussein et al.,
2015). The outdoor environment had significant iotga indoor PM levels in A1 with
infiltration playing a dominant role, however, dugiopened hours temporal fluctuation
indoors were dominated by indoor sources. In metail the sharp increase of indoor
PMzo concentration observed in all offices on 21/0%cwmies with cleaning of the offices
as recorder by the employees. The increased caatienscaused by cleaning of the
offices is associated with activities such as vaung, dusting and walking that can

considerably increase coarse particle concentréierro et al., 2004).

Table 4.8.Indoor daily median PM mass concentration for offices PR and Al.

Room 18/05 19/05 20/05 21/05 22/05 23/05 24/05  25/05
PR 24 19 11 19 18 18 9 10
Al 37 26 17 27 25 25 12 13

In addition, Figure 4.16 presents Rkatios for PR. PMPMi0 and PM.s/PMio
ratios are plotted against time where ratios highan 0.9 were obtained for periods
when the building was not occupied (workdays 22000 and weekend) for both cases.
In practise, a diurnal variation for both ratios smabserved during working days,
whereas, during the weekend no diurnal variatios yasent. Ps/PMio reached a
ratio almost equal to 1 during the closed hoursQ@D9:00) on weekdays suggesting
that indoor PM during night inside PR is dominabgdsmaller micron-sized particles
and that coarse particle concentration (>2BMs negligible, i.e. not suspended in the
air. The same behavior applies for PRMio but with lower ratios since PMare
included in PMs. Similar results were obtained for the weekend rertihe Al office

was constantly unoccupied.
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Figure 4.16.PMx ratios (PM/PMio and PM.s/PMio) inside PR. The highlighted area

corresponds to weekend.

Therefore, PM particles most probably originate from outdoorsiry closed
hours due to infiltration since the printers weod working, whereas, during day hours
the contribution from coarse particles becomes nmaod. In more detail, ratios < 0.9
both for PM/PM1o and PMs/PMio were obtained only during opened hours (09:00-
21:00), implying that coarse particles (> Ar) are significantly suspended during day
time most notably due to particle resuspensiontidfarsize and resuspension are
associated in many studies (Qian et al., 2008; dtitsitiou et al., 2015; Hussein et al.,
2015). Moreover, the good correlation betweenaRtl PMo concentration in PR using
data when the office was not occupied (closed handsweekend), further supports the
conclusion that bigger particles (> 2um) are suspended in the air during opened hours.
However, PM particles are still dominating the indoor air WRMi/PMiobeing usually

above 0.7.
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The PMp I/O ratios in A1 and PR found higher than 0.5 {l@ercentile)
suggesting that the indoor PM concentrations pveseslues close to the outdoor levels
(Figure 4.17). Mechanical ventilation was not ofiaa thus, high ratios are attributed
to effective penetration of outdoor RMparticles indoors. Although the mechanical
ventilation in the studied building does not hawterfs, studies which investigated the
impact of mechanical ventilation confirm that theeation of the HVAC system results
in reduced 1/O ratios indoors due to effective aaptof coarse particles from filters
(Quang et al., 2013). A comparison between offie€s and Al (occupied spaces)
suggests that PR was characterized by slightlyanig® ratios. Mean values were 1.24
and 1.18 for PR and A1, respectively. I/O ratigghler than 1 for Ph are also reported
in a study inside copy centres (Vicente et al.,720The difference between the two

offices is associated with printer emissions arpkeislly the PM fraction.
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4.2.8. Effect of Printer’'s Startup on PN Concentraibn in the Chamber

The mechanism of the printer operation is summeérzehe HP LaserJet 9050 Service
Manual. When a print command is sent from the fatenathe engine controller drives
the main motor to rotate the photosensitive drunmary charging roller, developing
cylinder, transfer charging roller, and pressutkeroThe primary charging roller applies
a uniform negative charge to the photosensitivendsurface. Toner on the developing
cylinder develops the latent image formed on thetg@densitive drum into a visible
image, which is transferred onto media by the feansharging roller. The paper passes
between a heated fuser element and a soft presdiare This melts the toner and presses
it into the paper and the printed page is delivacethe discharge outlet. The cleaning
blade is in contact with the surface of the drumalbtimes. As the drum rotates during
printing, excess toner is scraped off and storeithénwaste toner reservoir. Therefore,
possible sources of nanoparticles in such a procestd involve toner powder
agglomerates from the printer cartridge, parti@uitaiatings released from the paper, and
evaporated VOCs emitted from the toner powder emptge and from toner residue from

previous printings.

Table 4.9. Average, maximum and minimum total particle numlencentrations

(#/cn?) during the printer chamber measurements.

PN concentration 16/11 17/11 *18/11 19/11  Average
Background 8.70x16 2.09x1G 1.25x1G 1.09x1G 1.33x16
Startup (15-min average) 1.35x10¢ 5.20x10 7.43x1¢ 1.00x10 6.00x1¢
Startup (15-min max) 1.88x40 7.67x10 9.90x1d 1.59x10 8.85x10
Printing (average) 6.48x30 6.01x16 4.58x16 9.78x16 6.73x16
Printing (max) 1.75x10 2.98x10 1.73x10 3.89x10 2.59x10
Printing (min) 2.45x19 6.82x16 6.87x16 9.84x16 1.20x106

*different printing schedule
The first printing of each day was at least 30 rtesiafter the printer was turned

on, thus, the effect of ‘cold’ start printing wast investigated. Increased particle number
(PN) concentration was observed almost instantlgrahe printer startup on every
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printing day. As shown in Table 4.9, half an hoafdoe the printer startup, the average
background concentration was measured to be 13@°#ihile the average PN
concentration during startup was 6 ¥#cn® and the maximum observed
concentration on any given day during startup wa#sx110 #/cn?. The maximum
concentration in every measurement appeared wihmnutes from startup and was
decreasing afterwards. In fact, the maximum coma@oh during startup was at least
two times higher than during printing in all cageth exception of 16/11 (see Table 4.9).

A study conducted by Schripp et al. (2008) in anisemn test chamber
investigated time-dependent characterization ofigdarrelease from laser printers and
found that the 9 tested printers can be identifigdwo emission profiles: constant and
initial burst. The printers with a constant emisgofile generated particles throughout
the entire printing task. However, printers ideatfas ‘initial burst’ stopped emitting
particles soon after the printing started, or asas in the case of this study, after the
initial startup. Note that peak concentrationsmigistartups on any given day were much
higher than the concentrations generated whildipgnsuggesting that the major source
of nanoparticles is the residual toner on the fugtrer than the evaporation of the toner
powder on the paper.

As shown in Table 4.9, the very first day the t&thl concentration was the lowest
among all days and the maximum concentration atugtavas almost equal to the
maximum concentration during printing. The causéhdaf low initial PN concentration
on the first printing day was most probably thensqzort of the printer from another
building, where the excess toner from previoustprgs got shook off from the printer’s
components. New fuser and cartridge were used bhadked repeatedly prior to the
beginning of measurements on the first day so th&evoner was then accumulating in
the reservoir and on the fuser roller ever since.

Wensing et al. (2008) examined the printers’ staxrtith and without inserted
toner cartridge with no obvious difference in paeiconcentration suggesting that
residual toner deposited on the fuser roller fromvus printing jobs contribute to the
nanoparticle emissions at the printer startup. dmfiom this, the fuser and the cartridge
were changed over 1 h after the last print job @11 After that the printer was turned

on again and 5 test pages were printed. Althoughptrticle number concentration at
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startup increased from 9 x3@cn? to 1.7 x 10 #/cn?, printing itself did not increase
the PN concentration and was decreasing insteladvever, the maximum PN
concentration at startup on 20/11 (3 % #@&n?) was lower by factor of 5 in comparison
with the previous day (1.6 x 1@&/cn?®), but still higher than it was on startup on tleew
first day (1.9 x 16#/cn?) or the night before when the fuser and the chy&riwere
changed. This leads to a conclusion that the naticlgs were deposited also on the
other components of the printer considering thattelwere no toner residues on the fuser
roller. Moreover, the waste toner reservoir whaeedcraped off excess toner is stored is
a part of the toner cartridge, which was also ergkd for a new one.

4.2.9. Effect of Printing and Idling on PN Concentation in the Chamber

Whenever an increase in particle number conceotratas observed after startup, it was
associated with activated fans or rotating fusespectively. This was usually in the
beginning or the end of the print job, occasionalhen the printer was in standby mode.
In order to look at this assumption thoroughlyjféedent printing schedule was used for
this purpose where 226 pages of plain text wergguli3 times and afterwards 137 pages
of text and figures were printed 3 times as watld ahe printers’ fans activity was
recorded. As can be seen on Figure 4.19, printirZ26 pgs. of text was completed in
20 minutes (with exception of the third print, wihiwvas cancelled due to printers’ cable
misplacement after 60 printed pgs. and the primaerto be restarted) and the printing of
137 pgs. of text and figures was done in 53 minutes

Continuous increase in PN concentration was noervlesl due to printing
process, but there was an increase in PN concentiab the beginning of the print job
on several occasions. More details are distingbishavhen particle number
concentration is plotted against time and particdeneter in lognormal mode, as showed
in Figure 4.20. Note that the last print on 18Mhere no fan activity was recorded, the
printing itself did not emit considerable amounpefticles (on average 2.3 x3#cny)
and PN concentration continued to decrease ustithl of the printing day, even though
the last three print jobs (text and figures) onl18éach print took almost an hour to

complete. After the startup on 19/11, the firstr@ased particle number concentration
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was observed after 5 hours of printing, at whicmpe1000 pages were already printed
(see Figure 4.20). After the #6 print job of they,d#uctuations in particle number
concentrations were observed before, during aral tfe printings. Investigation of the
particle size fractions suggests that the parsides contributing the most to the increase
in PN concentration on 18/11 were in range of 1060 similarly as it was on 19/11

(shown in Figure 4.18).
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Figure 4.18.PN concentrations of different size fractions dgmprinting on 19/11.

Now, while in standby, the printer’s fuser contkaleps the temperature of the
fuser roller on 180°C, the pressure roller tempegeabn 140°C, and 5 out of 6 fans are
half-speed rotating and the last one is off. Indage the standby state lasts 5 minutes or
more, the fuser/delivery motor is rotated for ab@@8 seconds to prevent the pressure
roller from becoming deformed. This could expldig presence of nanoparticles and the
temporary small increase in particle number comaéinh between print jobs when the
printer was idling. Although these local peaks, etthusually lasted less than 1 minute,
are not visible on a big scale, they are howevéceable with a 1 second resolution of
CPC. When a print command is received, fuser rederperature rises to 190°C and
pressure roller to 180°C, all 6 fans are working falt-speed and all the motors
controlling the fuser, scanner and drum are rogedis well, similarly, as it is at the end
of the print (last rotation). In this process, paa off excess toner (stored in the waste
toner reservoir of the cartridge), and the residoaér deposited on the fuser roller and
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other internal printer components are released ftwrprinter into the environment by
rotating fans and fuser roller, which could expltie increase of concentration on the

beginning of the printing.
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Figure 4.19.Total particle number concentration versus primgages on 18/11.

This, however, does not explain why the nanopartehissions at startup are
higher by several factors in comparison with thereasing concentrations during the
continuous printing process. Wang et al. (2011agsueed the temperatures inside the
printer, VOCs and particle concentrations duringtprg and proposed that the decrease
of particle concentration might be due to a comiidmaof several mechanisms: (1)
neutralization of free charges with the increasinggrior printer temperature; (2)
Suppressed nucleation due to elevated interiotgaritemperatures in the vicinity of the
fuser where the VOCs are emitted; (3) enhancedialileffect of VOCs with increasing
interior printer air temperature; (4) thermally aenbed agglomeration of the
nanoparticles (coagulation) into fewer, larger igls; as was in the case of this study
(see Figure 4.21), and (5) reduced emission of V@&un a hot fuser (cold fuser may

cause adhering of toner residue particles).

66



4.2. Evaluation of Nanoparticle Emissions from Lia@enters

dN/dlog Dp
(#em®)

3.30

Particle diameter (nm)

It / ! ! [
1711 23:00 18/11 11:00 18/11 23:00 19411 11:00 19/11 23:00 20/11 11:00

Date and Time

Figure 4.20.Particle number concentration vs. time in the chemam 18/11 and 19/11.

4.2.10. Effect of Printer Startup and Printing on FSD in the Chamber

After the printer is turned on, all 6 fans are tioig for 30 seconds, the duplexer fan for
3 seconds, and the fuser heaters turn on. To ige¢stthe particle sizes responsible for
the PN concentration increase, particles were diviato 4 size fractions (5-10, 10-50,
50-100 and 100-350 nm). It was found that durirggtfartup vast majority of the emitted
particles ranged from 10-50 nm and then 5-10 nra E8gure 4.18). Approximately 30
min after the startup when concentration of patiel 50 nm decreased, an increase of
50-100 nm particles was observed. This trend wagew also during the printing
process, but with lower concentrations. Wheredkarcase of particles ranging between
100-350 nm, there were almost no particles till Zfter the startup (~50 #/&mwhen
the concentrations slightly increased and reacieaverage 1.2 x #G¢#/cn?. The PSD

did not undergo significant changes even aftestad of printing (Figure 4.21a).
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Figure 4.21.Particle size distributions on 19/11: printer'artip (a); first and last scan
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Within 1 h from startup the particle size mode &uffrom 10 to 50 nm and to
150 nm in 3 h from startup. The growth in partgiee and decrease of PN concentration
of particles< 50 nm with time suggest that this mode shiftings waresult of particle
coagulation and deposition losses mechanisms titigsremitted by printer at startup
rather than particles being emitted by printer he printing process. Moreover, as
discussed previously, the printer emitted nanoglagiduring the printing primarily in
the beginning or the end of printing jobs regarsiiesnumber of printed pages. The size
mode of these emitted particles was ~15 nm, silyiks it was at startup. This caused
multimodal size distributions with two dominant esimodes, rapidly shifting towards
bigger particle sizes with lower concentrationgy(ffe 4.21b and 11c), which made it

difficult to obtain reproducible size distributiofiem printer emitted PN concentrations.

4.2.11. Effect of Printing on Mass and TVOC in th&Chamber

Concentration of nanoparticles (with low mass dbaotron) ranging 10-100 nm
contributed to PN concentration by 80%, while mdes smaller than 10 nm and particles
ranging 100-350 nm altogether on average by 20%refare, mass concentration of
particles in the size range of 0.34if (as obtained by OPS) were of minimal importance
(see Table 4.10). Because the vast majority ofgd@stwere smaller than 300 nm (even
smaller than 100 nm), particles of this size haagligible contribution to the particulate
matter. Nonetheless, as shown in Figure 4.22, eftie 12 print jobs on 17/11 can be
identified by increase in mass concentration oftiglas 0.3-1Qum (unlike PN
concentration), even though the average mass ctatien was only 0.54g/m® (max.
concentration 1.7ag/m?). Similar trend in mass concentration was alseolesi during
printing processes on every printing day.

Several studies suggest that the major VOC sasiiaf-gassing from the printer
components, such as toner powder, paper, plastascait boards (Wolkoff et al., 1993;
Lee et al., 2001; Lee et al., 2007; Destaillatalet2008). Examining the TVOC in this
study revealed that the increase in concentrat{sae Table 4.10) did not entirely
correspond to the amount of printed pages on ainyiqy day. Concentrations reached

maximum at 0.36 and 0.38 ppm, respectively, eveangh on 16/11 and 17/11 more than
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double number of pages were printed (~2000 pg41lih) in comparison with 18/11
(~900 pgs. in 10 h). Moreover, on 17/11 the conedion was increasing after the first
print job was done and slightly decreased during fprint #4 after the TVOC
concentration reached 0.288 ppm and started t@aser again after the #9 print was
completed. In this time interval (between printsad #9) nearly 1000 pgs. were printed.
The TVOC concentration then continued to increagbraached its maximum between
prints #11 and #12 at 0.38 ppm and then the saine was reached more than 1 hour
after the last printing of the day.

Table 4.10.Average total mass and number concentrations d+010um particles

obtained from OPS and median values of TVOC dushngers’ chamber measurements.

Concentration 16/11 17/11  *18/11 19/11 Average
Mass concentratioqug/nr) 0.55 0.51 0.22 0.47 0.44
Number concentration (#/én 4 8 2 5 5
TVOC (maximum; ppm) 0.36 0.38 0.38 - 0.37
TVOC (average; ppm) 0.23 0.25 0.24 - 0.24

*different printing schedule

TVOC samples were taken only during the printingcess, thus, neglecting the
decay concentration. Several studies (Morawskh,&Q09; Koivisto et al., 2010; Wang
et al., 2011a) reported immediate decrease of RNTAMOC concentrations after the
printing finished. This is in contrary with our argation where on every printing day
when the printer was turned off after the last{gob was completed, the TVOC retained
its concentration for ~1.5 hours. Furthermore,alveas almost an hour time gap between
prints #2 and #3, and between prints #3 and #4remine TVOC was increasing instead
of decreasing (see Figure 4.22). Wolkoff et al.9Q9suggested that the increase of
TVOC after the finished printing might be due te thigh temperatures inside and outside

the printer after the completion of the print task.
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Figure 4.22. Total particle number concentration, TVOC and masescentration

(0.3-10um) versus printed pages on 17/11.

4.2.12. Conclusions

One-week sampling was also done in the print robtheolT & Communications Center
where 4 printers are located (included the one @x@anin the chamber study). The
impact from human occupation and printing was gddh two different rooms, an office
and a print room. Particle number (PN) and mass)(Edcentrations were measured
on-line both indoors and outdoors. Different ocdigra scheme characterized both
rooms, however, common sources were identifiech@agptoduct of human occupation.
The major contribution to indoor PN concentrationginated from printer emissions in
terms of long exposure, which affected nanopartodacentrations (< 100 nm) with
direct impact in the print room.
Average PN concentration during opened hours wasasured to be

5.4 x 16 #/c?. Printers’ startup on every day was characterigesharp increase in PN
concentrations, similarly as it was observed it¢hamber study, reaching on average
4.4 x 10 #/cn?. Regression analysis provided high correlatior’ fRRtween the indoor
PN and PM concentrations in PR and the correspgnciimcentrations in A1. On the
contrary, in periods where the offices were cloaad no printing took place (night,
weekend), indoor concentrations were influencedhleyoutdoor concentration. Human

occupation during workdays had secondary impacthé occupied offices. Human
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presence without particle generation was associaitdd resuspension activities that
caused increased concentration indoors for pastiagher than 2.pm. I/O ratios higher
than 1 that were obtained for two of the selectites (Al, PR). Overall, particle
number and mass concentrations in the under stuithiry are influenced primarily by
indoor sources (printers) during working days.

Additionally, evolution of particle size distribotis with time and printed pages
was also studied in detail in an experimental chexmiPrinter was generating
nanoparticles {50 nm) primarily during cold startup (1.9 x*10 1.6 x 18#/cn?),
whereas the average PN concentration during pgintias only 6.7 x T0#/cnm?. Scraped
off excess toner and the residual toner depositethe fuser roller were released from
the printer into the environment by rotating fand &user roller, which was probably the
cause of increase in nanoparticle concentratioh midde on ~15 nm in the beginning
or the end of print jobs. Maximum concentratiorstairtup, after the cartridge and fuser
roller were changed, was lower by factor of 5 imparison with the previous day
suggesting that the nanoparticles were depositml @t the other components of the
printer.

Due to greater distance of sampling point from teris, taking into account also
higher number of sources, larger room volume imiRRsurements, in comparison with
the chamber study, it is estimated that the PN eatnation, and thus the exposure dose
of print room users, would be much higher at distgncloser to the printers. Adding a
low pressure HEPA filters into the existing mecleahiventilation, a filter or adsorbent
to the printers’ air outlets and also that staymge than 1 m away from the printer could

reduce the exposure to high nanoparticle concémisafrom printers’ emissions.
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4.3. Particle Resuspension during Walking in an Indor Microenvironment
4.3.1. Introduction

The indoor air quality (IAQ) has very important ihgations to human health since
people spend most of their time indoors (80-90%@iRson and Nelson, 1995). Human
exposure to ambient particulate matter (PM) carseaerious health problems on the
respiratory and cardiovascular system or even nigr{dorawska et al., 2003; Pope et
al., 2006; Anderson et al., 2009). Many studiesshfacused on determining the impact
of particle exposure to human health (Franck et28l11; Morawska et al., 2013). The
results suggest that PM health effects depend botexposure time and exposure
concentration (Pope et al., 2006). Particles geéeeéfay indoor sources found to have the
dominant role on human exposure (Morawska et #&13F however, significant
correlation found between the outdoor originatedipalate matter indoors (Janssen et
al., 2000). The patrticle size is also highlightedaamajor issue in risk assessment of
human exposure (Cao et al., 2012).

Hence, the determination of indoor sources chamatits and origin of indoor
particles are necessary in order to investigatentipact of indoor PM to everyday life.
The pathogenic effect of dust inhalation on respigatissues can be attributed to the
direct physical action of dust particles on thelegium of the human airways and may
be exacerbated by the toxic effects of both trdeements and of biologically active
compounds (Leski et al., 2011). There is an inangasody of epidemiological evidence
that high particulate levels in the air also caoasdiovascular disease (Brook et al.,
2010), including myocardial infarction, stroke, hefailure, arrhythmias, and venous
thromboembolism (Martinelli et al., 2013). Much ts®rm material is silt-sized quartz,
and it has been argued that this can, if inhaleer @ sustained period, cause non-
occupational silicosis (also called desert lungdsgme) to develop in human lungs
(Goudie, 2014).

Characterization of indoor particulate matter ispect to chemical composition
depends on the precursor material or source. Pargxposure and health effects is
highly associated with chemical composition of atptweric particles (Pdschl, 2005;

Sarigiannis et al., 2011). Elemental carbon, heaeyals and organic compounds are
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usual components of the suspended particulate mgtevastava and Jain, 2007;

Kopanakis et al., 2012; Bzdek et al., 2012). Mos¥p\dust particles can be easily
transported, thus, particulate matter charactesisind chemical composition depends
significantly on the origin region (Kocak et alQX2; Karanasiou et al., 2009). Hence,
the knowledge of the origin of particles and theoasated chemical composition is a
crucial issue both on in terms of IAQ and humanosxje.

Airborne particles in the indoor environment cardeeved either from outdoors
or from indoor sources (Abt et al., 2000; Nazar@@04; Chen et al., 2011). The indoor
concentration of particulate matter is arising frambient particles that penetrate indoors
(Qian et al., 2014; Tian et al., 2009) and by erissf particles originating from indoor
activities. Common activities such as printingniaig, cooking, burning wood, burning
candles and smoking can generate new particléimtloor environment (Pagels et al.,
2009; Slezakova et al., 2009; Glytsos et al., 200@kmahalleh et al., 2012; Zhang et
al., 2012).

Particle resuspension from indoor surfaces is ai@rissue that affects indoor
particle dynamics. Many studies investigated pkrtresuspension experimentally or
using theoretical models. The experiments were wcied in controlled conditions using
chamber or wind tunnels (Goldasteh et al., 2013and\et al., 2012a; Tian et al., 2014)
whereas, several real environments were used tby she impact of resuspension
activities to indoor particle concentration (Rosettial., 2008; Shaughnessy and Vu,
2012). Hence, particle resuspension was investig#teoughout two aspects: the
influence of human activities and when a fluid flaats on the deposit particles.

Considering the first case, it was found that pletresuspension depends on
many factors such as the amount of particle siumber of present people, the type of
the floor, the walking style, the type of the shdaesttom roughness, walking velocity
and foot size (Zhang et al., 2008). Two types otmaaical forces are proposed, foot
tapping on the floor and displacement due to feoigtration (Kubota and Higuchi, 2013;
Oberoi et al., 2010). Moreover, indoor conditionsrevexamined (infiltration system,
presence of fan, relative humidity) in regard teithmpact on resuspension, but still
uncertainties exist on how they are affecting thgeuspension rate of indoor particles
(Shaughnessy and Vu, 2012).

74



4.3. Particle Resuspension during Walking in arobrdVlicroenvironment

However, insight to resuspension in relation tdipi@rdynamics and interactions
between external and intermolecular forces propbgeskveral models. Reeks and Hall
(2001) considered a kinetic approach of partickispension where the bound particle
oscillates about a pivot on the surface underrifieence of the drag and lift force of the
fluid flow. Lazaridis et al. (1998) adopted the sakinetic approach but modeling the
particle-surface interaction using the Lennard-3oméermolecular potential. Guingo
and Minier (2008) and Goldasateh et al. (2013bdudente Carlo computations to
simulate surface roughness and distribution oftfiteesion forces.

The proposed models share common features sudte atdchastic description
of particle resuspension, the strong dependenseidace roughness and the importance
of interaction between the deposit particles aedstirface. It was found that high surface
roughness corresponds to easier detachment (SatahiAhmadi, 1995) due to a
significant reduction in adhesion forces (Ziskirtigak, 1995). Moreover, particle size
plays an important role by enhancing resuspensioce the removal forces (drag and
lift) depend strongly on it (Hinds, 1999). It was@proposed (Reeks and Hall, 2001)
that resuspension depends on time with high resigspe rates at a short-term regime
followed by a long-term regime with reduced rafEse time dependence observed also
experimentally (Wang et al., 2012a).

The aim of this work was to evaluate the partigsuspension rate induced by
walking inside an indoor microenvironment using toamous measurements of indoor
particle mass/number concentration. The main olEstwere to determine the impact
of different dust loadings on the floor, the indoparticle concentration and the
resuspension rate and to investigate the impadiffgrent walking patterns, style and

walking speed to the resuspension rate.

4.3.2. Experimental setup

The measurements were carried out in the periosidsegt June to September 2013 in a
laboratory at the Technical University of CreteeTdrea of the laboratory is 18.5 of
rectangle shape and its volume is 53%ith one door and one window placed opposite

of the door. The effective volume was estimatebdo-77 % of the total volume, thus
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41.5 m. The effective surface area was equal to 6(4i3x1.4 m). During the
resuspension measurements, the instruments weredpdad the farther end of the paper
pool with inlets 1.38 + 0.03 m above the grounde Eklected height of the instruments
(1.38 m) corresponds to the breathing zone of gémegm performing the walking.

During the experiments only one person was préasetfie laboratory, with the
window and the door closed all times. To deterntireereproductivity, all 8 variations
(combination of rectangle and line paths with ddfg dust loadings — 25, 15, 5 and
1 g/n¥) of resuspension experiments were performed twidelitional measurements
were conducted with increased and decreased watiiegd in order to investigate the
effect of walking speed on resuspension rate. Txpeements were performed with 20%
higher walking speed, whereas, two experimentsopadd with 20% lower walking
speed. Thus, four additional experiments with déffe walking speed. The experiments
were conducted following a line path and only ie tase 5 g/fand 1 g/Mof dust
loading. The increased or decreased speed wasietithased on the average walking
speed on each set of measurements (5 ghah 1 g/min the present case). The materials
used to build the paper pool were a simple plgtigrer (0.94 m widthy = 80 g/n?) and
a masking paper tape. The footwear used duringviileing were a classic long stripe

cotton socks, 3 pairs (75 % cotton, 25 % polyester)

4.3.3. Instrumentation and Measurement Protocol

Several instruments were used in order to measdi@r particle concentration. More
precisely a Dust Trak (8520, TSI) was used for ncassentration of PM, and a P-Trak
(8525, TSI) for particle number concentration agfparticles (< im). OPS (3330, TSI)
was employed for the determination of the mass digibution. The air temperature
and relative humidity during the resuspension mesasants were recorded by four Tiny
Tag data loggers placed in the corners of the &boy. Scheme of the laboratory and
the instrumentation is depicted in Figure 4.23. Hwerage air temperature in the
laboratory during the measurements period was dedoto be 30 £1°C and the relative
humidity 45 £+4%. Nonetheless, the RVhass concentration data obtained by Dust Trak

were corrected based on work of Chalvatzaki et (2010) where comparative
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measurements of Pllconcentrations by the Beta attenuation monitor 2FEQ) and
the Dust Trak were performed at an urban backgraitedclose to the laboratory for a
period of 12 months. The Dust Trak instrument messents were then corrected based

on these comparative measurements.

iy
'Paper Pool' !
N i TN o \
i

@ @

Figure 4.23.Scheme of the laboratory and the instrumentationrad the paper pool:
(1) DustTrak, (2) P-Trak, (3) OPS, and (T) Tempaetind Relative Humidity.

At the beginning, two testing measurements weragoied using 25 g/frdust
on the floor of the paper pool, one in a rectariglgure 4.24) and another in a line path
for a walking period of 30 minutes. The other expents were conducted using a
walking period of 20 minutes. Each resuspensioregrgent (20 experiments in total)

lasted 5 hours and 30 minutes and were complet8diages:
Stage 1: Empty laboratory: 0 - 60 min (background measmet)

Stage 2: Walking period: 60 - 80 min (resuspension - eois period)
Stage 3: Post walking period: 80 - 330 min (empty laborgt- particles removal)
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Figure 4.24.Paper pool before (left) and after walking (rigimtyectangular pattern on
25 g/n? of dust load.

The 20 minutes of the emission period were usetktermine the resuspension
rate, since it was the only period of activity desithe laboratory room. However, only
the last 10 minutes of background period and tisé 210 minutes of the removal period
used to evaluate the background and the removiaidpeaspectively. Hence, 4 h in total
for each experiment. The background period wasuat@dl only at the last 10 minutes,
since, no significant temporal fluctuations of thdoor concentration observed during
the pre-activity period. The removal period wasleated only for the first 210 min
because the indoor concentration maintained sinviddwes after the chosen period.
During stages 1 and 3 no one was present in tha ew all the windows and doors
were closed. During the stage 2 only one personpresent in the room with the door
and window closed. Two walking paths were usedHerexperiments. Path A in which
the person was walking in a line path 4.3 m lontheaxmiddle of the paper pool and path
B in which the person was walking in a rectanglepsd path of 8.6 m long around the

edge of the paper pool in a clockwise direction.
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4.3.4. Dust analysis

The dust used in all the experiments was colleatitil a scoop into a 10-liter container
outside the laboratory window from the sidewalkG5106/2013 between K1 and K2
buildings of School of Environmental Engineerirtigsithe same dust that could possible
get inside the indoor environment during air exgeawhile opening the window or by
penetration. The collected dust was then sieveal laboratory sieve with an aperture of
53 um and stored in an air-tight box at a room tnaoire in the laboratory. With the
same sieve the dust was spread manually on thedfdbe paper pool with extreme care
in order to maintain a uniform layer. The dust wpeead at 15 5 cm height above the
ground at the most 4 - 5 h before the measurements.to new measurement, the paper
with a dust loading at the bottom of the paper pemd overlaid twice from the top with
a new paper (during the experiments with 25 ang/a5 of dust loading the bottom was
overlaid four times with a new paper in order rioaffect the next measurements) and
the walls were cleaned with a piece of semi-wethclo

Heavy metals analysis (Na, Mg, Al, Si, K, Ca, Fg,V, Cr, Mn, Ni, Cu, Zn, As,
Se, Cd, Ba, Hg, Pb) was performed to determinerte&l content of the dust used by
Inductively coupled mass spectrometry (ICP-MS 7%00cupled with Autosampler
Series 3000, Agilent Technologies). The collisidte) and reaction modes of the
instrument were used during the analysis procedurerder to eliminate possible
isotopes interferences (e.g. interferencef1oC in thes,Cr analysis). The results were
calibrated using an external calibration curveldéast 5 levels of concentration, with a
correlation coefficient r = 0.99 for each elememt)l the corresponding Merck standards.
Although, the results did not reveal any significkavels of major crustal elements (Al,
Si, Fe, Ca, K, Mg, Ti) which were all below 0.62%twexception of Calcium where the
analysis showed a high concentration equal to 24.93n the other hand, trace elements
(Zn, Pb, Cu, Ni, Cd, Cr) and other element (NaMw, As, Se, Ba, Hg) concentrations
were not higher than 0.01%, except Sodium (0.81%).
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4.3.5. Model Description
Resuspension rate model

A resuspension model was used for the analysiseofesuspension experiments and the
calculation of the resuspension rate. The resugperd an indoor aerosol is usually
defined by the resuspension rafenin), which is the fraction of particles removed from

the surface per unit of time (Nicholson, 1988):

r=— (Eq. 4.7)

where R is the resuspension fluxug/m?min) andL (ug/m?) is the particle surface
concentration. Considering a room of well-mixedwalume, the particle concentration

can be described by a dynamic mass balance moldeh(&d Zhao, 2011):

Y
% =PaVC, + S- avVC - kV( (Eq. 4.8)

whereCin is the particle concentration inside the laboratpg/m?®), Cout is the particle
concentration outside the laboratopgd®), V is the effective volume of the laboratory
(m3), P is the penetratioafficiency, a is the air exchange rate (mink is the deposition
rate (mint), Sis the emission of the particles indogrg/fnin) andt is the time (mirt).

In particular, in respect to particle emissionsréguspensiony, the emission rate can

be written as:

S=rAL (Eq. 4.9)
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wherer is the resuspension rate (M)nA; is the floor surface area used for resuspension

(m?) andL is the floor loadingyg/m?). Thus, Eq. (4.8) can be rewritten as follows:

Vv d;m =PaVC, +rA L-(a+k)VC, (Eg. 4.10)

Introducing a mass balance model on the surface, cange in aerosol mass

concentration on the floor can be written as (@ad Ferro, 2008):

dL
E =—r A L+ kV Cin (Eq. 4.11)

where A is the total surface area of the room?(niThus, the change in particle
concentration indoors is described by a set of égoations, namely Eq. (4.10) and
(4.11). During the resuspension experiments, tta soirface area of the laboratory was
used. In this caséy can be substituted with, and a simplified version of the system of
Eq. (4.10) and (4.11) yields:

V%= PaVC,,+rAL-(a+k)VC, (Eq. 4.12)
dL
Aa =-rAL+kVC, (Eq. 4.13)

Eq. (4.12) describes the change in mass concemtratidoors and Eq. (4.13) is
describing the change in particle mass concentratiothe floor. The resuspension rate

r is estimated by Eq. (4.12) using a forward diffeee approximation, while, Eq. (4.13)
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can be solved analytically. Thus, the resuspensimand the particle surface loading

for each time step are given by:

r(t+dt) = v |:Cin (t+dt)-C, ()

AL(D) at + (k+a)C, (1) - aPC,, (t)} (Eq. 4.14)

L =2l ey s @ (Eq. 4.15)

The requirements for solving the above systemtlageinitial values of mass
loading L(0) and the change in concentrati@ft) with time. Given the initial mass
loadingL(0) and the change of aerosol concentratiocan be estimated for time step
one using Eg. (4.14). Sinees known, Eq. (4.15) is then used to estimatestiméace
loading at the first time step(1). The same procedure is followed for every timg.ste
Moreover, the particle concentration in the indawrcan be predicted from Eq. (4.12)
(Qian et al., 2008):

C,(t+dt) = rVAL(t)dH C,(0)[1-(a+k)dt]+aPC, (dt  (Eq. 4.16)

The first term on the right side of the Eq. (4.188he resuspension contribution to indoor
air concentration, the second term refers to tlieiggon of indoor concentration by
deposition and air exchange rate and finally thel tierm is the penetration of outdoors

origin particles indoors.
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Infiltration rate

The particle indoor dynamic model for a well-mixad volume is given by Eq. (4.12).
The infiltration rate of outdoor origin particlearc be estimated using Eq. (4.12) for a

period without any activity inside the laboratoffus, Eq. (4.12) is written as:

V%= PaVvVC,,—(a+k)VC, (Eq.4.17)

The analytical solution of the above equation is:

aPC,,

aPC (o
Cin(t)=ﬁ+(cm(0)— =y je( 9 (Eq. 4.18)

The right side of Eg. (4.18) consists of two termhbe first term is the steady state
concentration of the particles inside the labosat@hich can be defined as the fraction
of particles that penetrates from outdoors and mersaspended indoors. The second
term represents the total losses of the indoorsaédue to deposition and air exchange
from indoors to outdoors. The infiltration rate waculated based on Eq. (4.18) after
the end of the activity, where, the particle coricion is exponentially decreasing with

time. Due to lack of outdoor data, the infiltrataas estimated as the fraction of particles
that remain suspended inside the laboratory (thadst state particle concentration or

infiltration concentratiorCinf):

out

a+k

aPC

(Eq. 4.19)

inf
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Air exchange rate

The air exchange rate was estimated based on guential decay of COnside the
laboratory. The concentration of @fter the emission period is described by the

following equation:

dC

co, _
dt =a Cco2 (Eq. 4.20)

where a is air exchange rate ‘th Thus, CQ concentration at any time inside the
laboratory is given by:

Ccoz (t)= C(:o2 ©) e (Eq. 4.21)

The average air exchange of the laboratory calkedldab be 0.16 *h during the

experiments.

4.3.6. Indoor Particle Concentration

Indoor particle number and mass concentration weassared simultaneously during the
walking experiment. The number concentration wassued in the size range of
0.02 - 1um, whereas, the measured mass concentration conasgp to the size range
of 0.1 - 10um. Figure 4.25 presents the indoor mass and nuodr&entration versus
time during the experiment on 04/07. The mass aunggon is influenced from the
beginning of the activity with an increase in thdoor concentration which is followed
by a decreasing period after the end of the walkiing background average indoor mass
concentration was 78g/m°, while, during the walking the average mass cotmaéan
was 3,320 ug/m® indicating 45-fold increase. On the other hand, thember
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concentration maintained similar concentration leueefore and during the walking.
Average background concentration was 2 %#/0n¥, whereas, average concentration
during the walking was 2.1 x i@/cn?®. The same characteristic found in all
experiments. Thus, the three periods (backgrouatkimg period, post-walking period)

were strongly correlated only with the indoor paeimass concentration.
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Figure 4.25.Mass and number concentration versus time durialgimg in rectangle
pattern inside the paper pool with dust loadingy28° (R2 on 04/07).

Although particle resuspension from indoor suréadepends on particle size
(Wang et al., 2012a), larger particles detach neasaly from the surface (Boor et al.,
2013). Previous studies verify that small parti¢ked um) are not easily resuspended or
not resuspended at all (Tian et al., 2014). Morecsteidies on resuspension by human
walking concluded that resuspension rate increagésparticle size (Qian et al., 2008;
Shaughnessy and Vu, 2012). Results of this studicate that in terms of mass

concentration the walking influences strongly tid:FPindoor particle concentration. On
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the other hand, in terms of number concentratieririioor particles are not affected by
the walking in the laboratory room inside the meedparticle size range. Considering
the different size range used for the mass and auodncentration, the presented results
imply that the resuspension of indoor particleetaglace at particle sizes higher than
lum. It is likely that particles at size that corresg to the measured number
concentration (0.02 - im) is not resuspend at all. Since, the measuredraimge of the
mass concentration corresponds to higher partizés 0.1 - 1Qum), it is believed that
the resuspended particulate matter lies in theraizge of 1 - 1@um.

Table 4.11 summarizes the average:fk®bncentration for background and
activity periods during all experiments. Indoor BMnass concentration during the
activity period indicate on average 75-fold, 40dfdl4-fold and 0.6-fold increase of mass
concentration in the case of 25, 15, 5 and Z2ghespectively. This is indicating a
considerable change in indoor mass concentratisidanthe laboratory. Indoor mass
concentration is increased by one or two ordersagnitude in a period of few minutes
(20 minutes). On the other hand, particle numbecentration maintained values close
to the background level in all experiments as iatid in Figure 4.25.

No dependence of indoor Rbtoncentration found in respect to the two différen
walking profiles followed during the activity. Waltlg in a rectangular manner or in line
inside the laboratory had no effect on indoor a@rosncentration and therefore on the
resuspension rate. Qian and Ferro (2008) examireedftect of different walking paces
and weight of the person while walking inside ambar and found that the main
contribution in resuspension rate is walking stytethe presented study walking style,
walking duration, dust type, foot wear and walkipgrson were the same in all
experiments and the only variable during the agtiwias the walking pattern which had

no effect on the indoor particle concentration.
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Table 4.11. Comparison between average background concemiratia average

walking concentration for different dust loadingsRectangular, L-Line pattern).

Date & PM1o0 background PM1o | Emission
. ) : ncrease
Walking concentration concentration (%) Rate
Pattern (ng/md) (ng/md) (mg/min)
Dust Loading 25 g/n%
04/07-R 73 3,320 4,452 17.3
10/07-L 58 3,205 5471 14.6
26/07-R 39 3,839 9,654 17.6
30/07-L 32 3,463 10,561 194
Average 51 3,457 7,535 17.2
Dust Loading 15 g/m
21/06-R 47 1,433 2,957 6.5
26/06-L 36 1,579 4,317 7.1
08/08-R 42 1,690 3,902 7.8
10/08-L 35 1,716 4,843 9.2
Average 40 1,605 4,005 7.7
Dust Loading 5 g/n?
02/07-R 38 462 1,104 2.0
28/06-L 42 573 1,260 2.4
12/08-R 41 556 1,268 3.5
13/08-L 49 642 1,222 2.9
A10/09-L 34 680 1,924 2.8
B11/09-L 39 573 1,370 4.1
Average 41 581 1,358 3.0
Dust Loading 1 g/n?
12/07-R 47 215 362 0.9
24/07-L 27 325 1,089 2.2
15/08-R 52 259 399 1.2
14/08-L 50 240 378 14
A12/09-L 35 381 976 2.6
B13/09-L 24 156 563 1.0
Average 39 263 628 1.6

(A) Walking Speed +20%; (B) Walking Speed -20%

4.3.7. Indoor PMio Concentration at Different Dust Loadings

Figure 4.26 presents the RMndoor mass concentration versus time for diffecarst
loadings. One experiment from each dust loadings(#hin total) was chosen in order to

compare the indoor mass concentration and exarnéeftect of the dust loading to the
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measured PM mass concentration. All chosen experiments cooredgd to walking in

a line path in order to isolate the impact of usiiiferent dust loadings on the floor.
Higher surface loading is leading to higher indonass concentration. Increased
concentration on the floor corresponds to highéraindust loading, which, can be
potentially removed from the surface. In fact, oddting the emission rat& from
Eqg. (4.9) for each surface loading reveals thaethession rate increases with increasing
initial dust loading on the floor (Table 4.11). Téneerage emission rates for 25, 15, 5 and
1 g/t dust loading were 17.2, 7.7, 3.0 and 1.6 mg/nespectively. Gomes et al. (2007)
also observed increased mass of resuspended @sudichigher dust loadings and Tian
et al. (2014) reported that higher dust emissidesravere provoked by higher surface
dust loadings. Moreover, Qian et al. (2014) repmbtteat the emission rates of particle
mass due to walking were in the rangé& 1@0° mg/min, which is in agreement with the

findings presented hereby.
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Figure 4.26.Mass concentration versus time for different doatings. Line path was
used in all experiments (10/07, 26/06, 28/06, 14/08
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4.3.8. Estimation of Infiltration Rate

In the absence of indoor sources, the indoor partioncentration is the net result of
particle penetration from outdoors, particle deposi on indoor surfaces and air
exchange rate of the studied room (Hussein e2@09; Rim et al., 2013). Thus, the total
indoor particles losses include deposition by Brianwndiffusion and gravitational
settling (Nazaroff, 2004) and the indoor/outdoar exchange rate (Chen and Zhao,
2011). In the presented study the post-walkingggewas evaluated using the Eq. (4.17),
which reflects the indoor particle concentratioside the laboratory in the absence of
indoor sources. Applying Eq. (4.18) to the expentakdata after the end of the activity
and using also Eq. (4.19), the infiltration rate &otal losses inside the laboratory can be
estimated. Figure 4.27 presents a comparison bettheeexperimentally measured and
calculated PNb mass concentrations after the end of the walkergpgd where the same

pattern was found in all experiments.
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Figure 4.27.0Observed and calculated mass concentration dféeend of walking in
rectangle pattern inside the paper pool with 25°glmst loading (R5 on 12/07).
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Additionally, in Table 4.12 lists the infiltratictbncentration€ins and total losses
as they were calculated by Eq. (4.18) for each mxygat. The correlation between the
calculated indoor concentration for the experinim{Figure 4.27) and the experimental
one is high (R=0.98). This indicates that Eq. (4.18) descrivel the measured indoor
particle concentration starting with the initialwa of 255ug/m® and ending at the steady

state mass concentration of ggym® inside the laboratory.

Table 4.12.Results of the calculated indoor concentrationar dffte end of the walking.

Dustload Iniial Conc. ~ Swcady state  Total

Date ) 3 Conc. Gnt losses R?
(9/m?) C(0) (ng/m°) (ng/m?) a+k (h?)
04/07 25 4.6x1D 95 2.60 0.97
10/07 25 4.0x1D 63 2.35 0.97
21/06 15 2.0x1D 48 2.39 0.99
26/06 15 3.9x1D 48 2.91 0.97
02/07 5 6.6x10 39 2.25 0.98
28/06 5 7.6x1® 59 2.36 0.94
12/07 1 2.6x19 46 191 0.98
24/07 1 2.9x19 25 2.90 0.95
26/07 25 4.2x1D 48 3.46 0.98
30/07 25 3.9x1d 44 3.04 0.97
08/08 15 2.0x1D 38 3.24 0.98
10/08 15 1.9x19 43 3.00 0.98
12/08 5 6.2x19® 36 2.78 0.97
13/08 5 7.4x19® 46 3.27 0.94
15/08 1 2.7x19® 62 3.00 0.99
14/08 1 2.7x1® 48 2.91 0.95
A10/09 5 8.0x19® 31 2.65 0.98
B11/09 5 7.5x19® 33 4.20 0.91
A12/09 1 4.4x19 27 2.69 0.98
B13/09 1 1.9x19 26 3.13 0.97
Average 46 2.85 0.98

(A) Walking Speed +20%; (B) Walking Speed -20%

High correlation between the experimental and thecutated indoor
concentration was found in all experiments withrenging between 0.91 — 0.99. The
Cint is independent from the initial surface dust logdiAccording to Eq. (4.19) the
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steady state indoor concentration is a functioperietration of outdoor particles and
total losses inside the laboratory. Moreover, noetation was found between total
losses(a+k) and the initial surface loading. The average déltdosses inside the
laboratory were estimated on 2.85 +0°5 Which is consistent with other studies dealing
with indoor particle dynamics (Lai, 2002; He et 2005).

4.3.9. Dust Loading

The most important factor for determining the res&msion rate is the surface dust
loading for every time interval. The resuspensate and surface loading are irreversibly
proportional (Eg. (4.14) and (4.15)) and cannodé&eved independently. An increase of
indoor mass concentration is increasing the resisspe rate and reducing the dust
loading on the floor. Thi(t) can be estimated only by knowing the resuspemnsitenat
that specific moment. Giving the initial vall€0), a repeated numerical procedure is
followed by estimating at each time step the resnsjon rate and then the instant dust
loading on the floor.

Several variations of dust loading were taking eladile the experiment was
performed. A typical example of surface concemratiariations versus time during the
activity period is shown in Figure 4.28. The inidast loading on the floor was estimated
at 24.57 g/rhand this value is compared with the calculated thagling derived from
Eq (9). The data points under the line, which shdwesinitial surface concentration,
indicate an increase in indoor mass concentratibeyeas, the data points above the line
indicate a decrease in indoor mass concentratiariofys temporal fluctuations took
place in most of the experiments). Numerically, fingt case is related with a positive
number in the calculation of resuspension rate)enthie second case is related with a
negative number. Moreover, the mass concentratidh@floor shows small variations.

In Figure 4.28 the dust loading fluctuations vatetiveen 24.5 — 24.6 gfnEven
though the indoor PM concentration increases up to two orders of madait the
surface dust loadindi(t) retains values close to the initial dust loadiipe same
behavior was observed in all experiments. The @&eeraariance of the relative

fluctuations of the surface concentration was fouid 3%, confirming that a very small
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fraction of the deposited dust on the floor is atjuresuspended. These findings are in
agreement with Tian et al. (2014) where the autlatse suggested that only a small
fraction of particles is resuspended. Nevertheli@siyor PMo concentration increases

drastically with higher dust loading during the lwaf) period resulting in higher mass

concentration. A reasonable explanation is thahtgber the dust loading on the floor,

the higher the potential fraction of particles tltain detach from the surface and
consequently resuspend.
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Figure 4.28.Initial and the calculated dust loading on thefleersus time during the
activity period, Lo= 24.57 g/f(R2 on 04/07).

Particle detachment is closely related with resnsjp® and it depends both on
the adhesive and removal forces (Zhang et al., ;2b0&him et al., 2003). Moreover,
resuspension occurs easily for larger particle(Eb al., 2013, Rosati et al., 2008). In
human induced particle resuspension, particle Hetaat is caused by mechanical
forces, such as foot tapping (Kubota and HigucBi,3) or displacement due to foot
penetration (Oberoi et al., 2010). Moreover, Gdielast al. (2014) proposed that the
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main mechanism for particle resuspension is thie sped airflow generated at the gap
of the shoe sole during the upward and downwardamatf the foot. Considering that
the walking style was the same for all experimepasticle detachment happened under
the same conditions. Removal forces that are caededth these conditions were likely
in the same order of magnitude and responsibléhiifraction of particles leaving the

surface.

4.3.10. Resuspension Rate

The resuspension rate was calculated using thdembapt of Eq. (4.14) and (4.15). Table
4.13 summarizes the resuspension rate for all ttyeraments. On average the
resuspension rate for all the experiments was %.86a2 hl. In general, the range of the
resuspension rate was betweerf 2010°h’. These results are in agreement with other
studies for resuspension by walking in a chamban eseal environment which found
values in the range f0- 10° h'! (Qian and Ferro, 2008; Shaughnessy and Vu, 2012;
Tian et al., 2014). Table 4.13 also suggests #migpension rate is independent from
the initial dust loading on the floor. The diffetatust loadings are affecting the indoor
PMzo concentration but not the resuspension rate.

Factors such as walking speed, weight of persombeun of persons inside the
room, type of shoes and floor, or walking styletcitaute differently on the resuspension
rate (Qian et al., 2014; Boor et al., 2013). In thse of the herein presented analysis,
different walking patterns had no effect on indoancentration nor on resuspension rate.
Even though different walking speeds were examined experiments (10/09, 12/09
higher walking speed, 11/09, 13/09 lower walkingesi), no correlation was found
between the walking speed and the resuspensionRaibably, the effect of walking
speed on patrticle resuspension should have art &fes wider range of speeds.

The air temperature and relative humidity had riectfon resuspension rate for
the range of the environmental conditions occuiredhe laboratory. The average
temperature inside the laboratory for all the expents was 30 £1°C and the average
relative humidity was 45 +4%. The relative humiditgs found to affect the adhesion

force between the particle and the substrate thraagpillary forces (Bateman et al.,
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2014). However, the influence of relative humiday particle detachment becomes
significant on wider ranges of 20% - 90% RH (Batanea al., 2014). Qian and Ferro
(2008) also found no effect on resuspension ratRfbrange 26.4 % - 51%, while, Tian
et al (2014) found a dependence on resuspensidwddevels (40% and 70%) of RH.

Table 4.13.Resuspension rate for different dust loadings.

Date Resuspension rate (h?)
Dust loading 25 g/m
04/07 7.15%x16
10/07 6.64x16G
26/07 7.31x16
30/07 8.60x16G
Average 7.43<10°3
Dust loading 15 g/m
21/06 4.46x16G
26/06 5.05x16
08/08 5.28x16
10/08 6.19x16G
Average 5.25¢103
Dust loading 5 g/n%
02/07 4.05x16
28/06 4.63x16G
12/08 6.65%x1G
13/08 6.48x16G
A10/09 5.56x16
B11/09 8.38x18
Average 5.96x103
Dust loading 1 g/n%
12/07 7.81x106
24/07 2.06x106
15/08 1.10x18
14/08 1.35x18
A12/09 2.39x16
B13/09 9.60x18
Average 1.44x107?

(A) Walking Speed +20%; (B) Walking Speed -20%
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The resuspension rate of indoor particles was estichfor each time step of
every experiment using the set of Eq. (4.14) and5} In order to find the time
dependence of resuspension rate, the walking perasdfurther divided. This was due
to the fact that in several experiments fluctuattdnndoor mass concentration was
observed, thus, the activity period divided int@tstages. In stage 1, which is the burst
of particle emission, the first 4 minutes of théiaty were chosen due to higher rates
observed at this period, and in stage 2 the remgitime of the activity was chosen.
Figure 4.29 presents the resuspension rate fanihastages for all the experiments.

Figure 4.29 demonstrates a strong dependence usp®@ssion rate versus time.
The first minutes of the event are characterizediger resuspension rate than the
remaining time. The resuspension rate at stagaigjlier by 68% in comparison to stage
2. Strongly adhered particles are more difficultiegach from the surface. Thus, in the
first minutes of the walking resuspension occurspfarticles which are less adhered on
the surface. Similar results were found both inesasf human-induced particle
resuspension (Qian et al., 2008) or in wind turstetlies (Wang et al., 2012a; Ibrahim
et al. 2003). Turbulent air flow generated by humeatking, adhesion forces and type
of deposit (monolayer or multilayer) are resporesiiolr the fluctuation on resuspension

rate through exposure time (Boor et al., 2013).
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Figure 4.29.Comparison of resuspension rate for stage 1 dada&l the experiments.
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Using the Eg. (4.16) the indoor RMtoncentration can be predicted for each time
step. The resuspension ratand surface loading, are already known (Eg. (4.14) and
(4.15)), thus, the indoor concentration of aeresderived by setting the values for every
time interval. The results are presented in Figud® for different surface dust loadings.
The calculated indoor mass concentration is basaexbopled differential Eq. (4.12) and
(4.13), which refer to a mass balance in the alranthe floor, respectively. The physical
processes taken into account are penetration d€learfrom outdoors, exchange rate of
the indoor air, deposition of particles onto suef@nd emission by resuspension.
Coagulation and condensation are assumed to haweajuy effect on indoor particle
dynamics. The coagulation process influence diyetik particle number distribution
and has minor effect in total mass concentratigoeoficles (Nazaroff, 2004). Moreover,
it is important only in high number concentrati@msl therefore, can be neglected when
total number concentration is lower than* 1@ (Hussein, 2009). The number
concentration of indoor aerosol in all experimamés under that limit and independent
of any walking, supporting the assumption of negley coagulation during walking
experiments inside the laboratory.
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Figure 4.30.Comparison of experimentally obtained and caled&Mo concentrations

for different dust loadings (data correspond tauFegs.25).
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The deposition found to be dominant in the cakioies of the total loss rate inside
the laboratory. Although the air exchange rate w@s order of magnitude lower than
the deposition rate, it was significant enougheglact it. The net result from infiltration
of outdoor particles, air exchange of indoor pécand deposition on the surfaces of
the laboratory leaded to a steady state concemtré@in) and as defined by Eq. (4.19)
represents the fraction of particles penetratimgnfroutdoors and remain suspended
indoors. TheCix is directly correlated with the background RBMoncentration inside
the laboratory before the activity period. The iod®Mo decreases after the activity
period tending to reach the background concentrati@mloor concentration reached the

background concentration ~3 h after the end oettperiment (Figure 4.30).

4.3.11. Conclusions

The current study focused on the estimation of ggsnsion rate by human-induced
walking inside a laboratory. Different dust loadsngere used to cover the floor while
the walking style was the same for all the expenitsieThe resuspension rate for M
induced by human walking estimated in the rangel@f— 1¢ h'. Different dust
loadings on the floor contribute directly to thedor mass concentration of particles but
have no effect on the resuspension rate. Althougien dust loading resulted in higher
emission rates and was associated with higher pakeh dust particles than can detach
from the surface, the fraction of particles leaving surface is related to the magnitude
of the removal forces.

Further investigation on this is needed in ordelustrate the nature of removal
forces induced by human walking. Moreover, it isidve@d that the resuspension rate
depends mainly on walking speed rather than oningattern or dust loading. Wider
walking speed range should be examined in ordewvestigate the impact of the removal
forces. The indoor mass balance model used instiidy well-predicted the indoor
particle concentration in both activity and postiaty period. However, resuspension
of indoor particles is a complicated physical psscdealing with the adhesion forces of
particles on the floor and the removal forces a@ctpon them, thus a simultaneous

investigation on particle dynamics both on the ffland the ambient air is necessary.
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4.4. Estimation of Emission Rates from Arc Weldingand Cutting
4.4.1. Introduction

Arc welding is a common unit operation in the comstion industry, where frequent
changes in location and welding position make iterdbfficult to control fume exposures
than in industries where fixed locations are comm®hielded Metal Arc Welding
(SMAW; also known as Manual Metal Arc Welding—MMAW ‘stick’ welding), is a
manual arc welding process that uses a consumiasteosleof a proper composition for
generating arc between itself and the parent wakep(Figure 4.31). In SMAW, the
electrode is a metal rod or stick held in the tosattn a small clamp. The rod has a solid
coating of inert materials which vaporizes duringiding. This creates an inert cloud or
gases which protect the molten metal and displageoxygen that might come into
contact with it. The gas cloud settles on the pafomolten metal as it cools, and is
referred to as ‘slag’. The disadvantage to SMAWh& the slag must be chipped off of

the weld after it cools, and can sometimes infi#tthe weld causing weakness.

Welding torch

Shielding gas
Protective gas from

electrode coating Electrode wire

Electrode coating Molten weld
metal

Molten weld metal

Slag Arc

Solidified
weld metal

Metal diplets Solidified weld

Figure 4.31.Arc welding processes (adapted from Antonini, 2014

Tungsten Inert Gas (TIG; also known as Gas TungdterWelding—GTAW),
is an arc welding process in which heat is gendryean electric arc struck between a
non-consumable tungsten electrode and the worle didax is not used in the process
and the weld pool is shielded by an inert gas (A&, N or as mixture with C£)

protecting the molten metal from atmospheric comation. The heat produced by the
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arc melts the edges of work pieces and joins tfiler,rod/wire may be used, if required.
Tungsten withstands the heat of weldirsignificantly less fume is generated in
comparison with SMAW, and is usually reserved fpeaalized types of welds
(Antonini, 2014).

Welding fumes appear when the arc between a spelgatrode and a weld
material produces evaporation of the welding corshles. The high-temperature
multicomponent vapor is then forced up from thetdrotarea of the arc column to the
low-temperature environmental air and forms a vagas mixture as a result of mixing
with air (Tashiro et al., 2010). The vapor—gas mm&tcools down during mixing with
air, and reaches a temperature of phase transrtioer) the primary particles of welding
fumes are formed. Their chemical composition argk dglistribution are of great
importance since they determine the physicochenpicaberties of the welding fume
(Berlinger et al., 2011; Oprya et al., 2012).

The dusty plasma behavior (strong ionization of éim@ironment created by
electric-arc discharge formed between the electeoikbthe weld material) was studied
by Vishnyakov et al. (2014a) in the process of ctatgpn of the primary particles, which
are formed as a result of the nucleation and nugtewth in the condensable
high-temperature vapors. The study found that dagualation of the ultrafine particles
(=2 nm) occurred in two stages: at first the cHi&ie@-agglomerates were formed rapidly,
and then they associated with the cluster-like @gegfrates, and the final agglomerates
(inhalable particles) had bimodal size distributwith different chemical compositions
and fractal dimensions. The agglomerates are kegeétlter by van der Waals,
electrostatic and magnetic forces (Antonini, 200B)ese agglomerates, as shown in
Figure 4.32, consisting of long chains, frequenflizundreds of fine particles, are rather
stable and retain their agglomerate structure éenpitocess of their separation with an
electrostatic classifier of SMPS or with a cascaaeactor.

Ennan et al. (2013) demonstrated that the inhaladoticles of the welding fume
have three-modal particle size distribution, whistteodes with rutile (such as the one
used in this study) and carbonate-fluorite coveesagplied. The first mode (content of
80-90%) is represented by the agglomerates (~n2Rof small primary particles,
which are formed as a result of nucleation and gnavf the nuclei in the liquid phase.
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The second mode (~0.33n) is a product of association of the small primpayticles
with the large primary particles, which are formeeda result of the coagulation of the
nuclei in the liquid phase (10-20%). The third m¢@€®2—-0.2%) is the coarse fume

particles (> lum).

SMAW ™ TIG

1000 nm 50 nm

N e

Figure 4.32. Typical TEM bright-field images of the investigateklding aerosols

(adapted from Berlinger et al., 2011).

Welding exposure is also a common cause of wodkedlasthma (WRA), which
includes both occupational asthma (OA, new-onst#inas related to sensitizers or
irritant work exposures) and work-exacerbated aatfiVWEA, preexisting asthma that
worsens on work exposures). Banga et al. (201T)ddhat exposure to welding fumes
was the fifth leading cause of WRA among workerd/iichigan, US. Antonini et al.
(2011) reported respiratory effects among weldsekiding bronchitis, airway irritation,
lung function changes, and a possible increadeeimicidence of lung cancer This issue
of occupational UFP exposures is of increasing mance as evidence suggests that
UFPs are potent triggers of oxidative stress, systénflammatory and may contribute
to adverse respiratory outcomes as specific expdsuwelding fumes is known to cause

respiratory health problems (Jarvela et al., 26Eppi et al., 2015).
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Computational fluid dynamics (CFD) was used by T&aal. (2016) to investigate
the transport and deposition of welding fume ag@mates in a realistic human nasal
airway. The authors found that a very small fractwmf the inhaled welding fume
agglomerates was dispersed into the nasal olfactargosa, and did not reach the
olfactory bulb within the brain. The deposition wagremely low and the majority of
considered particles passed through the nasakbamd penetrated deep into the lungs.

This chapter presents the results from estimatfoenussion rates, and human
dose and retention from two arc welding procesS&AW and TIG. Additionally,
cutting of stainless steel (SS) was also investijads this process is many times
accompanying the welding. In a simulated confinedkspace of experimental chamber
under controlled conditions, 4 different exposuwenarios were considered, including
staying in the workspace with and without use téfing facepiece respirator (FFR)
during the emission, leaving the workspace or stpyin the workspace after the
emission. In this study, total deposited dose @R was assessed for the extrathoracic
and the thoracic region (the lungs), subsequeatisulative retention in extrathoracic
and thoracic regions, Gl tract and blood was aldoutated. Dose and retention from
SMAW, TIG and cutting of SS were calculated for diperiod of 4 h and 4 different

scenarios where the emission period occurred ifirgtes min.

4.4.2. Experimental Setup

Measurements were conducted in a small stainless estvironmental chamber (Figure
4.33) with volume of 7.56 fn The flow through the chamber was 5.3 L/min meadur
with Gilibrator-2 (Standard cell, Sensidyne, USHs, the air exchange rate equaled
0.044 h'. Additional pump to increase the air exchange s intentionally not
employed in order to simulate confined welding vamp&ce. The inlet of the sampling
point was in distance of 1.2 m from the emissiamrse. Chamber and the sampling tubes
were tested for leaks prior to the beginning ofrtteasurements and the particle number
(PN) and mass concentration were monitored aiha#ls. Uniform particle concentration
was ensured by fan operating at 1200 rpm. Theeampérature and relative humidity

inside the chamber during all the measurementsonasverage 25 +1°C and 45 +1%,
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respectively. Metal used to weld and cut in allemkpents was stainless steel tube (10-15

cm) with rectangular profile and wall thickness206 mm.

I §

Figure 4.33.SMAW (on left), TIG (center) and cutting (on riglaf SS in experimental

chamber.

SMAW was performed by Gysmi 164 Inverter (Gysariee) with Fincord-M (35
cm, @=4 mm) rutile medium coated electrodes (OenljiSwitzerland) at 90 A of direct
current (DC), which was sufficient enough considgrihe SS tube wall thickness. In
total 1 electrode was used for both SMAW weldingogisses (1/2 electrode per process).
In this study TIG welding by fusion (i.e. withoufiler rod) was performed by Fronius
Magic Wave 2000 (Fronius, Austria) with argon (108%bas an inert gas at DC of 90 A.
For the cutting experiments AG 115 SS-DC angleecyiraft Tech, China) equipped
with Speed Plus 200 Green cutting disc for stagtsel (Zebra, Wirth, Germany) was
employed to cut the SS tube.

The net duration of the emission source was appratdly 3x 20 s and 2x 60 s
(in total time period of 5 min per experiment) fawelding processes and cutting,
respectively. These relatively short emission kyiare based on limitations of the used
instrumentation where after certain concentrationtIflowrate and coincidence error
occurs. Each experiment was done two times in afooveach process on a same day
with a minimum of 4-6 h between the processespagasurements of different processes
were conducted on different days. The effect ded#nt current, welded metal, welding

duration, distance of sampling point or air exclearage was not examined.
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Condensation Particle Counter (CPC 3775) was erapléy measure the total
PN concentration, an OPS to measure the mass doato@ms of different particles sizes
(both TSI, Inc., USA) and PhoCheck for the estioratof the total volatile organic
compound (TVOC). In addition, average of total &ssdue to diffusion, inertial
deposition and gravitational settling in the samgpliubing (Hinds, 1999) in the chamber
measurements for the particle size range fountdignstudy were negligible for CPC as
they were estimated to be less than 4% for thacpargize range detectable by the
instrument. Although the average loss for fine mpdgiculate mass measured by OPS
was also less than 4%, for the coarse mode it W8 &n average, thus loss correction
factor was applied for each of the 16 size binsassply for the whole size range

measured by the instrument.

4.4.3. Calculation of Deposition Losses inside tiighamber Volume

In this study the air exchange rate is a knownmpatar (0.044 ). In order to estimate
the loss rates () comprising all deposition mechanisms, analysesdeé to be
performed also on the overall particle loss ratenfthe PN and mass concentration
decays. Overall particle loss rate) (includes the deposition rate of aerosol parti{#es

and air change rate)(

F=1+8 (Eq.4.22)

The overall particle loss rate can be derived feosimple mass balance equation (Smolik
et al., 2005) describing the change in concenmatibaerosol particles in an indoor

environment:

ac; _
dat

VAPC,—C)+Q—S (Eq.4.23)
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whereV is the volume of the roong; andC, are the concentrations of aerosol particles
indoors and outdoors,is time,Z is the air exchange rate,is the penetration factoQ
represents possible particles sources and para®eggresents total sink strength of
aerosol particles. Assuming that there are no ingagaticle sources, that particles are
not resuspended, are physically and chemicallylestaimd there is no coagulation, the
sink strengtts can be simplified t& = G V3, wherep is the deposition rate in the room
comprising all deposition mechanisms and all sefadqg. (4.23) can be simplified
under the following conditions: (1) after the enessperiod there is no other source of
aerosol particles in the room; (2) there is no spsasion of deposited aerosol particles;
(3) particle coagulation can be neglected, (4)nh&l aerosol particles concentrati@n

is equal to the initial conditioi(0) = Co. Then the equation describing the loss of

aerosol particles becomes:

Ci(t) = Co + (Cyp — Cop) ™41 (Eq. 4.24)

The experimental curves were then fitted with thedei utilizing the constrained
Nelder-Mead Simplex method to find parameters efrttodel equation which minimize
the sum of squares of residuals between theorgitiediction and experimental data.

4.4.4. Effect of Welding and Cutting on PN Concenation

In all cases the total PN concentration reachegkigk within 5 min from the start of the
emission and ranged from 2.4 to 3.6 £4@n7 (see Figure 4.34). The 1 h average total
PN concentration varied from 2.4 to 5.2 ¥ #&n? and was the highest in the case of
SMAW and the lowest in the case of cutting progé@sble 4.14). It was not possible to
measure the size distributions of the particlestteshiduring the processes due to
technical error of the SMPS and the only availgideticle size distribution is from
SMAW testing on SS at 70 A in size range of 5-3B0 Note that all the experiments

were conducted with DC of 90 A, thus, the conceimtnawould reach higher number
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concentrations since the emission of airborne fpiadicles and fume formation rate

increases with the current intensity (Guerreiralgt2014).
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Figure 4.34. Total particle number and RMconcentration during welding (SMAW,
TIG) and cutting of SS.

As it can be seen in Figure 4.35, there is a bafrstew particles in the whole
measured size range at the start of the emissittndeminant mode on 13 nm (Figure
4.35a). Within 10 min the size distribution shiftsvards particles with bigger diameters
and higher concentration with dominant mode on@#2and reaches its maximum after
15 min from the beginning of the emission. Even dfter the end of the emission, the
shape of the size distributions remained almoshanged, but the particle concentration
decreased with time (Figure 4.35b). Berlinger et(2011) showed that during TIG
welding, most particles have mobility diameterthi@range of 15-160 nm, while SMAW

particle diameters are larger, ranging between@@®nam.
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Figure 4.35. Size distributions of 5-350 nm particles during SWAtest at 70 A:
(a) Within first 15 min from start; and (b) From 80240 min from start of the welding.

Multicomponent condensation in the low-temperatli@sma, which forms at
SMAW, was investigated by Vishnyakov et al. (2014M)e liquid particles after the
start of nucleation of the predominant componennji had bimodal size distribution,
with a nano-sized mode of the nuclei and a largeredsmode of the aggregated droplets.
Consequently, the condensation of the accompangimgpoiling components on these
droplets caused the termination of nucleation eattian conditions for the condensation

growth of the equilibrium nuclei arise. Therefaitee growth of the nuclei occurred only
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by their coalescence (large number density of muckeliquid state causes their intensive
Brownian coagulation). Thus, size distributiongha beginning of the welding process
are undergoing rapid changes, hence, SMPS withtilo@-resolution is not sufficient
and spectrometer, such as Fast Mobility Particleer§FMPS) with time resolution of
1 s might be required (Brand et al., 2013; Avinalet2015).

4.4.5. Effect of Welding and Cutting on ParticulateMass

The 1 h average PMconcentrations during cutting were the highestragradl processes
(Figure 4.34) and reached their maximums (11 andhgar? for the first and second
experiment, respectively) within 5 min from thersta the emission, similarly, as it was
in the case of TIG, which had the lowest Bdhcentrations. Note that due to OPS’s
coincidence error (when the particle concentraté@ches the limit of 3 x 2@/cn?), the
instrument stopped sampling for ~ 10 min from ttagtof the emission in both cases.
As shown in Table 4.14, the fine particles (BMdominated in both welding
processes, whereas the coarse particles in thagptiocess. SMAW and cutting mass
concentration values found in this study are caestswith study of Lin et al. (2014)
where the authors characterized aerosol partizessn workplace of fithess equipment
manufacturing. Pb concentration from SMAW reached maximum peak (b
on average) 1 h after the start of emission in bmdkes, with 1 h average RM

concentration of 1.55 mgAn

Table 4.14.Average, maximum and minimum number and mass coratEm values
for period of 1 h from start of the welding (SMAWATIG) and cutting of SS.

Number Concentration Mass Concentration (mg/nd)

Process (#/cm?) Fine (PM2.s) Coarse (PM.s-19

Aver. Max. Aver. Max. Aver. Max.
SMAW | 5.1x10 2.6x16 1.56 4.08 0.07 0.12
SMAW I 5.2x10 2.4x16 1.46 4.19 0.05 0.09
TIG | 3.9x1C0 3.0x16¢ 0.18 0.21 0.01 0.01
TIG I 4.8x10 3.6x16 0.19 0.21 0.01 0.01
Cutting | 2.4x16 2.4x106 1.03 1.64 3.35 9.41
Cutting Il 2.9x106 2.9x16 1.63 2.64 6.06 19.28
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Figure 4.36 illustrates the formation of the thiileetions of agglomerates in the
welding fume from SMAW consisting mostly of RMs fraction. As mentioned earlier,
when the high-temperature multicomponent vapootised up from the bottom area of
the arc column to the low-temperature environmeaitalit forms a vapor—gas mixture
and reaches a temperature of phase transition thiedarge primary particles of welding
fumes are formed, and at the same time the corat@mtrof the small primary particles
decreases. The PMfraction represents the result of the small primparticles’
agglomeration, and the structures with uniform dete, which are formed as a result
of association of the small primary particles amel large primary particles. The R
and PMs5.1o fractions are the coarse fume particles (Tashirale 2010; Berlinger
et al., 2011; Ennan et al., 2013; Vishnyakov et2i14a).

PMI 7PM1—2‘5 PM2,5-10

El | E2

PM concentration (mg/m?3)
() w
-: ///////,
>
A
P
e i

0 200 400 600 800

Time (min)

Figure 4.36. Concentration of PM PMi2sand PMsi0during SMAW. E1 and E2

represents the first and the second emission paesgectively.

4.4.6. Deposition Loss Rate in the Chamber Volume

Deposition loss rate calculated from the particleessnand number concentration decays
after the end of the emission (see Table 4.15) shbat particulate mass from cutting
process had the highest deposition loss rate fibr, fine and coarse mode. On the other

108



4.4. Estimation of Emission Rates from Arc Weldargl Cutting

hand, particles from SMAW process were depositstefadue to the highest particulate
mass, which enhanced the coagulation of fine pestichus, increased the loss rate.
Although there were very low concentrations of segparticles at welding processes,
coarse particles had lower deposition loss ratas the fine particles.

Particulate mass generated from TIG welding probesisthe lowest deposition
loss rate (not taking into account the coarse gdagidue to its very low contribution to
PMyo) and the highest deposition loss rate calculat@eh inumber concentration decay
suggesting that these particles were smaller imetiar and had lower mass than the
particles generated from SMAW or cutting. Numbenaantration 16 h after the end of
TIG emission was still 3.4 x $@/cn?, while the number concentration for particles
generated from SMAW dropped below 2 ¥ #&n? 8 h after the end of emission and
decreased on 60 #/érafter 16 h.

Table 4.15. Deposition loss ratg (h1) calculated from particle number and mass

concentration decays after the end of emissionsimalated confined workspace.

Process Number Conc. . Mass Concentration

(£3um) Fine (PM2.5) Coarse (PM.5-19
SMAW Il 1.334 0.445 1.030
TIG I 3.274 0.247 1.844
Cutting Il 1.337 1.093 3.480

4.4.7. Effect of Welding and Cutting on TVOC concetnation levels

As can be seen in Table 4.16, SMAW produced higherage TVOC and also had the
highest maximum concentration. Average total vidairganic compound (TVOC) was
found to be 3.21 and 2.31 ppm for SMAW and TIGpessively, and was higher than
the average TVOC during cutting of SS (0.03 ppnhjsTifference can be attributed to
the different nature of the welding and cutting gasses. The iron oxide particles
generated at the process of friction of cutting disd the SS do not produce high TVOC,
whereas in the welding process, much higher tenmyres at the melting of electrode
and metal produce also higher TVOC values. Berlirgeal. (2011) examined the
physicochemical characteristics of different wetdiaerosols and found clear size

109



4.4. Estimation of Emission Rates from Arc Weldargl Cutting

dependency of the elemental composition in padigenerated in SMAW welding.
Small particles with diameters below ~50 nm are thpasetal oxides, in contrast to
larger particles which also contain more volatiegents, which seemed to increase with
increasing particle size, which explains higher T™/@uring SMAW in comparison with

cutting.

Table 4.16.TVOC concentrations (ppm) in the chamber for pepbd12 h.

Process Average St. deviation Maximum Minimum
SMAW Il 3.21 0.32 23.17 2.91
TIG I 2.31 0.41 6.86 1.89
Cutting Il 0.03 0.03 0.08 0.00

4.4.8. Conclusions

The results of this study present experimental oreasents of emissions from SMAW
and TIG arc welding processes and cutting of SSsimulated confined workspace. All
3 investigated processes generated high PN coatens ranging from 2.4 to
3.6 x 1G#/cn?. Among all 3 processes, Rb/concentrations from cutting reached the
highest mass concentrations (11 and 22 mg/while SMAW had the highest
contribution of fine particles (~4.1 mg#n consisting mostly of PhMs As
demonstrated in this chapter, where the total duraif emission was only 1 min for
welding processes and 2 min for cutting (in toiralet period of 5 min per experiment),
even a short emission period can cause a greaeaser of respirable particle

concentrations, thus increasing the actual humag.do
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5. Size-Resolved Penetration of Filtering Facepied&espirators

5.1. Introduction

Many workplaces are associated with increased akengarticle concentrations of
various origins. These may be related to adveratttheffects in those working in such
polluted environments. Thus, workers in industaiplications and workplaces may be
exposed to a broad range of aerosol particles lpgssausing adverse health effects
(Flanagan et al., 2003; Muller et al., 2005; Dosaltet al., 2006; Poland et al., 2008).
Dust inhalation and deposition in the bronchioled an the parenchyma can result in
pneumoconiosis, such as silicosis caused by treatbn of silicon (SiQ) dust (Flynn
and Susi, 2003). Great attention should be pai@xposure to ultrafine particles
(<100 nm), which may have detrimental impact to hurhaalth. Once deposited into
the upper airways, nanoparticles can cross théel@t and endothelial cells into the
blood and lymph circulation, spleen, and heart, eawl be translocated to the central
nervous system and ganglia along axons and demdofe olfactory neurons
(Oberdorster et al., 2005; Churg, 2000). In recewefars, great progress in
nanotechnology has led to the spread of engineemadmaterials in workplaces. For
example, carbon nanotubes (CNTs) are used in wadger of applications, such as
electron field emitters, conductive plastics, semauctor devices, and medical devices
(Chen et al.,, 2014; Wang et al., 2011b; Endo et 2008). Consequently, the
performance of filtering facepiece respirators (fFiRthe topic of extensive studies
and is well characterized for a wide size rangbiological and non-biological aerosol
particles (Harnish et al., 2013; He et al., 2018laBy et al., 2006a; Coffey et al., 1999).
In Europe, the Personal Protective Equipment diredqi89/686/EEC) requires
that personal protective equipment (PPE) placedimvihe European market is certified
by European Norm (EN) and marked with 'Conformitérdpéen’ (CE), indicating
European Community (EC) conformity. All respiratonsist be approved and tested to
the performance requirements of the correspondimgpiean Standard (ES), which
forms the following categories: filtering half maskalf masks and quarter masks, full

face masks, powered air respirators, and supplregkspirators. A filtering half mask
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is a facepiece that consists entirely or substiyted filter material or comprises a
facepiece in which the main filter(s) form an ingegble part of the device. Legislation
of European Standards for filtering half masksagered by EN 149:2001.

There are three categories of filtering facepig€d<P) classified according to
their maximum total inward leakage (TIL) and filtefficiency: FFP1 (80%), FFP2
(94%), and FFP3 (99%), which are designed to praageainst solid, non-volatile
water-based, and oil-based aerosol particles. Tdrereall respirators have to meet
both the solid and liquid filter performance regmments. This norm was followed by
the amended version EN 149:2001+A1:2009 (furthéarred to in this article as EN
149) in July 2009. This amendment introduced twabudy classes of disposable
respirators: single shift only (non-reusable, mdrké¢R‘) and reusable (marked 'R’).
Moreover, all reusable respirators must endurenaigaand disinfection as described
by the manufacturer and pass the dolomite testlémging (giving the user better and
longer lasting breathing resistance), which is¢atgd by the printing of the letter 'D*
on the mask (previously only required on FFP1 arBZrespirators) (BS EN, 2001).

Performance tests include filter penetration, edéeh exposure (loading),
flammability, breathing resistance, TIL, and doltenmidust clogging (optional).
EN 13274-7:2008 (Determination of particle filtezr@tration) is used for testing filter
penetration, and dictates the use of a non-nemtdlipolydisperse 1% solution of
sodium chloride (NaCl) against solid particles gadaffin oil against oil based aerosol
at flow rate of 95 L/min. The test aerosol is fatbithe chamber where the examined
filtering device is mounted in a leaktight way on adaptor. The NaCl aerosol is
generated by a Collison atomizer under pressu@4% bar at flow rate of 13 L/min,
with a particle size range of approximately 40-1200 and a mass median diameter
(MMD) of ~600 nm. The output is mixed with 82 L/mof dry dilution air (to give
total of 95 L/min) in a chamber with volume2£750 cni. The generated polydisperse
NaCl upstream and downstream of the respiratdrdn vaporized through a hydrogen
flame and the intensity of light emitted at 589 nmroportional to sodium
concentration, is subsequently measured by flanoéoptetry and penetration based on

mass concentration ratio is obtained.
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For testing against liquid and oil aerosol parsclgaraffin oil (paraffinum
perliquidum CP 27 DAB 7) is atomized at 100°C unal@ressure of 4 bar, diluted with
50 L/min of filtered air, the generated test aefrdsoreduced to concentration of
20 +5 mg/m, by releasing a fraction of oil mist, and furtliéution in the cyclone with
83 L/min of filtered air. Under these conditionsetlparticle size distribution is
lognormal with a median Stokes diameter of 400 meh geometric standard deviation
(GSD) of 1.82. The mass concentration of aerosolmsasured upstream and
downstream of the respirator by a 45° light scaitpiphotometer (BS EN, 2008).
Throughout the years, the performance of the FFRi&sleen the topic of extensive
studies, resulting mainly in the characterizatidraerosol penetration through filters
using aerosols that are thought to be similar ds¢hencountered in workplaces (Myojo
and Sugimoto, 1997; Lee et al., 2005; Rengasamgl.et2008; Jung et al., 2014,
Rengasamy et al., 2015; Vo et al., 2015; Gao et@ll6), while other studies were
aimed at determining the most penetrating partsilee (MPPS) and to examine
whether biological aerosols were collected in ailammmanner to inert aerosols of the
same particle size distribution (Lee et al., 20B8inger et al., 2008; Rengasamy et al.,
2010; Lore et al., 2012; Zuo et al., 2013; Rengasatal., 2014a). Nonetheless, these
studies of respirator penetration were focused Ipa@n N95 facepieces (not oil-proof
with filtering efficiency> 95%) or other type of facepieces approved by th&oNal
Institute for Occupational Safety and Health (NIQSikhther than on CE-marked
respirators.

Even though EN and NIOSH certifications are widagognized in many parts
of the world, they employ different test protocdisr the certification process.
Nowadays, the N95 facepieces are certified accgridimegulations in NIOSH 42 CFR
84, which dictate that filters are tested with geaneutralized NaCl at 85 L/min. For
these tests the particle size of ~300 nm in diamétght to be the MPPS (NIOSH,
1997). However, before first significant changesem@ade and the NIOSH regulation
42 CFR 84 was revised in 1990s, Moyer (1986) sugdeworst-case’ type aerosol for
testing of electret filter penetration, includinging dried, charge neutralized test
aerosol (NaCl and DOP) of different sizes and a ChH3ed measurement method.

Further studies on filter efficiency as a functadrparticle size and flow rate proved the

113



5. Size-Resolved Penetration of Filtering Facepkespirators

shortcomings of the former NIOSH regulation 30 CER(Stevens and Moyer, 1989;
Moyer and Stevens, 1989a; Moyer and Stevens, 198@me studies urged the need to
employ methods and conditions allowing the measargnof fractional penetration
over a range of particle sizes under a ’'worst-cag@nario and pointed out the
importance of particle size and flow rate in paeticapture by electret filter (Brosseau
et al., 1989; Chen et al., 1990; Chen et al., 1#8sseau et al., 1993). Other studies
focused on surgical masks penetration or the usanoinert aerosol to predict the
collection of a biological aerosol by respirato@&hén and Willeke, 1992; Weber et al.,
1993; Brosseau et al., 1994; Chen et al., 1994).

All this research had a significant impact and gbation to the improvement
of the filter penetration testing and certificatigprocess of NIOSH-approved
respirators. These issues are somehow similarasetin EN 149 and yet, up to this
day, EN 149 still lacks critical updates in methlodyy used for CE-marked facepieces
certification, taken by NIOSH over 20 years agoerEhare limited number of studies in
the literature reporting CE-marked respirator peni@nce (Huang et al., 2007; Plebani
et al., 2010; Plebani et al., 2012; Ciotti et 2012; Penconek et al., 2013). Although in
vast majority of these studies a MPPS of 30-60 ras found, and charge-neutralized
test aerosol and detection method relying on CMPewssed, these studies investigated
the penetration through the entire half masks ineaperimental chamber (or with
human subjects) using their own test method (oh @itcommercially available filter
tester) focusing on a specific problem (diesel eshaarticles, oily aerosol, bioaerosol,
filtering material properties, particle collectingechanism, etc.).

Although these studies primarily address the fitigrperformance of the
respirators, other studies evaluate the aspeatsthjiraffecting the overall facepiece
performance, such as total inward leakage (TIL)ictvitonsists of three components:
face seal leakage, exhalation valve leakage {(#d)t and filter penetration. Rengasamy
et al. (2014b) examined the TIL of N95 filteringcépieces and showed that filter
penetration is critical to the TIL of different piate sizes. The study also demonstrated
that relatively high efficiency respirators mightooduce lower TIL values. In another
study, Rengasamy and Eim@012) pointed out that the induced leakage allotted

test aerosols inside the FFR (regardless of partstte), while filter penetration
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determined the TIL for different size particles. tAors also concluded that a
good-fitting respirators with lower filter penef@t values would provide better
protection against nanoparticles. Coffey et(2004) studied the fitting characteristics
of FFRs and their findings demonstrate that it nb@y more beneficial to wear a
respirator that fits well and has not undergongefting than to wear a respirator with
poor-fitting characteristics that has passed tefit- Nonetheless, using a respirator that
has passed a fit-test enhances a worker’s protyabflireceiving an adequate level of
protection. Additionally, the use of exhalation wed has been proven useful in
dissipating humidity, heat, and carbon dioxide fréine dead space of FFRs, and
decreasing exhalation resistance, thereby makimg réspirator more comfortable
(Roberge, 2012). BrosseflP98) examined the penetration behavior of inf@ataand
exhalation respirator valves with 300 and 800 nmiigla sizes and found that, in the
absence of valve failure, the valves behave diffdéyevhen challenged with different
sized particles.

For CE-marked FFRs fitted in accordance with theufecturer’s information,
at least 46 out of the 50 individual exercise rss(ile. 10 subjects x 5 exercises) for
TIL shall be not greater than 25%, 11%, and 5%HBP1, FFP2, and FFP3 masks,
respectively. Additionally, at least 8 out of the ihdividual wearer arithmetic means
for the TIL shall be not greater than 22%, 8%, &% for FFP1, FFP2, and FFP3
masks, respectively (BS, 2001). Moreover, all negprs have to meet both the solid
and liquid filter penetration performance requiremse The EN 149 differs from
National Institute for Occupational Safety and HedNIOSH) regulation 42 CFR part
84 in that it does not require separate measureroergxhalation valve leakage.
Exhalation valve leakage is assessed as part offthe which is included in all
European Standards. However, testing of the vatiedfin the respirator is inherently
subjecting the valve to a continuously varying puee drop (Kuo et a., 2005).
Bergman et al(2012) carried out a study on the impact of mudtiglonsecutive
donnings on the fit of six N95 respirators. Headsiand nosepiece breaks were taken
into account and work shifts were assumed to badlls long with 20 donnings per
shift. The data suggest that 5 consecutive donntagsbe performed before the fit
factor drops consistently.
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In vast majority of cases, most of the aerosol ammants that enter a respirator
worn by human test subjects are not due to fiiraperformance, but face seal leakage
(Grinshpun et al., 2009). Therefore, a FFR canmotige optimal protection unless it
fits properly, with a good seal around the faceng@samy et al., 2015). In another
study Rengasamy et §2009) compared the penetrations of eight N95 ar@MPnasks
with FFP2 and FFP3 masks by using monodisperselgartanging from 4 to 400 nm.
The findings provided expected levels of penetratiand the MPPS was found to be
between 30 and 60 nm (CMD). Penetrations of differigpes of diesel exhaust
particles (DEP) through FFP2 and FFP3 respiratase vgtudied by Penconek et al.
(2013). Their results suggest that, due to theze sand morphology, the tested
commercially available respirators may not ensire tequired level of protection
against DEP. FFP1, FFP2, and FFP3 penetrationgdpirable solid particles were
examined by Grima-Olmedo et §€014), the results revealed that the performarice o
all these facepieces was considerably poorer thardemanded by the EN 149.

The penetration performance was compared from 47filbens cut out of 13
commercially available filtering facepieces from FAE FFP2, and FFP3 filtering
classes by utilizing 9 sizes of charge-neutralineonodisperse ammonium sulfate.
EN 149 sets the MPPS on ~600 nm MMD (40-1200 nng esrtification criterion for
the respirator penetration tests, while study preskin this chapter is focused on the
size range 20-400 nm (CMD). Measurements of 9 ¢h&$drks were also conducted in
an experimental chamber (0.43)min a manikin-based study and the results were
compared to penetrations of 47 mm filters cut oonfidentical FFRs. EN 149 method
tests the respirator’'s penetration with the FFBBtéined on a speciman in a chamber
with a volume of> 1750 cni with non-neutralized polydisperse aerosol detetted
flame photometry. Hence, the results from the saeshdhethod and the method used in
this study are not directly comparable. The goaltto§ research is (1) to obtain
information about size-resolved penetration of FiRRerder to examine whether the
FFRs are efficient in respiratory protection agawsrkplace aerosols discussed in
previous chapter; and (2) to demonstrate the des#dges and shortcomings of the
currently valid European Norm and show that for plaeticle size range 20-400 nm the

penetration is much higher than it would be bydaihg the CE certification protocol.
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5.2. Materials and Methods
5.2.1. Filtering Facepieces

Thirteen CE-marked commercially available FFRs fréue different brands were
selected (3M, Refil, Moldex, Respair, and Segre)rfrall three protection classes:
FFP1 (3 respirators), FFP2 (4 respirators), and3RBRespirators). Two replicates of
each FFR were purchased and randomly marked frem1B. Two representative 47
mm diameter samples were cut out from each FFReesived (i.e. without any
conditioning) in order to determine the penetratiperformance of the material
throughout the respirator. The samples were cum fati masks always from the same
position, one from the right nose side and one ftioenleft side. Some of the respirators
had a plastic mesh keeping the structure and sbhpke respirator, and this was

removed prior to inserting the filter into the dittholder.

Table 5.1.List of filtering facepiece respirator and theilachcteristics.

Respirator characteristics

tE)EtR " FFR model Proctlil (;téon ?:Zﬁgln Filter La}yer Dis_pps- Dolom.
Material ability clogging
1 “Refil 511 FFP1 CE 1024Polypropylene  Non-R No
2 ®Moldex 3505 FFP3 CE 0121Polypropylene  Non-R No
3 €3M 9312 FFP1 CE 0086Polypropylene  Non-R Yes
4 ‘RespAir C  FFP3 CE 0086Polypropylene  Non-R No
5 “Refil 831 FFP2 CE 1024Polypropylene  Non-R No
6 ©3AM 8835 FFP3 CE 0086Polypropylene Reusable Yes
7 ®Moldex 3405 FFP3 CE 0121Polypropylene Reusable Yes
8 ¢Segre CN P3 FFP3 CE 0194Polypropylene Reusable Yes
9 ®Moldex 2408 FFP2 CE 0121Polypropylene  Non-R Yes
10 ©3M 9310 FFP1 CE 0086Polypropylene  Non-R Yes
11 ©3M 9322  FFP2 CE 0086Polypropylene  Non-R Yes
12 “Refil 731 FFP2 CE 1024Polypropylene  Non-R No

13 Segre CNP3V FFP3 CE 0194Polypropylene Reusable Yes

(a) Refil spal. s.r.o., Karlovy Vary, Czech Republ{b) Moldex, Culver City, CA, USA; (c) 3M, Mapl@ed, MN, USA; (d)
Respair, Aylesbury, Buckinghamshire, UK; (e) Sejgs Orebro, Sweden
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In order to measure the penetrations of the FFRBamber with a manikin was
used and the respirators were tested as receiwdvthout any conditioning). All of
the respirators were sealed around to the facehefmanikin and the respirator
exhalation valve (if fitted) was sealed so thatfaxe seal leakage nor exhalation valve
leakage would occur. Moreover, the reproducibibifythe results was examined by
measuring two identical facepieces from each oé rikR models, for a total of 18
respirators. Table 5.1 contains the list of fibgrifacepieces used in this study and their

characteristics.

5.2.2. Experimental Setup

The filter tester used in this study was an autemhasystem developed in the
Laboratory of Aerosol Chemistry and Physics (LAGR)the Institute of Chemical
Process Fundamentals, v.v.i. (ICPF) of The CzechdAmy of Sciences. The program
operating the experiments employed an algorithmeldged in the LACP laboratory
and ran in LabView (National Instruments Co., AnsfiX, USA), which controlled the
whole test system, the data recording, and the aladdysis. Figures 5.1.-5.3. present
the schematics of the experimental setup used asune particle penetration through
the filters and FFRs in the experimental chamber.otder to reveal any system
leakage, zero volts were applied to the differéntiability analyzer (DMA) as a zero
count check prior to each measurement. Two blasts t@vithout a filter in the filter
holder) were also performed; one occurred before unch of the very first
measurement and one was at the end, after the mea=uts of all filters were done.

In order to generate the challenge monodispersasaleparticles, clean, dry,
pressurized air was delivered to the particle gaierand salt solution was dispersed
by a nebulizer (AGK 2000, Palas GmbH, Karlsruhern@ay) under pressure of
2.5 and 3 bar, in filter tests and manikin-baseisterespectively. A 1 g/L solution of
ammonium sulfate ((NF2SQy) (0.1 g/L in chamber study) was chosen as thderhge
aerosol over sodium chloride, which is used for ¢keification tests of CE-marked
facepiece half masks (according to EN 13274-7:200B)is was due to the
dodecahedron shape of generated ammonium sulfatelgs which represent the
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5. Size-Resolved Penetration of Filtering Facepkespirators

sphere shape better than the cubic crystals ofusodihloride (being closer to the
theoretical assumption for particle sizing in elestatic classifier). A sample flow of
2 L/min of generated polydisperse ammonium sulfstesed through a liquid droplet
separator to remove the larger drops and the mpgdse aerosol was then dried in a
diffusion dryer (homemade, ICPF workshop, Pragusec@ Republic). Due to higher
flow rates in the manikin-based study, sample faf2.5 L/min was used. The aerosol
flow rate was checked prior to the start of eacheexnent with a Gilibrator-2 flow
calibrator (Standard cell, Sensidyne LP, St. Pbters FL).

In the next step a Boltzmann charge equilibrium wagarted on the particles
in the 8%Kr neutralizer (10 mCi, 370 MBq). The monodispeasgosol particles of the
required mobility diameter were subsequently sekbah the electrostatic classifier of
the DMA (homemade, Vienna type, ICPF workshop, BeadgCzech Republic) with
active length of 22 cm. During all experiments gheath airflow inside the DMA was
maintained at ~10 L/min and ~97 L/min for filterste and experimental chamber,
respectively, and was recorded by a mass flow m@Wwrdel 4040, TSI Inc.,
Minneapolis, MN, USA) along with pressure and terapgre. The monodisperse
particles then went through anotH&Kr neutralizer and the sample was diluted by
8 L/min of clean, dry air before entering the mximolume. This was checked by
another mass flow meter (Model 4040, TSI Inc., Miapolis, MN, USA) prior to each
measurement. In the case of chamber measuremétssample was diluted by
94.5 L/min of air.

Afterwards, the generated monodisperse ammoniunfatsulparticles passed
through the stainless steel filter holder (homemd@®F workshop, Prague, Czech
Republic) with the tested 47 mm filter in it (FiguB.1a and 5.2). Filter holder consists
of two 1-inch stainless steel tubes with customizedlamp ferrule add-ons placed on
the end. The filter is then placed between twoarasted ferrules. The two tubes are
connected with a simple clamp, which can be remanextder to disconnect the tubes
to insert/remove the filter. Instead of a classgatket there are two customized PTFE
rings ensuring perfect fit and seal of the filter the filter holder. All filters were
challenged under a flow of 9 L/min, which corresped to a face velocity of

10.56 cm/s (with effective filter area 14.27%min order to maintain the same face
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velocity for the cut sample and the whole respratoe flow rate of 9 L/min through
the sample was calculated from flow rate of 95 Wnfiepresenting heavy work
breathing conditions) with assumption of unifornfeefive filter area estimated to
150 cnf for all FFRs. In the case of manikin-based stdidg filter holder was replaced
by 0.43 ni (430 liters) experimental chamber with the manil&igure 5.1b and 5.3).

MIXING
FAN

== T coNC DOWNSTREAM

s
= r‘ﬂ-lE FILTER CONC. DOWNSTREAM AEROSOL
THEFILTER (UNDER FFR) INLET

Figure 5.1. (a) Experimental setup used to measure the pangehetration through:

filters in the filter holder; and (b) Identical FFR a manikin in a chamber test.

All of the respirators in the experimental chamWere challenged under a flow
of 95 L/min (corresponding to a face velocity of3®cm/s with effective filter area of
150 cnf) instead of 9 L/min used for filters. Particle noen concentrations upstream
and downstream of the filter were simultaneouslyasueed by two ultrafine
condensation particle counters (UCPC 3025A, TSI, IMinneapolis, MN, USA),
which were sampling on low flow mode at 0.3 L/mamd 1.5 L/min (high flow mode)
in manikin-based experiments. Additionally, teststeyn included two three-way
electromagnetic switching valves that altered tbsitpn of the two CPCs after each
particle size measurement in order to compensatepdssible differences in the
readings of the two CPCs. Thus, each size was mexhswice both upstream and

downstream of the filter with alternating measuretrposition of the two CPCs.
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As a steady-state particle concentration duringryesean is crucial for the
correct calculation of the penetration of filteringaterials and for the estimation of the
MPPS, a regular concentration stability check wasedafter every change in the
particle size and during every single measurenmeraddition to the flow rate and the
upstream and downstream concentrations, the peessap across the filter was also
recorded by a pressure sensor (GMSD 25MR-K31, {agss Electronic GmbH,
Regenstauf, Germany) connected to a pressure nmagasdevice (GMH 3155,
Greisinger Electronic GmbH, Regenstauf, Germanygadliring the pressure drop
across the filter also gave us an indication ofltfa-free placement of the filter in the
filter holder.

5.2.3. Data Analysis

The calculation and data analysis of penetratiahstandard deviation were performed
by the program algorithm that controlled the entest system. PenetratioR)(can be

expressed as:
P (%) = 2 100 (Eq. 5.1)
1

whereP is the penetration defined as the ratio of theceatrations downstrear@)(and
upstream 1) of the filter. Taking into account the alteringtbe CPCs’ position, the
aerosol particle penetration through the filter ahd standard deviatiosr of the

measured penetration were determined for eactclgasize as follows:

P(%) = /% 100 (Eq. 5.2)
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_ 1 Jcapcaa O%1a | Otsa | OtiB | Otz
op(%) == - ottt 100 (Eq. 5.3)
2 q/C1BC1A 1A 2A 1B 2B

wherecia, Cig, Ca, @andcee represent the concentrations upstredjraqid downstream
of the filter @) measured by the CPCA 6r B) andocia, oc2a ocig, andocos are the
corresponding standard deviations to these measmtemEg. (5.3) was calculated by
the error propagation principle from the Eq. (54&jnilarly to work of Zikovaet al.
(2015). The previously mentioned variables in thee E.2) are the median values
calculated from all the scans done while measuengertain particle size for the
specific variable dia, CiB, ©a, &8B). The length of each scan was one minute. Certain
time delay was given to the system to stabilizerathanging the size of the particles.
This delay depends on number concentration measwyretbwnstream CPC (starting
from 5 seconds for concentrations > 1000 #/cand going up to 5 minutes for
concentrations < 1 #/cin After this time delay the system checks theiktalprior to

the measurement - taking the measurements for hiodeveelected measurement period
and checking if the concentration changes more Barduring the scan. If the change
in concentration is larger than 5% than it cont;nabecking until this criterion is met
for both upstream and downstream CPC.

Moreover, before the set of scans for given partgike the concentration on
downstream CPC is measured and based on the meéasureentration, the number of
scans for this particular particle size is set (@gdarting from 2 scans per size for
concentrations > 1000 #/érand going up to 10 scans for concentrations < m¥/c
This procedure should improve statistics in thesaafslower concentrations of testing
particles. The last stability check is done aftexasuring every single scan. The data
from both CPC downstream and upstream the filter cdirecked in similar way like
during the pre-measurement check and if the aoiters not met, the measurement
continues until the total number of pre-set corseeins is reached.

Furthermore, each scan could have theoreticallyn bepeated an infinite

number of times. The algorithm compares the stgbilf the concentration upstream
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and downstream of the filter at the end of eachn suad evaluates it as sufficient or
insufficient; in the latter case, the scan was aggek until a stability criterion was met.
After the selected particle size was measured sstdéy in CPC position A-B the
program altered the switchers into B-A position dhid particle size was measured
again the same way. In the chamber measurementsn wlie particle number
concentration upstream of the respirator droppéalb&0 #/cni for a period of at least
60 seconds the 1 hour filling protocol was initthteThe total length of the
manikin-based tests in the experimental chambegedrfrom 12 to 18 h and the
maximum particle number concentrations upstreantheffilter in all measurements
were between 1800 and 3000 #fcitdniform particle concentration in the chamber was
ensured by a mixing fan operating at 1000 rpm.

The nine patrticle sizes selected for the comparisbthe filter penetrations
ranged from 20 to 400 nm (20-35-50-70-100-140-280-200 nm) of count mobility
diameter (CMD). This size range, as well as thég@arsizes, remained the same for all
the measurements. The selection of the particle sange for the size-resolved
measurements, and the lower and upper size li@@tsHd 400 nm), were given by the
used aerosol generator. Particles with smallergggler diameters were generated with
too low concentrations to overcome the CPCs’ mimmezounting limit downstream,
and, therefore, they were under the detection liwhithe filter testing system. The
calculated MPPS were determined using the lognofinfalr each separate penetration
curve. Measured MPPS can differ from the fitted ame to 10 nm, which is a
considerable difference in some cases.

Even though the resolution of size-resolved meththows to measure with
better resolution, in order not to make the singkasurement unnecessary long only
limited amount of sizes was selected. Thus thisrmétion does not offer in detall
where exactly the real MPPS is, the lognormalnfiftican estimate the position of
MPPS reliably. All presented results of MPPS, ali a® penetrations, are the median
values of individual filters representing the sfiedrFRs. Median values were chosen
over mean values in all calculations mainly du¢hi fact that the mean values of the
repeated measurements do not reflect the prevademgtration values while median

value is less burdened with the possible outliarshe results. This test system has
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several advantages over commercial automated sestethe system was developed in
the LACP laboratory, there is full control of theykparameters, and all important parts
of the system are exchangeable. Thus, the systadaable for various testing needs,
gives detailed size-resolved penetration resuftd,alows for the determination of the

real MPPS. Corrections for possible differencesneasurement of the two detectors

are not dependent on any initial calibration omestion of a correction factor.

5.2.4. Evaluation of the System with Standard FilteMedium

The system was regularly used over the last fewsy&a measure penetrations of
filtration materials for several companies and nfacturers with excellent
repeatability. So far the only published work prayithe stability and advantages of
this testing system and measurement method wasspeatl by Zikova et al. (2015)
where the results had very good repeatability. rseo to verify the performance of
filter testing system, repeated tests were perfdrom@ng standard filter medium HB
5893 (Hollingsworth & Vose, East Walpole, MA, USAis test was performed at the
same conditions as all the tests of the commeFdi&ts, flow rate through the filter
9 L/min (face velocity 10.56 cm/s) and the diameter ofchesample of 47 mm. The
test was performed using ammonium sulfate partidegL solution). The main reason
of this setup is the limitation of the system, esaly the face velocity of 2.5 cm/s (as
described in HB 5893 technical data sheet), whiduld/ be on the edge of the
measurement range of used testing system.

As can be seen in Figure 5.4, the measured peoetrauring repeated
measurements are close to each other suggesting goerd homogeneity of the
standard material and very good repeatability efrtteasurement system. The MPPS of
HB 5893 is close to 100 nm and the correspondingimman penetration in this case
was 0.02-0.03%. The comparison of these standhed fmedium results obtained by
system used on this study with the values givethenHB 5893 technical data sheet

was not possible due to several important factors:
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1. Different measurement procedures—the standard testsures overall

penetration (one penetration value), one the dtlaed, hereby presented test
system gives detailed size-resolved penetration.

2. Different detection systems used-standard test péetometers, whereas
size-resolved method uses single count CPCs.

3. Different face velocities (due to the limitationssystem in this study).
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Figure 5.4.Penetration of ammonium sulfate through standdtet finaterial HB 5893.
The error bars represent the standard deviation.

5.3. Results

5.3.1. Filter Penetrations

Three facepiece respirators were challenged franfillering class FFP1; Figure 5.5a
demonstrates the results from these measuremeltheugh all three respirators were
within the FFP1 maximum penetration limit of 20%t (00 nm MMD), the
measurements showed a rather wide differences betiters from respirator 1,

which had median penetration (CMD) at MPPS equaBt8%, and filters from FFRs 3
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and 10, which had penetrations reaching 4.9 anh dréspectively. Differences in the
FFRs penetration and performance were also obsenvdte FFP2 class (see Figure
5.5b). The percentage penetration criterion of fitiering class is< 6% (at 600 nm
MMD). With exception of FFR 12, penetrations of thié filters from FFRs in this class
ranged from 3.5 to 6.4% (CMD). Respirator 12 hadall four filter measurements
penetrations > 6%, with a median penetration of7%7.(11.8-34.3%) at MPPS.
Considering that the FFP3 has the highest protedewel, requiring a maximum
penetratior< 1% (or a filtration efficiency 99% at 600 nm MMDG, half masks were
chosen to be tested. 4 out of 6 respirators shonedian penetration higher than 1%,
as seen in Figure 5.5c. It is also worth mentiortimgt none of the 13 filters among
these four respirators met th&% criteria. On the other hand, filters from resfrs 4
and 6 provided results with median penetrations0ef% and 0.03% (CMD),

respectively.

5.3.2. Comparison of Within-Respirator Penetrationand MPPS

As two filter samples from each respirator were neixeed, comparison of

within-respirator penetrations from these filterstvieen two identical respirators is
presented as well (see Figure 5.6). In some c&3eR(2ll, 4, 5, 6, 7Il, 8, 8llI, 9, 9ll,

10, 11 and 13ll) the penetration difference betwéso samples from the same
respirator varied from 0.02-0.8%, which is lessnthi®, and in other cases, the
penetration difference was found to be over 1%ywbeh 1.3-6.8% (FFRs 1, 1ll, 3, 5II,
1111, 12 and 13). Results from respirator 12Il fréiGP2 reached exceptionally high
penetrations (equal to 17.9 and 34.3%) and alsonhae difference (16.4%) between
the two examined samples. Penetration also vamdaden two identical respirators
and ranged from 0.02 to 2.5% (see Figure 5.6c). Aighest penetration difference,
however, was found between respirators 12 and 1&ij was equal to 11%.
Comparing the total penetrations from all the exwsedi filters representing the
individual FFRs show that the percentage penetratesults from filtering classes
FFP1, FFP2, and FFP3 overlap (3.2-16.3% for aér8lfrom the FFP1, 2.4-34.3% for
all filters from the FFP2, and 0.02-3.3% for altéfis from the FFP3). The MPPS was
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determined from the position of the maximum on penetration curve by fitting
lognormal peak shape and the hereby presentedsesel the median values for all
filters representing the FFRs (see Table 5.2). MIRPS range for all the FFRs was
found to be between 28-47 nm with exception of iraspr 1 (FFP1), 2 (FFP2) and 9
(FFP3) ranging from 52 to 59 nm.

Table 5.2.Median values of MPPS, pressure drop, and ther filérformance.

Protection MPPS - MPPS - MPPS % Pressure
FFR test # class Iognormal measured penetration drop [kPal
fit [nm] [nm] [%]

1 FFP1 58 50 13.9 0.07
2 FFP3 52 50 1.9 0.15
3 FFP1 28 35 4.9 0.07
4 FFP3 43 50 0.4 0.21
5 FFP2 43 50 6.4 0.11
6 FFP3 37 35 0.03 0.23
7 FFP3 47 50 2.0 0.15
8 FFP3 44 50 1.6 0.21
9 FFP2 59 50 4.1 0.18
10 FFP1 33 35 4.1 0.08
11 FFP2 33 35 3.5 *0.12
12 FFP2 40 50 17.7 *0.04
13 FFP3 39 35 2.4 *0.19

* pressure drop data available only for one of thasueements
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Figure 5.5. (a) FFP1, (b) FFP2, and (c) FFP3 filtering classeslian size-resolved

penetrations. The error bars represent the starntsdtion.
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5.3.3. FFP Penetrations and Comparison to Filter M&surements

Figure 5.7a depicts the results of median penetratirom these measurements. The
maximum penetration limit in this filtering clasa®/20% (at 600 nm MMD). The most
notable difference was observed in the case ofiregep 10. FFR 10A reached a
maximum penetration (CMD) of 5.5%, while the maximyenetration of 10B was
10.2%. Although all three respirators from FFPXkslaere within 20%, measurements
from respirator 1 showed an almost 4% differendgvéen the manikin-based (18.0%)
and of filtering material measurements from thevignes study (13.9%). Differences in
the FFRS’ penetration were also observed in the2Fdss. The percentage penetration
criterion of this filtering class is 6% (at 600 nm MMD), this was fulfilled only by
respirator 11, which had even lower median penetra(2.8%) than the filter
penetrations (3.5%) from identical FFR (see Fidui#). Respirator 9 reached median
penetration of 6.5% (CMD), whereas filter measumeimérom FFR 9 showed median
penetration of 4.1%. Similarly, FFR 5 showed medanetration at a MPPS equal to
6.5% and had had only minor differences in comparisvith measurements of
corresponding filters from identical FFRs (6.4%).

The FFP3 filtering class has the highest proteclewel, requiring maximum
penetration ok 1% (or a filtration efficiency of 99% or higher @0 nm MMD). The
results are presented in Figure 5.7c, where ieénthat respirator 2 and 6 were within
< 1% (CMD). In fact, respirator 2 reached a sigaifitty lower penetration level (0.6%,
determined on 1 respirator only) than those founthe filter measurements from the
same type of facepiece (1.9%, the median of Jdilfteom 2 facepieces), which could
be explained by the lower homogeneity of the materi FFR 2. Pressure drop during
manikin-based and filter measurements were alnaesttical. Notably, it was possible
to conduct only one measurement with respiratdt i2.also noteworthy that neither of
the respirators from FFR 8 had penetrations d%0. This was also the case with filter
measurements from respirator 8, where all fouerltreached penetration over 1%
(with a median penetration of 1.6%). On the othand) respirator 6 had median
penetration of 0.1% — three times higher than itswa the filter penetration

experiments (0.03%).
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Figure 5.7. (a) FFP1, (b) FFP2, and (c) FFP3 filtering classeslian size-resolved
penetrations. The dashed lines represent the pépetrof filtering material from

identical FFR and the error bars represent thedatandeviation.
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Furthermore, variations were found in the MPPS (QMDhe MPPS was
determined from the position of the maximum on penetration curve by fitting
lognormal peak shape and the hereby presentedtgeatd the median values.
Generally, the MPPS ranged 25-48 nm with exceptiorespirator 1 (FFP1), 2 (FFP2)
and 9 (FFP3) ranging from 53 to 64 nm. These figsliare consistent with the previous
results, where the MPPS of measured filters weresi identical for all filters from
identical FFR models (28-47 nm), again with exaap®f the same FFR models (1, 2
and 9) ranging from 52 to 59 nm (see Table 5.3).

Table 5.3. Comparison of MPPS, pressure drop, and the reésr@performance of

manikin-based study and filter measurements.

Respirators Filters
MPPS - MPPS% Press. MPPS—- MPPS% Press.
lognorm. penetration drop lognorm. penetration drop

FFR Protect.

#ooclass hm] [%] [kPa] fit [nm] [%] [kPa]

1 FFPL 528 18.0 007 57.8 13.9 0.07
2  FFP3 547 0.6 012 524 1.9 0.15
3  FFPL 250 7.2 008 281 4.9 0.07
5 FFP2 444 6.6 012 425 6.4 0.11
6 FFP3 360 0.1 015  36.7 0.03 0.23
8 FFP3 481 2.6 017 438 1.6 0.21
9 FFP2 644 6.6 015 587 4.1 0.18
10 FFP1L 265 7.8 006 325 4.1 0.08
11  FFP2 43.0° 2.8 0.16 32.7 3.5 0.12

FFRs with test numbers 4, 7, 12 and 13 are misamthese FFR were excluded from comparison wéliltier tests.

(A) pressure drop data available only for one efitieasurements; (B) only one successful FFR measuateconducted.

5.3.4. Comparison of Within-Respirator Penetration

The results from respirator 10 (FFP1) suggest &aerawide differences in the
within-model penetration performance, with 5.5 d@d2% (CMD) for 10A and 10B,
respectively. Similarly, FFR 5 from the FFP2 filtey class showed relatively poor
within-respirator performance (4.8 and 8.5% for BFR and 5B, respectively), as was
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also observed in the filter measurements (5.4 af@&b) On the other hand, good
within-respirator performance was found in the cadeFFR 6, with percentage
penetration values equal to 0.1% for 6A and 6Bpeesvely (see Figure 5.8a).
Additionally, better understanding of within-resgior variation may be demonstrated
by comparing the results from respirator 8 (FFP3).
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Figure 5.8. (a) Penetration difference between 2 identicabirasors; (b) Penetration
variations of FFRs 8 and 13 (both FFP3) from fikked manikin-based study. Letters

‘A’ and ‘B, two identical FFRs (‘II' indicates filters froman identical FFR from filter
measurements). The error bars represent the sthddaiation.

As shown in Figure 5.8b, the two FFRs 8 examinethénmanikin-based study
and the two identical respirators tested in fikggasurements were accompanied, for
comparison purposes, by FFR 13, which was exandneidg the filter measurements,
as the only difference from FFR 8 is the fitted &ghion valve. Penetration results
from the exact same filtering material should beyvamilar considering that these
FFRs belong to the highest protection class (mawinpenetration 1%). However, the
penetrations found in this comparison varied frafith 2.8% (CMD). Relatively small
differences were observed between FFR 8A and 8Bieeal in manikin-based study
and two FFRs 13 from filter measurements (2.4-2,8#b)ile two FFR 8 examined

from filter measurements had lower penetration eal{1.6%). As was also seen in the

134



5. Size-Resolved Penetration of Filtering Facepkespirators

filler measurements, differences between percentageetrations of FFRs were
observed within the FFP1, FFP2, and FFP3 classesnifing the performance of all
the FFR models revealed that the tested filteriagepieces penetrations are
overlapping (5.5-19.3% for all FFRs in FFP1, 2.898.in FFP2, and 0.1-2.8% in
FFP3).

5.3.5. FFR Leakage Test

Additionally, FFR 6 was challenged, as the respiratith the best penetration results
from filter measurements and from the manikin-basesurements in the chamber,
with the test aerosol under varying conditions.urég5.9 illustrates the results from
these experiments. The results suggest that thestigpenetration levels were reached
when the respirator had a sealed exhalation vélwewas not sealed around the face
(line C, penetration ~50%) and when neither the fs&al nor the exhalation valve were
sealed (line A, penetration ~40%). Line B represéhé condition when the respirator
was sealed around the face, but the exhalationevaias left free. In this case the

penetration was found to be ~10% and the maximumatpa&tion was equal to 400 nm.

100 -

Penetration |%9]
¢
@]

Ximum

S TIL

1 T T
10 100
Particle Diameter [nm]

Figure 5.9.FFR 6 size-resolved penetrations: A — respiratbrsealed around the face,
exhalation valve not sealed; B — respirator sealtednd the face, exhalation valve not
sealed; C — sealed exhalation valve, not sealathdrthe face. The error bars represent

the standard deviation.
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The median percentage penetration performance (CBIl¥erved in filter
measurements and manikin-based measurements of6FwRre 0.03% and 0.09%
(with a filtration efficiency of 99.97% and 99.91%gspectively. Penetration levels
increased when the respirator was not sealed arthumdace of the manikin and
reached ~50% with a sealed exhalation valve an&o-8en the exhalation valve was
not sealed. According to Grinshpun et(2009), most of the aerosol contaminants that
enter a respirator are not due to filtration perfance, but face seal leakage. Therefore,
a filtering facepiece cannot provide optimal praitat unless it fits properly, with a
good seal around the face. In general, compari$aheotwo experimental methods
(manikin-based and filter measurement method) feasaring penetration of filtering
materials from FFRs are in good agreement, witlyaificant correlation of R=0.91.

In addition to providing a more comprehensive eaatn of the penetration
performances of CE-marked filtering facepieceshaisivo methods also allows for the

inter-comparison of the methods themselves.

5.4. Discussion

Conditions and test protocol for measurements is study were different than those
used for CE certification, thus the results obtdime this study may not predict the
results that would be obtained by the CE certifozatest method. It is acknowledged
that the method used in this study to evaluate piweetration performance of the
filtering half masks is based on both, isolated sneament of 47 mm filtering material
cut out of the FFRs, and measurement of identi€&sin manikin-based tests in an
experimental chamber. The EN 149 method, whichstéis¢é FFRs only in a test
chamber tightened on a speciman, thus, the rgadtented in this article represent the
percentage penetrations obtained by the size-redoheasurement method against the
FFP limits set by the EN 149. This method offengesal advantages. First, penetration
measurement of any specific part of the choseniregep and adjustment of the
diameter of the filter is possible according to 8pecial needs of the measurement.
Second, comparing the performance of several diltesm the same facepiece would
allow for the possibility of determining the homog#y of the FFR filtering material if
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needed. As was previously mentioned, detailed rgigelved penetration results allow
for the determination of the real MPPS based on CHBnce, this method provides
more critical results in regards to leak contran#tharged particles, and finding the
real MPPS.

One could argue that hereby presented results elagned by a method that is
not based on the European Norm. EN 149 uses acofotshere the FFRs are
challenged with non-neutralized polydisperse adrosbulized from a 1% solution of
polydisperse NaCl (40-1200 nm) with MMD on ~600 nhowever, utilizing non-
neutralized polydisperse NaCl for the certificatiof filtering facepieces does not
represent the worst-case scenario, i.e. maximunetgion (the filter fibers are
charged and the aerosol particles challenging tler fare in Boltzmann charge
equilibrium) for testing of the electret filter aride use of polydisperse test aerosol
does not provide with detailed size-resolved peatietn, thus, it is not possible to find
the real MPPS.

Neutralization of the test aerosol is of a gregbontance; when both the filter
fibers and aerosol particles are charged, the @uhiloforces significantly enhance the
capture of the particles and reduce the particegeation. On the other hand, for a
mechanical filter (i.e. with non-charged filter éits) with low efficiency there are no
significant differences between penetrations ofrgbd and non-charged aerosol
particles (Balazy et al., 2006b). For a chargetérfifiber (electret filter) the MPPS of
300 nm (or > 300 nm) is insufficient as a limit féfFRs to pass the penetration test, and
usage of a non-neutralized test aerosol may leaistorted results of protection level.
Based on the Single Fiber Filtration Theory, NIO&ttepts the size of 300 nm in
diameter as the MPPS for particulate filters. Itigasions have demonstrated that the
MPPS is quite dependent on the operational comditi@and for non-charged filter
fibers MPPS would be indeed ~300 nm, but the darpenetration peak would reach
as high as ~80%. In order to provide adequater fétéciencies, electret filters rely
heavily on their electrostatic charge. Thereforeagw compared to mechanical filters
with non-charged filter fibers, the polarizatiorrde on the charged filter fiber with a

fiber charge density of 13 nC/m would decreasefilter penetration from ~80% to
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~5% and cause the shift of MPPS towards ~50 nmt{iMand Moyer, 2000; Balazy et
al., 2006b).

According to the Fuchs theory (Fuchs, 1963), indize range where the MPPS
occurred in all measurements (30-60 nm) less tHano2 particles have a double
charge while over 20% of 60 nm particles are simglarged (> 4.4%). Therefore, the
penetration results are more sensitive at thedeclgasizes (~15% of 400 nm particles
have double charge and only about ~20% have aesidghrge), which can cause
uncertainty in the penetration measurement. Negksls, the mode of the aerosol size
distribution produced by the aerosol generator,euriie operational conditions and
with given ammonium sulfate solution, is aroundnf®, which means that particles
bigger than 70 nm will have every time much higbencentration then their doublets
(doubly charged particles). Even though in the aafsthis study it rather caused an
overestimation of the penetration for particlesgeigthan 100 nm, the position of
MPPS was little affected by double charged padiaed was still within the allowed
uncertainty limit of the measurement.

EN 149 sets the criterion for the respirator peaigin tests even lower; it is on
~600 nm (MMD). Interestingly, for all the measuféters from FFRs in this work, the
MPPS occurred in the range of 30-60 nm (CMD) at/ih flow rate (with a face
velocity equal to 10.56 cm/s, which is equivalen96 L/min aerosol flow at 150 ém
of effective filter area). The current findings arensistent with previous studies that
report MPPS in the same range during CE-markedNd@SH-approved half masks
penetration measurements (Huang et al., 2007; Rangaet al., 2008; Rengasamy et
al., 2009). Under the assumption that the genedispersing the NaCl has a lognormal
size distribution with a GSD of 1.90 and takingoinaccount the change from
aerodynamic to mobility particle diameter of NaCirticles pp=2.16 g/c), the
Hatch-Choate equations (Hinds, 1999) can be appiediculate the CMD used in this
study, which would be ~80 nm (equivalent to ~600afriviMD).

Although it may appear that ~80 nm is much closethe MPPS results found
in this study, the results from these two methadsn@t comparable and, therefore, the
previously mentioned calculation has an informatstearacter only. The MPPS,

however, is characterized as the size of a particth the highest relative particle
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number concentration passing through a specifizafihg material and is also
dependent on the detection method and operati@amalittons. The particle mass size
distribution downstream of the filter shifts the RI® towards particles with smaller
diameter (< 400 nm) and lower mass, while therfiitg material retains a larger part of
bigger particles (~400-1200 nm). Subsequently, tbégls to underestimation of the
particle penetration, as the flame photometry detecmethod is less sensitive to
particles with smaller diameters (due to their loweass contribution), which results in
a misleading estimation of penetration. Thus, deteenethods based on MMD should
not be used for estimation of the penetration afPH of filtering facepieces.

Additionally, toxicity and health effects of nanopeles do not necessarily
depend on their mass. Aerosol of biological origswgh as viruses and bacteria, can be
highly infectious if inhaled even at a very low daand the related health effects may
depend on the number of inhaled particles, notiglartmass (McCullough and
Brosseau, 1999; Donaldson et al., 2006; Poland,&2G08; Jones and Brosseau, 2015).
Furthermore, Huang et al. (1998) suggest that ¢éhesal penetration of the MPPS may
locally be higher than the required penetrationtlimecause of the fiber structure of the
respirator. This may be caused by the non-homotepéithe filter medium, which
could be explained by manufacturing process, diffechemical composition of the
filter media, or different methods of introducinig@ric charge onto the filter fibers.

The MPPS of the respirators in this study was fotmde in the range of
25-65 nm (CMD), which is in agreement with otheuds¢s reporting MPPS in
CE-marked and NIOSH-approved FFR penetration measmts (Rengasamy et al.,
2009; Huang et al., 2007; Balazy et al., 2006b)e Tbtained penetration results
indicate that 7 out of 9 FFR models compared ia $situdy reached higher penetrations
during manikin-based respirator measurements thamgl measurements of filters
from the same respirators. This could be causedebgral factors. First, in the filter
measurements (effective diameter 42.54 mm, effedtiter area 14.27 cfjy flow rate
of 9 L/min was used, with face velocity equal to58cm/s, which is equivalent to a 95
L/min aerosol flow with an assumed effective fil@ea of 150 cifor the respirator.
Therefore, all of the filters had uniform effectivereas. During the respirator

measurements, aerosol flow of 95 L/min was useH wit assumed effective filter area
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of 150 cnt for all the respirators. However, this area varfigsm respirator to
respirator, as does the respirator style (flat fmccup shaped, see Table 5.1), which
could cause the discrepancy in the face velocdies, therefore, also the percentage
penetration results. Second, some respirators niighe a rather non-homogeneous
distribution of the filtering material. Althoughdhmethod of homogeneity examination
is not applicable in the manikin-based measuremetiie higher percentage
penetrations of manikin-based measurements couldpéely explained by a
non-homogeneous distribution of the filtering miztier

Furthermore, due to the perfect fit of the filterthe filter holder, the inward
leakage through the exhalation valve and face leaddage was not relevant during
filter measurements. Thus, the penetration resditained might have higher accuracy
than the respirator measurements, despite thetlfattthe respirators were precisely
sealed around the face of the manikin and the akbalvalve (if fitted) was sealed as
well. Measuring the pressure drop across the &spiand the filter gave an indication
of proper fit of the respirator on the manikin ahd fit of the filter in the filter holder.
Indeed, the recorded values of pressure drop ddiitey measurements were very
similar or slightly higher than the values recordddring the manikin-based
measurements (see Table 5P)e influence of filter loading on the penetrativas
considered negligible for two reasons. First was reatively short time of exposure,
which was 3-6 h in the case of filters and 12-1& the respirator measurements
(consider that half of this time consisted of thmmber cleaning). Second, once the
filter loading achieves a certain level, an eldcfileer begins acting as a mechanical
filter and its efficiency increases, while the m@® drop across the filter increases
during loading (Barrett and Rousseau, 1998). Ia taise the pressure drop during all
the measurements ranged from 0.06 to 0.17 kPa asdcenstant, with insignificant
fluctuations and without increasing filter efficimn

According to the experiments, when FFR 6, as thpirator with the best test
results from filter measurements and from expertalechamber measurements, was
sealed around the face of the manikin and the aibal valve was left free the
penetration decreased from ~50% to ~10%, whichillsfar above the alloweg: 2%.

Although the maximum particle number concentratiopstream of the filter in all
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measurements were between 1800 and 3000°#tbm particle concentration can be
much higher in a real work environment. Martin aklibyer (2000) studied the
penetration of NaCl particles through the face ssltage of N95 respirators and their
results suggested that the penetration can increagend 5% even at a low level
loading, and the actual respiratory protection llenay be even lower if the respirator
does not have a perfect fit. The filter penetratiorcritical to the TIL of different
particle sizes. Relatively high efficiency respmrat produce lower TIL values
(Rengasamy et al., 2014ab), but filter efficiereyather insignificant once a leakage is
introduced into the facepiece. However, EN 149 du#sequire separate measurement
of exhalation valve leakage, which is assessedadsop the TIL examination, which
shall be not greater than 22%, 8%, and 2% for FHHAR2, and FFP3 masks,
respectively (BS, 2001).

Based on the 89/686/EEC directive, during the pead CE certification in the
country where the respirators are manufacturedntitéied body conducts the tests
under EN 149 and EN 13274 and is responsible fir, ligpe examination and checks
on the final product (or monitoring of productioll respirators tested in this study
were already CE-certified, i.e. passed the EN lé8@epation tests, assuming all
notified bodies follow the same norm for examiniagd certifying the filtering
facepieces. Therefore, it is rather unclear whytral filters and respirators from only
one particular manufacturer had satisfactory marinpenetration levels according to
the size-resolved method used in this study, anENdL49 as well (since the FFRs
were already certified).

In overall, 21 out of 46 filters tested with theesiresolved method in this study
exceeded the percentage penetration limit set b4\ On the contrary, only 4 out of
16 respirators exceeded the percentage penettatiinn the manikin-based chamber
measurements. This difference once again pointshmudisadvantage of testing the
filter penetration on a whole FFR. There is clearlyeed for modification in relation to
a more sophisticated testing method and conditionthe currently valid European
Norm for testing of filter penetrations. Additiohal the information about
size-resolved penetration has particular importgespecially in the nanoparticle size

range), and should be provided by the manufacturetbe datasheet of the FFRs.
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5.5. Conclusions

The percentage penetrations of CE-marked filtefexgepieces were experimentally
measured by a size-resolved method (20-400 nm CbfD)neasuring penetrations
47 mm filters cut out from CE-marked FFRs and meaments of identical FFRs
tested in a manikin-based study. Penetration @iffee between 2 filter samples from
same respirator was in most cases up to 6.8%, etebn 2 identical respirators up to
2.5%. Comparison of the total penetrations from th# examined filters showed
percentage penetration ranged 3.2-16.3% (FFP1)323% (FFP2), and 0.02-3.3%
(FFP3). The MPPS determined from lognormal fittwfgthe penetration curves was
found to be between 25 and 65 nm (CMD) in all measents. Also, in this study 7
out of 9 FFR models reached higher penetrations froanikin-based respirator
measurements than during measurements of filtenw fthe respective respirators.
These two experimental methods for measuring patnatis of filtering materials from
FFRs are in good agreement’$R.91), however, penetration levels increased up to
~50% when the respirator was not sealed arounthtieeof the manikin.

The real protection level provided by these filtgrifacepieces may be even
lower if the respirator does not have a perfectTherefore, considering that a poor
filtration efficiency and a poor fit may increaseder real work conditions, the particle
penetration is even higher than it was found is #iudy. As expected, in many cases
the real penetration of these respirators was liegbmhat is allowed by the European
Standards, which is mainly due to usage of nonrabzed, polydisperse test aerosol,
inadequate detection method relying on the pagteumass, and the assumption that
the MPPS is on ~600 nm (MMD) as the criterion f&iRIS to pass the penetration test.
These conditions and test methods lead to underasbn of particle penetration,
especially in the nanoparticle size range (< 100.nBased on this study, it is
concluded that the recently valid EN 149:2001+AD20s neither sufficient nor
efficient for estimation of particle penetratiorrdbgh filtering half masks and may
need modification in relation to a more sophisedatesting method and conditions.
Thus, the CE-marked respirators examined in thiglystmay not be efficient in

providing the expected respiratory protection farkers exposed to nanopatrticles.
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6. Calculation of Human Dose

6.1. Introduction

The inhalation rate, particularly in industrial @awvwments, depends mainly on the
working conditions, specifically the physical loadhich can vary considerably.
Retention of particles deposited in the respiratagt (RT) depends on the properties of
the aerosols and also on the load of work (Ruzat. £1995) and it is usually not known
accurately. Workplace related concentrations andkiad are rather unspecified
parameters and depend on the nature of work simckens during the work day are
mostly at several different places and locatiorerattierized by different concentration
levels. Analogous situation occurs with indoor exqge since the measurements of
concentration in many occupational settings maypbgormed only infrequently.
Therefore, one cannot expect consistent correldi&iween exposures estimated from
spatially varying measurements and actual perserpbsures (Ruzer et al.,, 2013).
However, mathematical modeling of the depositiod distribution of inhaled aerosols
within human lungs is an invaluable tool in pregligtthe health risks associated with
inhaled environmental aerosols (Martonen and G201 ).

Particle deposition in the human respiratory sysitemn extremely complex
phenomenon (Rosati et al., 2013), governed by a wiariety of overlapping and
interacting factors. Simulation studies can be usepredict the deposition of inhaled
particles on differing spatial scales of resolutidodels can be developed that predict
total respiratory system deposition or depositioreach of the regional compartments
(Comer et al., 2001; Kim and Hu, 2006). In additiomdels can predict deposition
efficiencies in each individual airway generation simulate the dose to a specific
anatomical location within a respiratory passagsg@farian et al., 1995). Exposure time
series combined with other physiological charastes of the simulated person may be
used as an input to a modified version of the eglidosimetry model to predict
deposited patrticle dose, thus, used as a risksaes@s of respirable particulate matter.
An example of such a model is an empirical ICRP ehdéveloped by the International
Commission on Radiological Protection based on warkRudolf et al. (1983, 1986,
1988, 1990).
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Workers in many occupational settings are exposedsdriety of aerosol

emissions of diverse origin, concentration and abhahtomposition. Emissions from

these workplace related aerosol sources can riesattverse health effect in means of

long-term exposures. In work environment whers itaot possible to secure clean air or

the ventilation is not feasible, personal respimafmotection should be used. Deposited

dose and cumulative retention in the RT in thislgtwere assessed in ExXDoM2 model.

Different work scenarios incl

uding use of respirgtprotection were considered for 4

different emission sources discussed in Chapt&dditionally, exposure prevention and

possible adverse health effects of these soureedisgussed in this chapter as well.
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Figure 6.1.Human respiratory tract (adapted from www.anatonapacom/respiratory

-system-without-labels).

6.2. Exposure Dose Model

ExDoM2 is a model used in this study for calculgtthe human exposure and the

deposition dose, clearance, and retention of abpasticles in the respiratory tract (RT)

from. ExXDoM2 is an updated

version in respect ®oERDoOM incorporating new particle
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clearance mechanisms in the Human Respiratory Macdel (HRTM) (ICRP, 2012)
and it was developed using the Matlab software (Matks, Inc., USA) in the
Laboratory of Atmospheric Aerosol at the Technldalversity of Crete. The RT (Figure
6.1) is treated as two regions: the extrathoraegtons (ET) and the thoracic regions
(TH). The extrathoracic regions are further dividet the ET1 (anterior nasal passage)
and ET2 (posterior nasal passages, pharynx anaklarggions. The thoracic region (the
lungs) is divided into the BB (trachea and bronchp (bronchiolar) and Al (alveolar—

interstitial).

6.2.1. Human Dose Calculation

The ExDoM2 model estimates the individual’s doge Ira(ug/h) of particles in different

size fractions by Equation (3.1) as the productthef exposure concentration, the
ventilation rate and the deposition fraction of tijgées in the respiratory tract
(Chalvatzaki and Lazaridis, 2015):

where B (m¥h) is the ventilation rate of the exposed indidtifdepending on the
breathing frequency and tidal volume; the exposure concentratiopg(m?®) for
particles in the size fractidnandni; the deposition fraction in regigrof the respiratory
tract for particles in the size fraction The deposition efficiencyy depends on
aerodynamic deposition efficiencyer{due to impaction and gravitational settling) and
thermodynamic deposition efficiency idue to diffusion). The deposition efficiency of

regionj is calculated as:

n; = (nZ, +ng)"2 (Eq. 6.2)

where both the aerodynamic and thermodynamic effaies are expressed as:
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n=1-—exp(—aRP) (Eq. 6.3)

wherea andp are dimensionless constants &aas a characteristic functional form that
is different in each region and depends on theigbarisize (aerodynamic and

thermodynamic) and the relevant respiration pararset

6.2.2. Clearance and Retention Calculation

The model also calculates the clearance and reteatiparticles in the RT. The amount
of particles in each region of the lungs after amt@ intake is given by the mass balance

equation (Aleksandropoulou and Lazaridis, 2013):

O _[iny() + 5O R(t)  (EQ. 6.4)

where,mi(t) ands(t) are the instantaneous clearance rates of the il@posmpartment
i due to mechanical movement and absorption intodyloespectively, an&(t) the
retained mass after tinteln addition, absorption into blood is assumeddour at the
same rate in all the regions considered.

The mass of particles in each compartment of theiRihg and after continuous
exposure to particles and their fraction transtéteethe gastrointestinal (Gl) tract, lymph
nodes, and blood. The retained mass in each comgatrtof the RT and their mass
fraction transferred to the oesophagus and blooesisnated by Equation (3.5) for
fraction of particles dissolving relatively rapidgnd Equation (3.6) for fraction of
particles dissolving slowly, and are solved indefmatily using exponential substitution
and Gauss elimination (Chalvatzaki and Lazaridid,5):

a1 (@)
L = 13 [y I (0) + (myge +50) LO] + £ Hi(®)  (Eq. 6.5)
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dTO{:”: B [mye; Te® + (myp + 56) TIO] + (1= £) Hi(t)  (Eq. 6.6)

wherem is the mechanical movement rate of particles fommpartmenk toj (m;) or
the oppositeri k), fr the fraction dissolved rapidlyl — §) the fraction dissolved slowly,

s the rapid dissolution ratss the slow dissolution rateé]; the instantaneous dose applied
to the compartmerniat timet, | the retained mass of particles dissolving rel&givapidly
after timet in compartment& andj, T the retained mass of particles dissolving slowly
after timet in compartmentk andj. Hence, the retained mass after tinmecompartment

] is calculated as the sum of thé) andlj(t). The fractiond; and(1 — f) depend on the
type of the absorption behavior. The system isexmbjyer 1/(breathing frequency) during

exposure and per minute post-exposure to detemaiaation.

6.3. Methodology

Exposure dose rates from background concentrationginights in the laboratory (prior
to emissions from painting materials, resuspenaiwh welding) and in the print room
(12 h period without printing and occupants) wesesidered as ‘clean environment’ for
the purposes of this study and taken as the refereRarticle density of 1.5 g/ém
(approximation for ambient aerosol) was used ferdRposure dose calculation of the
background concentration. In all calculations ptet were assumed to be spherical
(shape factor of 1). The dose rates were calculimiedn adult Caucasian male with
ventilation rate 1.5 Ath (light work scenario, nose breathing, moderétedabsorption
behavior). Exposure time step calculated for dosemf number concentrations
(emissions from painting materials and printers¥ Wwamin, and 1 h in the case of dose
calculated from mass concentrations (resuspensidmec welding).

The particle density is used in the model to conlbetween different equivalent
diameters and was assumed to be 1.5%fenemissions from painting materials. In the
case of printers’ emissions, the same refiled btaokr cartridge was employed, which
is used by printers in the PR. Although the chehgoanposition of the toner cartridge

was not investigated in this study, generally, nebsthe commercially available printers’
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toner powder particles have an outer layer fronmobgper (possibly including styrene,
p=0.9 g/cnd) enchaining the toner particles to the paper anidom oxide p=5.2 g/cnd)

core material carrying charges. There is lack odlists in the literature confirming the
particle density of the nanopatrticles from prirggrissions, therefore, an assumed default
uniform particle density of 3 g/chwas used, since the toner powder consists of
approximately 50% of iron oxide and 50% of copolyrfWang et al., 2011).

Since the ExDoM2 model is based on Andersen casoguictor, prior to human
dose calculations from mass concentrations, comrer@linds, 1999) from optical
diameter (data from OPS) to aerodynamic diametey mecessary. For this purpose,
uniform value of particle density equal to 2.65ng7¢Arizona Road Dust) was used for
emissions from resuspended dust, and 3.7 Y(awino et al., 2015) was considered for
the arc welding emissions (SMAW, TIG and cutting).

Scenarios involving use of FFR were based on féféciencies of FFR #3, and
FFR #6, which were chosen as both had satisfacesylts in all the size-resolved
penetration tests in filter measurements and inkmabased tests as well. FFR #3 (FFP1
filtering class) was used for emissions from paigtnaterials and printing. FFR #6 (from
FFP3) was used for emissions from dust resuspemsidrarc welding since, according
to initial calculations, respirators from lowertdéting classes did not offer sufficient
protection against particles from these two emissources. Deposited dose from
particle number concentration was examined for taeenarios: emission and
post-emission period in the case of painting matexmissions, and for startup and
printing in the case of emissions from printerstie PR. The dose rates from
resuspension and welding were calculated for tuftdl h exposure time and 4 different
scenarios where the emission occurred in theZrshin in the resuspension experiments
and the first 5 min during arc welding:

1. Stay the entire time period (4 h) in the polluteatkgpace without use of FFR.

2. Stay the entire time period in the polluted workspaise of FFR only during

the emission period (first 20 or 5 min, respeciiyel

3. Stay in the polluted workspace only for the timequ of emission without a

use of FFR and then leave the polluted workspace.

4. Stay the entire time period in the polluted worlspwith use of FFR.
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6.4. Calculation of Deposited Dose (#) from NumbeZoncentration
6.4.1. Human Dose from Painting Material Emissions

The painting oils used for the experiments (Chagtg) consisted of water mixable oll
and turpentine medium composed mainly from monetsgp ¢- and p-pinenes).
Turpentine is a clear or yellowish highly flammaBled obtained by steam distillation
of wood resins, mainly from pine trees and it imxture of monoterpenes: and f3-
pinenes, carene, camphene and dipentene. As ansdivgentine serves as a thinning
component for oil-based paints, therefore, it idely used by art painters, and can be
the cause of turpentine-induced occupational astfidaek et al., 2009). Individuals
who work with pine in the furniture industry may &eposed to monoterpenes, the most
abundant of which are-pinene B-pinene, and\3-carene (Hagstrom et al., 2012; Edman
et al., 2003).

Monoterpenes are among most ubiquitous VOCs todbected in indoor air
while human presence and specific pattern of bena@wongly influences presence and
concentrations of monoterpenes in the indoor enwient (Krdl et al., 2014). These can
easily penetrate the different barriers of the baaky uptake of pinenes can occur through
the lungs, the gastrointestinal tract and intaict @avender, 1994). In secondary organic
aerosols (SOAs) formation with ozones{@ indoor environments monoterpene plays
reactive role. Such ozonolysis can be influencedhieypresence of gaseous pollutants
such as ammonia (N§Hpenetrated from outdoor environment (Talbot et2017). Niu
et al. (2017) demonstrated the toxicities of tradoor SOA formed from the ozonolysis
of a monoterpene and found that there was 22-388agsr pulmonary inflammatory
effect on the particles generated with :\NH

Human dose model for 10 experiments with turperginemissions (NPFE) was
estimated in the presented study. The results gshaivthe average total human dose
during the experiments (Table 6.1) without a usea BFR was 1.2 x 2@Gind 5.1 x 19#
for the NPFE and post-emission period, respectivitlyepresents 4.6 and 1.3-fold
increase compared to the exposure dose at bacldyrooncentration, which was
calculated to be 2.2 x $@. According to the calculations, > 96% of turpeatoil

particles deposited in the alveolar—interstitial)(Aegion (68% of all deposited particles)

149



6. Calculation of Human Dose

of the lungs from emission or post-emission pevigie particles smaller than 100 nm.
On the other hand, average exposure dose from RiENemissions and post-emission
period with the use of FFR were estimated to beaib2.4 x 10# representing 0.7 and
0.9-fold decrease with respect to the exposure dbbackground concentration for the
NPFE and post-emission period, respectively.

The MPPS of FFR #3 used for the calculations is®d nm, which means that
every particle size on the left and right of the R8on the penetration curve will have
lower penentration values, and the filter's effigg increase with particle size. As can
be seen on Figure 6.2 (doughnut charts), FFR edamostly particles > 50 nm and
narrowed the percentage ratio of particles sméii@n 50 nm, but in turn also captured
> 95.1% of these particles. The FFR effectivelyiretd large part of nanoparticles in all
cases (Figure 6.2), except for one where human ele=e with use of FFR was 1.3-fold
higher compared to background concentration ofsdree day (27-Jan). This value is,
however, the average of 18 time steps (90 min eomgzeriod per 5 min time steps),
thus, the concentrations could be locally even drighlthough FFR from FFP1 filtering
class may not be efficient in preventing againdi@ne contaminants and FFR of higher
filtering class may be required, use of FFR is higtuggested when working with

solvents containing monoterpenes, such as paintisag

Table 6.1.Average exposure dose (#) in respiratory tract) (RRgions for 5 min time
step and increase in respect to background (BQ)sxp dose (in the laboratory prior to
emission period) with exposure dose during NPFE @ost-emission period with and
without use of FFR.

RT region Total /-

Process ET1 ET2 BB bb Al dose (%)
10% 6% 2% 17% 65% #)

- BC 2.1x10 1.1x10 4.7x1¢ 3.4x10 1.5x16 2.2x1C¢ -

No NPFE 1.1x18 6.1x10 2.5x10 1.9x1¢ 8.3x1¢ 1.2x1G +459%
FFR Post-emis. 4.7x10 2.5x10 1.1x10 7.6x10 3.5x1¢ 5.1x1¢ +134%

NPFE 7.0x16 3.8x1¢ 1.6x10¢ 1.2x10 5.1x10 7.5x10 -66%

FFR Post-emis. 2.2x16¢ 1.2x10 4.9x10 3.5x1¢ 1.6x10 2.4x10 -89%
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Indoor air quality (IAQ) may also be improved wiibrtable air cleaner, which
is capable of removing ultrafine particles. Howeverne of the air cleaners remove all
pollutants and some may introduce harmful emissiotwsthe indoor environment such
an ozone (Britigan et al., 2006; Niu et al., 200Iherefore, air cleaners based on
filtration technique, i.e. HEPA (and preferablyaégtive carbon) are a fair and effective
solution. Nevertheless, air cleaners should ndaocepventilation in any case, but rather
may supplement this solution. Indoor sources schesuspension from dust or SOA
may be the major contributors in increased partiolecentration (Almeida et al., 2011;
Fromme et al., 2007).

On the contrary, natural ventilation preventsi#tation of incoming outdoor air,
hence expose the occupant to outdoor pollution §B=tkal., 2008; Sultan et al., 2007).
Waring et al. (2008) tested HEPA filters and elestatic precipitators (ESP) and found
that they remove particles much more effectivelgntithe ion generators (IG) for the
measured particle diameter range of ~10-500 nnadtttion, ozone emitted by ion
generators (and printers) can, react with terpempsoduce harmful SOA in the ultrafine
and fine size ranges, thus worsen the air qudttythermore, the authors suggest that
technologies such as the portable HEPA filtersediective at particle removal and do
not generate ozone or other harmful byproducts gislerd et al. (2014) studied several
air cleaners at chosen settings where the filtsetyair cleaners performed best for all

particle diameters above 100 nm.

6.4.2. Human Dose from Laser Printer Emissions

Recently, Khatri et al. (2017) collected nasal gerand urine samples for over 3 weeks
from six permanent employees from three copy cenéerd eleven controls, which
participated in the study, and found chronic upgieway inflammation and systemic
oxidative stress in photocopier operators, chrdlyiegxposed to nanoparticles. On the
contrary, another recent controlled exposure stahducted by Karrasch et al. (2017)
investigated the health effects of laser printeissians during 75 min exposure, where
examinations before and after exposures also iedlidatonchial and alveolar nitric

oxide. They concluded that the experimental acegpanses to short but very high-level
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exposures were small and did not indicate clinjcedlevant effects compared to low
particle number concentrations.

For purposes of this calculations, experimenta l@m one-week measurement
campaign in a university printer center (Chapt&) 4vas used to calculate the human
particle dose. The results from the human dose h{@déle 6.2) from the laser printer
emissions show that the average total human dasegdorinters’ startup and printing
was 2.0 x 19and 3.5 x 1®#, respectively. It represents 14.3 and 1.2-folriéase for
the printers’ startup and printing, respectivelpmpared to the exposure dose at
background concentration (3.1 x3#Jcn?), which was calculated to be 1.4 X8 The
model also showed that 65% of all particles fromter emissions during startup end up
in the alveolar—interstitial (Al) region of the Igs (of which 82% were UFRs50 nm,
see Figure 6.3), where the oxygen and carbon deoaxd¢hange takes place.

Furthermore, data obtained by Sisler et al. (20ddicate that particles emitted
from printer even at low, non-cytotoxic exposureele are bioactive and affect cellular
responses in an alveolar-capillary co-culture maabich could possibly lead to adverse
health effects. Average exposure dose from thégyr@missions during the printing were
estimated to be 3.0 x 4@ representing 1.2-fold increase with respech®exposure
dose at background concentration. As shown in Tablg, the human dose
significantly decreased when a FFR was used, arsdegaal to the human dose at BC
during printers’ startup, while 0.9-fold decreasaswobserved during printing.

Table 6.2.Average human dose (#) in RT regions during printstartup and printing
with and without use of FFR in the PR, and increasespect to background (BC).

RT region Total -
Process ET1 ET2 BB bb Al dose (%)
10% 6% 2% 17% 65% #)
- BC 1.3x10 7.1x16¢ 3.0x1¢ 2.1x10 9.5x10 1.4x1C -

No Startup 2.1x1® 1.1x16¢ 4.8x10 3.4x10 1.3x10 2.0x10 +1339%
FFR Print. 3.1x10 1.7x10 6.7x10¢ 4.7x10 2.0x1¢ 3.0x1¢ +117%

Startup 1.5x10 8.0x1¢ 3.4x106 2.4x10 8.9x10 1.4x1C -1%

FFR Print. 1.6x16 8.7x10 3.6x10¢ 2.6x1¢ 1.0x10 1.6x10 -89%
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Additionally, the increase in human dose without 0§ FFR in PR was lower
than it was observed in the chamber giving 24.15Rdold increase during the printers’
startup and printing, respectively. This was prdpaloie to greater distance of printers
from the sampling point and also higher air exclearage. Wang et al. (2011) measured
particle number concentrations and VOCs simultaskgadirectly above the printer, and
at distances of 1 and 2 m away from the printed, the results showed that at distance
of 1 m away from the printer the concentration wetuced to 5% of that at the source.
Note that the distance of the sampling point fraimtprs in PR (49 /) opened door)
was 2-4 m, whereas in the chamber study (P)6itwas only 0.5 m. Hence, taking into
account also higher number of sources (4 printestead of just 1), the emission
concentrations in the PR would likely be much higditedistances closer to the emission
source. Consequently, the exposure dose of thesBR and the staff (especially during
printers’ startup), staying next to the printerswdobe also much higher than it is
estimated in this study where the exposure dosa&esilated for average 5 min time step.

After 6 h of acute exposures in a busy photocopytereled to upper airway
inflammation and systemic oxidative stress in 9lthgasubjects, which for certain
markers took longer than 24-36 h post-exposure léar c(Khatri et al., 2013).
Comprehensive in vitro analysis conducted by Pietlal. (2016) reported preliminary
evidence of epigenetic modifications that mighhslate to pulmonary disorders as an
effects of nanoparticles emitted from laser prisitéin addition, Grminski et al. (2011)
evaluated the genotoxic potential of three blacletgpowders and their results suggest
that metals and metalloids as components of magnedr polycyclic aromatic
hydrocarbons (PAHs) as components of the carbonAgematerial, are responsible for
the genotoxic effects (damaging the genetic infdimnawithin a cell causing mutations,

which may lead to cancer) rather than cytotoxic.
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In contrast to use of FFR when working with turpeatpainting oils, where
ventilation is many times not feasible, in caseshsas printing in a print room, solutions
involving use of FFR should be avoided and focumikhbe on ventilation systems and
providing good IAQ in general. Natural ventilatitvas become a key component in
sustainable building design and may reduce the @bsiir handling systems of the
building, but it is also preventing the use offaiering technologies. Study by Khaleghi
et al. (2011) show that average particle numbecewoinations for sub-micron particles
are higher in spaces with natural ventilation. Bhisrlack of knowledge in differences
for two identical spaces operating with either natwr mechanical ventilation. Both
mechanical and natural ventilation systems werene&@d by Montgomery et al. (2015).
Their results revealed that the mechanical verdgilatvas more effective in controlling
the total VOCs and CQevels regardless of occupants’ load and alsotkieaparticulate
mass (PM) I/O ratios were significantly higher vehibperating with the natural
ventilation.

As shown previously, the emissions from printerseaste major source of high
nanoparticle concentrations in the PR and it migat solved by the air cleaner,
ventilations system or by removing one of the gnistin PR (ideally the combination of
all three). The existing mechanical ventilatiorthe buildings where the measurements
were taken, was not working during the campaigrsdile the fact that it does not have
any filters for particle capture, rather cheapet aasier solution would be adding low
pressure HEPA filters into the mechanical ventlatinstead of installing a new one.
Wang et al. (2011) also propose adding a filteadsorbent to the printers’ air outlets,
which could be helpful in mitigating the VOCs redeaand also that staying more than
1 m away from the printer can greatly reduce thposure to high nanoparticle

concentrations.
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6.5. Cumulative Deposited and Retained Dosad) from Mass Concentration
6.5.1. Human Dose from Dust Resuspended during Watig

Personal activity sources, such as particle resisspe during walking, often represent
strong source for exposure. Ferro et al. (2004ndahat simply walking around indoors
increased personal exposure to both fine and cparsieles. Cumulative deposited and
retained dose in this work was estimated for expental data from 25, 15 and 5 g/m
of dust resuspended during walking. Generally hilm@an dose was decreasing with the
decreasing dust load in similar manner to the EEson rate discussed in Chapter 4.3
(25>15>5 g/m). Exceptions were the second and the third scemdrére the use of FFR
or leaving the polluted workplace played a sigmific role in further human dose,
clearance and retention. As can be seen in Figdee Buman dose in the first scenario,
staying in the polluted workspace for the entinegtiperiod without a use of FFR was the
‘worst case’ scenario. The increase in total dépdsdose compared to the BC was
166-fold, 81-fold and 25-fold for 25, 15 and 5 d/af resuspended dust, respectively.

In contrast to the previous, the last scenariopating for use of FFR for the
entire time period, was the ‘best case’ scenariere/lthe total deposited dose was much
lower than that of the background (Table 6.3). Exatmon of the second and third
scenario revealed that the human dose would be howar if the exposed simulated
subject not wearing FFR at the duration of emisgithmin), would leave the polluted
workspace immediately after the end of emissionarathan stay the entire time period
in the polluted workplace (4 h) and use FFR onlyirduthe emission period (Figure
6.4b). In such a case the decrease in total cuivellaiman dose after 4 h was estimated
to be between 29 and 45% in these two scenarios.

The transport of particles from one region to aap#nd to the gastrointestinal
(GI) tract and lymph nodes is performed mecharydajithe airway secretions and cilia
movement (mucociliary escalator), airway macropBaged extrinsic means, such as
coughing and nose blowing. Particles depositechéRT are cleared by three main
routes: by absorption to the Gl tract (via the gha), to lymph nodes (via lymphatic
channels), and by absorption into blood (dependimthe chemical form of the particle).

Particles can be distributed from the blood cirtafasystem to other organs or tissues
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like liver, kidneys, heart, brain, muscle and boflesorption into blood is assumed to
occur at the same rate in all regions, except mberéor nasal passage (ET1) where no
absorption takes place. However, due to the comgexnetries present in the oral and
nasal regions, little theoretical modeling has bd@me in the extrathoracic compartment.

Total cumulative deposited dose in the extrathoraegion represented ~96%.
~60% of this dose was deposited in the antericalrEsssage. The particles deposited in
the extrathoracic region were retained (~48%), redtehe Gl tract (~45%) or were
cleared by nose blowing (~7%). As was said eantiarticles smaller than dm are not
easily resuspended or not resuspended at all sieceemoval forces (drag and lift)
depend strongly on the patrticle size. Due to vemglscontribution of fine particles in
the resuspended dust, only ~4% of total dose wepesited and ~2% were retained in
the thoracic region. It is concluded that airborchest produced by emission source
(depends also on chemical composition) would pbsgibse greater health risk rather
than resuspended dust since it contains a litetityn of fine particles that could be
deposited and retained in the thoracic region.

Table 6.3.Cumulative deposited and retained dosg) (in extrathoracic and thoracic
region, Gl tract and blood after 4 h for resuspam$iom: (a) 25 g/ (b) 15 g/m, and
(c) 5 g/nt of dust.

Cum. Deposited Dose Cum. Retention
Extrathor. Thoracic Extrathor. Thoracic Gl Blood

Scenario/Region

(a) 25 g/n?

Stay (No FFR) 12,273 420 6,076 256 5,723 56
Stay (20 min FFR) 7,138 306 3,575 200 3,305 35
Leave after 20 min 5,199 121 2,539 63 2,442 21
Stay (FFR) 8 0 4 0 4 0
(b) 15 g/n?

Stay (No FFR) 6,021 214 2,989 133 2,802 28
Stay (20 min FFR) 3,878 166 1,945 109 1,793 19
Leave after 20 min 2,206 54 1,082 29 1,033 9
Stay (FFR) 4 0 2 0 2 0
(c) 5 g/n?

Stay (No FFR) 1,878 81 938 53 871 9
Stay (20 min FFR) 1,162 63 589 44 534 6
Leave after 20 min 779 25 387 15 362 3
Stay (FFR) 1 0 1 0 1 0
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Occupational exposure to respirable crystallineasi{SiQ) dust particles occurs
in many industries (shipbuilding, ironworkers, coastion, mining, mills, pottery, glass
production, etc.). In spite of optimal regulationthe developed countries, exposure to
respirable silica is still a major occupational llie@roblem (Steenland and Ward, 2014).
Silicosis is a disabling disease caused by inlwadadif crystalline silica and is mostly
incurable (Sen et al., 2016). Mycobacterial dissaagway obstruction, and lung cancer
are also associated with silica dust exposure (hatral., 2012). Silica, also known as
quartz or cristobalite, is made up of fine parscénd mainly constitutes of crystalline
silica with a diameter less than it and is easily trapped in the respiratory traaisiv
critical problems in diagnosis of silicosis is tlpatients may develop symptoms even
after a long gap from exposure and thereforedtusial for the clinicians to be aware of
occupations with potential silica exposure (Steethland Ward, 2014).

Mineralogy, particle size distribution and chemicamposition of the soll
samples were studied jointly with the nutrient emtof soil solution from study areas
of Crete, including four types of parent rocks wdtfierent geological origin, from acidic
to ultramafic (Moraetis et al., 2006). Regarding tturrent research study presented
herein, no interrelation between the chemical casitpm of dust used in the
resuspension experiments and the Cretan soil casfaund. This leads to a conclusion
that the used dust is not of natural soil origiror#®ilikely, it is attributed to road dust
because soil particles as well as anthropogenialsite Pb and Cr (Watson et a., 1994;
Karanasiou et al., 2009) were included in the cleaimprofile of dust used in the
experiments. Furthermore, the high percentage ofinCthe used dust implies the
influence of construction activities in the areacsi sulfate salts such as CaSidd
Al>(SQy)s are typical cement components. Hence, the dustingéis study most likely
originated from construction works on the K2 builgli (School of Environmental
Engineering, TUC) in the time period when the dimlection took place, as suggested

also by the chemical analysis.
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6.5.2. Human Dose from Arc Welding and Cutting of &inless Steel

This work estimated the cumulative deposited atairred dose from two arc welding
processes (SMAW and TIG) and cutting of stainlee®lsin a simulated confined
workplace. Human dose assessed in ExDoM2 was esdcllfor 4 different work
scenarios including use of respiratory protectionthe first scenario, staying in the
polluted workspace for the entire time period witha use of FFR was the ‘worst-case’
scenario and reached the highest values of dedopsitel thus retained dose during all
processes (Table 6.4 and Figure 6.5). Nonethateise second scenario, when staying
in the polluted workspace for the entire time peéaod FFR is used only for the duration
of the emission period (5 min) and then is takénd#posited dose was somewhat lower,
but very similar to the first scenario (especiatiythe thoracic region), giving 174-fold,
123-fold and 5-fold increase in total depositededosmpared to BC (76g) for cutting,
SMAW and TIG, respectively.

In the third scenario, as demonstrated in Figusei6would be more beneficial
in respect to deposited dose if the exposed siedilsiibject not wearing a FFR at the
duration of emission, would leave the polluted vepdkce immediately after the emission
period (5 min). In such a case, the increase @l teposited dose was estimated to be
19-fold, 1-fold and 0.3-fold for cutting, SMAW andG, respectively, in comparison
with the dose from BC. Note that in the case of SM this scenario, compared to the
previous two scenarios, the deposited dose dedeigeificantly because the average
PMzio concentration during the emission period (whendimeulated subject was still
present in the polluted workspace) was only 0.43nmhgcontinued increasing and
reached its maximum 1 h later (4.19 m@)inThe last scenario, accounting for use of
FFR for the entire time period while staying in tpelluted workspace, was the
‘best-case’ scenario as in this particular casetdbad deposited dose was much lower
than that of BC.

The vast majority of dose in all processes was siggub in the extrathoracic
region of the RT (Table 6.4), where the particlesravretained (~53%), entered the
oesophagus (Gl tract) via pharynx (~44%) or weeardd by nose blowing (~3%). From

all 3 processes, deposited dose in extrathoragiomdrom cutting (~91%) was higher
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in every scenario compared to welding processes%).7On the contrary, due to higher
concentration of fine and ultrafine particles, ne¢al dose in the thoracic region was
higher for SMAW and TIG welding processes (~20%gamparison to cutting (~7%).
As can be seen in Figure 6.5a (as the most likedyario in real life), the cumulative
retention in the thoracic region was stable afterdutting, while in the case of SMAW
and TIG the retention in thoracic region was insmeg with time due to higher
contribution of respirable particles. Consequenflg%, 21% and 8% of the total
cumulative dose was deposited in the Al region ¢(eltitee gas exchange takes place)
from SMAW, TIG and cutting, respectively. From dosgained in the thoracic region
from both welding processes ~6% was absorbed tmdblehile in the case of cutting it
was ~10%. Nevertheless, the total deposited dosedutting after the first 1 h (in which
the emission occurred) was 3-fold higher than fiteeh SMAW, after 4 h they had very
similar values of blood retention (~1Q@). After 8 h blood retention from SMAW
reached 2349, while in the case of cutting it was only 189 More importantly, one
must consider also the different chemical compasitof particles from these two

processes deposited and retained in the thoragiome

Table 6.4.Cumulative deposited dose and cumulative reterftighin extrathoracic and
thoracic region, Gl tract and blood after 4 h:Qaitting Il, (b) SMAW Il and (c) TIG II.

Scenario/Region Cum. Deposited Dose Cum. Retention
Extrathor. Thoracic Extrathor. Thoracic GI Blood
(a) Cutting Il
Stay (No FFR) 13,408 1,296 6,790 1,011 6,194 106
Stay (5 min FFR) 12,051 1,233 6,129 970 5,552 98
Leave after 5 min 1,414 78 696 54 665 9
Stay (FFR) 8 1 4 1 4 0
(b) SMAW I
Stay (No FFR) 7,540 1,942 4,238 1,725 3,176 102
Stay (5 min FFR) 7,497 1,931 4,217 1,715 3,155 101
Leave after 5 min 114 18 63 15 48 1
Stay (FFR) 5 1 3 1 2 0
() TIG I
Stay (No FFR) 344 110 189 98 149 6
Stay (5 min FFR) 331 106 182 95 142 6
Leave after 5 min 88 10 50 9 35 1
Stay (FFR) 0 0 0 0 0 0
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General ventilation systems, consisting of bothpbu@and exhaust, can be
mechanical, natural, or a mixture of both mightverg or minimize the respiratory
hazards of welding fume. The most efficient andnecoical method of welding
contaminant control in the breathing zone of th&deseis local exhaust that captures the
contaminants at or near the source (Flynn and 30%R). When ventilation controls fail
to reduce the air contaminants produced by welthngllowable levels (Pouzou et al.,
2015) or when the use of ventilation is not feasif@d.g. welding in confined spaces),
personal respiratory protective equipment shouldisger (Lehnert et al., 2012). When
welding in a confined space (area with poor vetiditathat has limited space, entry or
exit, such as storage tanks, holds of ships, I®ifarnaces, tunnels), all the hazards that
are associated with welding are amplified (Bowlerak, 2007; Hanley et al., 2015).
However, up to this day, there is just a limitede@ch on emission rates and resulting
exposure dose from welding in confined workspageseigards to both, field and
simulated studies.

High concentrations of Mn, especially in a confinedrkspace, can cause a
disease known as ‘manganism’, characterized bydremuscle weakness and rigidity,
extreme slowness of movements, or may cause agasign of parkinsonism (Racette
et al. 2017). The amount of Mn in welding rods gary, but most welders are exposed
to mixed metal fumes that contain a small percentigMn, which was 0.5% in the
electrode used for the experiments in this studipaf@er 4.4), according to the
manufacturer. However, latest studies on neurosgiatcomes associated with low-
level Mn exposure suggest that changes can beteétacthe brain even at very low
levels of exposure among humans before any cligiealident deficits (Baker et al.,
2015; Lee et al., 2016), where type and route pbsure play an important role in the
extent of Mn-induced toxic effects on the brain rfgoet al., 2014). Although the
occupational exposure limit (OEL) for Mn vary withthe authorities, the American
Conference of Governmental Industrial Hygienist<CHH) advised threshold limit
value (TLV) for Mn to be 2@g/mfor respirable and 100g/m?for inhalable PM, which
however, can be easily exceeded in a confined ywades (Hanley et al., 2015).

On the other hand, metal fumes that contain iradeogenerated at the cutting of

SS are considered a nuisance dust with littleihkeld of causing chronic lung disease
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after inhalation. Accumulation of iron oxide in thengs is called ‘siderosis’ and is not
usually associated with pulmonary fibrosis (lungrsiag) and functional impairment of
the lungs (Flors Blasco et al., 2010). Abnormaitexe reversible and may resolve
partially or completely after the worker is removedm the exposure. Moreover,
differences between SMAW and TIG welding procesteaild be addressed with great
care as well, even though during TIG significantgs fume is generated, mostly
originating from base metal and the external fiheetal if used. Brand et al. (2013)
monitored the particle size distributions of vasonelding and joining techniques in
standardized laboratory conditions and noted UFRposition differences between
processes with high mass emission rates (SMAW )aglding processes with low mass
emission rates (TIG). Despite the fact that insaktnarios total dose from TIG in this
study had the lowest values, this welding proceserates a high number concentration
of heavy metal nanoparticles, such as Mn, Cr ofMNettinen et al., 2016) in size range
of 15-160 nm (Berlinger et al., 2011).

Although major concerns exist regarding the po&rtonsequences of human
exposure to UFP, no human toxicological data iseriily available. Study of Andujar
et al. (2014) strongly suggest that welding-reldiéd® could be responsible, at least in
part, for the pulmonary inflammation observed irldees. Présumé et al. (2015, 2016),
based upon metal oxide nanoparticles found in Itisgue sections of welders,
investigated pulmonary effects in mice of repeagagosure to nanoparticles and
demonstrated for the first time a potential risk fespiratory health posed by repeated
exposure to nanoparticles at occupationally relevdoses. These results provide
therefore the first evidence of a link between honmaposure to nanoparticles and long-
term pulmonary effects. Furthermore, Halatek e(2017) confirmed deleterious effect
of transitory metals (G, Mn, Ni) and particles during experimental inhalatexposure
to welding dusts, evidenced in the lungs and bragerum of rats. Their result confirms
also the hypothesis about the effect of the weldiogts on the oxidative stress

responsible for disturbed systemic homeostasisrapdirment of calcium regulation.
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Figure 6.5. Cumulative retentionpu@) in RT (extrathoracic and thoracic regions),
Thoracic region, Gl tract, and blood (sec.axig) Stay all the time period—No FFR (full
line), and Stay all the time period—FFR only durthg emission period (dashed line);

(b) Stay only for the time period of emission (fissmin)—No FFR and then leave.

165



6. Calculation of Human Dose

6.6. Study Limitations and Recommendations

There are several study limitations, mainly of expental character, which must be
addressed. Human dose calculated from particle ructdncentration was sampled by
NanoScan SMPS. However, this instrument has loe/rggolution (13 size channels in
size range of 10-350 nm) and many times low acguraestimating the particle size. In
order to sample the particle size in detail witbh@r accuracy and wider size range, a
SMPS (or FMPS) with high time and patrticle sizeoheson up to 1000 nm might be
required. Furthermore, ExXDoM2 lacks model calcoladi of clearance, retention and
absorption from particle number concentration. stigation of the mechanism of
nanoparticle translocation is an active researed,avhich is exceptionally crucial. If the
inhaled nanopatrticles, particularly engineeredssrthe lung epithelium and become
bloodborne, they may have the potential to gairsEto the blood—brain barrier, likely
resulting in adverse health effects.

Mass concentration was sampled with an instrumasédb on 120° light scatter
(i.e. depending on the particle’s refraction index¢nce, measured optical diameter
needed to be converted to aerodynamic diameterdier o use the data as an input in
the ExDoM2 model. The conversion was done undamagsons that optical diameter
equals Stokes diameter, and that the particle tyeasd shape factor are those of the
sampled aerosol. This is in many cases (such #ssistudy) difficult to determine and
approximate values are used, which in return, aleitly the conversion from optical to
aerodynamic diameter, can result in incorrect esgtion of the particle’s diameter. These
limitations could be eluded by cascade impactoniaugp with an adequate filter, which
allows for detailed chemical analysis of heavy nse{dn, Cr, Ni, etc.) in the solid
component of aerosols from the filter samples wdt@structive (e.g. ICP-MS) or
non-destructive (e.g. XRF) analytical method (Kanzh et al., 2016).

Short emission periods in the case of welding psses were based on limitations
of the used instrumentation where after certainceaotration limit flowrate and
coincidence error occurred. However, exposuresdapendent on many influencing
factors, and especially time-weighted proximitythe emissions from both distant and

localized sources can encounter exposure scerthabsan produce significant human
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doses. This leads us to another limitation, wheckhie actual distance of the sampling
point to the simulated subject’s breathing zonghdugh in this study the aerosol

concentration in the chamber experiments was as$toriee uniform, the distance of the
sampling point from the emission source was 0.5uming measurements of printer

emissions, and 1.2 m in the case of arc weldingautiihg of SS. In the experiments

conducted in the laboratory (NPFE and dust resuspenthe distance of the emission
source from the sampling point was ~0.5 m. On tmerary, during sampling in the print

room the sampling point was ~2 m to the closesit@riand ~4 m to the farthest printer
since closer distances were not feasible for pralcteasons.

Distances 2-5 m from the emission source are s$eiffico describe the general
background of air pollution in a workroom, but dedicient for determination of personal
exposure. The distance of sampling point shoulihlibe radius of ~30 cm from the
subject’s head (Hariri et al., 2013), preferablynpéed by personal sampling method
(Quémerais et al., 2015), e.g. with Sioutas PetdBaacade Impactor, so that solution
with fixed sampling position is avoided, especiafiycases such as welding processes.
Additionally, there were another ~1.2 m of horizdrtubing and flow splitters in the
chamber experiments, and even though transpodadassrection for mass concentration
was accounted for, in the case of sampling by gaator, such a sampling is incorrect.
Moreover, the sampling would have to be done biymoactor placed inside the chamber
(or by several impactors in order to obtain howike distributions) near the emission
source, which was not feasible solution in the expents conducted in this study.

The scenarios involving use of FFR were based dR fiiter efficiency only in
means of model calculations, i.e. FFR was not ehgkd with actual emissions from
painting materials, printers, dust nor welding fem&hus, pressure drop caused by
accumulated dust or welding fumes on the filterq@hd Yoon, 2012) and its effect on
FFR’s performance was not taken into considera#orather assumption was that the
filtering facepiece fits perfectly and there areleaks around the face seal. However,
penetration levels can increase up to ~50% whemeti@rator does not have a perfect
fit, which is difficult to achieve especially in éhnose-bridge area of the FFR.
Nonetheless, scenario variant with FFR that dodgshage a perfect fit could not be

examined due to lack of experimental data from E¥SRNng. In addition, as demonstrated
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earlier, most FFRs offer efficient protection agaiparticles larger than ~400 nm, but
may be ineffective in providing the expected respiry protection for workers exposed
to nanoparticles. Despite the fact that a poorafibn efficiency and a poor fit may

increase under real work conditions, the use of Ebipecially in a confined workspace
can considerably reduce the exposure to nanopestarid particulate matter.

Further limitations are rather of general charaatet include parameters, which
are specific for each work environment. Includingiender, work scenario and type of
breathing (nose breathing may change to mouth tyathing under heavy wok
conditions or higher air temperatures), blood ghtson behavior (depending on the
chemical composition and size of the particles}emeination of adequate reference
background concentration (if required for the congmm with the FFR efficiency), wind
speed and/or air exchange rate of the workplacieotime which the dose is calculated
for. The latter refers to cumulative deposited egtdined dose over rather longer time
periods of exposure (months or years) and thelhstdtus of the subject, e.g. when the
dose from the previous time period is not cleahetce is accumulating in the organism
in time, possibly resulting in adverse health gfgtlannu et al., 2007; Wittczak et al.,
2012). Therefore, in order to estimate the reledapiosited and retained dose from any
work environment with higher accuracy, all the paeters and conditions should be
taken into consideration since generalization eséhcould result in false human dose

estimation.

6.7. Conclusions

Human dose from various indoor workplace relateds®# sources was assessed for
extrathoracic and thoracic region in ExDoM2 mod&bse rates were calculated for
different scenarios for emissions from paintingenials, printers, resuspended dust, and
arc welding. During emissions from painting matetithe average increase of total dose
represented 4.6 and #@d at emission and post-emission period, respelsti
compared to the exposure dose from BC. On the btsd, increase of total dose in the
PR represented 13.4 and -fald at printers’ startup and printing, respectyein
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comparison to the BC exposure. Vast majoriyoB8%) of all particles generated from
both, painting material and printers’ emissionstena the ultrafine size range.

Cumulative deposited and retained dose from massecdrations was estimated
for 4 different scenarios and 2 types of emissionoraes, dust resuspended while
walking, and arc welding processes. Examinatiodifférent scenarios revealed that:
(1) In both emission cases, the first scenarigjistgain the polluted workspace for the
entire time period without a use of FFR was therSv@ase’ scenario, while the last
scenario, accounting for use of FFR for the emitine period, was the ‘best case’ scenario
where the total deposited dose was much lowerttietrof BC; and (2) It would be more
beneficial in respect to total deposited doseefeékposed simulated subject not wearing
FFR at the duration of emission, would leave thibuped workspace immediately after
the end of emission rather than stay the entire fieriod and use FFR only during the
emission period. However, due to very small contidn of fine particles in the
resuspended dust, only ~4% of total dose were degas the thoracic region. On the
contrary, due to higher concentration of fine atichfine particles, retained dose in the
thoracic region (the lungs) was higher for arc wejdprocesses (~20%) compared to
cutting (~7%) and resuspended dust.

The related health effects due to exposure to #reldy examined emission
sources vary significantly and depend mainly oncibrgcentration, time of exposure and
chemical composition of the aerosol particles. Asven, FFRs examined in Chapter 5
would significantly reduce the exposure levels pratect the user in most of the cases
(under assumption that the FFR has a perfect fitthare are no leaks) if worn at all
times in the polluted workplace. Empirical aerogatticle deposition models, such as
ExDoM2, can provide a quantitative estimate ofaheunt of material deposited in the
RT under certain conditions. However, there arg¢agerimitations which should be
eluded in order to estimate the relevant deposated retained dose from any work

environment with higher accuracy.
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7. Conclusions and Recommendations

7.1. General Conclusions

Estimation of emission rates of 4 different aerasmirces was presented in Chapter 4.
Two aerosol emission sources that contribute th payticle number concentrations and
two emissions that are characterized by high massentrations were examined. In the
first part, emissions from painting materials in gxoor microenvironment were
investigated. Painting activity and use of turpeatoils were selected as a source of
emission. While painting itself did not increasee ttndoor particle concentration,
emissions from opened turpentine oil bottles uswdpiinting were identified as a
significant source of indoor emissions resultingaimurst of new particles inside the
laboratory. Second part of Chapter 4 presentedean@ek sampling conducted in the
print room of the IT & Communications Center whefe printers are located.
Additionally, evolution of particle size distribotis with time and printed pages was also
studied in detail in an experimental chamber. Tésults confirmed that the major
contribution to indoor PN concentrations originatesh printer emissions in long-term
exposures. Printers’ startup in PR was charactkriag sharp increase in PN
concentrations, similarly as it was observed indhamber study. Printer examined in
the chamber was generating nanopartictesQ nm) primarily during cold startup.

Next study focused on the estimation of resuspensate by human-induced
walking inside a laboratory. Four different dustdings were used to cover the floor and
two walking pattern were applied. The resuspensat@ for PMo was estimated in the
range of 1G — 1G hl, which is in agreement with previous studies. Apested,
different dust loadings on the floor contributededily to the increase of indoor particle
mass concentration, but had no effect on the ressspn rate. Last part of Chapter 4
describes SMAW and TIG arc welding processes aritinguof SS in a simulated
confined workspace. Among all 3 processesfddncentrations from cutting reached
the highest mass concentrations, while SMAW had higiest contribution of fine
particles, consisting mostly of PMs fraction. All 3 investigated processes generated

also high PN concentrations ranging from 2.4 tox316F #/cn.
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Chapter 5 shows the study of percentage penetsatib@E-marked FFRs, which
were experimentally determined by a size-resolvesthod (20-400 nm CMD) of
measuring penetrations of filters cut out from FR&&l measurements of identical FFRs
tested in a manikin-based study. As expected, petiet differences between 2 filters
from same respirator and between 2 identical ragps were identified as well as
variations in total penetrations in all 3 protentidasses. In overall, 21 out of 46 filters
tested with the size-resolved method in this stexiseeded the percentage penetration
limit set by EN 149. Results presented in this ¢daponfirmed the disadvantages of
standard filter penetration test method, which wesktmates the particle penetration,
especially in the nanoparticle size range. Sizelvesl penetrations obtained in this study
were then used for calculation of human dose inates including FFR.

Last chapter of this dissertation deals with hurdase from aerosol sources
investigated in Chapter 4. Human dose was assasséDoM2 model. Average
increase of total dose during emissions from pagnthaterials and printers was several
folds higher compared to the exposure dose of vackgl concentration. However,
results also suggest that FFR would effectivelygmiothe user in most cases during the
emission period if worn at all times. Furtherman@nulative deposited and retained dose
from mass concentrations was estimated for difteseenarios for dust resuspended
while walking, and arc welding and cutting proces#es expected, results of different
scenarios revealed that staying in the pollutedkemace for the entire time period
without a use of FFR was the ‘worst case’ scen@iothe contrary, results suggest that
use of FFR for the entire time period in the pa@tutvorkplace can significantly reduce
the exposure to harmful airborne contaminants. Eogbiaerosol particle deposition
models, such as the one used in this study, candar@ quantitative estimate of the

amount of material deposited in the human respiyatact under certain conditions.

7.2. Recommendations for Future Work

Estimation of emission rates is an important juretn assessment of the indoor particle
dynamics. However, in order to assess the expakse in real workplace environment,

it is recommended that focus should be on detgilmdonal sampling. Particularly in
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confined workspaces where ventilation controls faifreduce the air contaminants to
allowable levels or the use of ventilation is redidible. As mentioned earlier, distances
2-5 m from the emission source are sufficient tecdbe the general background of air
pollution in a workroom, as it was in the caselds tesearch presented herein. Hence,
determination of personal exposure with personaiptiag method in real workplace
environment (where solutions with fixed samplingifion are avoided) in combination
with detailed controlled study is necessary.

Although majority of the studies primarily addreks filtering performance of
FFRs, other studies evaluate the aspects diredtgctmmg the overall facepiece
performance, such as pressure drop, particle Igadimd humidity effects under different
flow rates. Given the high filtration efficiency @uperfect fit of FFR, next thing to be
concerned about is the performance of FFR undat-werld’ conditions. Studies of
aforementioned filtering facepiece characteristies conducted in the laboratory under
controlled conditions, i.e. steady flow conditiomenstant particle concentration, and
flow rate. In reality, FFRs are used in situatiombere the flow rate, particle
concentration, and relative humidity vary in tirbat most importantly, test aerosol used
to certificate these FFRs differs from nanoparsiclehich workers are exposed to in their
actual workplaces. Therefore, to prevent occupatidiseases and their adverse effects
on the workers’ health, it is necessary to inveddgthe performance of filtering
facepieces, especially filtration efficiency agaiemgineered nanoparticles (such as
carbon nanotubes) under different flow rates amdidity conditions, which represent
the ‘real-world’ conditions better than laborat@et up used for FFRs certification.

Distribution of mainly metal components in airbog@ntaminants in the human
respiratory tract is well studied in regards tohhatose modelling and toxicological
studies. Models that can predict behavior of nartapes in the respiratory tract exist.
However, in the context of empirical aerosol dosedet employed in the current
research, focus should be on development of antiaddli tool for calculation of
deposition and retention of nanoparticles in thlspim@tory tract, which is missing in the
current version of the model. One of the major eons regarding the possible toxic
effects of nanopatrticles is the capacity of theaeenmals to penetrate cells and potentially

translocate to other cells, tissues, and organsteefrom the portal of entry to the body.
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