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MODIFICATION OF N95 RESPIRATORS: ALLAYING DEFICITS IN
RESPIRATORY PROTECTION BELOW 300 NANOMETERS

ADAM NORED

INTERDISCIPLINARY ENGINEERING

ABSTRACT

The current growth rate of nanomaterials being used in everyday materials as well
as in construction materials is quite large. While this in itself could be quite promising,
there is a lack of information known about the risks that materials in the nano size range
may have attached to their use. Until a full-scale risk analysis of the nanomaterials is used
in the construction industry there is a need for personal protection to be implemented. A
known issue with the current PPE exists, in that the N95 personal respirator has some
particle collection efficiency issues below 300 nm. Modifications to increase the particle
collection efficiency of the N95 below 300 nm is the subject of this research.

Before modifications were to occur, chemical and morphological properties of
paints containing TiO> during end-of-life procedures were determined, to fully
understand the likelihood of worker exposure to particles under 300 nm. General testing
as well as a one-year weathering study were undertaken to create an understanding of
short- and long-term effects on the possibility of nano-sized particles being generated
during the end-of-life procedures as well as the possibility of the generated particles
being TiOz in whole or in part. This was determined by collecting data on the size of

particles generated, and the number of particles generated within size ranges. Upon



determination that there was a real concern, the plan for modification of the N95 moved
forward.

Three different filters were examined and tested during the study, to determine the
best pairing of current filters and additions. The filter types that were focused on are the
ones commonly found in laboratory air sampling due to these being created to collect low
end PM. The addition of cellulose acetate or PTFE filters was determined to help solve

the current N95 respirator’s issues with particles under 300 nm.
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INTRODUCTION

Engineered nanomaterials (hereafter known as ENMSs) are chemicals, composites,
metals, and metal oxides that are manufactured into various shapes that are less than 100
nanometers an all three axes. [1] The physical properties of ENMs that are typically
present in microparticles, differ to those of the bulk chemical because of the increase in
the ratio of surface-area-to-volume and quantum effects. As particle size decreases, the
behavior of atoms on the surface of the particles is the driving mechanism for the
interactions with other materials, leading to enhanced characteristics such as strength,
chemical and/or heat resistance. Nano-sized particles may also exhibit quantum
mechanical behavior including quantum dots with characteristics comparable to
semiconductors. Finally, ENMs are transparent because their size is lower than the
wavelengths within the visible spectrum (300-500 nm).

ENMs have been integrated in numerous nano-enabled products (NEPs) including
paint coatings with a variety of submicron/nanoscale pigments (metals and metal-oxides),
toner formulations, nanocomposites, carbon nanotubes, sintered compacts made of metal
and oxide nanoparticle, super-hard coatings with films of refractory nitrides, carbides,
and diamond like coating nanolayers. NEPs are currently used across many industries
including agriculture, aerogels, aerospace, automotive, catalysts, coatings, paints, and

pigments.



The construction industry has over seven million employees that creates over a
trillion dollars of infrastructure and other buildings a year. Innovation is a key driver to
stay at the forefront of the profession. One of the newest innovations in construction
technology is incorporation of ENMs within construction materials. First introduced into
consumer products in the early 2000s, ENMs have expanded to be included in many
construction materials, including concrete, insulation, solar cells, steel, and coating
materials such as paint. [2]

Paints and coatings contain many solvents, pigments, extenders, and binders.
Because of the use of water-based paints and powder coatings, several hazardous
chemicals including benzene, phthalates, chromium, and lead oxides have been reduced
or replaced in paint. [3] New formulations contain lower-toxicity solvents and
neutralizing agents, such as amines, and biocides. ENMSs have been incorporated as free
powders, stabilized particles in suspensions or mixed into paint batches or granulates. [4]
As a result, coatings and paints have gained many useful traits; these include increased
durability, strength, fire resistance, biocidal activity, and the ability to self-clean. [4-7]
The ENMs typically used in paints are: TiOz, silicon dioxide (SiOz), ZnO, copper oxide
(CuO), Ag, cerium (IV) oxide (CeOz), aluminum oxide (Al203), and iron oxide (Fe203).
[4,6,7] TiO2 is used for its biocidal properties. [8] It is also used in most base paint as the
white pigment. SiO; is used for its scratch protection capabilities and dirt repellant [7],
ZnO is used as a water and UV protectant. [7,9] CuO is an antifouling agent and is
mainly used on boat hulls. [10] Ag is an antimicrobial [11], CeO. protects from UV light
[12], and Fe20O3 adds abrasion resistance. [4] In paints, nanoparticles form agglomerates

with polymers [9], however, the integrity of these agglomerates may be compromised by



environmental and mechanical factors resulting in dislocation and release of
nanoparticles over time. [13] TiOz is the most used (70% of the total pigments) white
pigment in paints for their high stability, anticorrosive and biocidal properties. It is also
the most commonly produced ENM at 10,000 tons a year. [14] TiO2 exists in different
particle size fractions as fine particles (FPs) (diameter 0.1-2.5 um) and nanoparticles

(NPs; diameter <0.1 pum).

ENVIRONMENTAL IMPACTS

A building has an average lifetime expectancy of 80 years. [15] In that time, it
will be exposed to a gamut of weather conditions. The long-term exposure may have also
been a pathway for the nanoparticles to enter the surrounding environment. Weathering
experiments showed the run-off release of Ag ENMs, but not the release of TiO>
nanoparticles, possibly relating to molecular interaction within the NEPs. [11,16] Kaegi
et al. [11] estimated that up to 30% of Ag ENMs in paints may be released from outdoor
facades in a year. Other ENMs may have just as high a release.

In addition to the release of nanoparticles in paint due to environmental
weathering; repairs, renovations, demolition, and disposal of old materials covered in
nano-enabled paints can lead to the release of nanoparticles in the environment in paint
dust and/or solid wastes. [3] Direct exposures by inhalation of pristine (free of any other
material) nanoparticles during paint manufacturing and application is speculated to be
limited due to agglomerate formation and stabilization with paint polymers. The integrity
of the paint agglomerates may be compromised over time and/or at the end of the product

lifecycle leading to the release of nanoparticles from painted surfaces in the environment



by abrasion and weathering. This would lead to either environmental exposure due to
weathering or worker exposure via abrasion.

Another aspect of the natural weathering study is the presence of acid deposition.
The location for our study has been known to have elements in the air known to be
components of acid deposition, such as nitrous oxides and sulfur dioxide. Their presence
needed to be acknowledged and accounted for in our study. The interactions between
TiO2 and a wide range of acids has been studied thoroughly, with the acids largely and
effectively destroyed by UV reaction with TiO2 [17-19] The photocatalysis reaction that
causes the destruction also seems to have a harmful effect on the nano-enabled coatings.
The UV radiation of anatase Ti, the type mostly used for ENMs, causes a breakdown in
the coatings themselves, allowing more TiO to come to the surface, potentially allowing
other weathering effects to remove more ENMs from the coatings over time, at a faster
rate than previously thought. [20]

An issue with the widespread use of nanoparticles in construction materials in
general, and paint in specific, is the lack of research into possible side effects of exposure
to incidental nanoparticles. Incidental nanoparticles occur during daily activities that
happen everywhere. [14] These nanoparticles also have been shown to influence the
environment when introduced. They may enter environmental media (i.e., air, water, and
soil) through intentional application or use of products containing nanoparticles (e.g.,
pesticides and fertilizers), or unintentional and accidental releases. Unintentional releases
include runoff, wastewater treatment byproducts and disposal, solid waste
mismanagement, and exterior paint degradation. TiO, ENMs have been tried in concrete

mixes recently, to help remove pollutants on roadways. [21] With TiO being added to a



product that is routinely broken down do to use, the odds of the ENMs being introduced
into the local environment increases. Gottschalk et al. [22] reported the detection of Ag,
TiO2, and ZnO in treated wastewater, sediment, and effluent. Some plants and vegetation
may have been shown to uptake nanoparticles. [23,24] Translocation of nanoparticles
into edible and reproductive parts of crops is of concern because they can move further in
the food chain affecting animals and humans. There have also been examples of animals
up taking ENMs in waterways. [24] Nanoparticles suspended in water can also be toxic
to aquatic organisms, fisheries, and animals. [24] TiO2 has been shown to be a
carcinogen, and also leads to cell death as an ENM. [25] TiO2 as an aerosol has even
been shown to create tumors in mouse lungs in doses below occupational exposure levels.
Studies into ENM exposure to ecosystems are relatively unexplored or contradictory in
their findings. However, it has been determined that TiO2, ENMSs cannot enter the body
through the skin, so inhalation, and other uptake through consumed food and water are

areas that need further study. [25]

HUMAN HEALTH IMPACTS
There are three main points at which a painter may be exposed to the
nanoparticles in paint, the preparation, the application, and the removal of old paint. The
application is usually unlikely to expose the workers to nanoparticles. Kaiser et al. [26]
showed that ingestion of nanoparticle doped paint had the same effects as the ingestion of
non-doped paint. During both application and removal, the main route of exposure to
nanoparticles is through the airway. Nanoparticles, due to their size, are very likely to end

up in the alveolar region of the lungs. [27] There is no body function to help remove



particles when they reach that low in the lung, so particles may sit there for months to
years, and may possibly translocate. Because of their size, nanoparticles can move freely
through cells and cause harm through oxidative stress and damage to the cell structure.
[5] They can also cross into the blood stream and translocate into different parts of the
body including the brain. [28] Effects to other organs, including liver, spleen, and kidney
have also been reported. [5] They are shown to induce fibrosis, emphysema and tumors in
the respiratory tract, neurodegenerative diseases, diminish the defense ability of the
immune system, damage lymphocytes, participate in thrombosis, and cardiovascular
diseases. [5,29,30] They also have been shown to increase the rate of pneumoconiosis.
[31] It is noteworthy that the toxicity of nanoparticles may be influenced by size and
shape. [5] Nanoparticles that are known to be in paint products have a wide range of
possible side effects.

The risk for nanoparticle exposure seems to be higher for certain professions that
encounter aerosols that possibly contain particulates. Painters are particularly more likely
than many professions to be exposed to air born particulates. According to the US Bureau
of Labor Statistics, there are more than 350,000 construction and maintenance painters,
with that number expected to grow by 7% for the next 10 years. [32] Construction and
maintenance painters remove old finishes and apply paints, stains, and coatings on
interior and exterior structures to prevent corrosion. Most painters learn their trade on the
job with no formal training. Painters have one of the highest rates of injuries and illnesses
among all occupations. Paint dust emissions of respirable particles accounted for up to
400 tons a year and represented the ninth highest cause of diseases in the painting

industry. [33] They have a higher-than-average incidence rate (196.7 per 10,000 workers)



of nonfatal occupational injuries/illness and an average of 25 days away from work, with
exposures to harmful substances being the dominant non-physical hazard. [32]
Occupational exposure as a painter has been proven to have carcinogenic effects on
humans. [34] Painters have consistently shown significant excesses in lung cancer
mortality in both smokers (95%CI: 1.21-1.51) and non-smokers (95%CI: 1.09-3.67). [35]
Construction workers were more than twice as likely to have a lung disease or cancer.
[36] The probability of COPD in painters increases to over 10% by the age of 55. [37]
Painting is associated with rhinitis symptoms (95%CI: 1.1-5.2), asthma 95%CI: 1.4-16.1)
and chronic bronchitis (95%CI: 1.0-8.4) when compared to carpentry work. [38] In a
four-year study, 16.2% of painters who worked at Department of Energy sites had an
abnormal chest x-ray, and 42.9% had an abnormal pulmonary function test. [34]

The current risk assessment process in health and safety focusing on pristine
nanomaterials may not be appropriate to address possible risks of coatings with
nanoparticles throughout the lifecycle of the product. In coatings, nanoparticles form
agglomerates with polymers; however, the integrity of these agglomerates may be
compromised by environmental and mechanical factors resulting in metals and metal
oxides dislocation and release over time. [11,36] An important “end-of-life” exposure
scenario that directly leads to the generation of respirable paint dust (particles with
diameter less than 1.0 um) is the mechanical abrasion (sanding) of coated surfaces. There
have been few paint dust research papers published. Koponen et al. [6] found that the
sanding dust of walls and wood coated with nano-containing products was dominated by
particles in the 100-300 nm size range, and Gomez et al. [8] found that 80% of the

collected paint dust particles had TiO2 nanoparticles based on electron microscopy.



However, as of 2016, more than 80% of workers did not know if nanoparticles were even
present at the worksite. [3] There is currently very little information regarding how
prevalently nanoparticles are used in the construction industry. As of 2017, over 550
commercial grade construction products have listed the presence of nanoparticles. There
is a lack of systematic investigation and understanding of the parameters affecting the

release and their physicochemical properties.

REGULATORY FRAMEWORK

Paint dust regulations are governed by the Occupational Safety and Health
Administration (OSHA). Most nanoparticle filled aerosol exposure is bracketed under
unregulated particulates which lets workers be exposed to nanoparticle filled dust at a
time weighted average (TWA) permissible exposure limit (PEL) of 15mg/m? for total
particle mass and 5mg/m? for the respirable fraction. [39] At the time of writing the
National Institute of Occupational Health and Safety (NIOSH) has set no enforceable
limits for agglomerated or pristine nanoparticles. OSHA, however, has set a
recommended exposure limit (REL) for carbon nanotubes and TiO2 of 0.3 mg/m? using
recommendations from NIOSH studies. [42]

With ENMs it is hard to determine a safe occupational exposure limit (OEL).
There have been several studies covering the nanoparticles in construction while
proposing OELs. The range of the proposals for the TiO2 OEL ranged from 0.017mg/m?3
to 5mg/m?3 [42] This large range, with the upper boundary being the minimum for the
PEL of unregulated particulates as well as having a large portion of the range under the

REL, highlights the concerns for better regulation and oversight for ENMs.



PERSONAL PROTECTIVE EQUIPMENT

Inhalation is the predominant route of exposure, followed by dermal absorption to
a much lesser extent. [34] Personal respirators are one of the more commonly used
devices in protection against inhalation. The efficiency of respirator filters relies on the
filter material, and on pre-charging of the filter fibers. The fibers are made from a type of
nonwoven material, usually polypropylene or cellulose, depending on manufacturer.
Charging the filter fibers helps protect against particles above 0.3 microns and raises the
penetration (Pm), the percentage of particle count that makes it through the filter.

Cout Eg. 1
Cin

Filter performance, and the number of particles that can make it through them, is
based upon the four main metrics of the filter. These are the fiber diameter, pore size,
filter thickness, and the solidity of the filter. The fiber diameter is the size of the
individual fibers that make up a fibrous filter, which is what most respirators are. The
smaller the fiber the closer together they can be, while still leaving gaps for air to pass
through. Pore size is the size of the holes in the filter. These holes are how the filter
works, by letting air pass through the filter in such a way that the contaminants in the air
can be removed. The pore size is a large indicator on how much particulate is captured by
the fibers. Filter thickness defines how many layers of fibers that the travelling air must
go through. If the filter is thick enough, only a negligible number of particles can make it
through no matter the size of the particle. However, this makes using the respirator in a
work setting harder due to stress placed on the worker trying to breathe. At a certain

point, the filter will be so full of particulates that the act of breathing through the
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respirator will not be easy enough to continue using the mask. The usual amount of time
that is recommended to wear a respirator before replacing it is 8 hours due to pressure
drop. Solidity is how tightly the filter fibers are packed. It is the ratio of air versus fiber
that makes up the whole filter. [40] Other key elements for determining filter usefulness
are face velocity and the quality factor. The face velocity is the rate of air flowing
through the filter. This is determined by the activities and breathing of the respirator
wearer. The filter quality factor is determined through pressure drop and Pm. A good

respirator has both low pressure drop and low Pp.

PERSONAL RESPIRATORS

The respirators we are focused on for the basis of this study is the N95 (i.e. when
subjected to careful testing, the respirator blocks at least 95 percent of very small (0.3
micron) test particles) The filter used in an N95 is usually a four layered system with the
outer layer made of nonwoven electro spun polypropylene, a middle layer of filter which
is commonly either cellulose or polyester, a second middle layer of melt-blown
polypropylene, and another outer layer of nonwoven, electro spun polypropylene. The
entire filter system is encapsulated inside a protective material, reducing the risk of filter
materials escaping into the user’s airway. Respirator filters have been electrostatically
charged to help with particle removal. The mix of materials and production methods were
designed to reduce the weak points of the filter.

Melt-blown filters have a smaller porosity than the electro spun filter of the same
material. However, it has a higher penetration rate. In some studies, the penetration rate

of melt-blown polypropylene had a penetration percentage of close to 40% for particles
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between 50 and 100 nanometers at 5400 liters per hour (L/h) airflow, which correlates to
90 LPM. Respirators are tested for use at 85 liters per minute of airflow, which
corresponds to a 9.44 cm/s face velocity, the NIOSH standard. [27] The consensus is that
the melt-blown fibers have too much non-uniformity. Channels may occur in the product,
allowing for a smaller particle’s Pm. Also, the increase of airflow in increments of 900
L/h (15 LPM) showed significant increases in penetration percentage. The protection
layers in the nano range must be from the electro spun filter with the higher porosity. The
same studies show a styrene copolymer electro spun filter have less than 2% penetration
at 90 LPM. It follows that materials tests of the filter at 85 LPM would be well within the
5% P allowed for the N95. Seeing as field tests have shown a higher Pn, the possibility
of materials with higher porosity and not the traditional electro spun nonwoven plastic-
based filters were investigated for ways to improve total overall N95 efficiency for field
environments.

There is an inherit fault in the N95 protection when it comes to nanoparticles.
Multiple studies have shown that there is a weakness in the respirator’s prevention ability
in the above 20nm range. A recent pilot study has also shown that the Pm of particles with
diameter between 27.4 - 86.5nm through N95 respirators may exceed 5%. [41] The study
showed P, rates could be as high as 0.54. These findings are either a little higher or
consistent with filtration efficiency of fiber filters. Fiber filters have demonstrated a
decline in efficiency for particles in the range of 50-100 nms. [40] The Pn in this range
has been demonstrated to be statistically higher compared to much smaller or larger
particles when the respirators were challenged with particles ranging from 20-1000

nanometers. [42] The same study showed that the most penetrating particle size (MPPS)
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for the N95, as well as other respirators, was approximately 50 nanometers. These filter
deficiencies can be enhanced when dealing with face velocities outside the normal range.
Some nano sized particles have a higher Pr at face velocities above 5cm/s. However,
NIOSH has stated that their testing does not consider particles under 100 nanometers.
Their own testing has shown that particles between 30-100 nanometers have shown
higher penetration rates in charged filter media, the kind used in most commercial
respirators. An older study had presented data with the Pm of N95s below 100 nanometers
to be less than five present for all tested nano sized particles, however, 82 percent of all
particles that passed through the respirators were smaller than 90 nanometers. [41] This
aligns closely with Balazy et. al [43] when they demonstrated that pre-charged fiber

filters have the poorest protection from particles between 35-70 nanometers.

FILTRATION
The capture of particles by a filter is achieved through five mechanisms, namely,
(i) interception, (ii) inertial impaction, (iii) diffusion, (iv) gravitational settling, and (v)
electrostatic attraction. [40] The first four mechanisms are identified as mechanical
mechanisms. The total filter efficiency is the sum of all the mechanical deposition
mechanisms.

EZ:ER+EI+ED+EG Eq2

Where Er, Ei, Ep and Eg are the filtration efficiency by interception, inertial
impaction, diffusion, and gravitational settling, respectively. Electrostatic attraction is

used to raise filter efficiency without adding anything else to the filter. However, it is
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difficult to determine exactly how much the efficiency is increased by, for the individual
particle charge must be known as well as the charge of the fibers.

Interception is when the particle, following its path on the airstream, is brought
within one particle radius of a fiber in a filter. This leads to capture of the particle by the
fiber. Interception efficiency is related to fiber diameter of the filter. The single-fiber
efficiency (Er) for interception (Eq. 3) depends on the ratio (R) of particle diameter (dp)
to filter fiber diameter, (ds), the filter solidity (o) (i.e., how densely packed the fibers are
in a filter) and Kuwabara constant (Ku) (Eg. 5). Interception helps more in the particle

size ranges with the lowest collection efficiency.

£ = (1—a)R? Eq.3
R™ Ku(1+R)

R=@ Eq.4
dy
2 4 4

Inertial impaction is for when the particle in the airstream is too big for the
airflow to keep it contained. When the airstream changes direction, the particle does not
follow, and impacts upon the object the airstream was flowing around. Impaction affects
larger particles much more than smaller particles and starts having an effect on filtration
on particles slightly larger than 0.1um. The single-fiber efficiency of impaction is
determined by Stokes number (Stk), which is a ratio of the particle relaxation time versus
the time it takes for the particle to navigate around an obstacle. The equation also

involves the diffusion flux (J), which is a function of o and R.
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_ Ppdp*Celo Eq. 6
Stk= 272
J=(29.6 — 28a%62)R% — 27.5R*8 Eq. 7
B (Stk)] Eq.8
'™ 2Ku?

Diffusion is when the particles are small enough that Brownian motion gives them
a probability of moving enough outside of the air stream to interact with a filter fiber. The
particles are so light that the air stream they are in does not fully affect them, and they
drift about as they move in the direction of the air flow. Diffusion is a large part of the
elimination of particles by filtration under 100nm. Diffusion efficiency is determined by
the Peclet (Pe) number which is a function of the face velocity (Uo), the velocity of the air
stream over the face of the filter. Diffusion is the most useful mechanism for removal of
particles under 500nms. It is the only filtration mechanism that actually improves as the

size of the particle decreases.

pe = 4o Eq. 9
D
Ep = 2Pe0-66 Eqg. 10

Gravitational settling deals with larger particles. The force of gravity effects the
larger particles more, causing particles above 1.0um to be greatly affected by settling.
Particles under 100nm are not heavily impacted by gravitational settling. The equation
for settling is an approximate and depends on the direction the filter is facing in relation
to the air stream and gravity. In our experimental set up, the air stream was the opposite
of the Vs or terminal settling velocity. This makes the equation for the filter efficiency

due to gravity:
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_ Pgdp*Ccg Eq.11
T 18U,
E;~—-G(1+R) Eq. 12

Electrostatic attraction is the use of creating a charge in the filter fibers. This
charge will draw opposing charged particles, as well as neutral particles. The electrostatic
attraction in filter fiber is usually created by using plastic fibers and corona charging
them to get a semi-permanent charge, with one side positive and the other negative. This
is one of the reasons that N95s have a shelf life as the charge will fade over time. The
mathematical percentage for penetration at ~0.11um is greater than 20%. Since this is not
the actual case for most filters, it stands that the reduction in penetration is created by
electrostatic attraction. Lathrace et al. [44] determined that the drop from a respirators
MPPS from greater than 300 nanometers to less than 100 nanometers is due to the
electrostatic charge. While this drastic change in the MPPS is due to charging, the
introduction of electrostatic charge is helpful at most size ranges of particles. The
equation for electrostatic attraction incorporates the dielectric constant (ef), the charge of
the fiber (g), and the permittivity of a vacuum (€,). The major driving function for this
mechanism is the fiber charge and face velocity.

(g-D___a* Eq. 13
(Sf + 1) 127'[277U0€0dpd]§

E,=(
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OBJECTIVES

This work is focused on the N95 respirator and modifications possible to raise the
collection efficiency in the nanoparticle size range. The work initially investigated the
production of TiO> at the nanoparticle size range in a work environment due specifically
to the abrasion of paint that had nano sized TiO, within. The focus was specifically
geared for particles under 300 nanometers and the possibility of exposure to particles of
that size. This dissertation provides an analysis of sanding of freshly painted nanoparticle
infused paint, as well as weathered samples of the same paint, which led to the testing
and verification of possible modifications to the N95 respirator. The specific aims of this
study include:

1. Characterize the physicochemical and morphological aspects of paint dust created
through abrasion of paint containing nano sized TiO; particles within.

2. Characterize the effects that environmental weathering and exposure have on
paint dust emissions during the abrasion process.

3. Create and assess filter combinations and media that can decrease filter
penetration of TiO2-embedded paint dust nanomaterials.

This work initially focuses on the risk assessment to construction painters during
the abrasion process of paint containing nanoparticles as both a pristine coating of paint
and a weathered version of the same paint. After the risk assessment confirmed a
possibility of exposure to free and exposed nanoparticles, work was then performed to
lower that exposure risk. The information in this dissertation can help contribute to
greater protection for construction workers in other fields, as well as lead to more robust

risk assessments in a growing field.
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EXPERIMENTAL
Materials
A commercially available latex paint and primer formulation for indoor surfaces
was purchased in bulk to be able to use the same batch for all studies and test conducted.
Panels were bought all at once and consisted of Northern pine boards from one

distributor.

Testing

Particle size and concentration

The aerosol size distribution was monitored using a suite of continuous particle
sizers and counters that directly measure the aerodynamic diameter (da). These include
the wide range particle spectrometer (WPS) (Model 1000XP, MSP Corp., Shoreview,
MN) and the condensation particle counter (CPC) (Model 3771, TSI Inc., Shoreview,
MN). Using the data, we determined the count median diameter (CMD) and geometric
standard deviation (GSD). Using the CMD and GSD we determined the concentration of
the particles at different size points and also determined the amount of mass generated for

those size points.

Scanning Electron Microscopy (SEM)
We used an SEM (Quanta 650 FEG, Eindhoven, the Netherlands) at the UAB
Scanning Electron Microscopy Laboratory to physically determine presence of

nanoparticle TiO- as well as other components of the paint. All individual dust samples
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were collected on filters and mounted on aluminum stubs. Imaging was done with no
sputter coat at low vacuum at an accelerating voltage of 15 kV Determination of material

makeup was done through the EDS function of the SEM.

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)
ATR-FTIR spectroscopy was used to reconcile the presence of wood and paint
organic polymers in dust and changes in organic composition. ATR-FTIR spectra of paint

dust samples were measured using an ALPHA spectrometer (Bruker Corp., Billerica,

MA) equipped with a single reflection diamond ATR in the UAB chemistry department.

Inductively coupled plasma mass spectrometry (ICPMS)

ICP-MS analysis was used to determine exact concentrations of elements found in
the abrasion samples. The limit of detection varies from 0.001 to 5 pg/l for the target
elements of Al, Si, Ti, Zn, Cu and Fe. The ICP-MS was done by a third party at the

University of Arkansas at Fayetteville Stable Isotope Laboratory.

Quartz Crystal Microbalance (QCM) Cascade Impactor

The cascade impactor we used (PC-2, California Measurements, Inc., Sierra
Madre, CA) was to determine total mass of particle sizes before and after the tested
filters. Particle mass was the focus point as the nano sized particles produced many
particles but the mass of larger, less plentiful particles have more of an effect on a person

versus many particles that have infinitesimally smaller mass.
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ORGANIZATION OF WORK

The work in this dissertation in arranged into three articles that are consistent with
and work to answer the goals that are laid out in the objectives section. An introduction
and literature review introduces the material of the thesis, and a general conclusions
summarizes the body of work.

Article 1 details the design and construction of the CARES that is used in all three
manuscripts. It characterizes the abrasion aerosol makeup both morphologically and
physiochemically, building the argument that nano TiO- is a concern and work on
improving the N95 is something that needs to happen. Article 2 determines the effects of
weatherization and pollution on the TiO2 NEPs that are used in the coatings industry. It
determines when TiO2 ENMs are more likely to break free from the NEPs during
abrasion and end-of-life procedures. Article 3 details the many different filter media that
are combined and tried with the N95 filter to help reduce the chance of TiO2 getting into
the construction painter’s airway. It determines the correct combination of filters to raise

the protection level for the worker.
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ABSTRACT

The purpose of the study was to determine the potential for release of titanium dioxide
nanoparticles in paint dust. The coatings aerosol resuspension system was developed and
used for testing the generation and physical, chemical and morphological properties of
paint dust particles from mechanical abrasion (i.e. sanding) of coated wood surfaces. The
paint dust emissions from bare and coated wood surfaces with multiple coatings using
variable sandpaper grits were evaluated. Substantially higher particle number
concentrations were measured for paint dust containing particles in the nano range
(particles with aerodynamic diameter less than 100 nm) than those measured for wood
dust. The variability of particle number concentration and size distribution of paint dust
derived under different conditions indicated that considerable quantities of nanoparticles
may be released from mechanical abrasion of painted surfaces that may induce unhealthy
exposure conditions. Moreover, spectroscopic and microscopic analysis identified the
presence of paint and wood components in paint dust, including titanium dioxide
agglomerates that were originally embedded in the paint. The agglomerates were mostly
attached to particles with sizes < 100 nm enabling them to potentially penetrate into the
lower respiratory tract. These results demonstrated that the paint dust exposure generation
system can provide qualitative and quantitative information on particle emissions and the
abundance of nanoparticles from paint sanding in realistic conditions and they may be
used to assess occupational and environmental exposures and risks. Furthermore, the

prevalence of titanium dioxide nanoparticles in paint dust highlights the potential for

21



22

exposures of painters and other occupational groups to hazardous paint dust and the need

for protective devices and strategies aiming to reduce exposures to nanoparticles.

Key words: Nanoparticles, pigments, scanning electron microscopy, spectroscopy,

sanding
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INTRODUCTION

Metals and metal oxides nanoparticles (i.e. particles whose size, shape and
chemical content are manufactured in the nano-scale) have been integrated as free
powders, stabilized particles in suspensions or mixed into paint batches and granulates.
They improve the properties and functionality of paints such as coloring, integrity,
thermal insulation, bactericidal activity, fire retardant and self-cleaning.?” Those
typically used in coatings include titanium dioxide (TiO), silicon dioxide (SiOz), silver
(Ag), zinc oxide (ZnO) and aluminum oxides (Al203).® Inhaled pristine nano-metals and
metal oxides affect the lung, but are also cleared into circulatory systems, lymphatic
system, nervous system, gastrointestinal tract and cross the blood/brain barrier.®® They
are shown to induce fibrosis, emphysema and tumors in the respiratory tract, lymphocytes
damage, thrombosis, cardiovascular and neurodegenerative diseases. 48

Construction and maintenance painting workers are exposed to a large variety of
substances in paint and paint dust. There are at least 215,000 painters in this sector
excluding part-time and undocumented workers who may comprise a significant fraction
of the construction workforce.*?) Painters are occupationally exposed to known human
carcinogens. ?% Painters have consistently shown significant excess in lung cancer
mortality for both smokers (relative risk of 1.35 (95%CI: 1.21-1.51) and non-smokers
(relative risk of 2.00 (95%Cl: 1.09-3.67)).?% They also have a higher than average
incidence rate (235.9 per 10,000 workers; average of 104 per 10,000 workers) for
nonfatal occupational injuries/illness and a median of nine (9) days away from work, with

exposures to harmful substances being the dominant non-physical hazard.?? Painting is



24

associated with rhinitis symptoms (odds ratio: 2.4, 95% CI: 1.1-5.2), asthma (odds ratio:
4.7, 95%CI: 1.4-16.1) and chronic bronchitis (odds ratio: 2.9, 95%CI: 1.0-8.4) when
compared to carpentry work.?®

The current occupational risk assessment process in occupational health and
safety focusing on individual chemicals may not be appropriate to address possible health
risks of paints with nanoparticles throughout the lifecycle of the product. In paints,
nanoparticles form agglomerates with paint polymers; however, the integrity of these
agglomerates may be compromised by environmental and mechanical factors resulting in
metals and metal oxides dislocation and release over time.*?” An important “end-of-
life”” exposure scenario that directly leads to the generation of respirable paint dust is the
mechanical abrasion (i.e. sanding) of painted surfaces. Koponen et al.?® found that
sanding dust of wall and wood coated with nano-containing products was dominated by
particles in the 100-300 nm size range. Gomez et al.?® found that 80% of the collected
paint dust particles have TiO2 and Ag nanoparticles based on electron microscopy. These
studies raise concerns regarding the potential for exposures to nanoparticles currently
incorporated in paints; there is a lack of systematic investigation and understanding of the
parameters affecting the release and their physicochemical and morphological properties.

The aims of this study were to: (i) determine the number concentration and size
distribution; (ii) characterize the elemental and organic composition; and (iii) assess the
presence of TiOo, in released particles generated by the mechanical abrasion on painted
wood surfaces with TiO2-containing paint for different painting and mechanical abrasion
conditions. For this purpose, a coating aerosol generation system has been developed to

realistically simulate the generation of paint dust during sanding including commercially
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available wood surfaces, paints, sanders and sandpapers typically used by painters in the
construction industry. Paint dust samples were collected and their morphology and
chemical content were determined by scanning electron microscopy (SEM), attenuated
total reflectance Fourier-transformed infrared (ATR-FTIR) and inductively coupled

plasma mass spectrometry (ICPMS).

METHODS
Paint Dust Generation

Fig. 1A shows the schematic diagram of the major components of the Coatings
Aerosol Resuspension System (CARES). It is composed of a polyvinylchloride glovebox
chamber (115 cm [L] x 60 cm [W] x 60 cm [H]) (Lancs Industries, Kirkland, WA) that is
installed in laminar-flow ventilation hood (SG603 Model, Baker Co., Sanford, ME).
Mechanical abrasion of the painted surface is done manually using an orbital sander. The
inlets of the aerosol continuous monitors and integrated samplers are placed on the upper
surface of the chamber, and about 40 cm above the working surface, to better simulate
the distance between the wall and the painter’s breathing zone. Fans on the side panels of
the chamber ensured dispersion of particles. Additional air was introduced through a
high-efficiency particulate filter (HEPA) to reduce the presence of background particles.
Excess air is vented through filters to the ventilation hood. Particle number
concentrations were continuously measured using DC1700 portable particle counters
(Dylos Corp., Riverside, CA) inside the ventilation hood to ensure that particle
background levels, before, during and after the experiments were kept low to eliminate

potential contamination of paint dust measurements and for safety.
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Figure 1. Schematic drawing (not-in-scale) of the Coatings Aerosol REsuspension
System (CARES) (A). The painted surface is placed within the chamber and manually
abraded with an orbital sander in a predetermined pattern (B). System specifications are
given in Methods. The released dust is analyzed by real-time monitors and collected on
appropriate substrates for chemical and morphological analysis.

The aerosol size distribution was monitored using a suite of continuous particle
sizers and counters that directly measure the aerodynamic diameter (da). These include

the wide particle spectrometer (WPS) (Model 1000XP, MSP Corp., Shoreview, MN) and

the condensation particle counter (CPC) (Model 3771, TSI Inc., Shoreview, MN). The
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WPS measured particles from 10 nm to 10 um using differential mobility analyzer
coupled with condensation particle counting (DMA/CPC) for particles with da < 0.4 um
(in 48 channels for 3 sec/channel) and optical light scattering (OLS) for particles with da
> 0.4 um (in 24 channels concurrently). The particle concentration ranges were up to 20 x
10" part/cm? for the DMA/CPC and 500 part/cm? for the OLS sensor. The CPC measured
the total number of particles with da >10 nm. Particles in the sample stream are grown
through the condensation of isopropanol vapors and counted using a single-particle-count
mode. Paint and wood dust samples were collected on two sets of 13-mm cellulose filters
and 47-mm Teflon filters (Pall Corp., Port Washington, NY) at 1.0 and 5.0 I/min flow
rate, respectively, for subsequent SEM, ATR-FTIR and ICPMS analysis. . The 13-mm
filters were selected to fit on SEM sample holder. The Teflon filters were selected to

facilitate gravimetric, elemental and organic analysis (not shown here).

PAINTED SURFACE PREPARATION AND ABRASION

A commercially available latex paint and primer formulation for indoor surfaces
was purchased. These paints are typically composed on pigments, fillers and binders in
an aqueous suspension. According to the product’s safety datasheet, the paint formulation
was composed of water (49.6% wi/w), non-volatile species (49.4% wi/w), organic volatiles
(0.9% w/w) and 2-amino-2-methyl-1-propanol (0.2% w/w) (CAS #: 124-68-5). It also
included TiOz (3.2% w/w) (CAS #: 13463-67-7), crystalline silica (0.22% w/w) (CAS #:
14808-60-7) and cristobalite (0.11% w/w) (CAS #: 14464-46-1). Both sides of the wood
panels (61.25 cm [L] x 28.75 cm [W]) were coated with two, four, six and eight paint

coatings by using a 5-cm brush with 48 hours waiting periods between coatings. Six to
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eight replicates were done for each sampling configuration. Panels were conditioned in a
room (20°C and 30% RH) for a week prior to sanding.

For abrasion, a BDEROG600 2.4 Amp 5 inches (12.7 cm) orbital sander in its
complete configuration (including the fitted filter) (Black & Decker, Towson, MD) fitted
with Shopsmith® 5 inches (12.7 cm) aluminum oxide abrasive film discs (sandpaper,
hereafter) (Shopsmith, Dayton, OH) was used. The sandpaper grits were 40, 120 and 220
(P40, P120 and P220, hereafter) and correspond to “Step 1: Extreme removal”, “Step 2:
Moderate surface preparation” and “Step 3: Fine scuffing” in the wood preparation and
polishing processes. Each wood panel was divided in two segments (Fig. 1B). The sander
was manually moved on the top segment along its length for 2.5 minutes, then vertically
to the bottom segment and along its path for another 2.5 minutes. The sanding duration
for each segment was selected to match the time required by the WPS to perform two full
scans for the entire particle size range (2 measurements x 144 sec/measurement + 15
seconds delay between measurements).A new sandpaper pad was used for each
experiment. A set of wood panels underwent the same treatment (handling and sanding,
except painting) to characterize the physicochemical and morphological properties of
wood dust. All activities were performed by a doctoral research assistant to control
reproducibility uncertainties associated with differences in operator’s behavior. Breaks
were scheduled between tests to perform background tests on instruments and

experimental setup and reduce operator’s fatigue and ergonomic hazards.
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CHEMICAL AND MORPHOLOGICAL ANALYSIS

The 47-mm Teflon filters were analyzed by ICP-MS for Al, Si, Ti, Zn and K at the
University of Arkansas at Fayetteville Stable Isotope Laboratory. Samples were digested
in concentrated HF/HNO3s mixtures. Following digestions, samples were evaporated to
dryness and re-dissolved in 2 ml of HNOz. Prior to analysis, the sample was diluted with
ultrapure water and known quantities of internal standards were added. ATR-FTIR
spectra of wood dust, paint, and paint dust samples were measured using an ALPHA
spectrometer (Bruker Corp., Billerica, MA) equipped with a single reflection diamond
ATR. The spectra were recorded in the range of 400-4000 cm™ with a resolution of 2 cm
1 over 64 scans. The morphology of paint dust particles was visualized by SEM (Quanta
650 FEG, Eindhoven, The Netherlands) under low-vacuum at an accelerating voltage of
15 kV at the University of Alabama at Birmingham Scanning Electron Microscopy
Laboratory. Prior to analysis, the samples were mounted on a stub and sputtered with Pt.
The working distance of samples was set at 10 mm with an accelerating voltage of 15 kV
and an aperture of 30 um. Images were taken at 5000x magnification. Elemental
compositions were examined using an energy-dispersive X-ray spectroscopy analyzer
with 30 mm? Silicon Drift spectrometer. Energy dispersive spectroscopy (EDS) analyses
were performed at a magnification of 5000x%, corresponding to an analyzed surface of 50
um [w] x 30 um [h]. It is noteworthy that the da measured by the particle sizers described
previously refers to the diameter of the spherical particle with a density of 1,000 kg/m?®
and the same settling velocity as the irregular particle, while SEM measurements refers to

the actual physical size of the particle.
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CALCULATIONS
The count median diameter (CMD) and geometric standard deviation (GSD) were
computed by plotting the particle number cumulative fraction as a function of particle
diameter for each sample. The particle mass concentration (m in ug/m?®) for thoracic
(PMyo), fine (PM2s), accumulation-mode (PM1.0) and nano-size (PMo.1) particles were

computed using the WPS data as follows:

m-dg i PpNi
PM, = (g7, e 19 &)

where x is the PM fraction (PMo.1, PM1.0, PM25s or PMio), daji (in m) and Ni (in part/m?)
were the midpoint particle aerodynamic diameter and number concentration for i-
channel, and p, was the particle density of 1,000 kg/m?3 that is typical for carbon-rich
particles. For PMyo, all WPS channels were used. The channels with mid-point da from
0.01t0 0.103 pum, to 1.09 um and 2.29 uM were integrated for PMo.1, PM10 and PM2s
mass estimates. The mean particle CMD, GSD and number and mass concentrations were
computed from all replicates for each test (n = 6 — 8).

Particle number concentrations (PNC) were log-transformed and tested for
normality using the Shapiro-Wilk test. The significance of difference in mean PNC
values between groups was examined with the non-parametric Mann-Whitney (when two
groups where compared) and Kruskal-Wallis (for more than two groups) tests at a=0.05.
These tests were followed by Tukey’s Honestly Significant Difference test. All analyses
were done using SPSS (Version 23) (IBM Analytics, Armonk, NY) and Origin Pro

(version 9.1) (OriginLab, Northampton, MA).
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RESULTS
Particle Concentrations and Size Distribution

The panel A in Fig. 2 illustrates the PNC of wood and paint dust (two paint
coatings) generated by the sander for approximately five (5) minutes using different
sandpaper grits. The panel B in Fig. 2 shows paint dust PNS for multiple paint coatings
using the P120 sandpaper. The mean (x standard error of the mean) PNC in paint dust
varied from 147,000 * 1,500 part/cm? for the P4o sandpaper to 235,000+ 2,200 part/cm?
for the P120 sandpaper and 278,000 + 2,300 part/cm? for the P22 sandpaper. They were
consistently higher than the wood dust PNC (83,000 + 1,100 part/cm®) using the P120
sandpaper (differences were statistically significant at the 95% level).

Paint dust PNC followed a multimodal pattern as the orbital sander moved along
the painted surfaces (segment #1 in Fig.2A). The trends were more pronounced for paint
dust generated using the P4o sandpaper and to a lesser extent for P120 and P220 sandpapers.
Wood dust showed very little temporal variability. For paint dust generated using the Pao
sandpaper, the PNC at the end of this modal cycles were comparable to the PNC
measured for wood dust (segment #2 in Fig. 2A). It is noteworthy that the paint was
completely removed using the P4o sandpaper and only partially removed for P120 and P22o

sandpapers were used (see Figure S1 in Supplemental Information).
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Figure 2. The particle number concentration of wood dust (with P120) and paint dust with
P40, P120 and P22g sandpapers (A) and paint dust of four, six and eight coatings with P129
sandpaper (B) measured by the condensation particle counter.
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The PNC of paint dust generated using the P120 sandpaper for wood panels with
multiple paint coatings (i.e. four, six and eight) varied from 178,000 + 2,000 part/cm®to
200,000 + 2,000 part/cm?®) (Fig. 2B) (differences were also statistically significant at the
95% level). The multimodal PNC pattern over time was also observed for the multiple
paint coatings. Its intensity (i.e. variability between maximum and minimum PNC)
decreased as the coating layers increased. Note that paint was also inefficiently removed
from panels with multiple coatings (see Figure S2 in Supplemental Information).

Figs 3A-D and 4A-C depict the normalized measured particle number and
reconstructed mass (ca. Eq. 1 for each size range) size distributions of wood dust, paint
dust using different sandpapers and for variable paint coatings. A one-mode distribution
with maxima in the nano size range (da < 100 nm) was observed for paint dust particle
number generated by different sandpapers and multiple paint coatings. The size
distribution of particle mass reached a maximum in the coarse particle range (da > 2.5
pm). For paint dust generated by P120, P220 and to a lesser extent for paint dust from
multiple paint coatings, a second mode in particle mass distribution was observed in the
accumulation mode (da < 1 um) (see arrows in Figs 3C-D and 4B-C).

Table 1 presents the mean (z standard error) of the CMD, GSD and reconstructed
PM1o, PM25, PM10 and PMo.1 mass concentrations (ca. using Eq. 1). Paint dust was
comprised of nano-size particles with a CMD of 35.6 — 39.4 (38.4 + 1.6 nm for P4o, 39.4
+ 2.7 nm for P12 and 35.6 £ 2.2 nm for P220). The CMD of wood dust (with P120
sandpaper) was comparable (31.0 = 5.4 nm). The GSDs of paint dust particles were also
similar for paint dust generated with the different sandpapers (2.4 £ 0.1 for P4 and 2.2 +

0.1 for P120 and P220), while a slightly higher GSD was computed for wood dust (2.8 £
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0.1) suggesting that larger particles may be present in wood dust. This was in agreement
with the higher mass median diameter (MMD) (679 + nm) and diameter of the mean
mass (dmm) (1,135 + 204 nm) of wood dust as compared to those computed for paint dusts
(MMD: 229 + 38 to 356 = 41 nm; dmm: 308 £ 42 to 515 + 60 nm). Comparable CMD
(from 27.2 £ 1.5t0 35.5 £ 2.4) and GSD (from 2.2 £ 0.1t0o 2.4 + 0.1) (Table 1) values

were calculated for paint dust generated using the P12 sandpaper on wood surfaces

covered with multiple paint coatings.
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Figure 3. Particle number and mass (in logarithmic scale) size distribution of wood (A)
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Figure 4. Particle number and mass (in logarithmic scale) size distribution of paint dust of
four (A), six (B) and eight (C) coatings with P120 sandpaper



Table 1 Paint dust aerosol size characteristics and mass concentrations (mean + standard error)

Wood dust Paint dust
Sandpaper P120 Pao Pi20 P220 Pi20 Pi20 P120

Paint coatings - 2 2 2 4 6 8
CMD (nm) 31+54 384+1.6 39.4+27 35.6+2.2 285%+1.9 35,524 27.2+15

GSD 2.8+0.1 24+0.1 22+0.1 22+0.1 24+0.1 22+0.1 23+0.1
MMD (nm) 6791122 35641 269 +41 230+ 40 284+ 34 229+ 38 284 + 30
dmm (nm) 1135+ 204 515+ 60 370+ 56 314+ 54 416 £ 50 313+53 308 +42

Particle mass” (ug/m3)
TSp 16,222 + 5,582 1,113+ 442 329+ 35 864 + 503 729+ 428 229+ 44
1,074 1,386

PMo.1 3+1 712 173 12+3 9+1 9+1 8+1

PM1 16+1 2512 365 32+15 20+ 3 172 15+1

PM2s 359+ 37 269 £ 65 94 121 49+ 15 72 %29 50+ 20 31+3

A Assuming spherical particles with a density of 1,000 kg/m?3

9¢
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Assuming spherical particles with density of p,=1,000 kg/m? (i.e. typical for
carbon-rich aerosol), the reconstructed mean (£ standard error) PM1o mass concentration
of wood dust was 16.2 mg/m?®. It was substantially higher than the reconstructed PM1o
mass concentration for paint dust using the three sandpapers. The paint dust PM1o
concentration increased from 329 + 35 to 5,582 + 1,386 pg/m? as the sandpaper grit size
decreased (from ultrafine to coarse sandpapers). For wood dust, the vast majority of PM1g
mass were coarse particles (~98%), and only one-thousandth (or 16 + 1 pg/m®) was
associated with the finer particles (PM1.0) and one tenth of that was in the nano size
(PMo.1) range (3 + 1 pg/m?3).

Approximately 5 to 15% of paint dust of PM1o was associated with the respirable
fraction (PM2s) (269 + 65 pg/m? for Pag, 94 + 21 pg/m® for P1go and 49 + 15 pg/m? for
P220). The PM1, fractions accounted for 10%, 30% and 55% of PM2 s paint dust
generated with P40, P120 and P220 sandpapers, with 25-50% of them being in the nano size
range, resulting in PMo.1 mass concentrations as high as 17 + 3 ug/mé. The paint dust
PM1o mass concentrations decreased from 869 + 503 ug/m3to 229 + 44 ug/m?®as the
number of applied paint coatings increased from four to eight, albeit around 10% was
associated with the fine fraction. The PMy,o fraction account for 25 to 50% of PM2s, with

more than 50% of PM1 o particles being in the PMo.1 size range.

Paint Dust Composition
Chemical Analysis
The ATR-FTIR absorbance spectra of wood and paint are depicted in Fig. SA.

The spectrum of wood dust demonstrated unigque absorption bands including stretching
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O-H in-plane absorption bands in the 3200-3700 cm™ typical in cellulose and
polysaccharides. Other major absorption bands were attributed as follows: 2800 — 3000
cm™ to C-H stretching, 1510 cm™ to C=C stretching of the aromatic ring of lignin, 1465
cm™ to C-H deformation in lignin, 1375 cm™ to C-H deformation in polysaccharides,
1335 cm™ to bending in-plane O-H, 1240 cm™ to C-O stretch in lignin and broad band in
1024 cm™ to C-O stretch in C-O-C cellulosic bridges.

The main absorption bands observed in the ATR-FTIR spectrum of paint were:
2800 — 3000 cm'! (stretching vibration of the —CH.- group), 1730 cm™ (stretching of the
C=0 group), 1450 cm™ , 1385 cm (stretching of CHs groups) , 1240 cm'® (stretching of
=C-H groups), 1140 cm'! (stretching of the C-O group), 840 cm (bending vibration of
the aromatic C-H group). The broad bands in 400 — 650 cm™ region were assigned to
TiOo>.

Figs. 5B and C show the ATR-FTIR spectra of paint dust generated with variable
sandpapers and multiple coatings, respectively. Clear similarities among paint dust, paint
and wood spectra can be detected, reflecting the presence of both paint and wood species
in paint dust. All paint dust samples retained the absorption bands in the 400 — 650 cm™
region, previously attributed to TiO>. Per Beer-Lambert Law, the absorption is
proportional to the concentration; thus, more TiO2 may be associated with paint dust
generated with P120/P220 sandpapers as compared to Psg sandpaper, and for paint dust
generated from six and eight coatings compared to four coatings. The relative abundance
of paint and wood particles may be derived from the spectral profile in the 800 — 1300
cm region (dotted rectangular in Figs 5.A-C) that includes C-O absorption bands for

wood dust (cellulosic and lignin) and paint dust (oil-based binders).
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Figure 5. ATR-FTIR spectra of wood dust and paint (A), paint dust with Pao, P120 and P229
sandpapers (B) and four, six and eight coatings (C)
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The relative contribution of paint species in paint dust increased as the sandpaper
grit changed from P40 to P22 and the number of coatings increased. The prevalence of
wood species also increased for different sandpapers but remained relatively unchanged
for multiple coatings.

Figs. 6A-B show Ti concentrations in paint dust (in ng/mg of paint dust particles)
and the Ti-to-Al ratios generated using three sandpaper types for multiple paint coatings
measured by ICPMS. The measured levels of Ti, Al, Si, K and Zn are presented in Table
S1. Paint dust Ti concentrations using the P120 sandpaper were comparable for all
coatings (from 29 to 33 ng/mg of particles) but lower than those measured using the Pag
(from 49 to 101 ng/mg of particles) and P220 (from 73 to 90 ng/mg of particles)
sandpapers. Overall, Ti in the form of TiO2, accounted for 0.01 to 0.02% by weight of
total particle mass. Note that no size selective inlet was used, therefore TSP aerosol
including large wood dust particles were collected. Assuming that TiO2 particles may be
present in the nano size range and that PMo.1 particles accounted for approximately 1% of
TSP by mass (Table 1), the relative abundance of TiO2 may increase up to 2% by mass.

Aluminum (Al) was present in paint (see Figure 8 below) but can also be released
from sandpaper. The Ti/Al ratio was used to assess the potential effect of sandpaper
particles for different sandpapers and paint coatings. For wood panels with the same paint
coatings (similar quantities of paint TiO>), higher Ti/Al values indicated an enrichment of
TiO, as compared to larger Al-containing particles in paint or sandpaper. In most of the
experiments, the Ti/Al increased for coarse sandpapers suggesting the enhanced presence
of paint particles as compared to those potentially released from sandpaper. In all cases,

Al and Si concentrations added less than 1% to paint dust particle mass.
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Figure 6. Particulate Ti levels (A) and Ti-to-Al concentration ratios for paint dust
generated by sanding wood boards coated with multiple paint layers with different

sandpapers.

Morphological Analysis

Fig. 7 depicts the SEM backscatter images of paint and paint dust generated by

P120 with two coatings. SEM images of paint dust generated with different sandpapers

and coatings are included in Supplemental Information (see Figures S3 and S4 in

Supplemental Information). In backscatter SEM, carbon-based materials are projected in

dark colors whereas metals are bright. The painted surface is characterized by a rather
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uniform distribution of white spots that may be attributed to metal oxides. Released
particles also contained TiO2 nanomaterials in various shapes (spherical, amorphous) in
the nano-size range (Fig. 7B and Fig. S5 in Supplemental Information). Larger fiber

agglomerates were in the submicron range.

Figure 7. Backscatter SEM image of paint (A) and paint dust (B) (P120 sandpaper, and
two coatings).
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Figure 8 shows typical SEM-EDS spectra obtained from wood, paint and paint
dust. Wood dust was entirely composed of C and O (ratio of 2:1). This is comparable to
the compositional characteristics of wood, that is comprised of 80% of cellulose
(represented as CH20, C:0=1) and 20% lignin (represented as C19H130a4, C:0=5:2). No
metals were observed in wood dust. In addition to C and O (ratios of 4:1 for paint and 1:1
for paint dust), paint and paint dust also comprised of Ti, Al, Si. Traces of Zn and K were
observed in paint dust. The quantity of Ti was comparable in paint and paint dust (23 and
24%). The relative abundance of Si and Al increased from 12% and 7% in paint to 19%
and 14% in paint dust, respectively. That may be suggestive of minor quantities of Al and
Si particles released from the sandpaper. Note that C may also be associated with the

filter material (cellulose).
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Figure 8. Typical SEM EDS spectra of individual particles in wood, paint and paint dust
(P120 sandpaper, and two coatings).
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DISCUSSION

The PNCs of dust generated from bare and painted wood surfaces with multiple
paint coatings using different sandpapers have been monitored. Paint dust PNC was up to
three times higher than wood dust PNC due to differences on wood and paint surface
properties affecting particle generation.®® Wood contains long fibers made of cellulose
and lignin ranging from 30 - 300 um in diameter and 10 um - 4 mm in length.®Y On the
other hand, painted surfaces are composed of single particles associated with pigments,
filler particles in agglomerates with the polymeric binder, and other additives (e.g.
thickeners, dispersants and defoamers) to achieve stability and application consistency.
The type, size and quantity of pigments varied (TiO2 for white and high opacity paint) but
typical pigment particle sizes do not exceed 250 nm in diameter. Larger agglomerates
may be in the submicron size range.®? Paint dust PNC increased for finer sandpaper,
which is consistent with the potential of particle in finer sandpapers to make chiseled
scratches and dislocate smaller pieces of paint materials. On the other hand, coarse
sandpaper has the capacity to remove larger quantities of material by generating larger
particles, which was consistent with the particle size measurements and particle mass
calculations. Another potential mechanism, albeit of minor importance for engineered
metal-oxides nanoparticles, is the volatilization of paint organic polymers because of the
heat developed on the surface by friction, and subsequent particle formation through
condensation.

Previous studies have also found that engineered nanoparticles in wood sealants
and coatings to protect against water and UV damage on plywood and hardwood panels

may be released as agglomerates by mechanical abrasion.®3** Those studies however
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found no significant differences in PNC between coated and uncoated surfaces. This may
be due to differences on the thickness of coating materials (paint vs. sealants) and the
type of wood panel. Plywood is made of thin wood layers patched, graded, glued and
baked together, compromising the integrity/length of wood fibers, which may result in
the generation of more nano-sized particles during sanding. It has been previously
reported that nano-size particles may be generated by the orbital sander.®® In this study,
both measured paint and wood dust concentrations include sander-generated
nanoparticles. As a result, even if all nano-size particles in wood dust were due to the
sander, they could only account for up to 30% of paint dust nanoparticles. Previous
studies suggested that submicron particles may also be generated by the degradation of
sandpaper, as indicated by the presence of Si-Al particles.®® Note that the average
sandpaper particle diameters for P20, P120 and P40 sandpapers were 68, 115 and 425 pm
respectively.®® In this study, SEM/EDS analysis indicated the presence of Al and Si in
paint and paint dust, but not in wood dust generated using the same sandpapers.
Elemental analysis by ICPMS showed that Al and Si particles accounted for less than 1%
of particle mass. The prevalence of sandpaper Al particles may have decreased for coarse
sandpapers.

Paint application of new wood surfaces in residencies and buildings typically
includes one layer of primer, ultrafine sanding to smooth the wood surface, and two
layers of paint. However, over time, more layers of paint may be applied without sanding.
This may result in the accumulation of paint components including nanoparticles. No
significant differences in PNC from surfaces coated with multiple paint layers were

observed indicating that particle release rates under the same conditions (i.e. sandpaper
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and sanding time) were comparable. However, more nano-size particles may be
eventually re-suspended from multiple painted surfaces because more time would be
required to effectively remove the accumulated paint.

Nano-size range particles were predominantly generated during abrasion of bare
and painted wood surfaces. The CMD did not vary substantially (differences not
significant at the 95%) for wood and paint dust generated by different sandpaper sizes.
On the other hand, GSD differences among wood and paint dusts were statistically
significant at the 95% level indicating that generation of nano-sized particles is favorable
in painted surfaces. Wood dust was comprised of more coarse particles (with da > 2.5
um) and less nano-size range particles (with da < 100 nm) compared to those measured
for paint dust. As a result, more than 98% of wood particles by mass were not respirable.
In comparison, on average 9.5% of paint dust particles by mass were respirable (from 1.8
to 14.9% for different sandpapers and coatings), with 20% of the respirable fraction being
in the nano-size range (from 2.6 to 25.8% for different sandpapers and coatings). It is
noteworthy that instantaneous particle size changes may not be entirely captured because
of the WPS measurement method in which particle number concentration for different
sizes is measured sequentially. This uncertainty may be more important as the sander
moved on smoothed surfaces; however, the total PNC measured by WPS and average
PNC measured by CPC for the same time period were comparable (percent of coefficient
of variance (%CV) of less than 7%) indicating that there were no major particle size
misclassification during the measurement period.

The types of the abraded surface and sandpaper modified the particle size range

and their quantity (by number and mass concentration) but not the central tendency
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indicators (CMD). The production of more nano-size paint particles may be related to the
force energy required to break agglomerates of pigments, filler particles and other
additives in paints as compared to large cellulosic/lignin fibers in wood. When paint is
applied, its ingredients may adhere to the wood surface through mechanical interlocking,
diffusion, adsorption and surface reaction and electrostatic interactions. More paint on
wood surfaces (i.e. from painting over existing paints) may result in the release of more
nano-size particles by mechanical abrasion because additional time would be required to
efficiently remove all paint layers from the wood surface.

The release of paint materials included TiO2 nanoparticles have been further
confirmed by ATR-FTIR, SEM microscopy and ICPMS spectroscopy. Paint components
accounted for the majority of organic and inorganic components in paint dust particles
(no IR absorbance assigned to inorganic species was observed in wood dust). TiO-
nanoparticles are found to be encapsulated or on the surface of nano-size paint particles
and individually in different shapes and sizes mostly in the nano range. The relative
abundance of TiOz on individual paint dust particles (as quantified by EDS detector in
SEM) was comparable to that measured in paint. Compared to particle mass, TiO:
nanoparticles accounted for 0.01-0.02% of TSP mass and up to 1-2% in the nano-size
range. Albeit lower than the recommended NIOSH airborne exposure limit of 0.3 mg/m?,
the risk for adverse health effects through the inhalation of nano-size particles containing
engineered nanoscale TiO2 may not be discounted.

Previous studies showed that the toxicity of TiO2 nanoparticles following 24-hr of
exposure may be negligible compared to the toxicity of pristine TiO2; however, the long-

term effect (48-, 76- or 120-hours following exposure) was not examined. ¥ Donaldson
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et al. % demonstrated lung responses and distribution to other organs after 2 to 28 days
following month-long exposures, indicating the persistence of TiO2 nanoparticles.
Encapsulated nanoparticles in agglomerates of water-based paint polymers in the
submicron range (aerodynamic diameter (dz) < 1 um) can still penetrate into the alveolar
region and upon decomposition, dissolution and/or uptake of the water-soluble polymer,
they may be released intact in the lung or distributed in other organs maintaining their
enhanced toxicity. The timing of TiO; release by dissolution of the paint polymers may
also be important since nanoparticles can also translocate into the blood stream affecting
other organs.

Currently, there are exposure limits for specific components integrated in paints
(lead, chromium (V1)) but there are no exposure limits for paint dust or newer additives.
The estimated total particle mass concentrations in this study were lower than the
exposure threshold for wood dust (15 mg/m?, note that wood dust TSP mass
concentration exceeded the exposure threshold). However, the abundance of nano size
particles is particularly worrisome (as high as 17 pg/m?®) as their estimated surface area
may range from 4 to 23 cm?/md. It is noteworthy that estimated particle mass exposures
do not represent actual personal exposures because a smaller chamber (~0.5 m®) as
compared to a typical size room of 20-30 m® was used (may overestimate exposure
estimates), albeit the ventilation hood was operating at 800 m®h flow rate leading to high
air exchange rates in the CARES system (may dilute/underestimate exposure estimates).
It has been previously shown doses of nano size particles substantially lower than those
measured in this study may induce severe pulmonary toxicity and significant pulmonary

inflammation and cytotoxicity potencies for TiO, doses as low as 0.0125 cm?/cm?,(36-39)
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CONCLUSIONS

Metal and metal oxides nanoparticles have been integrated in paints and other
construction materials because of their ability to improve their performance. Exposures to
nanoparticles may be minimal assuming proper handling and use of the products, but
little is known about the potential for exposures to nanoparticles at the end of paint’s
lifecycle which includes the removal of paint from surfaces by sanding. Our analysis
clearly demonstrated the potential for the release of elevated particle concentrations. The
majority of these particles were in the nano-size range accounting for up to 50% of
respirable particulate matter. The nano-size particle number concentrations increased for
finer sandpaper grits and more paint coatings; albeit lower particle mass concentrations
were estimated. Chemical and morphological analysis determined that paint dust particles
were comprised of a combination of paint and wood species including TiO2 nanoparticles
embedded in paint. They were found to be predominantly attached on the edge or inside
particle agglomerates, albeit still in the nano-size range, therefore enabling the potential
for penetration of nanoparticles containing nanoparticles in the lung alveoli and
translocation in the blood.

The paint dust exposure generation system and use of commercially available
equipment and supplies afforded the capability to simulate typical occupational
conditions in a reproducible and traceable manner. Because of its modality, the
generation system may be utilized to investigate a wide spectrum of exposure scenarios

including paint and coating application by spraying. These findings call for further
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research into the release of nanoparticles -embedded paint dust particles including the
effect of the type and quantity of nanoparticles and the effect of weatherization. There is
previous evidence that paint structural integrity deteriorates over time and nanoparticles
may be released into the environment. Furthermore, in-vitro and in-vivo toxicological
studies may provide significant insights on the biological effects of paint dust and the role

of organic polymers and nanoparticles.
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ABSTRACT

In recent years the introduction and use of new nanomaterials in construction has
increased at a rapid rate. Exterior surface paints have been a product that has had these
nanomaterials added to them. In this study, the effects of natural weathering and exposure
to atmospheric agents was examined to determine the detrimental effects upon outdoor
paint that has been created with nanomaterials. Data collected over the course of the
yearlong study indicate the nanoparticles of the titanium dioxide were eliminated rapidly.
Further testing indicated that various elements of weathering were affecting the physical
integrity of the paint. The weathering agents that appear to have the greatest effect on the
samples were acid deposition and total precipitation. There was a strong association with
carbon monoxide and the effects upon the panels. These results can lead to new plans for

assessments involving the synergistic effects of all weathering agents.

Keywords: Meteorology, Air pollutants, Acidity, Titanium dioxide
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INTRODUCTION

Engineered nanomaterials (ENMs) have been integrated into construction
materials including paints. [1] These nano-enabled products (NEPs) are commercially
desirable due to their improved structural integrity, thermal conductivity, fire prevention,
and self-cleaning features as compared to conventional products, and as such, they are
extensively used in commercially available consumer products. [2-5] Despite these
advantages. Most commercially available NEPs are not properly identified as containing
nanomaterials. Moreover, knowledge about their health and environmental effects is
scarce, particularly throughout the lifecycle of the product. For paint, it includes
preparation and application on indoor and outdoor surfaces, environmental weathering
and aging, and final removal, typically by mechanical abrasion. Many ENMs, such as
carbon nanotubes, silicon dioxide, and copper oxide have been shown to be harmful to
humans, with pristine nanoparticles proven to pass from the lungs into the circulatory,
lymphatic, and nervous systems. [6-10]

Exposures of painters and other construction workers are most likely to occur at
the early and last stages of the paint lifecycle. Sanding dust of walls and wood coated
with nano-containing products was dominated by particles in the 100-300 nm size range.
[11] TiO2 and Ag nanoparticles were found in 80% of the collected paint dust particles.
[12] The size of TiO2-containing paint dust and the abundance of nano-sized TiO-
agglomerates was related to sandpaper grit size. [13] As a result, there is potential for
occupational exposures to nanoparticles in paints. This can lead to a rise the possibility of

various diseases that involve the lungs, as painters already have consistently higher lung
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cancer mortality than other construction workers. [14] Additionally, the probability of a
painter to develop COPD is the second highest of all construction workers, following
roofers. [15]

Exposure to environmental conditions including weather and chemicals affects
the integrity and stability of paint over time leading to deterioration, breaks and release of
chemical species. Kaegi et al. [16] determined that leachate from a two-year-old weather
exposed facade had significantly less ENMs than a freshly coated facade. Silver ENMs
leaching showed that the first two months of exposure resulted in 30% of total ENM loss.
[17] Atmospheric pollution can also be detrimental to coatings over time. Acid deposition
is known to significantly deteriorate the integrity of outdoor surfaces. [18,19] Titanium
dioxide (TiO2), the most widely used pigment in paints, reacts with acids through
photocatalysis leading potentially to the destruction of the coating binders at the outer
paint film. [20,21] This may be enhanced by the interaction of anatase nano TiO; and
UV light. [22] As a result, paint chemicals and ENMs may be released into the
environment and enter the human body through a variety of exposure pathways including
hand-to-mouth for toddlers, the primary concern for Pb-based pain, and through the food
chain (i.e. bioaccumulation). [23-25]

In the present work, we aimed to evaluate the effect of environmental weathering
on the release of TiO2-containing paint dust by mechanical abrasion. The premise behind
this study is that environmental weathering may deteriorate the integrity of paint over
time affecting both the availability and ease of generation of TiO2-containing paint dust

by mechanical abrasion. Using a previously developed methodological framework, the
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current work sought to realistically simulate the generation of TiO2-containing paint dust

by mechanical abrasion on weathered wood panels over a year.

MATERIALS AND METHODS
Weathering

To evaluate the role of environmental weathering on paint dust generated by
mechanical abrasion, wood panels painted with TiO,-containing paint were exposed to
weather conditions and air contaminants for regular intervals up to a year. More
specifically, both sides of twelve (12) wood panels were prepared, conditioned, and
coated as previously described (Nored et al. 2018). The panels were stored in a controlled
room (20 °C and 30% RH) for 24 hours before exposure. All panels were placed on the
roof of a 6-floor university building with restricted access and at least 10 meters away
from major air intake and outlets to prevent unwanted contamination and interference
(latitude: 33.502001; longitude: -86.80382 (Datum: WGS84)) from February 1, 2017 to
January 31, 2018. Every fifteen days the panels were rotated to directly expose both sides
to environmental conditions. A panel was randomly selected every 30 days for
mechanical abrasion.

Meteorological conditions and air pollution concentrations measured at the NCore
site in Birmingham, Alabama (EPA AIRS ID: 01-073-0023) (latitude: 33.553056;
longitude: -86.815000 (Datum: WGS84); Elevation 177 meters above sea level) for 2017
and 2018 period were retrieved from US Environmental Protection Agency’s Air Quality
System (AQS). Meteorological conditions included hourly temperature (in °F), percent

relative humidity, barometric pressure (in mbar), total precipitation (in inches of water),



59

resultant wind speed (in knots) and solar radiation (in Langley per minute) were
collected. Criteria gaseous pollutants included hourly CO (in ppm), Oz (in ppm), NOXx (in
ppb), SO (in ppv). Daily PM1o and PMzs mass (in pg m) and PM2.5 speciation data
were obtained in a once every 3 days frequency. More specific, total sulfate, nitrate,

ammonium bisulfate, and ammonium nitrate concentrations were obtained.

PAINT DUST GENERATION AND CHARACTERIZATION

The Coatings Aerosol Resuspension System (CARES) was used to generate TiO>
containing paint dust using an orbital sander and 120 grit size sandpaper in a
polyvinylchloride glove box chamber (115 cm x 60 cm x 60cm) (Lancs Industries,
Kirkland, WA) (Nored et al. 2018). A wide particle spectrometer (WPS) (Model 1000XP,
MSP Corp., Shoreview, MN) and a condensation particle counter (CPC) (Model 3771,
TSI Inc., Shoreview, MN) were used to measure particle number concentration and size
distribution. Paint dust samples were collected on 13-mm cellulose filters and 47-mm
Teflon filters (Pall Corp., Port Washington, NY) at 1.0 and 5.0 L min flow rate,
respectively, for chemical and imaging analysis, respectively. Chemical analysis was
done by attenuated total reflectance Fourier-transform infrared spectrometer (ATR-FTIR,;
ALPHA 1l Platinum ATR, Bruker corp., Billerica, MA) with a single reflection diamond
ATR (range: 400-4000 cm?, with a resolution of 2 cm™). Morphological analysis was
performed by scanning electron microscope (SEM; 650 FEG, Eindhoven, the
Netherlands). The SEM was used in low pressure setting at 0.53 torr, working distance of

10mm. and accelerating voltage at 10 kV. Samples were examined at 5000x and 10000x
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magnification. Elemental composition was determined using the integrated energy-

dispersive X-ray (EDX) at 5000x magnification.

DATA ANALYSIS

The count median diameter (CMD), geometric standard deviation (GSD), and
PM1o, PM2s and PM1, mass concentration of paint dust were computed using the WPS
data as previously described (Nored et al. 2018). Daily descriptive statistics or
meteorological and air pollution variables were computed from hourly measurements.
Subsequently, daily estimates were further aggregated to compute the cumulative
exposure conditions for each wood panel over the 48-week period. Aerosol acidity (in
mol m=) was computed as the sum of the molar concentrations of free sulfate (difference
of total and neutralized (and ammonium bisulfate) sulfate), and free nitrate (difference of
total and neutralized (and ammonium nitrate) nitrate). The sum of gaseous SO2 and NOx
molar concentrations (in mol m) was defined as the gas acidity. Ordinary least squares
regression analyses of CMD, GSD, PM2s and PM¢ mass, and source contributions were
used to determine the monthly trends. Multivariate least squares linear regression analysis
was used to estimate the synergistic effect of weathering conditions on paint dust levels.
The following weather conditions were included in the analysis: dew point (computed
from ambient temperature, percent relative humidity and barometric pressure), molar CO
and Oz concentrations, precipitation, wind speed and aerosol and gas acidity, allowing for
df=4 (degrees of freedom of the model). The percent relative effect of each variable was
calculated as the product of the regression coefficient and cumulative exposure for each

variable to the total effect of all variables. The intercept is interpreted to be the effect
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associated with other weathering variables not included in this study such as highly
reactive radicals. All analyses were done using SPSS (Version 23; IBM Analytics,

Armonk, NY) and Origin Pro (Version 9.1; OriginLab, Northampton, MA).

RESULTS AND DISCUSSION
Paint Dust Concentrations and Trends

Table 1 presents the mean (x 3 x standard error) and monthly trend of the CMD,
GSD, and reconstructed PMzo, PM2s and PMz,0 mass concentrations. The CMD of paint
dust varied from 39 + 10 nm to 98 + 29 nm with a monthly increase of 2.2 + 1.2 nm mo™.
The GSDs of paint dust particles decreased from 3.9 + 0.7 t0 2.3 £ 0.1, at a rate of 0.12 +
0.02 nm mo™, suggesting a narrow size range of paint dust particles after weathering. The
CMD and GSD of paint dust generated after 1 month of environmental weathering were
somewhat different than those computed for paint dust generated from freshly painted
wood panels using the same protocol (CMD of 39.4 + 2.7 nm; GSD of 2.2 £ 0.1) albeit
similar levels of particle mass (PMuo, PM2s, and PM1) levels were generated. It may be
suggestive of weathering processes affecting the physical integrity of paints and therefore
the number and size of generated paint dust but with no significant changes in the
availability of paint. The PM1o, PM25, and PM; paint dust concentrations varied month-
by-month; however, an overall decline was observed for all three fractions, from -123 £
35 ug m mo* for PMao, to -5 + 3 pg m3mo for PMzs and -1 + 0.8 ug m=3mo* for PM.
This trend indicated that weathering may reduce the quantity of paint available for

mechanical abrasion through physical and chemical deterioration and break-up.



62

Table 1. Monthly paint dust CMD, GSD and mass concentrations and trend (mean £
3xstandard error)

Duration

Particle mass (ng/m?®)

(mo) CMD (nm) GSb PMag PM2s PM1o
1 60 + 22 3.4+05 1,250 £ 715 71+43 18+ 11
2 52+ 12 3.9+0.7 1,573 £ 833 84 + 39 22 +10
3 51+14 29+05 764 £ 471 3820 10£5
4 77+ 28 29+05 1,443 +1023 92 + 68 25+19
5 68 + 18 28+05 1,887 2325 130 £ 143 37+8
6 62+8 28+0.2 832 + 353 79 + 36 24 +11
7 39+£10 25+0.1 247 + 166 25+ 16 916
8 50+ 12 2.7%0.2 315+ 154 26+ 17 85
9 61+12 25+0.1 373+ 416 38 £ 32 12+8
10 69 + 10 23+0.1 315 + 225 39+ 22 13x7
11 98 + 29 24+0.2 577 + 380 64 + 27 22+7
12 82+9 23+0.1 118 £ 78 13+9 4+3

Trend 2212 -0.12 £ -123+£ 35 5+3 -1+0.8
(hnmmo™?)  0.02(mo?) (ugm3mo?) (ugm3mo?) (ugm?3mo?)

Chemical and Morphological Analysis

The ATR-FTIR absorbance spectra of paint dust at 0, 3, and 12 months are

depicted in Fig. 1. All paint dust samples retained the absorption bands in the 1500 —

3500 cm* from wood cellulosic signatures and paint organic polymers [13,26]. However,

there was a decline in the absorption bands in the 1240 - 750 cm™, attributed to stretching

of =C-H and C-O groups and bending vibration of the aromatic C-H groups. Olefinic,

aromatic, and hydroxyl functional groups may be more susceptible to reactions by

atmospheric oxidants leading to re-arrangement and break-up of the aliphatic chain in

organic polymers and/or hydrogen bonds between polymers [27,28]. The abundance of

broad bands in the 400 — 650 cm™ region previously assigned to TiO, was observed to

substantially decline following 3 months of environmental weathering, indicating the

rapid elimination of TiO2 materials from painted surfaces due to weathering.
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Figure 1. ATR-FTIR spectra of paint dust generated by sanding using P120 sandpaper
after 0-, 3- and 12-months of environmental weathering

Fig. 2 depicts the SEM backscattering images of paint dust at months 0, 3, and 12.
Released paint dust particles contained TiO2 nanomaterials in various shapes (spherical,
amorphous) in the nano-size and submicron size range at 0 months. Both the size and
concentration of TiO paint dust agglomerates declined following weathering indicating
that most of the TiO2 may be inadvertently released into the environment, however, the
remaining TiO2 may be released in the nano size range by mechanical abrasion.

Figure 2. Backscattering SEM image of paint dust generated by sanding using P120
sandpaper after 0 (A), 3 (B) and 12 (C) months environmental weathering.
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Weathering

Figs. 3-5 show the daily variation of meteorological, gas and particulate pollutants
with the study period. The mean daily temperature and relative humidity were 64.9 °F
and 66%, respectively. There was a total of 123 rain events for a total of 2.65 inches of
water. The winds were blowing from variable direction, mostly across the southwest-
northeast axis up to 8 knots, on average. The mean daily CO, Oz, NOy, and SO>
concentrations were 360 ppb, 23 ppb, 14 ppb, and 9 ppb, respectively. The mean daily
ambient PMo and PM25 mass concentrations were 45.8 and 8.8 ug m=, indicating that a
large fraction of ambient PM1o was composed of coarse particles. Total sulfate and nitrate
concentrations (2.7 pg m= and 0.9 pg m3) were substantially higher than those computed
from neutralized ammonium bisulfate (2.09 ug m®) and ammonium nitrate (0.6 ug m™),

suggesting acidic aerosol conditions that favor deposition of sulfuric and nitric acid to
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surfaces. The variation of meteorological and air pollution conditions was typical of an

urban environment.

Relative Temperature

humidity (%)

Precipitation

Solar radiation

Barometric pressure

Figure 3. Daily temperature (a, in °F), relative humidity (b, %), precipitation (c, inches of
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Figure 5. Daily PMyg (a), PM25 (b), ammonium bisulfate (c), ammonium nitrate (d), total
sulfate (e) and total nitrate (f) concentration (in ug/m?d).

Fig. 6 shows the percent relative effect of weathering factors of paint dust CMD, GSD,

PM25 and PM; mass concentrations. The overall effect of meteorological conditions (dew
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point, rain, and wind) was positive, i.e. more paint dust being generated by abrasion,
probably due to physical decomposition of paint and wood. The negative relative effect
of CO and aerosol acidity for CMD and GSD indicated that smaller particles may be
generated and therefore, the resultant PM2.s and PM1 paint dust mass would decline, as
computed by the regression analysis. On the other hand, exposure to strong gas oxidants
such as O3, NOx and SO may result in the generation of larger particle that was

associated with an increase of paint dust mass.
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Figure 6. Effect (%) of environmental weathering conditions on paint dust PM2s, PMj,
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Degradation of painted surfaces exposed to weathering occur at the surface of the
paint, inside the paint layer and at the interface between the film and the substrate.
Weathering conditions degrade painted surfaces through chain-scission and cross-linking
reactions in the paint layer, deteriorating adhesion and the mechanical compatibility with
the substrate. Previous studies clearly demonstrated the capacity of oxidative agents (e.g.
acid rain, ozone and radicals) to inadvertently cause significant damage to painted
surfaces [29]. However, there is no evidence of chemical interactions of paint
formulations, TiO2 materials and CO [30]. In an urban environment, CO is released
predominantly from automobiles. Traffic exhaust is also the primary source of volatile
organic compounds that can readily react in the atmosphere and form hydroxyperoxy
radicals. Paints may undergo oxidation and isomerization from a non-conjugated to a
conjugated isomer, and form hydroperoxides at allylic and vinylic carbons. This was in
agreement with changes in the FTIR spectra of paint dust. These hydroperoxides may
form dimers and polymers to an insoluble and infusible film. These reactions may occur
throughout the life of the paint but at decreasing rates.

Water also accelerates deterioration by stimulating physical processes and volatile
and water-soluble decomposition byproducts. In conjunction with high ambient
temperature, that is typical in the southeast US, degradation reactions may accelerate
depending on the reactions’ activation energy. These processes may be further facilitated
by TiO, particles. Anatase titanium dioxide participates chemically in the deterioration

reaction by acting as catalyst in the oxidation of film by atmospheric oxygen. [2]
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CONCLUSIONS

All painted surfaces are sensitive to environmental weathering. They undergo
photodegradation, leaching, hydrolysis, swelling, discoloration, and degradation. This
study showed that most of TiO2 and paint polymers may have been depleted from
weathered painted surfaces; however, paint dusts generated by abrasion contained TiO>
agglomerates in the nano size range. Weathering agents including meteorological
conditions and air pollutants act at different levels, rates, independently or synergistically
in various combinations and in different sequences resulting in highly variable outcomes,
which declined over time. Gas and aerosol acidity and rain appeared to exert a strong
influence on paint deterioration. The strong association with carbon monoxide may be
due to strong correlation of CO with co-emitted, highly-reactive volatile organic
compounds from vehicles. This study demonstrated the need to assess the synergistic
effects of environmental weathering on painted surfaces because of its potential for the
release of appreciable quantities of TiO2-containing paint dust in the environment and in

workers.
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ABSTRACT

The U.S. Centers of Diseases Control suggests the use of filtering facepiece
respirators (FFRs) for painters and related construction occupations. Engineered titanium
dioxide (TiO2) nanoparticles, shown to be more tumorigenic than bulk TiO, are prevalent
in paint formulations. Specific occupational protection protocols are developed to manage
tasks associated with TiO2-containing paints and dust. In this study, the efficacy of different
types of filtration membranes, namely, packed polypropylene (used in N95 FFRs),
cellulose acetate, polycarbonate and polytetrafluoroethylene to remove paint dust
containing TiO2 nanoparticles was examined at various conditions. The particle mass size
distribution of paint dust was measured using real-time 10-stage Quartz Crystal
Microbalance (QCM) cascade impactor. Particles above 300 nm were more efficiently
removed by cellulose acetate and polytetrafluoroethylene membranes. The filtration
efficiency dropped rapidly for smaller particles in the 100-300 nm range. The results
showed that the filtration efficiency of packed polypropylene membrane increased as
particle size decreased with the highest computed for particles below 100 nm. This may be
due diffusion by Brownian motion and electrostatic attraction. The low collection
efficiency of cellulose acetate for the most penetrating and harmful particles below 100 nm
was improved by increasing the face velocity. These results can be used by manufacturers
to select materials for their respirators. The results can also facilitate future studies on the
design and optimization of respirators using polypropylene or cellulose acetate membranes

to remove the most potent TiO2-containing ultrafine paint dust particles.
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INTRODUCTION

Since 1973, occupational and environmental protections agencies such CDC,
Occupational Safety and Health Administration (OSHA) and US Environmental Protection
Agency (EPA) have been dealing with Pb-based paints consequences. Yet, an equally
harmful and detrimental public health emergency may be brewing due to nanoparticles
(NPs) containing paints (Muller et al 2018). TiO; is the most used (ca. 70% of the total
pigments) white pigment in paints because of their high stability, anticorrosive and
antibacterial properties. TiO- exists in different particle size fractions as fine particles (FPs)
(diameter 0.1-2.5 um) and nanoparticles (NPs) (diameter < 0.1 um or 100 nm) (Ortlieb et
al 2010). TiO2 NPs embedded into paint may be less harmful because of agglomerates
formation; however, they are released upon degradation during weathering and sanding.
The major exposure route of TiO2 NP is inhalation in occupational settings. Sanding dust
coated with nanoparticle containing paint was dominated by nano size particles (<300 nm)
containing up to 80% TiO- and other NPs (Koponen et al 2015; Nored et al 2018).

Upon entry into the human body, TiO2 NPs are absorbed and translocated across
the air-blood barrier, distributed to organs and tissues by systemic circulation and interact
with plasma—proteins, coagulation factors, platelets, and blood cells (Geiser et al 2010; Lee
et al 2011; Eydner et al 2012). In vivo studies demonstrated the carcinogenic potential of
TiO2 NPs, with TiO2 NPs being more tumorigenic than TiO, FPs on an equal mass dose
basis (Trochimowicz et al 1988; Heinrich et al 1995). Owing on their relative short time
in use, initial epidemiological studies did not detect an association between occupational

exposures to TiOy particles and an increased lung cancer risk (Fryzek et al 2003).
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Moreover, the association of TiOy particle size, the most important determinant of
TiO2 NPs carcinogenicity, with lung cancer risk is not well studied. It is estimated that
lifetime occupational exposures of TiOz NPs from 70 pg/m3 to 700 pg/m?® are associated
with 0.1% excess risk of lung cancer (Dankovic et al 2007). Exposure and dose- response
analysis across the lifecycle of products is seriously lacking for both occupational and
environmental scenarios particularly in relation to particle size and processes generating
high TiO2 NPs concentrations. It is, therefore, appropriate to control and mitigate TiO2 NPs
exposures to reduce the burden on occupational health and safety, particularly for painters
who already have high prevalence lung diseases, such as cancer (Lim et al., 2012), and
chronic obstructive pulmonary disease (COPD) (Wang et al., 2016). Paint dust emissions
is the ninth leading cause of disease in the coatings industry (Ringen et al., 2014).

The US OSHA recommended an exposure limit for TiO2 NPs at 0.3 mg/m?®(NIOSH
2011). TiO2 NPs are also classified by the International Agency for Research of Cancer
(IARC) as a Group 2B (possibly carcinogenic to humans) agent suggesting the products
containing TiO2 NPs should be managed cautiously (Baan 2007). Yet, more than 80% of
workers and most consumers are not aware about the presence of NPs in paints (West et al
2016). Personal protective equipment such as N95 FFRs (i.e., remove at least 95% of
particles with diameter of 0.3 um (or 300 nm)) have demonstrated a decline in filtration of
particles in 20-100 nm size range (may exceed 5%) with the most penetrating particle size
of approximately 50 nanometers (Erniger et al 2008). Pre-charged fiber filters have the
poorest protection from particles between 35-70 nanometers (Balazy et al 2005).

The goal of the study was to assess the efficiency of filtration membranes used for

respiratory protection including polypropylene in N95 FFRs (i.e., designed to remove at
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least 95% of all airborne particles to remove ultrafine paint dust particles containing
engineered TiO. nanoparticles. In addition, the effects of particle size and face velocity
was examined. Large porosity polycarbonate membrane was used to validate the role of
porosity of particle filtration. Realistic TiO2-containing paint dust was generated using a
previously developed experimental apparatus (Nored et al 2018). Organic-based paint
agglomerates included titanium dioxide NPs predominantly for particles with sizes < 100
nm. This was consistent with previous studies showing the accumulation of engineered

NPs in ultrafine paint dust (Koponen et al 2011).

MATERIALS AND METHODS
Materials

A commercially available latex paint and primer formulation for indoor surfaces
was used to coat wood panels. It was composed of water (49.6% w/w), non-volatile species
(49.4% w/w), organic volatiles (0.9% w/w) and 2-amino-2-methyl-1-propanol (0.2% w/w)
(CAS #: 124-68-5), TiO2 (3.2% w/w) (CAS #: 13463-67-7), crystalline silica (0.22% w/w)
(CAS #: 14808-60-7) and cristobalite (0.11% w/w) (CAS #: 14464-46-1). For abrasion, a
BDEROG600 2.4 Amp 5 inches (12.7 cm) orbital sander in its complete configuration
(including the fitted filter) (Black & Decker, Towson, MD) fitted with Shopsmith® 5
inches (12.7 cm) aluminum oxide abrasive film discs with 120 grit (Shopsmith, Dayton,
OH). The four membranes chosen were cellulose acetate (0.2um pore size, 47-mm, Pall,
MI), polytetrafluoroethylene (PTFE) (2.0um, pore size, 47-mm, SKC Inc, PA),
polycarbonate (Nuclepore®) (8 um, pore size, 47-mm, Corning, NY) and polypropylene

(N95, 3M 8210, St. Paul, MN).
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Paint Dust Generation and Measurement

The Coatings Aerosol Resuspension System (CARES) was used to generate TiO>
containing paint dust (Figure 1; Nored et al 2017). Briefly, paint dust polydisperse particles
were generated from manually coated wood panels using an orbital sander in a
polyvinylchloride glove box chamber (115 cm x 60 cm x 60cm) (Lancs Industries,
Kirkland, WA). The efficiency of four membranes to collect TiO>-containing paint dust
was assessed by monitoring the size distribution of generated paint dust in the CARES (i.e.,
upstream) and after the membrane (i.e., downstream) for 5 min, simultaneously, and
repeated at least six times (using a new wood panel each time) in order to get reproducible
and accurate measurements. The collection efficiency of the four membranes was tested at
face velocity of 1.92 cm/s. In addition, the collection efficiency of cellulose acetate
membrane was measured at flow rates (Q: from 2 to 6 L/min) corresponding to face
velocity of 1.92 to 5.76 cm/s and Reynolds number (Re) from 60 to 180.

The real-time 10-stage Quartz Crystal Microbalance (QCM) cascade impactor
system (Model PC-2H, California, US) was used to measure particle mass in ten stages
with 50% cut-off aerodynamic diameter cut-off points of 14, 9.7, 4.2, 2.8, 1.4, 0.7, 0.45,
0.30, 0.16 and 0.10 um at 2 L/min flow rate. The average sensitivity is 1.4 ng per Hz but
varies for each impactor stage because of differences in particle deposition in each stage.
For typical ambient conditions, the signal-to-noise (S/N) ratio was more than 20, sufficient
to adequately measure particle mass without crystal overloading. The impaction substrates
(i.e., sensing crystals) were cleaned between experiments with n-hexane, and re-calibrated

per manufacturer’s protocol. In addition, the agreement between the two instruments was
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also assessed at the beginning and end of each experiment using indoor air for 15-20
minutes.

Downstream, C; 4oun

Filtration membrane

Air exhaust

Upstream, C; ,,

—=
PC-2H QCM

L = E
= QCMJ Q

Glove inlets
Pump
% Painted wood
Y

. . Orbital sander
Filtered air inlets

ans

Figure 1. Schematic diagram of the experimental apparatus. Paint dust is generated into the
chamber. The generated aerosol is measured in the chamber (Upstream, Ci ) and after the filtration
membrane (Downstream, Ci down).

Total and size-dependent collection efficiency
The total (E:) and size-dependent (E;) collection efficiencies (dimensionless) were
calculated using downstream (Ci down) and upstream (Ci p) particle mass concentrations as

follows:
Y2 Cia
E — 1 _ i=1*“~tLadown l
=1 e, O
and

Ei — 1 _ Ci,down (2)
Ci,up
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Statistical analysis

Particle mass concentrations were tested for normality using the Shapiro-Wilk
test. The significance of difference in mean particle mass concentration values between
groups was examined with the non-parametric Mann-Whitney (when two groups where
compared) and Kruskal-Wallis (for more than two groups) tests at a=0.05. These tests
were followed by Tukey’s Honestly Significant Difference test. All analyses were done
using SPSS (Version 25) (IBM Analytics, Armonk, NY) and Origin Pro (version 9.1)

(OriginLab, Northampton, MA).

RESULTS
Figure 2 shows the representative relative size distribution of TiO2-containing paint dust
mass concentration in the CARES system (upstream) and after the cellulose acetate
membrane (downstream). The total particle mass concentration was 540 + 60 ug/m?® for
upstream and 17 + 1 ug/m?®for downstream (p < 0.001). The upstream concentration was
comparable to that computed for paint dust using the same experimental configuration
previously (864 + 503 ug/m?; Nored et al 2018). Particles in the accumulation mode
range (100 nm — 1.4 um) accounted for most of the upstream paint dust mass (ca. 61%)
but less than 35% of downstream paint dust mass. Note that particles with diameter < 100
nm account for a small fraction of particles by mass but their particle number
concentration is 2-3 orders of magnitude higher than particles with diameter <1 pum

(Nored et al 2018).
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Figure 2. Percent relative mass (to the total particle mass) concentration of polydisperse paint dust
aerosol upstream and downstream of cellulose acetate membrane at a face velocity of 1.92 cm/s in
the CARES system. Squares and circles represent the average of at least six replicates of upstream
and downstream concentration measured simultaneously. Error bars corresponds to 1.96 x standard
error.

The collection efficiencies (E:, dimensionless) as a function of particle size of each
membrane at face velocity of 1.92 cm/s are shown in Figure 3. We compared
polypropylene, the filter media used for the NIOSH-recommended N95 FFRs, PTFE and
cellulose acetate membranes that are typically used for the collection of atmospheric

aerosols.
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Figure 3. Collection efficiencies of polydisperse paint dust aerosol upstream and downstream of
various membranes at a face velocity of 1.92 cm/s in the CARES system. Squares, circles, and
triangles represent the average of at least six replicates of upstream and downstream concentration
measured simultaneously. Error bars corresponds to 1.96 x standard error.

In addition, we also measured the collection efficiency of a porous polycarbonate
membrane (pore size 8 um). The polycarbonate membrane showed the poorest collection
efficiency allowing for the penetration of most of the particles in the 0.45 — 9.7 um size
range (efficiencies varied from 11.6 % to 75%) due to its large pore size. Cellulose acetate
and PFTE membranes filtered above 300 nm particles with efficiencies > 99% and rapidly
declined for smaller particle sizes. In comparison, the filtration efficiency of N-95
polypropylene membrane increased as particle size decreased with the highest efficiencies
(i.e., 96-99%) computed for particles below 150 nm. Particles above 10 um were less

efficiently collected (90-95%) by all membranes.
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Table 1. Filtration Efficiencies of Various Membranes at Flow Rates of 2, 4 and 6 L/min

Filter material Pore Q U % E; % E<s00 % E-<100
size (L/min)  (cm/sec)

Polypropylene (N95) n/a 2.0 1.92 96.8+18.8 989+42 98.6+1.2
Polycarbonate 8 um 2.0 1.92 11.6+38.3 64.1+26.8 64.3+8.2
Polytetrafluoroethylene 2 um 2.0 1.92 995+124 996+84 91.3+3.2
Cellulose acetate 0.2um 20 1.92 99.7£16.0 99.6+13.1 90.0+4.7
Cellulose acetate 0.2um 4.0 3.84 99.1+£10.7 99.1+£53 93619
Cellulose acetate 0.2um 6.0 5.76 995+16 992+10 958+3.6

Table | summarizes the key findings of the efficiencies for all particles (E:), and
particles with diameter < 300 (E<3o0) and < 100 (E<100) nm of the membranes at different
face velocities. Polypropylene membrane performed as designed to collect more than 95%
of the particles above 300 nm (96.8% + 18.8%), but also particles below 300 nm (98.9% +
4.2%). The collection efficiencies of both cellulose acetate and PTFE membranes were
superior (more than 99%) than that on polypropylene membranes for particles above and
below 300 nm. However, the collection efficiencies for particles below 100 nm of cellulose
acetate and PTFE membranes dropped to approximately 90% as compared to about 99%
of polypropylene membranes.

Higher face velocities (3.84 ad 5.76 cm/s) did not change the already high filtration
efficiencies of particles above 300 nm but increased the filtration efficiency of particles
below 100 nm up to 96.8% + 18.8% at 3.84 cm/s and 96.8% + 18.8% at 5.76 cm/s (Figure
4). Despite the increase, they were still inferior to the polypropylene membrane for the

filtration of particles below 100 nm.
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Figure 4. Collection efficiencies of polydisperse paint dust aerosol upstream and downstream of
cellulose acetate at a face velocities of 1.92, 3.84 and 5.76 cm/s in the CARES system. Squares,
circles, and triangles represent the average of at least six replicates of upstream and downstream
concentration measured simultaneously. Error bars corresponds to 1.96 x standard error.

DISCUSSION

Commercially available personal protective equipment (PPESs), including N95
FFRs, are intended to efficiently remove airborne particles. The efficiency of the PPE
depends on filtration variables such as face velocity, particle size, membrane material and
porosity as well as the use-specific variables including proper fitting (i.e., the gap size

between facial profiles and the PPE). Here, we examined the role of filtration variables on
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the efficiencies of various membranes to remove polydisperse particles of paint-dust,
specifically those containing TiO at < 100 nm (Nored et al 2018).

It has been shown that total filtration efficiency for particles above 600 nm was
high for small pore-size, non-absorbent, hydrophobic thermoplastic polymer-based
membranes (Akalin et al 2010). Inertial impaction and gravitation sedimentation may be
the dominant mechanism for particles above 1 um. The filtration efficiency for particles
above 1 um increased as face velocities increases due to higher inertia. As particle size
decreased from 1 pm to 100 nm, Brownian diffusion, and mechanical interception of
particles by the filter fibers were the prevailing filtration mechanisms. Improved filtration
efficiency may also be attributed to electrostatic attraction. The surface of TiO2 NPs is
found to be positive at pH less than 6.0 (Ramirez et al 2019) as compared to negatively
charged PTFE and cellulose acetate (CH3COO’) membranes (He et al 2020).

Polypropylene membranes are also considered electrostatic filters.

The filtration efficiency of particles below 300 nm was higher for PTFE and
cellulose acetate than polypropylene membrane. The opposite was true for particles below
100 nm; the filtration efficiency of polypropylene membrane was higher than PTFE and
cellulose acetate. It may be attributed to packing density, thickness, or fiber charge density
in N95 FFRs polypropylene membranes as compared to thinner PTFE and cellulose acetate
membranes (Huang et al 2013). It is noteworthy that diffusion and electrostatic attraction,
the dominant mechanisms for the filtration of particles below 100 nm, differ for various
conditions including face velocity and particle size, particularly in the nano-size range. For
example, the electrostatic attraction is less effective as face velocity increases because of

lower residence time (Givenhchi et al 2015). The thermal rebound effect, i.e., the
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likelihood of particle detachment due to high thermal velocity and Kinetic energy may
further reduce the collection of particles below 100 nm at higher velocities. On the other
hand, surface adhesion and elasticity, and the surface coating and potential to aggregate
may limit thermal rebound and increase filtration efficiency for particles below 100 nm
(Warheit et al 2008). In addition, the filtration of particles below 100 nm increase over
time due to filter loading. It has been shown that the capture of particles below 100 nm
increases with increasing the loading time through the formation of dendrite crystal on

single fiber (Bahloul et al 2014).

CONCLUSIONS

We have measured the filtration efficiencies of various commonly used membranes
to filter paint dust particles containing TiO2 NPs in the physiologically hazardous ~10nm
to 300 nm size range. We found that cellulose acetate and PTFE membranes efficiently
filtered more than 99% of particles above 300 nm by mass, albeit their efficiency declined
for particles below 100 nm. On the other hand, packed polypropylene membranes obtained
from N-95 masks showed filtration efficiencies slightly above 95% for particles above 300
nm, and higher filtration efficiency for particles below 300 and 100 nm. This may be
attributed to the increased particle filtration by diffusion and electrostatic attraction in
packed polypropylene membranes. The increase of the filtration efficiency of particles
below 100 nm for PTFE and cellulose acetate membranes for higher face velocities may
be due to the loading effect of previously collected particles in high concentration paint

dust conditions.
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GENERAL CONCLUSIONS

This work was a combination of two risk assessments and a modification to an
already existing piece of equipment to raise the safety for construction workers. The first
risk assessment determined the morphological characteristics of new nanoparticle infused
paint. The SEM images of collected aerosol and settled dust indicated that individual
nanoparticles do break free of the binder and are free floating particles in the aerosol
There was also an indication of ENMs not breaking completely free of the binding
agglomerates, but still being exposed and able to interact with the environment, albeit at a
reduced rate. The chemical composition of the aerosol shows no loss of ENMs compared
to fresh paint samples, with higher compositions of the dust being made up of ENMS
with an increase in the coatings. Particle counters indicate with finer grit sandpaper there
is an average of 9.5% of generated paint particles by mass are in the breathable size, and
20% of that mass was in the nano-size range. This indicates that there is a reasonable risk
of exposure to the construction painter during the abrasion process.

The second risk assessment was the weathering of the same paint. The chemical
and morphological analysis of the weathered pint samples indicated a loss of a significant
portion of the ENMs in the paint. After three months of the weathering study the amount
of ENMs in the aerosol or settled dust of a sample had a drop of more than 60%. At the
end of the weathering study the loss of ENMs was even higher. The PNC has decreased,
and all sizes of PM have also decreased substantially during the weatherization study. It

is demonstrable that construction workers are not at a significant risk of exposure to
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nanoparticles while sanding paint that has been weathered for more than a one-year
increment.

The weatherization risk assessment did show that the leaching of the TiO2 into may
cause problems with the environment due to exposure. There was also a component of
the second risk assessment focusing on the effects of pollution on paint containing
nanoparticles. There was a significant amount of data that says that acid deposition and
other pollutants does affect the paint and participates in the degrading process. CO, one
of the variables that was tested for at the EPA site, has been shown in other studies to
have no significant effect on paint in any way, so it must be acting the part of an intercept
for all the chemicals that were not tested for in this study. It is important to note that a
large percentage of the overall degradation of paint due to weathering was attributed to
CO. This indicates that a more detailed environmental chemistry study would help
understand the effects that happened to the paint during the weatherization study.

During the modification to the N95 research, the original polypropylene filter did
very well. It exceeded the numbers previously found for it in independent studies. This
research found the polypropylene filter never dropped below 95% collection efficiency
throughout the study and had a collection efficiency at 98.6% below 100 nms. This
collection efficiency dropped off above 300 nms. Where both PTFE and cellulose acetate
became the better filter. Subsequent studies with change in face velocity showed an
increase in collection efficiency at higher face velocities for cellulose acetate. The overall
data shows that both PTFE and cellulose acetate had an overall higher collection

efficiency compared to the original N95 filter.
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This study has shown that the implementation of a PTFE or cellulose acetate layer,
in conjunction with the N95 respirator, will help improve overall collection efficiency,

especially in the target range of this study, which was below 300 nms.

Future Studies

There are several directions that future studies can be directed from this
dissertation. TiO2 needs be researched to greater depths. The mass balance of TiO2 across
product lifecycles in real environmental conditions should be researched. With the
showing of this study of most of the nano sized TiO- escaping from paint in under a year,
there should be a focus on where it all goes, to help prevent situations from forming in
the future.

Other products besides paint should also be considered for this study, with an
emphasis on pathways and length of time for escape. Other issues with specifically paint
containing TiO2 would be a more in-depth evaluation of pollution effects on the paint.
Several chemicals could be hiding under the intercept that was CO in this study.
Determining the individual chemicals of the pollution that helped break down paint, as
well as the sources for those chemicals would be helpful for further risk assessment and
evaluation of other materials.

One last direction for further studies is the fitting efficacy of FFRs. This work as well
as several articles have shown that the respirator fit and the size of gaps in respirator
protection massively effect the number of particles that can enter the breathing zone.

Most of those articles focused on monodisperse methods with little emphasis on particles
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in the nanoparticle size range. A polydisperse approach as well as a focus on the particles

not traditionally tested for may provide new insights.
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