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ABSTRACT

Titanium dioxide nanoparticle integrated concrete: An assessment of nanoparticle release

when exposed to UV radiation and wet weather conditions:

CPT Daniel Harrison, Master of Science in Public Health, 2016

Thesis directed by: Lieutenant Colonel Christopher A. Gellasch, Assistant Professor,
Department of Preventive Medicine and Biostatistics, Occupational and Environmental

Health Sciences Division.

Nanomaterials have become increasingly utilized in new commercial products
and technologies without a complete understanding of their impact on the environment or
human health. One such application is the integration of titanium dioxide nanoparticles
(nano-Ti0,) in concrete for exploitation of its photo-catalytic properties as a self-cleaning
construction material. There is a lack of knowledge regarding how nanomaterials utilized
in this manner may release from concrete during normal weathering and potentially affect
the environment and human health. This study investigated the release of nano-TiO,
integrated with concrete substrate when photocatalytically activated and immersed in
acidic, neutral, and alkaline solutions that simulated rainfall in an effort to quantify
detectable release of nano-TiO,. This release-testing model simulates an annual amount

(360 days) of ultraviolet (UV) exposure and an annual amount (30 rain events) of acidic



rain exposure. Effluent from each rinse was analyzed by Inductively Coupled Plasma —
Mass Spectrometry (ICP-MS) for total titanium concentrations. Single Particle
Inductively Coupled Plasma — Mass Spectrometry (SP-ICP-MS), a relatively new method
of measuring nanoparticles in an aqueous solution, was performed to confirm and provide
evidence of TiO, nanoparticle release. Results from this study indicated that there was a
significant difference (p = 0.000) in the amount of titanium released in UV exposed
samples when compared to UV unexposed samples. In contrast, there was no significant
difference in the amount of titanium released attributed to the different pH conditions in
both UV exposed (p=0.024) and UV unexposed (p = 0.126) samples. This research
provides evidence that titanium dioxide nanoparticle release in concrete applications is
dependent on exposure to UV radiation and may not be associated with different pH
conditions of wet weathering. This finding indicates that titanium dioxide nanoparticle
integrated concrete can be classified as a source for titanium dioxide nanoparticle
exposures when weathered under UV conditions, potentially affecting environmental and

human health.
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CHAPTER 1: INTRODUCTION

Nanomaterials have advanced our daily lives by dramatically improving the
products we use and the services on which we depend. Since their development,
primarily due to the tunneling electron microscope, nanomaterials have become more
widely used, ranging from the electronics we use to the buildings we work in. Their
introduction in commercial products has been heralded as revolutionary, but not without
concern. As with any material, there is a possibility for short and long-term adverse
health impacts from exposure. Nanomaterials present a unique concern because of their
small size and quantum properties. Compounding this, they have been widely
incorporated into products without a complete understanding of their effects on human

and ecological health.

NATURAL AND ENGINEERED NANOPARTICLES

The definition of a nanomaterial is fairly ambiguous, which makes it difficult to
adequately identify and regulate a nanomaterial. In 2011, the European Union defined a
nanomaterial as “a natural, incidental or manufactured material containing particles, in an
unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the
particles in the number size distribution, one or more external dimensions is in the size
range 1 nm — 100 nm”(7). The United States Environmental Protection Agency (EPA)
and other organizations do not clearly define what is considered a nanomaterial; however,
the EPA describes nanomaterials in several documents as matter “between approximately

1 and 100 nanometers”(45). Generally, scientists classify nanomaterials as any natural or



engineered material with length between 1 and 100 nm in one dimension and exhibit
properties unique to their dimensions (35).

The difference between nanomaterials and bulk or macro-scale materials is not
just their size, but also the properties they exhibit. Nanomaterials often exhibit properties
uniquely different from their macro-form, or significantly magnify the properties found in
their macro-form. This is primarily due to their larger reactive surface area, but also
because of the quantum interactions only possible at the nano-scale (46). Quantum
reactions may change aspects of a material such as its fluorescence, conductivity, or
chemical reactivity. For example, bulk aluminum is a stable material, but very
combustible on the nano-scale. To demonstrate the surface area of a nanomaterial,
consider a cube that is one centimeter in all dimensions. This cube would have a surface
area of 6 square centimeters. Break that cube into cubes that are one nanometer in all
dimensions, these cubes combined would have a surface area of 60 million square
centimeters. That is a surface area seven orders greater than the macro-sized cube. This
increased surface area provides far greater surface area on the atomic level for physical
and chemical reactions to occur.

Natural nanomaterials have been in our environment since the beginning of time.
Natural nanomaterials are formed in ash from volcanic eruptions, as a result of surface
weathering, and by other natural methods. Only recently has the development of
engineered nanomaterials been possible. Engineered nanomaterials are nanomaterials
that are made either from larger bulk material or pieced together atom-by-atom. These
non-natural materials can have unique properties not normally found in the environment

and can pose a new threat to human and ecological health. Engineered nanomaterials are



of particular concern, not only because they have novel properties, but also because they
exist on the cellular scale and have a potential to interrupt or alter normal cellular
function (11). Carbon nanotubes, an engineered carbonaceous nanomaterial, are used in
a myriad of products ranging from water treatment to tennis rackets. Carbon nanotubes
have been fairly well researched since their development in the mid 1990’s. Their
fibrous structure acts to strengthen products making them extremely durable. Since 2004,
animal studies have shown that carbon nanotubes can cause pulmonary granulomas (21),
interstitial fibrosis (25), pleural fibrosis (41), and other systemic reactions (30). Silver
nanoparticles, commonly used as an antimicrobial additive in clothing, are suspected to
have adverse impacts on environmental ecology as well as microbial interactions within
the human body. A review of research suggests that silver nanoparticles interrupt cellular
function through the creation of reactive oxygen species (ROS) as well as interactions
due to direct contact between released silver ions and cellular constituents (26). These
interactions include cell membrane separation from the cytoplasm, DNA replication
disruption, as well as direct damage to cellular lipids and DNA. Engineered titanium
dioxide nanoparticles, although not well researched, are suspected of having carcinogenic
and respiratory effects on human health (14).

Exposure to engineered nanomaterials can occur throughout all stages of its
lifecycle. In the manufacture of nanomaterial-containing products and the synthesis of
engineered nanomaterials, occupational exposures commonly occur via inhalation of
aerosolized nanoparticles. A study looking at the potential for exposure to carbon-based
nanomaterials in a laboratory setting identified increased amounts of nanomaterials in the

air due to regular laboratory procedures (17). In a retrospective study by Boffetta et al.



(4), workers in a European titanium dioxide factory were exposed to an annual average of
0.1 to 1 mg/m’ TiO, dust. The highest annual average exposure, at an individual
occupation process within the factory, was as much as 5 mg/m’. In a study performed by
Koivisto et al. (20), workers in a nano-titanium dioxide pigment packing plant were
exposed to average air concentrations of 225 to 700 pg/m’. Exposure to nanomaterials
has also been shown in the normal use of products containing nanomaterials. In a study
looking at the release of nanoparticles incorporated as fillers in dental composites,
investigators found that nanoparticles in the range of 38 and 70 nm were released during
abrasive procedures into the breathing zones of both the patient and dental personnel
(47). In a study looking at the release of nano-silver used in food containers, it was found
that nano-silver in both the dissolved and particle form were released (6). Nanomaterials
can also become a source of exposure from the end-of-life or disposal of a nanomaterial
containing product. Hennebert et al. (13), evaluated leachate from 25 different solid
industrial and municipal waste facilities for the presence of nanoparticles and found,
through TEM-EDS analysis, TiO,, organic polymer, and particles containing Sr, La, Ce,
and Nd. Additionally, various nanomaterials, such as nano-silver, titanium dioxide, and

zero-valent iron were reported in wastewater streams.

TITANIUM DIOXIDE NANOPARTICLES

Titanium dioxide forms several metal oxide minerals, such as rutile, anatase, and
brookite. Rutile is the most common naturally occurring titanium dioxide mineral and can
be naturally or synthetically produced. It is primarily referred to as “pigment-grade”
titanium dioxide as it is used as a whitening pigment in paints. Anatase is a less naturally

common titanium dioxide mineral. It is mostly produced synthetically by hydrolysis of

4



titanium tetrachloride. Anatase titanium dioxide exhibits stronger photocatalytic
properties, which makes it the preferred form for titanium dioxide nanoparticle
production. Brookite is the least common natural form of titanium dioxide and is

generally not used for any particular purpose.

NOVEL PROPERTIES OF TITANIUM DIOXIDE NANOPARTICLES

Titanium dioxide nanoparticles have been increasingly used in products since
1972 when Dr. Akira Fujishima of Kanagawa University and Dr. Kenichi Honda of the
University of Tokyo published their research describing the Honda-Fujishima effect,
which describes titanium dioxide nanoparticle’s photocatalytic and superhydrophilic
properties (8). These properties are the basis for titanium dioxide’s “self-cleaning”
attribute. Photocatalysis is the initiation and acceleration of a chemical process through
the excitation of a molecule by photonic absorption (Figure 1). In titanium dioxide

nanoparticles, the significantly larger surface area of the material magnifies this property.
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Figure 1: Illustration of TiO2 photoactivation (1)



UV photons interact with the electrons in the titanium atom’s valence shell causing them
to move to a higher energy conduction band and leaving an electron hole in the valence
band (43). The excited electrons interact with O, in the atmosphere forming super oxides
(O,). The electron holes interact with moisture in the air forming hydroxyl radicals
(OH"). These ROS interact with organic matter, reducing them to CO, and H,O. The
electron hole formations also contribute to titanium dioxide nanoparticles’

superhydrophilic property (Figure 2).

Liquid

Figure 2: Illustration of superhydrophilic property showing the contact angle on non-
photoactivated titanium dioxide nanoparticle surfaces compared to the contact angle on
photoactivated titanium dioxide nanoparticle surfaces (1)

The electron holes act to weaken the titanium atom’s bonds with oxygen, releasing
oxygen from the titanium dioxide molecule. This produces surface vacancies in which
water molecules bond, reducing water tension and contact angle. When the surface
contact angle is reduced to 0°+ 1°, water droplets spread out creating a thin uniform
layer. This layer is able to “self-clean” by wedging between contaminants and the
titanium dioxide nanoparticle layer, picking up the contaminant and then running off the
surface.

There are many products available that take advantage of titanium dioxide’s

properties. Sunscreens containing titanium dioxide nanoparticles block the harmful
6



effect of UV radiation by absorbing UV photons in photocatalysis. It also allows the
sunscreen to be applied in a clear coat versus a thick white coat typically associated with
sunscreens containing macro-rutile titanium dioxide or zinc oxide. Titanium dioxide
nanoparticles have also been incorporated in concrete, roofing tiles, and pavement.

These applications exploit titanium dioxide’s self-cleaning property to prevent the growth
of organic material and abate air pollutants like volatile organic chemicals and nitrous
oxides. Titanium dioxide nanoparticles are even incorporated in glass as an anti-fogging

agent, taking advantage of their superhydrophilic properties.

EXPOSURE AND HEALTH IMPACTS

As a result of nano-titanium dioxide’s ubiquity in consumer and commercial
products, there is now a greater potential for exposure to titanium dioxide nanoparticles
than what was previously experienced. Exposures to titanium dioxide range from
occupational exposures in factory settings, to exposures among the general population in
the products we use, to exposures related to the disposal of products containing titanium
dioxide nanoparticles (29,38-40). Animal in vivo, in vitro, and human epidemiological
studies all claim and reject associations between titanium dioxide nanoparticles and
adverse health effects (14).

Health concerns associated with titanium dioxide nanoparticles are primarily
concerned with the reactive oxygen species generated by TiO, nanoparticle’s
photocatalytic reactions (48). Reactive Oxygen Species are generally responsible for
causing cellular damage or apoptosis via oxidative stress. This is beneficial when trying
to maintain a surface free of organic material; however, it can potentially be harmful to

human and ecological health. Other concerns include the physical effects titanium
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dioxide nanoparticles may have when inhaled, such as obstructive disorders and fibrosis.
Several animal and epidemiological studies have been performed investigating inhalation,
dermal, and ingestion exposure routes of TiO, nanoparticles (14). Despite the evidence
provided by these studies, there is conflicting scientific evidence that makes it difficult to
accurately conclude what adverse human health impacts can be attributed to TiO,
nanoparticles. The American Conference of Governmental Industrial Hygienists
(ACGIH) classifies titanium dioxide, regardless of size, as an A4 carcinogen: “not
classifiable as a human carcinogen.” The International Agency for Research on Cancer
(IARC) lists titanium dioxide, regardless of size, as a Group 2B carcinogen: “possibly
carcinogenic to humans.” The National Institute of Occupational Safety and Health
(NIOSH) is the only organization that specifically recognizes titanium dioxide

nanoparticles as a potential human carcinogen.

Inhalation Exposures

In an acute inhalation study performed by Warheit et al. (49), rats were
intratracheally exposed to 1 or 5 mg/kg of two different sizes of rutile titanium dioxide
nanoparticles or one size of Degussa P25 titanium dioxide nanoparticles. Degussa P25
titanium dioxide nanoparticles is a commonly used commercial product that is 70%
anatase TiO, with crystalline sizes of approximately 20nm. The rats were evaluated at 24
hours, 1 week, 1-month, and 3-month time points for bronchoalveolar lavage fluid
inflammatory markers, cell proliferation, and histopathology. Exposure to the P25
titanium dioxide nanoparticles produced pulmonary inflammatory responses,
cytotoxicity, and adverse lung tissue effects, while the rutile nanoparticles produced

limited transient inflammation. The authors concluded that the response from P25
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exposure might be due to the differences in crystalline structure, pH of the particle, or
surface chemical reactivity.

In a sub-chronic inhalation study performed by Oberdorster et al. (11), rats were
exposed to two different sized anatase titanium dioxide particles, one nanoparticle size
(~20nm) and one fine particle size (~250nm). The study was conducted for 12 weeks.
The authors found significant deposition of nanoparticles in the lower respiratory tract
causing high inflammatory response, type II cell proliferation, pore occlusion, interstitial
fibrosis, and impairment of alveolar macrophage function. These effects were not
observed with the larger fine-grade of titanium dioxide.

In several chronic inhalation studies, mostly from the mid to late 1980s, there was
no correlation found between titanium dioxide exposure and cancer formation; however,
it is important to note that it is unclear what form of titanium dioxide these studies used
(22,44,51). During the 1980s, macro-sized titanium dioxide particles were commonly
used in paints and plastics as a whitening agent. Titanium dioxide nanoparticles were not
commonly used or understood until the mid 1990s. It is likely that these studies used
macro-scale rutile titanium dioxide versus nano-scale anatase titanium dioxide in their
studies.

Human epidemiological studies of titanium dioxide focus on occupational
exposures from TiO, factories ranging from the mid-1980s to the early 2000s (4,5,38).
All the reviewed studies indicate that there is no carcinogenic correlation with TiO,
exposure and limited pulmonary inflammation and fibrotic response. Again, it is unclear

what size and structure of titanium dioxide these exposures were attributed to.



Dermal Exposures

Dermal exposure studies conducted in the past two decades include studies on
human skin and animal skin and primarily look at titanium dioxide’s ability to penetrate
the stratum corneum, the layer of skin that protects the body from exterior exposures.
These studies differ in that the in vitro studies show no penetration of the stratum
corneum, whereas the in vivo animal studies show penetration into the lower layers of
skin, but not the dermis (9,28,40). Of the few in vivo human studies, all show that there
is no penetration of the stratum corneum (29,42). Dermal exposures are of particular
interest to consumers as titanium dioxide is increasingly used in sunscreens and
cosmetics as a UV blocking agent.

In an acute in vivo human dermal exposure study performed by Schulz ef al. (42),
volunteers applied 45 mg of four different test emulsions of titanium dioxide
nanoparticles on their forearm for 6 hours. From these volunteers’ forearms, 2 mm punch
biopsies were taken and analyzed under tunneling electron microscopy (TEM) and light
microscopy. Based on the analyses performed, the authors concluded that the surface
characteristics, structure, and particle size of titanium dioxide nanoparticles had no effect
on the absorption of the nanomaterial past the stratum corneum.

In an acute in vivo animal dermal exposure study performed by Menzel et al. (28),
researchers applied four commercially available formulations of titanium dioxide
nanoparticle containing sunscreens on live pig skin. Punch biopsy samples were taken 8,
24, and 48 hours later and analyzed for titanium dioxide nanoparticles. The researchers
found penetration through the stratum corneum via intercellular spaces into the stratum

granulosum within 8 hours of exposure.
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In several in vitro human and animal studies, investigators found that there was no
evidence of penetration by titanium dioxide nanoparticles in the stratum corneum (9,40).
Testing on compromised animal skin has also shown no penetration of titanium dioxide
nanoparticles in the stratum corneum (29). This contradiction in findings leaves the route

of dermal exposure uncharacterized in regards to titanium dioxide nanoparticles.

Gastrointestinal Exposures

There is a sufficient amount of current research investigating the effects and
distribution of titanium dioxide nanoparticles from an ingestion exposure route, as TiO,
nanoparticles are finding an increasing presence in pharmaceuticals, cosmetics, food
packaging, and agriculture. In vivo and in vitro animal studies have shown that TiO,
nanoparticles pass through the gastrointestinal tract into the blood system and distribute
to a variety of tissues, primarily the liver, kidneys, spleen, and lungs (14).

In a recent in vivo human study conducted by Pele et al. (39), seven volunteers
were orally administered two 50 mg capsules of food-grade TiO,, approximately 250 nm
in size. Nine blood samples were then taken from baseline through 10 hours post-
exposure and analyzed by dark field spectrometry and induced coupled plasma mass
spectrometry for total titanium blood concentration. The authors concluded that the TiO,
particles were distally and proximally distributed from the gut, but that further research
needs to be conducted investigating the amount of particles and extent of distribution.

In an in vivo animal study conducted by Wang et al. (48), rats were orally
administered 5g/kg of TiO, nanoparticle suspension by syringe into the gastrointestinal
tract and sacrificed after two weeks. Serum, heart, liver, spleen, kidneys, lung, brain and

testicle samples were excised and analyzed for titanium content by inductively coupled
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plasma mass spectrometry. The authors concluded that there was distribution to different
tissues of the rat and observed hepatic injury, myocardial injury, and nephrotoxic injury.
There were no pathological changes in the spleen, heart, testicles, or lungs, but that the
TiO, particles of various sizes were retained in the lung, liver, spleen, and kidneys.
Alternatively, in a combination in vitro/in vivo study performed by MacNicoll et al. (24),
rats and epithelial tissues were exposed to TiO, nanoparticle solutions. It was found that
there was no translocation of nanoparticles past the gastrointestinal epithelium and that a
majority of the TiO, nanoparticles was eliminated in the feces.

The epidemiological and animal research that has been performed demonstrates
that there is a potential for titanium dioxide nanoparticles to impact short and long-term
human health. This is significant in determining the future use of titanium dioxide
nanoparticles in consumer and commercial products. Additionally, it identifies a need to

determine the exposure route in which nano-titanium dioxide may impact a population.

REGULATORY EXPOSURE LIMITS

Regulatory limits pertaining to titanium dioxide are based on animal and human
epidemiological studies performed. Limits have been established primarily based on the
adverse health impacts evident in the animal studies, but are not significantly established
because of the lack of evidence supporting carcinogenicity in human epidemiologic
studies (51). The only existing limits established for titanium dioxide nanoparticles are
those recommended by the National Institute of Safety and Health (NIOSH), which
pertain to occupational inhalation exposures, the primary mode of exposure for titanium
dioxide. NIOSH’s recommended exposure limit (REL) for fine titanium dioxide (0.1-3

um) and ultra-fine titanium dioxide (0.1 — 100 nm) is 2.4 mg/m’ and 0.3 mg/m’ with a 10-
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hour time weighted average (TWA), respectively. The Occupational Safety and Health
Administration (OSHA) bases their permissible exposure limit (PEL) on NISOH’s
recommendation. The OSHA PEL is currently 15 mg/m’ with an 8-hour TWA (Figure
3). There are currently no limits established in the Safe Drinking Water Act or Clean

Water Act for titanium dioxide of either particle size.

TiO2
Single-shift TWA
Agency (mg/m3) Comments
Potential human
NIOSH [2002] - carcinogen
OSHA 15 Total
Category A4 (not

classifiable as a human
carcinogen); TiO2 is
ACGIH [2001a, under study by ACGIH

2001b, 2005, 2009] 10 [ACGIH 2009].
Inhalable fraction

except for ultrafine
particles; suspected
MAK [DFG 2000, carcinogen (MAK
2008] -- Category 3A)

Abbreviations: ACGIH = American Conference of Governmental Industrial Hygienists; MAK = Federal Republic
of Germany Maximum Concentration Values in the Workplace; NIOSH = National Institute for Occupational
Safety and Health; OSHA = Occupational Safety and Health Administration

Figure 3: Occupational exposure limits and guidelines for TiO, (34)

MEASUREMENT OF TITANIUM DIOXIDE NANOPARTICLES
Measurement of titanium dioxide nanoparticles is difficult due to their size,
properties, and given matrix (23). Different analytical techniques have been developed to

measure nanoparticles and these techniques differ based on the nanoparticle measured.
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These techniques often combine several analytical methods to achieve the desired
measurement. In the case of titanium dioxide nanoparticles in an aqueous solution, a
common technique is filtration, ultra centrifugation, and analysis by ICP-MS.

Quantitative measurement of titanium dioxide nanoparticles in solution, is most
commonly analyzed by either Inductively Coupled Plasma — Mass Spectrometry (ICP-
MS) or Inductively Coupled Plasma — Atomic Emission Spectrometry (ICP-AES) (23).
These analytical methods provide total titanium and other elemental concentrations.
Typically, solutions must undergo a form of particle separation, such as centrifugation or
fractionation, and acid digestion prior to analysis. Advantages to this method of analysis
are that most labs have these instruments, they are relatively simple to operate, and can
detect concentrations as low as parts per billion. Titanium Dioxide Nanoparticles have
been successfully detected in studies evaluating both surface water and wastewater
treatment plant effluent using these analytical methods (16,18,19,36,50).

Two relatively novel techniques, Field Flow Fractionation (FFF) and Single
Particle — Inductively Coupled Plasma — Mass Spectrometry (SP-ICP-MS), are being
used to characterize the particle size of nanomaterials (23). Field flow fractionation uses
a laminar flow channel and a cellulose membrane with a perpendicular cross flow to
separate out different sized particles in a solution. As a sample solution is pumped
through the inlet into the flow channel, a parabolic flow profile forms. This allows a
cross flow to separate out particles by size. When coupled with an ICP-MS, this gives
researchers a signal-intensity vs. time curve that shows the presence of different sized
particles. Single particle ICP-MS involves the measurement of nanoparticles one particle

at a time. Software developments for the ICP-MS and methods that slow down the
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inflow of sample solution allow the ICP-MS to analyze nanoparticles individually giving
a size distribution for the sample analyzed. The method takes a great level of experience,
as a flow that is too fast will result in multiple particles being analyzed at once.
Combining these two techniques provides potential for more sensitive and accurate
particle measurement. Although these techniques provide a means of measuring
nanoparticles, it takes a highly trained professional in these techniques to make accurate
nanoparticle measurements.

Qualitative analysis of nanomaterials has primarily depended on the use of
Scanning Electron Microscopy (SEM) or Tunneling Electron Microscopy (TEM) to
evaluate nanoparticles in different media for size, distribution, and shape of nanoparticles
(23). These analytical techniques help to inform the quantitative analysis of

nanoparticles and determine appropriate combinations of analytical methods.

DURABILITY STUDIES

There have been several studies performed examining the durability of
photocatalytic nanomaterials on different substrates, undoubtedly due to the need for
validation and improvement of commercial applications. The majority of these studies
investigate surface applications of titanium dioxide mortars or paints and often neglect to
look at the durability of the product in the sense of it being retained in its applied form
(2,10,12,27,37). These studies are primarily concerned with the durability of the product
as it pertains to titanium dioxide’s photocatalytic performance. Any qualitative analysis
of titanium dioxide conducted in these studies only looked at durability of the coating
under SEM imaging or weighing/thickness measurements. There was only one study

found that involved titanium dioxide nanoparticles integrated in concrete; however, it did
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not measure titanium dioxide nanoparticles, but measured the impact that titanium
dioxide nanoparticles had on the concrete’s hydration, compressive strength, setting time,

and surface microhardness. (3).

RESEARCH PURPOSE

Titanium dioxide nanoparticles are increasingly integrated with concrete to
enhance construction and infrastructure applications without a complete understanding of
the product’s life cycle and impact on the environment and human health. It can be
assumed that normal weather conditions can cause the release of titanium dioxide
nanoparticles from their concrete substrates and into the environment. Depending on the
fate and transport of titanium dioxide nanoparticles, there is a potential for the application
to be an exposure source. Figure 4 shows a conceptual model for the exposure of a
population to titanium dioxide nanoparticles. In this model, nano-titanium dioxide
integrated applications are compromised by acidic precipitation and released into the
surface water runoff. Carried by the surface water, the nanoparticles may reach a
drinking water system where it can then be distributed and consumed by the general

population.
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Figure 4: Conceptual model for exposure to titanium dioxide nanoparticles

The purpose of this study is to investigate the release of nano-TiO, integrated with
concrete substrate when photocatalytically activated and immersed in acidic, neutral, and
alkaline solutions that simulated rainfall in an effort to quantify detectable release of
nano-TiO,. This research will investigate the potential for this application as a source of

exposure to titanium dioxide nanoparticles.

Hypotheses

1. TiO; nanoparticles wet weathered in acidic solution will release from concrete
substrate in larger concentrations than TiO, nanoparticles wet weathered in neutral
and alkaline solutions.

2. Photoactivated TiO; nanoparticles will release from concrete substrate in larger
concentrations than non-photoactivated TiO, nanoparticles.

3. Photoactivated/Acidic Wet Weathered TiO; nanoparticles will release from concrete
substrate in larger concentrations than non-photoactivated/standard, neutral and

alkaline wet weathered TiO; nanoparticles.
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Specific Aims

1. Quantitatively analyze the total concentration of titanium, magnesium, and calcium
released by ICP-MS and ICP-AES methods.

2. Quantitatively analyze size distribution of titanium dioxide nanoparticles using SP-
ICP-MS.

3. Qualitatively analyze samples for nanoparticle release using SEM imaging.
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CHAPTER 2: METHODS

The objective of the experiment conducted was to measure the release of titanium
dioxide nanoparticles integrated with a concrete substrate weathered under laboratory
simulated ultraviolet and acidic precipitation conditions. Samples were prepared, then
weathered using an accelerated ultraviolet weathering instrument and subsequently
immersed in different pH solutions for an equivalent of one year’s exposure. Release
was quantitatively measured using inductively coupled plasma — mass spectrometry and
single particle inductively coupled plasma — mass spectrometry. Scanning electron
microscopy was used to qualitatively examine titanium dioxide nanoparticle

morphological differences between un-weathered and weathered samples.

CONCRETE TEST PUCK PREPARATION

Concrete pucks integrated with titanium dioxide nanoparticles were produced by
the United States Army Corps of Engineers — Engineer Research and Development
Center (USACE — ERDC) Concrete and Materials Branch (CMB) personnel in
accordance with mixture proportions in American Society for Testing and Materials
(ASTM) standard C109. A standard siliceous aggregate was used as recommended by
the standard. Baseline samples used conventional ASTM C150 Type I/II Portland
cement. Test materials replaced the cement fraction with TxActive™ titanium dioxide
material. The nano-titanium dioxide integrated concrete was produced as 101.5 mm
diameter by 203 mm tall cylinders and moist cured in a fog room for seven days followed
by drying. Cylinders were cut into eight 17.5 mm tall cylinders in which sixteen 12.7
mm diameter pucks were bored out (Figure 5). Test pucks were 28 days old at the

beginning of testing and as a result, in their fully reacted state.
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Figure 5: Image of titanium dioxide integrated concrete test puck (17.5 mm tall by 12.7 mm
diameter) after testing

CONTAINER SELECTION

Borosilicate vials were selected for use as a container to hold the specimen and
solution during the weatherization testing. Selection of an appropriate container was
dependent on the highest, most consistent transmission of UV light through the container
and the ability to immerse the test puck. Several materials were tested using an
Ultraviolet — Visible (UV-VIS) light spectrometer to determine which had the most
transmittance (Figure 6). These materials included plastic, borosilicate, and glass. Figure
6 shows the percent transmission versus the wavelength of UV light for borosilicate,
glass, and plastic. The borosilicate spectra supported approximately 50% - 75%
transmission through a UV light range of 300 nm — 400 nm, whereas the glass and plastic

materials show 0% - 90% transmission through a UV light range of 300 nm — 400 nm.

20



The borosilicate scintillation vial was chosen based on its ability to hold the concrete test
puck and its consistent moderately high transmittance of 75% throughout the 300 nm —
400 nm wavelengths. Although the plastic petri dish exhibited 60% - 90% transmittance
throughout the 300 nm — 400 nm range, it was unable to hold enough solution to allow

for the test puck to be immersed.

% Transmittance vs. UV Wavelength (300-400nm) of Various
Container Materials
100 |
90 1
|
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® X I
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Figure 6: Percent transmittance of potential weatherization containers measured by ultraviolet-
visible light spectrometry

SOLUTION PREPARATION

To test the effect of acid rain on the titanium dioxide nanoparticle integrated
concrete, solutions of pH 4, pH 5.6, pH 7, and pH 9 were prepared. These solutions
simulated a range of different rain conditions, allowing a comparison of differences

between pH exposures. The pH 4 solution was used to simulate acid rainwater. The pH
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5.6,7, and 9 solutions represent (in order) natural rainwater, neutral pH rain, and very
basic or alkaline rain. The solutions were prepared in one liter, brown, capped Nalgene™
bottles. After rinsing, the bottles were each filled with deionized water and then either
NaOH or H,SO, were added until the desired pH was attained within = pH 0.1. pH was
continuously measured using a digital pH meter (Figure 7). The solutions were used for

wet weatherization within one hour of their formulation.

Figure 7: Solution Preparation

EQUILIBRATION DETERMINATION

The amount of time required for the pH 4 solution to reach equilibrium when
exposed to the concrete test puck determined the exposure time for the immersive wet
weatherization protocol. This amount of time was determined by exposing a single

concrete test puck to 10 ml of pH 4 solution and then measuring the pH every minute
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until no further change in pH was recorded. This was conducted once with one test puck.
Colorimetric pH test strips were used to determine the pH during the exposure. It was
determined that equilibrium at pH 11 was reached in 35 minutes, which is the exposure

time used in the wet weatherization protocol.

PILOT STUDY

A pilot study was performed to validate the puck size, solution amount, and
exposure time through obtaining measureable amounts of titanium by ICP-MS analysis.
For this study, sixteen test pucks were exposed to ultraviolet light using the Atlas Suntest
XLS+ accelerated weatherization instrument. Ultraviolet wavelength was set in
accordance with ISO 4892-2/2013 to between 300 and 400 nm, irradiance to 60 + 2
W/m?, BST to 63 + 5°C, and CHT to 32 + 5°C. On/off cycles were set for one hour on
and one hour off, which was an equivalent to 6 hours of sunlight and 6 hours of darkness.
Six cycles were performed. Upon completion of each cycle, the test pucks were exposed
to either pH 4, pH 5.6, pH 7, or pH 9 solutions for 35 minutes. The solution was then
poured away from the test puck, acid digested with nitric acid, and analyzed by ICP-MS
for total titanium concentration. Results from the pilot study validated the exposure
method as measurable concentrations of total titanium were attained for each cycle

performed.

EXPERIMENTAL SETUP
The experimental setup was designed to test the release of titanium dioxide
nanoparticles when weathered under ultraviolet and immersive wet weather conditions.

The testing method was adapted from the simulated weatherization protocol for carbon
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nanotubes developed by NanoRelease (32). This protocol is patterned after the ISO
4892-2/2013 standard method for accelerated weatherization and is used by USACE-
ERDC (15). Departures from the standard method include the size of the sample puck,
exposure durations, and immersion exposure protocol. There were no methods found to

base acidic immersion testing on for nanoparticle release.

Accelerated Ultraviolet Weatherization

Ultraviolet weatherization was performed using the Atlas Suntest XLS+
accelerated weatherization instrument. The Suntest XL.S+ is a programmable bench-top
chamber equipped with a 1700 W xenon lamp used to weather test samples with
ultraviolet light. Ultraviolet wavelength, irradiance, chamber temperature, and black

standard temperature can be set to provide a consistent environment for testing.
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For the purposes of ultraviolet weatherization, 16 test concrete pucks were placed
individually in borosilicate scintillation vials and then placed in a 4x4 matrix in the center
of the Atlas XL.S+ test chamber. The test pucks were subsequently exposed to
continuous ultraviolet light for 24 hours to simulate an equivalent to 12 days ultraviolet

light exposure (Figure 8).

St
e
WL

4 56 7 9

** 4 replicates of each

&:‘

Figure 8: Illustration of UV and wet weather exposure protocol

Ultraviolet wavelength was set in accordance with ISO 4892-2/2013 to between 300 and
400 nm, irradiance to 60 = 2 W/m?*, BST to 63 + 5°C, and CHT to 32 + 5°C. Upon
completion of the exposure program, each vial was immediately removed from the
chamber and weathered according to the immersive wet weathering protocol. Following
immersive wet weatherization, this procedure was repeated 30 times to simulate an

annual equivalent of ultraviolet light exposure.

Immersive Wet Weatherization

Immersive wet weatherization was performed to assess the effect of acidic

solution exposure on titanium dioxide nanoparticle release. There was no documented
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method for performing this testing. Approximately one hour prior to exposure, solutions
of pH 4, pH 5.6, pH 7, and pH 9 were prepared according to the solution preparation
protocol previously described. Upon completion of the accelerated ultraviolet
weatherization protocol, each borosilicate vial was filled with 10 ml of solution using a
digital pipeter and exposed for 35 minutes. At 35 minutes, exposure was stopped by
gently swirl-agitating each vial by hand and pouring the liquid contents into 10 ml BD
Falcon™ round bottom polystyrene tubes. This procedure was repeated 30 times to
simulate an annual exposure to acidic precipitation weathering. The average annual
number of acidic precipitation events was determined from data obtained from the
National Atmospheric Deposition Program which monitors rain events using
precipitation monitoring stations across the United States (33). Table 1 provides an

overview of the samples obtained by exposure group.

Table 1: Samples breakdown by UV and wet weather exposure

# of Replicates | # of Exposures | Total Samples

o | PH4 4 30 120
2| pH5.6 4 30 120
S. pH7 4 30 120
:>’ pH9 4 30 120
©| pH4 4 30 120
g pH5.6 4 30 120
g pH7 4 30 120
3| pHo 4 30 120

Totals 16 - 960

Mass Spectrometry Analysis
Inductively coupled — mass spectrometry (ICP-MS), Inductively coupled —

Atomic Emission Spectrometry (ICP — AES), and single particle inductively coupled -
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mass spectrometry (SP-ICP-MS) were used to quantitatively analyze effluent samples
taken from the immersive wet weathering protocol. ICP — MS was used to analyze total
titanium concentrations as it provided parts per billion concentration results and did not
require the digestion of the sample with hydrofluoric acid (HF). HF acid is not only very
hazardous to handle, but is considered a “dirty” acid, meaning that it contains trace
amounts of other elements, titanium being one of them. Instead, Ultrapure nitric acid was
used for the sample digestion. ICP — AES was used to analyze the samples for total
calcium, which will be used to determine if a correlation exists between titanium release
and calcium release. SP-ICP-MS, a fairly new analytical technique for the detection of
nanoparticles, was used to detect the presence of nanoparticles in the sample solutions.
SP-ICP-MS is a modified ICP-MS method, which slows down the flow of the analyte
into the instrument allowing single particles within the solution to be analyzed one at a
time. This provides an output of a particles size distribution within a sample. Upon
completion of the immersive wet weathering, a 1 ml sample was taken by digital pipette,
stored in a 1 ml amber glass sample vial, and refrigerated at 4 °C until analyzed by SP-
ICP-MS. A 1 pL sample was taken by digital pipette and diluted up to 10 mL with
diluted nitric acid in a 10 mL test tube. This sample was used for the ICP-AES analysis.
The remainder of the sample solution was acid-digested with two drops of ultra pure
nitric acid for ICP-MS analysis.

ICP-MS analysis was performed using a Perkin Elmer NexION 300D ICP- MS
and United States Environmental Protection Agency (USEPA) method SW 846/6020 for
total metals. ICP-AES analysis was performed using a Perkin Elmer Optima 8300DV

ICP-AES and USEPA method SW 846/6010 for total metals. Sc, Y, Ge, Rh, In, Ho, and
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Bi internal NIST traceable standards, used to correct for instrumental drift, were
purchased from CPI International. SP-ICP-MS analysis was performed using Elan
software operating in “nano” mode on the Perkin Elmer Nexlon 300D with a dwell time
of 100 microseconds and a total of 60 seconds per sample. Transport efficiency was
determined using 60 nm NIST gold nanoparticles and the titanium calibration curve was

generated using NIST calibration standards for dissolved titanium.

Scanning Electron Microscopy

Scanning electron microscopy images were taken to provide a qualitative
comparison between test pucks prior to and after UV and wet weatherization exposures.
Upon completion of the 30 exposures, the used test pucks were allowed to dry at room
temperature and then imaged again using scanning electron microscopy for
morphological analysis. Images were taken from a test puck prior to exposure. Images
were also taken from a pH 4/UV exposed test puck and a pH 4/ UV unexposed test puck

after their exposures.

DATA ANALYSIS

Data generated was reported from each analytical instrument in the form of an
Excel data spreadsheet. Averages of replicates were calculated and organized by pH and
UV exposure into a matrix for easier graphical analysis. Statistical Package for the
Social Sciences (SPSS, Version 22) software was used to perform statistical analysis.
One-way and two-way ANOVA statistical tests with a confidence level of 95% was used
to determine the statistical difference in means between UV exposed and UV unexposed
conditions, between pH conditions, and between UV exposed and UV unexposed

conditions within pH conditions. A Spearman correlation test was used to determine the
28



relationship between calcium release concentrations and titanium release concentrations.
SEM images were used to provide information pertaining to the morphology of the test

pucks.
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CHAPTER 3: RESULTS AND ANALYSIS

Results from this experiment produced several types of data. Total titanium and
calcium concentrations were obtained from ICP-MS and ICP-AES analysis, titanium
dioxide nanoparticle size in solution was determined using SP-ICP-MS, and images of
the concrete test puck prior to and after testing were obtained using SEM. Statistical
analysis tables are available in appendix A and raw data is available on the attached

compact disc.

SINGLE PARTICLE ICP-MS AND SEM RESULTS
Results gathered from the SP-ICP-MS indicate that titanium dioxide
nanoparticles larger than 100 nm were detected in the sample solutions. Scanning
electron microscopy images (Figures 9a — 9¢) indicate that titanium dioxide nanoparticles
had agglomerated during the concrete curing process to form larger, approximately 100 —

250 nm, titanium dioxide crystals.

Figure 9: Scanning Electron microscopy images of titanium dioxide integrated puck (a)
prior to ultraviolet and wet weather exposure, (b) after 30 exposures to pH 4
solution and no UV exposure, and (c) after 30 exposures to both UV and pH 4
solution. Image (a) and (c) are at a 5 um scale. Image (b) is at a 10 um scale.
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The white areas in figure 9 (a) indicate the areas in which titanium dioxide nanoparticle
agglomerates are embedded in the surface of the concrete test puck. Dark areas are the
other compounds that make up concrete.

SEM images from test pucks exposed to both UV and pH 4 solution show some
morphological changes that are of importance. First in figure 9 (b), after exposure to pH
4 solution and no exposure to UV, titanium dioxide nanoparticle agglomerates are clearly
seen still embedded on the surface of the test puck. The percentage of these agglomerates
released due to weathering is uncertain based on the image alone because an image at the
same location was not taken prior to exposure. It might be concluded that the bare spots
are areas where titanium dioxide nanoparticle agglomerates released during the
weathering. Figure 9 (c¢) shows a very different result, most likely due to the UV
exposure. The image shows calcium carbonate covering the surface of the test puck. It is
likely that this is calcium carbonate that had released due to weathering and
reprecipitatied on the surface as a result of the heating/cooling and wetting/drying
associated with the exposure tests. Again, it is difficult to determine the amount of
titanium dioxide nanoparticle agglomerate released due to weathering. These results do
however show what may be happening to the test pucks on the surface as a result of the
weathering tests and may inform the numerical data obtained in the ICP-MS and ICP-

AES analysis.

TITANIUM RESULTS

Titanium release was measured by ICP-MS, which analyzed effluent samples for
total titanium concentrations, including both dissolved and particulate titanium. Results

were averaged over the thirty exposures for each pH condition and UV condition for
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comparison as depicted in figure 12. Results from the ICP-MS analysis indicated
measureable concentrations of titanium greater than the instrument’s reporting limit of
0.005 mg/L. As seen in figure 10, average total titanium concentrations ranged from 1.3
ppb to 2.3 ppb across the different exposure conditions. There is a visual difference in
titanium release with a larger release in the UV exposed group as compared to the UV
unexposed group. When comparing titanium release between the different pH

conditions, there is not much of a visual difference between the pH conditions in both the

UV exposed and the UV unexposed group.
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Figure 10: Mean titanium concentrations by UV exposure and pH exposure. Error bars
represent the calculated standard deviation.

CALCIUM RESULTS
Calcium release was measured by ICP-AES, which analyzed effluent samples for

total calcium concentrations, including both dissolved and particulate calcium. Calcium
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results are depicted in figures 16 and 17. Total calcium measurements indicate parts-per-
million (ppm) amounts of calcium with significantly greater amounts in the UV
unexposed group compared to the UV exposed group. Additionally, there are two areas
in the data that are of concern in making a correlation with the titanium data. First, in
exposures one through three, there is an initially large concentration of calcium
measured, which dramatically declines over the three exposures. This is similarly
observed in both the UV exposed and UV unexposed calcium data (Figures 11-12).
Second, in the UV exposed and UV unexposed datasets, there is a “jump” in calcium
concentrations at exposure 16 in the UV exposed dataset and exposure 20 in the UV
unexposed dataset (Figures 13-14). For the purpose of evaluating correlation in the data,

the calcium data was split into four different groups (Table 2).

Table 2: Calcium Group Breakdown

Calcium Data Grouping
Grouped Data Exposures
UV Exposed Group 1 4-16
UV Exposed Group 2 19-30
UV Unexposed Group 1 10-20
UV Unexposed Group 2 21-30

These groupings were made based on their average concentration in relation to
each other and within each UV exposure grouping. In “UV Group 17, the average
concentration is 1.97 ppm and the variance is 1.13 ppm. In “UV Group 2”, the average
concentration is 4.84 ppm and the variance is 5.42 ppm. In “NUV Group 17, the average
concentration is 1.52 ppm and the variance is 2.48 ppm. In “NUV Group 2”, the average

concentration is 12.23 ppm and the variance is 1.27 ppm. The large difference in average
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concentrations between “UV Group 2” and “NUV Group 2” are potentially due to the
effect of UV exposure and the formation of different concrete phases at those exposure

points.
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Figure 11: Mean calcium concentrations with UV exposure over 30 exposures
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Figure 12: Mean calcium concentrations with no UV exposure over 30 exposures
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Figure 13: Graph of calcium data identifying UV groups 1 and 2
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Figure 14: Graph of calcium data identifying NUV groups 1 and 2
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DESCRIPTION OF DATA SETS

Data were evaluated by using several statistical tests. A Shapiro-Wilk’s test (p >
0.05) and an inspection of the skewness and kurtosis measures showed that the log
transformed titanium concentration data were approximately normally distributed. A
Levene’s test of homogeneity (p > 0.05) was used to verify the equality of variances in
the samples. The same tests were used to evaluate the distribution normality of the
calcium concentration data; however, the results showed that the data was not normally
distributed, regardless of log transformation and removing outliers. Given this
information, log-transformed titanium data was analyzed using parametric statistical
tests. Correlation comparisons were made using the Spearman Correlation test, a
nonparametric test, when comparing calcium concentration data to titanium concentration

data.

ANALYSIS OF EFFECT ON TITANIUM RELEASE BY DIFFERENT PH
EXPOSURE

The first objective of this study was to determine if exposure to acidic rain would
cause a greater release of titanium dioxide when compared to standard, neutral, and
alkaline rains. To evaluate the data for this question, several statistical tests were used
for analysis. First, a one-way between subjects ANOV A was conducted comparing the
effect of each pH condition on the release of titanium from concrete within UV exposed
and UV unexposed groups. Analysis results indicated a significant effect by overall pH
conditions on titanium released at the p < 0.05 level for UV exposed samples, but no
significant effect for UV unexposed samples. To further evaluate the significantly

different results, a post hoc comparison with Tukey HSD test (p < 0.05) was used, which
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indicated no statistically significant difference between pH conditions except between
UV 5.6 and UV 9, of which the UV 5.6 condition was significantly less than the UV 9
condition. Lastly, a two-way between subjects ANOV A with interaction was conducted
to determine if an interaction effect existed between the UV factor and the pH factor.
Results indicated no significant interaction effect between the UV factor and the pH
factor. In other words, the difference in titanium concentrations between pH conditions
does not vary within the UV exposed and UV unexposed groups, which is additionally

supported by the lack of intersecting lines in the means plot (Figure 15).
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Figure 15: Means plot of mean titanium concentration by UV exposure and pH exposure
depicting lack of interaction between pH and UV conditions
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ANALYSIS OF EFFECT ON TITANIUM RELEASE BY UV EXPOSURE

The second objective of this research was to determine if UV exposure caused a
greater release of titanium. This was determined using several statistical tests. First, a
one-way between subjects ANOVA was conducted to compare the effects of UV exposed
and UV unexposed conditions on the release of titanium dioxide nanoparticles from
concrete. Results indicated a significantly greater difference in mean titanium
concentrations between UV exposed data and UV unexposed data, with larger
concentrations in the UV exposed group. Post hoc comparisons using the Tukey HSD
test (p < 0.05) indicated that the mean log concentration for the UV 4 condition was
significantly different than the NUV 4 condition and the UV 7 condition was
significantly different than the NUV 7 condition. The UV 5.6 condition was not
significantly different than the NUV 5.6 condition and the UV 9 condition was not
significantly different than the NUV 9 condition. Finally, a two-way between subjects
ANOVA was conducted to determine the main effect of the UV condition on the release
of titanium. After adjusting for pH, results showed a significant difference in means
between the UV exposed and the UV unexposed groups.

Correlation analysis was conducted comparing calcium concentrations with
titanium concentrations to provide additional evidence pertaining to the effect of UV
exposure on the release of titanium dioxide nanoparticles from concrete. A two-tailed
Spearman correlation test (p < 0.01) was conducted on the overall calcium and titanium
data, as the calcium data was not normally distributed. Inspection of the scatterplot graph

(Figure 16) depicts a weak, positive correlation.
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Figure 16: Scatterplot depicting overall weak correlation between calcium and titanium
releases

Results of the Spearman Correlation test indicate that there is, in fact, a weak but
significant positive relationship between the release of calcium and the release of
titanium. This implies, however weakly, that as more calcium is released, more titanium
is also released. In consideration of the jumps in the calcium data, the previously defined
groups were used to provide a better correlation analysis between the titanium and
calcium data. A two-tailed Spearman Correlation test (p < 0.01) was conducted
comparing the titanium data to the calcium data corresponding to UV Group 1, UV

Group 2, NUV Group 1, and NUV Group 2. Visual inspection of the scatterplots for
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these groups show no relationship between calcium and titanium release in UV Group 1,
UV Group 2, and NUV Group 2. There is a moderately positive relationship in NUV
Group 1 (Figure 17). Results from the Spearman Correlation test indicate moderate
correlation only in the NUV Group 1 data, suggesting a moderately positive relationship

between titanium release and calcium phase specific to this group.

UV Unexposed Group 1

N
T

R*=0.505

=
T 7

L I = T -
T A

Calcium Conc. (ppm)
2

Q & (o}
27 @ o] o)

&@ o o

o
| [ | | | | | | [
.000 .001 .002 .003 .004 .005 .006 .007 .008

Titanium Conc. (ppm)

Figure 17: Scatterplot depicting weakly positive relationship between calcium and
titanium in UV unexposed Group 1
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ANALYSIS OF EFFECT ON TITANIUM RELEASE BY COMBINED UV AND
AcCIDIC PH SOLUTION EXPOSURE

The third objective of this study was to examine the effect of combined UV
exposure and acidic conditions on the release of titanium as compared to UV unexposed,
standard, neutral, and alkaline conditions. For this analysis, the post hoc comparisons
with the Tukey HSD test (p < 0.05) used for the UV analysis indicated that the mean log
concentration for the UV 4 condition was significantly different than the NUV 5.6 and

NUV 7 conditions; however, was not significantly different than the NUV 9 condition.
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CHAPTER 4: DISCUSSION

The purpose of this research was to assess the release of titanium dioxide
nanoparticles integrated in concrete as a potential exposure source when weathered under
UV and different wet weather conditions. This goal was divided into several questions.
The first examined if exposure to different pH solutions, simulating acidic, standard,
neutral, and alkaline rains, had an effect on the release of titanium dioxide nanoparticles
integrated with concrete. The second examined if exposure to UV radiation had an effect
on the release of titanium dioxide nanoparticles integrated with concrete. The third
examined if the combined exposure to UV and acidic wet weather conditions in
comparison to UV unexposed, standard, neutral, and alkaline wet weather conditions had
an effect on the release of titanium dioxide nanoparticles integrated with concrete.

Descriptive results from this research indicate that titanium, as dissolved and
particulate titanium measured by ICP-MS, is in fact released when weathered by UV
radiation and different wet weather pH conditions. Determining exactly what conditions
or combination of conditions caused titanium release was done using statistical
comparisons to better understand the data. First, it is important to address the TiO,
nanoparticle data obtained from the SP-ICP-MS. Results indicated that titanium dioxide
nanoparticles were not present in the effluent samples analyzed; however, that does not
mean that the titanium released from the test pucks was not nano-titanium dioxide. One
limitation of SP-ICP-MS is that it is unable to measure particles less than 20 nm in size.
It is possible that some of the particles in the sample solutions were 20 nm or less, but
unlikely. Unlikely because the SEM images taken prior to testing indicated that titanium

dioxide nanoparticles had agglomerated to form titanium dioxide nanoparticle
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agglomerates, or crystals, on the surface of the test pucks. Additionally, SEM images of
a test puck after 30 exposures to pH 4 solution, still showed titanium dioxide nanoparticle
agglomerates on the surface. It is more likely that the titanium measured by ICP-MS,
given the SP-ICP-MS and SEM results, is a mixture of not only dissolved titanium, but
also titanium dioxide nanoparticle agglomerates larger than 100 nm in dimension.
Whether these particles are considered nanoparticles depends on the definition of
nanoparticles used. As mentioned earlier, different entities have defined nanoparticles
differently. The European Union considers agglomerates of nanoparticles to be
nanoparticles, regardless of particle size.

When examining the effect of different pH conditions on the release of titanium
dioxide nanoparticles from concrete, it was hypothesized that more acidic solutions
would cause greater release of nanoparticles. This hypothesis was made based on
carbonate chemistry, which can be used to describe how more acidic solutions cause
greater dissolution of calcium carbonate, which is a large constituent of concrete. If the
concrete was dissolving more readily, it is plausible that the titanium dioxide
nanoparticles would similarly dissociate with it. Results from the ANOV A analyses
indicate that there was a significant difference between pH conditions in the UV exposed
group and no significant difference between pH conditions in the UV unexposed group,
suggesting that there is an effect within the pH conditions of the UV group. Additionally,
a test for interaction between UV and pH factors indicated that there was no interaction
between factors meaning that the differences between pH conditions were
indistinguishable. Although there was one significant difference within the UV condition

between the pH 5.6 and pH 9 conditions, the pH 5.6 condition was significantly less in
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concentration than the pH 9 condition, which does not support the hypothesis. It is not
understood why an acidic condition would result in less titanium release than an alkaline
condition, but it may be related to the experimental design. Overall, the results indicate
that exposure to a certain pH solution may not cause release of titanium dioxide
nanoparticles, because there was no difference in titanium release observed between the
different pH groups, in both the UV exposed and UV unexposed groups. This outcome
may be true; however, given the experimental design, the solutions most likely
equilibrated rapidly once exposed to the test puck, subjecting all the test pucks to
essentially the same pH solution and resulting in the lack of difference in observed
titanium concentrations.

When examining the effect of UV exposure on the release of titanium dioxide
nanoparticles integrated with concrete, it was hypothesized that exposure to UV radiation
would cause greater release of nanoparticles than no exposure. This hypothesis was
made, despite a lack of evidence in literature, presuming that the photoreaction between
titanium dioxide and UV photons would cause a negative change in the concrete’s
integrity, thus releasing any embedded titanium dioxide nanoparticles. Results from the
ANOVA test between UV conditions and accounting for the pH factor indicate that
titanium is released in significantly greater amounts when exposed to UV radiation when
compared to no UV exposure. It is not certain if the release is a direct effect of UV
radiation exposure, an effect of secondary variables associated with UV exposure, or a
combination of the two. It is possible that the photonic excitation of the titanium dioxide
particle may cause release of bonds with concrete. Further investigation would be

required to confirm that theory. The increased release may also be associated with the
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drying/wetting cycles or heating/cooling cycles inherent to the exposure regimen. Again,
additional testing would be required to confirm this theory. The titanium release may
also be an effect of the release of calcium as the titanium dioxide nanoparticles are
embedded in the concrete. Correlation with calcium data would confirm this theory.
Correlation analysis, intended on providing additional evidence, was a bit more
complicated as there were several variables affecting calcium, and potentially titanium,
release inherent to the UV and wet weather exposures. As mentioned in the results, the
calcium data revealed several issues that were unexpected. First, calcium concentrations
were greater in the UV unexposed group compared to the concentrations in the UV
exposed group. Inspection of the post-test SEM images indicated that calcium carbonate
had re-precipitated on the test pucks in the UV group image, which is an effect of
heating/cooling and wetting/drying. Calcium carbonate re-precipitation was not observed
in the post-test UV unexposed image. The UV exposed image suggests that any calcium
released into the sample solution was then removed from the solution through re-
precipitation, resulting in the lower calcium concentrations observed. It also may have
been possible that as a result of this re-precipitation of calcium that any titanium dioxide
nanoparticles in solution could have re-precipitated as well. This is not supported by the
SEM images as individual titanium dioxide nanoparticles or titanium dioxide
nanoparticle agglomerates were not observed in the image. It is more likely that any
released titanium remained in solution. Second, the large concentration of calcium
measured in the first three exposures of both the UV exposed and UV unexposed groups
was unlike the rest of the calcium data. It is inferred that these concentrations are the

result of powdered, more soluble calcium carbonate left on the surface of the unwashed

51



test pucks after cutting, and not representative of the dataset. For correlation analysis,
these data points were considered outliers and removed. Lastly, the jumps in calcium
concentrations in the later exposures indicated another issue making it difficult to do a
straight correlation between titanium and calcium. It is very likely that these “jumps” in
concentration shows a shift in concrete phase to a more soluble form of calcium
compound, which is typical in the concrete curing process (31). As mentioned earlier,
groups were made between these concrete phases to provide a better calcium/titanium
correlation. The overall correlation, regardless of the issues in the calcium data,
comparing titanium and calcium data indicated a weak, positive correlation. Correlation
analysis within the prescribed groups (UV Group 1, UV Group 2, NUV Group 1, and
NUV Group 2) indicates a moderate, positive correlation between calcium and titanium
in UV Group 1 data only. Given these results, it can be suggested that due to lack of
correlation in the UV unexposed groups and some correlation in the UV exposed groups
that correlating calcium and titanium provides additional evidence supporting the release
of titanium dioxide nanoparticles as an effect of UV exposure. More realistically, this
correlation analysis does not provide any additional evidence, as the calcium data does
not reflect what is expected in accordance with carbonate chemistry and the issues in the
calcium data represent confounding variables when making a correlation.

When examining the combined exposure to UV and acidic wet weather conditions
(UV 4) in comparison to UV unexposed, standard (NUV 5.6), neutral (NUV 7), and
alkaline (NUV 9) wet weather conditions, it was hypothesized that the UV 4 condition
would cause greater release of titanium dioxide nanoparticles than the NUV 5.6, NUV 7,

or NUV 9 conditions. Results from a post hoc comparison with Tukey HSD test
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indicated that differences between the groups were statistically significant, except
between the UV 4 condition and the NUV 9 condition. Given that there is no significant
difference between the UV 4 and NUV 9 conditions, it does not seem that there is greater
release of titanium with combined acidic and UV exposures when compared to combined
UV unexposed and less acidic conditions. It would be expected that at lower pH
conditions and UV exposure, based on the UV effect findings and carbonate chemistry,
that significantly greater concentrations of titanium would be released. It is not the case

given these results.
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CHAPTER 5: CONCLUSIONS

This research investigated the effects of wet weathering and UV photoactivation
on the release of titanium dioxide nanoparticles that have been integrated with concrete
for applications in construction materials. The results from this research provide
evidence of titanium dioxide nanoparticle’s potential as an exposure source when
integrated with concrete and weathered under UV and varying wet weather conditions.
Additionally, these results may provide reason to further investigate the exposure
pathways associated with titanium dioxide nanoparticles and its impact on human health.

This research was conducted by exposing titanium dioxide nanoparticle integrated
concrete test pucks to UV radiation in an accelerated UV weathering instrument and then
immersing the pucks in pH 4, 5.6, 7, and 9 solutions for an annual exposure equivalent.
The solution effluent was then subsequently sampled, analyzing for total titanium and
calcium concentrations by mass spectrometry and presence of titanium dioxide

nanoparticles by SP-ICP-MS and SEM imaging.

FINDINGS

Initial findings from this research indicate that titanium dioxide nanoparticle
agglomerates are released from the titanium dioxide nanoparticle integrated concrete in
parts per billion concentrations when weathered under the experimental exposures.
Through the use of single particle ICP-MS and scanning electron microscopy, it was
concluded that the measured concentrations did not contain any individual titanium
dioxide nanoparticles, based on the particle dimension parameter of 100 nm or less.
Instead, agglomerates of titanium dioxide nanoparticles were detected, which are still

considered nanoparticles because they continue to exhibit the unique properties of the
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individual nanoparticle. Thus, the measured titanium concentrations are considered to be
representative of the concentration of individual titanium dioxide nanoparticles released

from the integrated concrete.

Hypothesis 1: TiO; nanoparticles wet weathered in acidic solution will release from
concrete substrate in larger concentrations than TiO; nanoparticles wet weathered in

standard, neutral, and alkaline solutions.

This study found that exposure to more acidic wet weather conditions may not
have an effect on the release of titanium dioxide nanoparticles that have been integrated
into concrete. Results comparing the difference in means between pH exposures indicate
no difference between pH conditions in both UV exposed and UV unexposed samples
except for a small significant difference between pH 5.6 and pH 9 in the UV unexposed
samples. Although significant, the titanium concentration in the pH 5.6 group is less than
the titanium concentration in the pH 9 group. Given these results, the hypothesis that
exposure to more acidic solutions causes greater release of titanium dioxide nanoparticles

when integrated into concrete cannot be supported.

Hypothesis 2: Photoactivated TiO, nanoparticles will release from concrete substrate in

larger concentrations than non-photoactivated TiO, nanoparticles.

This research found that there was significantly greater release of titanium dioxide

nanoparticles in UV exposed samples than in UV unexposed samples. Both the one-way
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ANOVA and two-way ANOVA adjusting for the pH condition demonstrated statistically
significant difference between UV exposure and no UV exposure with greater

concentrations in the UV exposed group, supporting this hypothesis.

Hypothesis 3: UV exposed/Acidic Wet Weathered TiO, nanoparticles will release from
concrete substrate in larger concentrations than UV unexposed/standard, neutral and

alkaline wet weathered TiO, nanoparticles.

Findings comparing the difference in extreme conditions (UV 4 conditions vs.
NUV 5.6, NUV 7, and NUV 9) indicate that there is significant difference between the
UV 4 condition in all pH condition groups except for the NUV 9 condition. Given the
lack of significant difference in this group, the hypothesis that the combination of acidic
solution and UV exposure causes greater release of titanium dioxide nanoparticles than

neutral/alkaline and no UV exposure, cannot be supported.

SIGNIFICANCE

The results of this research indicate that titanium dioxide nanoparticles integrated
into concrete are not completely durable and have the potential to release into the
environment. Although only detected in ppb amounts, if titanium dioxide nanoparticle
integrated concrete use significantly increases, an accumulation of titanium dioxide
nanoparticles greater than ppb concentrations may negatively impact the environment and
human health. The result that UV exposure increases titanium dioxide nanoparticle
release may also impact its future use in concrete, as most concrete is exposed to outdoor

conditions. This research is also significant by showing that titanium dioxide
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nanoparticles can be an exposure source when integrated with concrete and exposed to
UV radiation. This may influence further research into titanium dioxide to include its
transportation in the environment, uptake in plant and animal life, exposure route, and

potential health effects.

LIMITATIONS

There were several limitations to this research that need to be addressed. First,
the accelerated weathering instrument would only support the use of deionized water for
spray weathering, so an alternative method of exposing the test pucks to different pH
solutions needed to be devised. The experimental design used an immersion method to
expose the concrete test pucks, which made it difficult to control the pH of the solution
during the exposure. An equilibration experiment was set up prior to the study to
determine the amount of time it took a pH 4 solution to reach equilibration when exposed
to a concrete test puck; however, this was only done to a UV unexposed test puck and not
a UV exposed test puck. Additionally, this experiment was only conducted once to
determine the equilibration time. Given this information, it is likely that the solutions,
regardless of initial pH, quickly equilibrated, thus effectively nullifying the pH condition
of the experiment. This limitation might be corrected for in the future if an accelerated
weathering instrument could be altered to accept solutions of different pH for its spray-
weathering capability, which is the most realistic simulation of rain weathering. If spray
weathering is not possible, immersion testing can still be done. Immersion testing would
require the equilibration testing to be done with each pH solution in both UV exposed
and UV unexposed conditions, measuring the amount of time to equilibration for each

condition. Additionally, during testing, the pH should be measured prior to and after
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each wet weather test to ensure that the solutions were the appropriate pH and that they
had fully equilibrated.

Second, the make-up of the concrete test pucks was not tested and confirmed, so
the composition of the test pucks is not well understood. SEM imaging confirmed the
presence of titanium dioxide particles on the surface of the test puck, but it is not
understood how the titanium dioxide particles settled during the curing process. This
may have influenced the amount of titanium detected in the solution after exposure. This
limitation can be prevented in the future by testing the composition of the concrete test
pucks and confirming the percent distribution of the titanium dioxide nanoparticles.

Third, the test pucks were not washed prior to testing. This was partly because
there was uncertainty how a neutral wash would affect the initial measurements of
titanium. The result of not washing the test pucks is evident in the calcium data, where
there is an initially large concentration of calcium in the first three exposures (Figures 18-
19). Had the test pucks been washed prior to exposure, there may have been a more
consistent calcium concentration level measured in the first three exposures.

Fourth, SEM imaging indicated a different morphology on the surface of the UV,
pH 4 exposed test puck when compared to the surface of the UV unexposed, pH 4
exposed test puck. The difference was that, with the UV exposure, there was calcium
carbonate that had dissolved into solution due to the pH 4 exposure and then re-
precipitated onto the test puck as a result of either the wetting/drying exposure variable or
the heating/cooling variable associated with the UV exposure. It is believed that this
caused release of titanium dioxide nanoparticle agglomerates, but caused lower reported

calcium concentrations in the UV exposed samples. This may have caused issues with
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the correlations made between the calcium and titanium data or even with the titanium
concentrations reported. It is possible that as calcium carbonate re-precipitated, any
titanium dioxide nanoparticle agglomerates still adhered to the carbonate material re-

precipitated as well.

FUTURE WORK

This research investigated a small part of the exposure pathway as it relates to
titanium dioxide nanoparticles that have been integrated with concrete. Given the result
that titanium dioxide nanoparticle agglomerates are released when exposed to UV
conditions, there is a need to further investigate titanium dioxide nanoparticle’s exposure
pathway and the mechanisms by which UV radiation impacts its release. The following
are recommendations for the further investigation of titanium dioxide nanoparticles
integrated with concrete.

(1) Material Related Research

(a) Investigation into the effects of different pH solutions on the release of
titanium dioxide nanoparticle integrated concrete using spray wet
weathering instrumentation.

(b) Investigation into the mechanisms of UV exposure on the release of
titanium dioxide nanoparticles from integrated concrete applications.

(2) Public Health Related Research

(a) Investigation into the transport of titanium dioxide nanoparticle
agglomerates into natural waters.

(b) Investigation into the transformation of titanium dioxide nanoparticle

agglomerates in the environment.
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(c) Investigation into the uptake and bioaccumulation of titanium dioxide
nanoparticle agglomerates in the aquatic environment.
(d) Investigation into the health effects related to the consumption of

titanium dioxide nanoparticle contaminated water.

60



10.

I1.

12.

REFERENCES

Aslan; AB. 2014. Test methodologies and self cleaning performances
of TiO2 containing construction material. School of Industrial and
Information Engineering

Baudys M, Krysa J, Zlamal M, Mills A. 2015. Weathering tests of
photocatalytic facade paints containing ZnO and TiO2. Chemical
Engineering Journal 261:83-7

Bo Yeon Lee ARJ, Kimberly E. Kurtis. 2013. Effects of nano-TiO2
on concrete. Magazine of Concrete Research 65:1293 - 302

Boffetta P, Soutar A, Cherrie JW, Granath F, Andersen A, et al. 2004.
Mortality among Workers Employed in the Titanium Dioxide
Production Industry in Europe. Cancer Causes & Control 15:697-706
Chen JL, Fayerweather WE. 1988. Epidemiologic Study of Workers
Exposed to Titanium Dioxide. Journal of Occupational and
Environmental Medicine 30:937-42

Echegoyen Y, Nerin C. 2013. Nanoparticle release from nano-silver
antimicrobial food containers. Food Chem Toxicol 62:16-22
European Commission of Environment. 2015. Definition of a
nanomaterial.
http://ec.europa.eu/environment/chemicals/nanotech/fag/definition_en
htm

Fujishima AH, Kenichi. 1972. Electrochemical Photolysis of Water at
a Semiconducter Electrode. Nature 238

Gamer AO, Leibold E, van Ravenzwaay B. 2006. The in vitro
absorption of microfine zinc oxide and titanium dioxide through
porcine skin. Toxicol In Vitro 20:301-7

Graziani L, Quagliarini E, Bondioli F, D'Orazio M. 2014. Durability
of self-cleaning TiO2 coatings on fired clay brick fagcades: Effects of
UV exposure and wet & dry cycles. Building and Environment
71:193-203

Giinter Oberdorster JF, Bruce E. Lehnert. 1994. Correlation between
particle size, in vivo particle persistence, and lung injury.
Environmental Health Perspectives 102

Hassan MM, Dylla H, Mohammad LN, Rupnow T. 2010. Evaluation
of the durability of titanium dioxide photocatalyst coating for concrete
pavement. Construction and Building Materials 24:1456-61

61



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hennebert P, Avellan A, Yan J, Aguerre-Chariol O. 2013.
Experimental evidence of colloids and nanoparticles presence from 25
waste leachates. Waste Manag 33:1870-81

Hongbo Shi RM, Vincent Castranova, Jinshun Zhao. 2013. Titanium
dioxide nanoparticles- a review of current toxicological data. Particle
and Fibre Toxicology 10:15

International Organization for Standardization. 2013. ISO 4892-2
Plastics - Methods of exposure to laboratory light sources In Part 2:
Xenon-arc lamps

Johnson AC, Bowes MJ, Crossley A, Jarvie HP, Jurkschat K, et al.
2011. An assessment of the fate, behaviour and environmental risk
associated with sunscreen TiO(2) nanoparticles in UK field scenarios.
Sci Total Environ 409:2503-10

Johnson DR, Methner MM, Kennedy AJ, Steevens JA. 2010. Potential
for occupational exposure to engineered carbon-based nanomaterials
in environmental laboratory studies. Environ Health Perspect 118:49-
54

Khosravi K, Hoque ME, Dimock B, Hintelmann H, Metcalfe CD.
2012. A novel approach for determining total titanium from titanium
dioxide nanoparticles suspended in water and biosolids by digestion
with ammonium persulfate. Anal Chim Acta 713:86-91

Kiser MA, Westerhoff P, Benn T, Wang Y, Perez-Rivera J, Hristovski
K. 2009. Titanium Nanomaterial Removal and Release from
Wastewater Treatment Plants. Environmental Science and Technology
43:6757-63

Koivisto AJ, Lyyridnen J, Auvinen A, Vanhala E, Himeri K, et al.
2012. Industrial worker exposure to airborne particles during the
packing of pigment and nanoscale titanium dioxide. Inhalation
Toxicology 24:839-49

Lam CW, James JT, McCluskey R, Hunter RL. 2004. Pulmonary
toxicity of single-wall carbon nanotubes in mice 7 and 90 days after
intratracheal instillation. Toxicol Sci 77:126-34

Lee KP, Henry INW, Trochimowicz HJ, Reinhardt CF. 1986.
Pulmonary response to impaired lung clearance in rats following
excessive TiO2 dust deposition. Environmental research 41:144

Luo Z-x, Wang Z-h, Xu B, Sarakiotis IL, Laing GD, Yan C-z. 2014.
Measurement and characterization of engineered titanium dioxide
nanoparticles in the environment. Journal of Zhejiang University
SCIENCE A 15:593-605

62



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

MacNicoll A, Kelly M, Aksoy H, Kramer E, Bouwmeester H,
Chaudhry Q. 2015. A study of the uptake and biodistribution of nano-
titanium dioxide using in vitro and in vivo models of oral intake.
Journal of Nanoparticle Research 17

Mangum JB, Turpin EA, Antao-Menezes A, Cesta MF, Bermudez E,
Bonner JC. 2006. Single-walled carbon nanotube (SWCNT)-induced
interstitial fibrosis in the lungs of rats is associated with increased
levels of PDGF mRNA and the formation of unique intercellular
carbon structures that bridge alveolar macrophages in situ. Part Fibre
Toxicol 3:15

Marambio-Jones C, Hoek EMV. 2010. A review of the antibacterial
effects of silver nanomaterials and potential implications for human
health and the environment. Journal of Nanoparticle Research
12:1531-51

Maury-Ramirez A, Demeestere K, De Belie N. 2012. Photocatalytic
activity of titanium dioxide nanoparticle coatings applied on
autoclaved aerated concrete: effect of weathering on coating physical
characteristics and gaseous toluene removal. J Hazard Mater 211-
212:218-25

Menzel F, Reinert T, Vogt J, Butz T. 2004. Investigations of
percutaneous uptake of ultrafine TiO2 particles at the high energy ion
nanoprobe LIPSION. Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms
219-220:82-6

Miquel - Jeanjean C, Crépel F, Raufast V, Payre B, Datas L, et al.
2012. Penetration Study of Formulated Nanosized Titanium Dioxide
in Models of Damaged and Sun - Irradiated Skins. Photochemistry
and Photobiology 88:1513-21

Mitchell LA, Lauer FT, Burchiel SW, McDonald JD. 2009.
Mechanisms for how inhaled multiwalled carbon nanotubes suppress
systemic immune function in mice. Nat Nanotechnol 4:451-6

Moser R. 2016. Personal Communication. ed. D Harrison
NanoRelease. 2014. Test Protocol: Simulated Weatherization
Scenario.

National Atmospheric Deposition Program. 2014. NADP Annual
Data. ed. NAD Program

National Institute for Occupational Safety and Health. 2011.
Occupational Exposure to Titanium Dioxide. ed. DoHaH Services.
Online

63



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

National Institute of Enironmental Health Sciences. 2015.
Nanomaterials. http://www .niehs.nith.gov/health/topics/agents/sya-
nano/

Neal C, Jarvie H, Rowland P, Lawler A, Sleep D, Scholefield P. 2011.
Titanium in UK rural, agricultural and urban/industrial rivers:
geogenic and anthropogenic colloidal/sub-colloidal sources and the
significance of within-river retention. Sci Total Environ 409:1843-53
Olabarrieta J, Zorita S, Pefa I, Rioja N, Monzén O, et al. 2012. Aging
of photocatalytic coatings under a water flow: Long run performance
and TiO2 nanoparticles release. Applied Catalysis B: Environmental
123-124:182-92

Oleru UG. 1987. Respiratory and nonrespiratory morbidity in a
titanium oxide paint factory in Nigeria. American journal of industrial
medicine 12:173-80

Pele LC, Thoree V, Bruggraber SF, Koller D, Thompson RP, et al.
2015. Pharmaceutical/food grade titanium dioxide particles are
absorbed into the bloodstream of human volunteers. Part Fibre
Toxicol 12:26

Pfliicker F, Pfliicker F, Wendel V, Hohenberg H, Giértner E. 2001.
The Human Stratum corneum Layer: An Effective Barrier against
Dermal Uptake of Different Forms of Topically Applied Micronised
Titanium Dioxide. Skin pharmacology and applied skin physiology
14:92

Ryman-Rasmussen JP, Tewksbury EW, Moss OR, Cesta MF, Wong
BA, Bonner JC. 2009. Inhaled multiwalled carbon nanotubes
potentiate airway fibrosis in murine allergic asthma. Am J Respir Cell
Mol Biol 40:349-58

Schulz J, Hohenberg H, Pfliicker F, Gértner E, Will T, et al. 2002.
Distribution of sunscreens on skin. Advanced Drug Delivery Reviews
54:S157-S63

Taketoshi Murakami AF. 2010. Expanding Industrialization of
Photocatalysts.

http://sangakukan.jp/journal/journal _contents/2010/06/articles/1006-
03-2/1006-03-2_earticle.html

Trochimowicz HJ, Lee KP, Reinhardt CF. 1988. Chronic inhalation
exposure of rats to titanium dioxide dust. Journal of applied
toxicology : JAT 8:383

United States Environmental Protection Agency. 2013.
Nanotechnology and Nanomaterials Research (Fact Sheet).

64



46.

47.

48.

49.

50.

51.

http://www?2 .epa.gov/sites/production/files/2013-
12/documents/nanotechnology-fact-sheet.pdf

United States National Nanotechnology Initiative. 2015. What's so
special about nanoscale? http://www .nano.gov/nanotech-101/special
Van Landuyt KL, Hellack B, Van Meerbeek B, Peumans M, Hoet P,
et al. 2014. Nanoparticle release from dental composites. Acta
Biomater 10:365-74

Wang J, Zhou G, Chen C, Yu H, Wang T, et al. 2007. Acute toxicity
and biodistribution of different sized titanium dioxide particles in
mice after oral administration. Toxicol Lett 168:176-85

Warheit DB, Webb TR, Reed KL, Frerichs S, Sayes CM. 2007.
Pulmonary toxicity study in rats with three forms of ultrafine-Ti0O2
particles: differential responses related to surface properties.
Toxicology 230:90-104

Westerhoff P, Song GX, Hristovski K, Kiser MA. 2011. Occurrence
and removal of titanium at full scale wastewater treatment plants:
implications for TiO2 nanomaterials. JOURNAL OF
ENVIRONMENTAL MONITORING 13:1195-203

World Health Organization. 2010. Titanium Dioxide Monographs.
http://monographs.iarc.fr/ENG/Monographs/vol93/mono93-7.pdf

65



APPENDIX A: SPSS STATISTICAL RESULTS TABLES

Table A-1: Determination of distribution normality in logged titanium data by calculation
of z-value from skewness and kurtosis values and respective standard errors.

Group Skewness Std. Error

Uuv4 -0.403
Uvse -0.026
uv7 -0.188
Uuvo -0.406
NUV4 -0433
NUV 5.6 -0.22]
NUV7  0.055

NUVY9 -0.217

0.427
0.427
0.427
0.427
0.427
0.427
0.427
0.427

Titanium Data

Z-Value

-0.94
-0.06
-0.44
-0.95
-1.01
-0.51
0.12
-0.50

Kurtosis Std. Error

1.824 0.833
-0.267 0.833
0.072 0.833
0.558 0.833
-0.269 0.833
0.113 0.833
-0.308 0.833
-0.632 0.833

Z-Value

2.18
-0.32
0.08
0.66
-0.32
0.13
-0.36
-0.75

Result

Not Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

Table A-2: Determination of distribution normality in logged titanium data by Shapiro-

Wilk test
Shapiro-Wilk

Group Statistic df Sig.

logTiConcppb  UV4 954 30 217
UVs.6 .980 30 822
uv7z .976 30 .700
uvs 941 30 .098
NUV4 .954 30 217
NUVS.6 .985 29 .938
NUV7 .986 30 .946
NUVS .953 30 .203




Table A-3: Determination of equality in variances of logged titanium data with Levene's
Test for Homogeneity

Test of Homogeneity of Variances

logTiConcppb
Levene
Statistic dfl df2 Sig.
228 3 235 877

Table A-4: One-way ANOVA between pH conditions within UV exposure conditions
depicting no significant difference in means between pH conditions in UV
unexposed titanium data and significant difference in means between pH
conditions in UV exposed titanium data

ANOVA
logTiConcppb
Sum of
UV_NUV Squares df Mean Square F Sig.
NUV  Between Groups 412 3 137 1.949 126
Within Groups 8.099 115 .070
Total 8.511 118
uv Between Groups 317 3 .106 3.272 .024
Within Groups 3.749 116 .032
Total 4.066 119




Table A-5: Post hoc comparison of titanium UV exposed data between pH exposure
conditions

Multiple Comparisons

Dependent Variable: logTiConcppb
Tukey HSD
Diff::':?\rcie (- 95% Confidence Interval
UV_.NUWW () pH () pH J) Std. Error Sig. Lower Bound | Upper Bound
uv 4.0 5.6 11574 .04641 .066 -.0052 .2367
7.0 .00828 .04641 .998 -.1127 .1293
9.0 -.01327 .04641 .992 -.1343 1077
5.6 4.0 -.11574 .04641 .066 -.2367 .0052
7.0 -.10746 .04641 .100 -.2284 .0135
9.0 -.12902" .04641 .032 -.2500 -.0080
7.0 4.0 -.00828 .04641 .998 -.1293 1127
5.6 .10746 .04641 .100 -.0135 .2284
9.0 -.02156 .04641 .967 -.1425 .0994
9.0 4.0 .01327 .04641 .992 -.1077 .1343
5.6 .12902° .04641 .032 .0080 .2500
7.0 .02156 .04641 .967 -.0994 .1425

*. The mean difference is significant at the 0.05 level.

Table A-6: Two way ANOVA of logged titanium data depicting no interaction between

pH and UV conditions

Tests of Between-Subjects Effects

Dependent Variable: logTiConcppb
Type Il Sum

Source of Squares df Mean Square - Sig.
Corrected Model 2.803% 7 400 7.807 .000
Intercept 9.644 1 9.644 | 188.044 .000
UV_NUV 2.075 1 2.075 40.462 .000
pH 446 3 .149 2.902 .036
UV_NUV * pH .279 3 .093 1.812 .146
Error 11.848 231 .051
Total 24.337 239
Corrected Total 14.650 238

a. R Squared = .191 (Adjusted R Squared = .167)
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Table A-7: One-Way ANOVA of logged titanium data depicting significant difference in
means between UV exposed and UV unexposed conditions

ANOVA
logTiConcppb
Sum of
Squares df Mean Square F Sig.
Between Groups 2.074 1 2.074 39.078 .000
Within Groups 12.577 237 .053
Total 14.650 238
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Table A-8: Post hoc comparison of UV exposed and UV unexposed groups

Multiple Comparisons

Dependent Variable: logTiConcppb

Tukey HSD
Mean Difference 95% Confidence Interval
(1) Group () Group {1-)) Std. Error Sig. Lower Bound | Upper Bound
uva UVS.6 11574 05847 498 -.0631 2946
w7 00828 05847 1.000 -.1706 1872
uva -.01327 05847 1.000 -.1921 1656
NUv4 24540 05847 001 0665 4243
NUVS.6 22312 05898 005 0427 4035
NUV? .27085 05847 .000 0920 4497
NUV9 .11689 05847 485 -.0620 .2958
Uvs.6 uva -.11574 05847 498 -.2946 0631
uv? -.10746 05847 595 -.2863 0714
uva -.12902 05847 352 -.3079 0499
NUV4 .12966 05847 345 -.0492 .3085
NUVS.6 10737 05898 607 -.0730 2878
NUV7 15511 05847 143 -.0238 3340
NUV9 00114 05847 1.000 -1777 .1800
uv7 uv4 -.00828 05847 1.000 -.1872 1706
UVS.6 10746 05847 595 -0714 .2863
uva -.02156 05847 1.000 -.2004 1573
NUV4 23712 05847 002 0583 4160
NUVS.6 21483 05898 .008 0344 3952
NUV? 26256 05847 000 0837 4414
NUV9 .10860 05847 582 -.0703 2875
uva uvé 01327 05847 1.000 -.1656 1921
UVS.6 .12902 05847 352 -.0499 3079
uv? 02156 05847 1.000 -.1573 .2004
NUV4 .25868 05847 .000 0798 4375
NUVS.6 23630 05898 002 0560 4168
NUV? 28412 05847 000 .1053 4630
NUV9 .13016 05847 340 -.0487 .3090
NUv4 uva -.24540 05847 001 -4243 -.0665
UVS.6 -.12966 05847 345 -.3085 0492
(0 -237127 05847 002 -4160 -.0583
uva -.25868 05847 000 -A4375 -.0798
NUVS.6 -.02229 05898 1.000 -.2027 1581
NUV7 02544 05847 1.000 -.1534 2043
NUV9 -.12852 05847 357 -.3074 0504
NUVS.6 uv4 -.22312 05898 005 -.4035 -.0427
UVS.6 -.10737 05898 607 -.2878 0730
(0 -.21483 05898 008 -.3952 -.0344
uva -.23639 05898 .002 -.4168 -.0560
NUV4 02229 05898 1.000 -.1581 2027
NUV7 04773 05898 992 -.1327 2281
NUV9 -.10623 05898 620 -.2866 0742
NUV7 uvé -.27085 05847 .000 -.4497 -.0920
UVS.6 -.15511 05847 143 -.3340 0238
(0 -.26256 05847 .000 -4414 -.0837
uva -.284127 05847 000 -4630 -.1053
NUV4 ~02544 05847 1.000 ~2043 1534
NUVS.6 -.04773 05898 0992 -.2281 1327
NUV9 -.15396 05847 150 -.3328 0249
NUV9 uvé -.11689 05847 485 -.2958 0620
UVS.6 -.00114 05847 1.000 -.1800 1777
uv? -.10860 05847 582 -.2875 0703
uva -.13016 05847 340 -.3090 0487
NUV4 .12852 05847 357 -.0504 3074
NUVS.6 .10623 05898 620 -.0742 .2866
NUV7 .15396 05847 .150 -.0249 3328

*. The mean difference is significant at the 0.05 level.



Table A-9: Two-way ANOVA testing the main effects of each condition, depicting

significant difference in means between UV exposed and UV unexposed data

when adjusted for the pH condition

Tests of Between-Subjects Effects

Dependent Variable: logTiConcppb
Type N sum
Source of Squares df Mean Square F Sig.
Corrected Model 2.524% & .631 12.177 .000
Intercept 9.629 1 9.629 | 185.806 .000
UV_NUV 2.083 1 2.083 40.192 .000
pH 450 3 .150 2.897 .036
Error 12.126 234 .052
Total 24.337 239
Corrected Total 14.650 238
a. R Squared = .172 (Adjusted R Squared = .158)
Table A-10: Overall Spearman correlation test of calcium and titanium data
Correlations
Calcium | Titanium
Spearman's rho  Calcium Correlation -
Coefficient 1.000 284
Sig. (2-tailed) . .000
N 239 238
Titanium  Correlation s
Sig. (2-tailed) .000 .
N 238 239

**_ Correlation is significant at the 0.01 level (2-tailed).
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Table A-11: Spearman correlation results of comparisons between titanium and calcium
data within identified calcium groups

Correlations
Group Calcium | Titanium
1 Spearman's rho  Calcium Correlation
Coefficient 1.000 -.051
Sig. (2-tailed) . .719
N 52 52
Titanium  Correlation
Coefficient -.051 1.000
Sig. (2-tailed) 719 .
N 52 52
2 Spearman's rho  Calcium Correlation
Coefficient 1.000 .153
Sig. (2-tailed) . .300
N 48 48
Titanium  Correlation
Coefficient .153 1.000
Sig. (2-tailed) .300 .
' N 48 48
3 Spearman's rho  Calcium Correlation ¥
Coefficient 1.000 505
Sig. (2-tailed) . .000
N 44 44
Titanium  Correlation "
cOefﬂcient .SOS 1.000
Sig. (2-tailed) .000 .
N 44 44
& Spearman's rho  Calcium Correlation
Coefficient 1.000 .143
Sig. (2-tailed) . .379
N 40 40
Titanium  Correlation
Coefficient .143 1.000
Sig. (2-tailed) .379 .
N 40 40

**_Correlation is significant at the 0.01 level (2-tailed).



APPENDIX B: ADDITIONAL GRAPHS
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Figure B-1: Scatterplot correlation graph of calcium and titanium data in UV exposed
Group 1
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UV Exposed Group 2
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Figure B-2: Scatterplot correlation graph of calcium and titanium data in UV exposed
Group 2
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UV Unexposed Group 2
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Figure B-3: Scatterplot correlation graph of calcium and titanium data in UV unexposed
group 2
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