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Metal oxide nanoparticles (MONPs) are manufactured at the greatest rate of any class of
nanomaterial due to their wide variety of industrial, commercial, and environmental applications.
The sustainable use of MONPSs requires a balance of careful consideration of their potential
negative environmental impacts with the effective exploitation of their unique properties in
situations where the benefit of their use outweighs the risk. Currently, the study of the
environmental behavior and toxicity of MONPSs, as well as the understanding of their efficacy in

environmental remediation applications, would benefit from the understanding of how MONPs



behave in complex aquatic media. MONPs are particularly difficult to study in environmentally-
relevant matrices like natural water samples or within organisms due to the presence of elevated

levels of the naturally occurring metal oxide.

In this dissertation, | directly address this challenge through the development of gold core-
labeled TiO2 NPs (Au@TiO2 NPs). These labeled NPs were characterized and compared to their
unlabeled counterparts, and it was determined that the size, crystal structure, and stability in
media up to 500 mM was not significantly changed by the presence of the gold core label. The
Au@TiO2 NPs were quantified at low concentrations in complex natural matrices containing
elevated levels of background titanium, using both inductively-coupled plasma optical emission

spectroscopy and instrumental neutron activation analysis.

To contextualize these Au@TiO2 NPs within the broader context of the available MONP
labeling strategies, | prepared a critical review of the current literature. Four major categories of
labeling techniques are described: fluorescent dyes, radioactive isotopes, stable isotopes, and
dopant and core/shell labels. The advantages and disadvantages of each technique are presented.
Recommendations are made for characterization that should be performed on labeled and
unlabeled MONPs to ensure mechanistic conclusions drawn in experiments are not affected by
the presence of the label. Guidance is provided on choosing and applying a labeling strategy for

a given study.

Finally, I examine the properties and behavior of TiO2 NPs in water treatment applications. The
relative influence of elemental surface composition, crystal structure, ROS generation capacity,
aggregation state, and water chemistry on the photocatalytic degradation of methylene blue dye

is presented. Due to sample contamination, no correlations were found between the molecular-



level surface properties determined by x-ray photoelectron spectroscopy and overall treatment
efficacy. The most important property determining the extent of decolorization of the dye
solutions was the inherent ROS generation capacity of the TiO> NPs, which in this study was
controlled by the crystal structure. Other important properties were the aggregation state of the

TiO2 NPs in solution, and the pH stability of the media during the treatment process.

Overall, this dissertation provides both justification and methodologies for the study of TiO2 NPs

in complex, environmentally-relevant aquatic matrices.
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1 Introduction

Nanoparticles (NPs) are broadly defined as materials that are smaller than 100 nm in at least one
dimension. The small size of NPs gives rise to differences in properties and behaviors when
compared to their bulk counterparts. Examples of these differences include greater antimicrobial
activity'?, increased material strength and stiffness®, and enhanced color brightness and purity*®.
The benefits of NPs have been exploited in numerous commercial and industrial applications,
and over $25 billion has been invested by the United States government in the research and

development of nanotechnology since 2001°.

Metal oxide NPs (MONPs) have the highest production of any type of nanomaterial, with global
production occurring on the order of thousands of tons per year”®. The magnitude of the
production and application of MONPs increases the amount that will be released into the
environment, which has led to a growing body of research on the potential negative implications
of these materials®'°. MONPs have been shown to have toxic effects on microorganisms, small
aquatic invertebrates, and some human cell lines'**4, The study of MONPs in environmentally-
relevant systems is complicated by the presence of naturally occurring metals and metal oxides
that must be distinguished from the engineered MONP of interest. This challenge, and the

analytical strategies that are used to overcome it, are discussed in detail in Chapter 3.

Although there are concerns about negative environmental effects of MONPs, some MONPs
may be useful in environmental remediation applications. TiO2 NPs in particular have been

extensively studied for these purposes, with potential uses including the degradation of organic



contaminants, the adsorptive removal of toxic heavy metals, and the inactivation of harmful
viruses and microorganisms®>1®. Advanced oxidation processes in water treatment enabled by
TiO2 NPs rely on the photocatalytic activity of the NPs, specifically their ability to generate

reactive oxygen species (ROS).

The mechanism of TiO2 photocatalytic activity is summarized in Figure 1.1. When TiO2 NPs are
irradiated with light (hv) that exceeds the band gap energy, electrons (e°) are excited from the
valence band to the conduction band, leaving behind a positively charged hole (h*)!"8, Some of
these free charges will diffuse to the TiO> surface and participate in redox reactions with the
surrounding solution to form multiple types of ROS, most notably hydroxyl radicals ("OH) and
superoxide ("0y), and singlet oxygen (102)!"18, Alternatively, the e or h* may become trapped
either on the surface or within the bulk, with movement is restricted due to the presence of
impurities or defects in the TiO2. The e/h* pairs may alsorecombine without producing ROS.
These core photocatalytic processes are summarized in the following equations, where e*tr and
h*1r represent the surface trapped charges and e'cg and h*vg represent the electrons excited to the

conduction band and the holes remaining in the valence band, respectively®®.

TiO, + hv > e g + h*yp Q)
0, +e 5~ 03 2
OH™ + h*yg - "OH ®))
€ cB € TR (4)

h*yg - h¥rg ®)



Hydrogen peroxide (H20.) can also be generated by the "O>" disproportionation and reaction with
dissolved protons (H"). H202 then goes on to form additional "OH, as shown in the following

equations, where O, represents oxygen and OH" represents hydroxide!®%,

‘03 + *03 + 2H* -» H,0, + 0, (6)
H,0, + e“¢cg = ‘OH + OH™ @)
H,0, +°0; - *OH+ OH™ + 0, (8)
H,0, + hv — "OH + *OH 9)

Once ROS are produced, they can oxidize the organic contaminants present in solution, either
forming a degradation by product or, in the case of complete mineralization, carbon dioxide.
Specific types of ROS can be detected and quantified through the use of electron spin resonance

spectroscopy or through the degradation of fluorescent probes??.

©
H
(s

/ 4  diffusion
@ diff‘%on
OH*

Figure 1.1. Mechanism of TiO. photocatalysis.



The photocatalytic generation of ROS, and the interaction of ROS with the surrounding media,
drives both the water treatment efficacy and the potential for toxicity of TiO2 NPs. There are
several important characteristics of both the TiO> NPs and the water chemistry that affect this
behavior. ROS generation by TiO2 NPs is heavily influenced by the crystal structure of TiO»,
with the anatase form of TiO2 exhibiting higher levels of photoactivity than the rutile form.
Anatase TiO> has a larger band gap (3.28 eV) than the rutile form (3.0 eV), which increases the
oxidative capacity of the charge carriers created??. Anatase TiO; also has an indirect band gap
not observable in the rutile form, which is expected to increase the lifetimes of the generated
electron-hole pairs, allowing the charge carriers to encounter and react with adsorbed molecules
before recombination?3. Charge carriers generated within anatase TiO have also been shown to
diffuse to the surface from deeper in the bulk material than charge carriers generated in rutile
TiO2%. TiO2 NPs that contain a mixture of crystalline forms, like the commonly-used P25
mixture of 20% rutile and 80% anatase, exhibit an even greater photocatalytic activity than the
sum of the contributions from the pure crystal phases would predict?*?. This is due to the
transfer of charges between the anatase and rutile phase, limiting charge recombination and

promoting ROS generation?*2,

In solution, primary TiO2 NPs will aggregate to form larger clusters, limiting the available
amount of surface area to participate in photocatalytic reactions?®. The probability that two
particles will attach upon collision is defined as the attachment efficiency, o, and is controlled by
the surface chemistry of the particles?’. When the two particles have a similar charge,

electrostatic repulsive forces will increase as the distance between the particles decreases.



However, the van der Waal’s attractive forces will increase as the distance between the particles
decreases, eventually outweighing the repulsive forces at small distances and allowing
aggregation to take place. This net attractive or repulsive force between two particles that
changes as a function of distance is described by Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory?®2°, This phenomena is directly affected by water chemistry parameters like the pH and
the ionic strength. The pH affects the surface charge of the particles, which can enhance or limit
the electrostatic repulsion. lonic strength affects the size of the electric double layer, which is
formed as the particle attracts ions with an opposing charge that form the first fixed (Stern) layer,
followed by the attraction of ions with similar charge that form the second diffuse layer. When
the ionic strength is increased, the electric double layer compacts, decreasing repulsive forces
and increasing the chance of aggregation?”*, Aggregation can also be impacted by the presence
of natural organic matter, which can adsorb to particle surfaces, affecting the surface charge or
participating in interparticle bridging®.2. Aggregation state has been directly linked to "OH
production by TiO», with smaller, less dense aggregates producing more "OH than larger, denser

aggregates?,

Finally, once ROS is generated, the interactions with contaminants or organisms present will
determine the overall level of treatment efficacy or toxicity. The potential for a contaminant or
organism to interact with ROS is significantly increased when they are in direct contact with the
TiO; surface®2, This behavior is dominated by electrostatic interactions. For example, cationic
organic dyes like methylene blue are more likely to adsorb to a negatively charged TiO> surface,

so both adsorption and degradation will increase with pH3"~%. The relative



hydrophobic/hydrophilic properties of the TiO2 surface are also key predictors of NP toxicity*°.
These properties influence both the adsorption of water and oxygen, which is necessary to
produce ROS, and the adsorption of contaminants, which brings ROS into the close proximity
required for degradation processes*®#!. Natural organic matter can also affect the likelihood of
ROS-contaminant or ROS-organism interactions by scavenging the produced ROS, reducing the

photoactivity of TiO2 NPs*.

Overall, it is clear that an understanding of the behavior of MONPs like TiO2, whether in a water
treatment scenario or a study of environmental behavior and toxicity, requires that the NPs are
thoroughly characterized within the media of interest. This dissertation addresses key challenges
in this area, developing and evaluating analytical strategies for the study of both the
environmental implications and applications of TiO2 NPs. Chapter 2 addresses the need for
MONP labeling methods that enable studies of the fate and transport of TiO2 NPs to be
performed in complex matrices containing background titanium. A method for producing gold
core-labeled TiO2 NPs is presented, along with examples of quantification within a variety of
complex, environmentally-relevant media. Chapter 3 situates the core/shell labeling method
detailed in Chapter 2 within the broader context of MONP labeling strategies. Existing
procedures for the incorporation of traceable labels within MONPs are evaluated, and
recommendations are provided for both the characterization of labeled MONPs and the selection
of a labeling method for a specific study. In Chapter 4, TiO, NPs are studied in the context of
photocatalytic water treatment applications. Two model TiO2 NPs are characterized across

different water chemistry conditions from the dual perspectives of the surface composition on the



molecular level, and the broader extrinsic properties like aggregation state, hydrophobicity, and
ROS generation. The relationships between these properties and the photocatalytic degradation

of methylene blue dye are presented.
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2.1 Abstract

Titanium dioxide nanoparticles (TiO2 NPs) are increasingly entering natural systems due to their
widespread production and use. It is critical that TiO2> NP behavior is studied in real-world
systems, but experimental work is complicated by the high levels of background titanium present
in every environmental compartment. To assist in distinguishing between engineered NPs and
background titanium, labeled particles with gold nanoparticle cores and TiO> shells (Au@TiO>
NPs) were developed and the properties and behavior compared to unlabeled TiO2> NPs. Both
particle types had primary particle diameters of approximately 200 nm and were stable in
solutions at ionic strengths up to 500 mM due to a polyvinylpyrrolidone surface coating. To
demonstrate utility, the Au@TiO2 NPs were used in several spike-and-recovery experiments in
complex matrices such as activated sludge and a river water-sunscreen mixture. Au@TiO2 NPs
were accurately quantified at using instrumental neutron activation analysis and inductively

coupled plasma optical emission spectrometry.
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2.2 Introduction
Titanium dioxide nanoparticles (TiO2 NPs) are produced in quantities on the order of thousands
of tons per year for multiple consumer and industrial applications®. Once synthesized, TiO2 NPs
are often embedded in a product to act as a pigment, to impart UV protection, or to serve as a
photocatalyst®. The use and disposal of many of these products ensures that TiO2 NPs will be
directly released into both natural waters and water treatment systems, where TiO2 NP detection

and quantification is difficult.

TiO2 NPs have been shown to have toxic effects on a variety of aquatic organisms due to the
production of reactive oxygen species, raising concern that the increasing quantities being
released in the environment could have a negative impact?!. Exposure to TiO2 NPs has been
shown to decrease algal growth*3#4 inhibit ammonia oxidizing bacteria®®, and induce oxidative
stress in rainbow trout*®. Additionally, TiO- is oxidatively stable under a wide range of
conditions. TiO2 NP residues can persist in the environment even as other components of a
product like sunscreen degrade*’, and these residues also have the potential to negatively affect

organisms?*®4°,

Understanding the behavior and environmental effects of TiO> NPs in complex systems is
critical, but researchers must first overcome the challenge of distinguishing the engineered
particles from relatively high concentrations of naturally occurring titanium. In modeling studies
focused on European surface waters, the predicted environmental concentration of engineered
TiO2 NPs ranges from 3 ng/L to 1.6 pg/L in river water®®®!, and from 2.5 to 10.8 pg/L in

wastewater treatment effluent®®. In contrast, natural titanium levels in river water have been
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reported in the range of 2 to 107 pg/L>2. Background titanium is present in every environmental
compartment®®, as well as in plants® and organisms®>°°. Environmental samples will likely
contain a mixture of engineered and natural titanium-based materials in both bulk and nano-sized

forms, complicating the study of engineered TiO2 NPs in environmental samples.

As reviewed by von der Kammer et al., several analytical techniques have been developed for
the study of nanoparticles in complex matrices: these include techniques for NP
extraction/separation, the detection and quantification of engineered NPs, and particle imaging®’.
Field-flow fractionation (FFF) methods can be used to separate nanomaterials of interest from
heterogeneous mixtures by exploiting differences in the size or density of the materials in the
sample®®. When FFF is coupled with inductively coupled plasma mass spectrometry (ICP-MS)
techniques, nanomaterials can be quantified at environmental concentrations®. Additionally, a
wide range of particle visualization methods have been applied to the study of engineered NPs,
from conventional electron microscopies to more advanced methods like hyperspectral imaging

and synchrotron-based techniques®’.

While these are powerful tools, each of these analytical techniques require additional strategies
to determine if the detected NPs are naturally-occurring or engineered. For mass-based
quantification techniques, comparing elemental or isotopic ratios in samples containing the
nanomaterial of interest versus samples with no direct exposure, can assist in making these
judgments®”8%%1 In the case of imaging, the subjective analysis of characteristics like particle
morphology can be used. Unfortunately, there are experimental scenarios where no useful

isotopic or elemental ratio exists, or the visual characteristics of engineered NPs are not
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distinctive enough for confidence in identification. To complement these existing analytical
techniques, another approach is the application of a traceable label to the nanomaterial of
interest. Incorporating a label that is rare in the sample background has the potential to facilitate

easier analysis in studies of nanomaterial transport, biouptake, and toxicity.

Four major categories of labels have been applied to enhance studies of the behavior of TiO>
NPs: fluorescent dyes, dopants, radioisotopes, and stable isotopes. Most commonly, a fluorescent
dye is either embedded within the structure or attached to the exterior surface of TiO2 NPs and
detected using fluorescence spectrophotometry or microscopy®?-%. This is a simple and
inexpensive labeling method, but the reported detection limits for fluorescently-labeled metal
oxide nanomaterials in environmental samples are in the pug/L-mg/L range, limiting the study of
environmentally relevant concentrations of TiO, NPs to simpler matrices®® . Another drawback
of this method is the potential for the fluorescent dye to alter particle properties and behavior,
especially in cases where the dye coats the NP surface and is directly exposed to the surrounding

media®®.

TiO2 NPs have also been doped with rare earth elements, and quantified down to the equivalent
of 560 pg/L of Ti using inductively coupled plasma optical emission spectrometry (ICP-OES).
The presence of a rare earth element dopant can alter particle properties like the surface area, (-
potential, and photocatalytic activity’*. Furthermore, dopants in the labeled TiO2 NPs have been
shown to preferentially appear on the surface of the nanoparticles where they are most likely to

interact with the surrounding environment’®.
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TiO2 NPs have also been labeled with both stable and radioactive isotopes for transport and
biouptake experiments at environmentally relevant concentrations. The stable isotope *'Ti was
used to study bioaccumulation of TiO2 NPs in mussels using ICP-MS for quantification down to
8.6 ng/L of Ti’2. Radiolabeling techniques include the use of a cyclotron to prepare TiO2 NPs
labeled with 48V (half-life=15.97 d), 'Be (half-life=53.29 d), 18F (half-life=109.7 min), and *°Ti
7375 (half-1ife=3.08 h), and the use of commercially available radionuclides to prepare TiO, NPs
labeled with *45Ti (half-lives=60.4 a, 3.08 h)™*. Once labeled with a radioisotope, TiO2 NPs can
be detected using positron emission tomography or a radiometric detector like a gamma counter.
Isotopic labelling techniques have the benefits of very low detection limits and a much smaller
impact on particle properties, but these techniques are expensive and may require specialized

equipment.

Choosing the appropriate labeling technique for a given study requires several considerations.
The limit of detection must be appropriate for the concentrations used in the study, and the
quantification method must be compatible with the study matrix. Study duration must not outlast
the stability of the label, especially in the case of radiolabeling methods. Also, particle properties
relevant to the behavior being studied must be kept consistent between labeled and unlabeled
TiO2 NPs. In some cases, a detection method that gives information beyond the mass of particles

present may be desired (e.g. visualization within an organism).

Core-shell labeling has the potential to provide a powerful complementary technique to these
existing methods. Encapsulating a stable metallic label that is rare in the sample matrix with a

TiO2 shell allows more of the labeling element to be incorporated than doping methods permit,
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enhancing sensitivity without altering particle surface chemistry. The primary disadvantage of
this method is that the core-shell particles must be synthesized; the technique cannot be directly
applied to commercially available TiO2> NPs. Additionally, care must be taken to ensure that
particle density is unaffected by the presence of the core. However, the method is highly
customizable, and can in theory be applied using a variety of core materials and TiO2 crystal
structures. Using gold as the labeling element allows for many different mass quantification and
particle visualization techniques to be employed in analysis, such as ICP-MS"®-", transmission
electron microscopy’®%2, and hyperspectral imaging®®*. Another notable analytical technique
that the Au@TiO. system lends itself to is instrumental neutron activation analysis (INAA).
INAA is performed by bombarding a sample with neutrons to form radioactive isotopes that can
be detected using gamma ray spectroscopy, allowing for quantification at low parts-per-billion
levels in complex matrices with very little sample preparation. The technique has been employed
to study gold nanoparticle uptake in embryonic zebrafish and biodistribution within the

individual organs of mice8>°,

In this work, gold core-labeled TiO2 NPs (Au@TiO2 NPs) were developed as a novel tool for
studies of the fate, transport, and bioavailability of TiO> NPs. Environmental concentrations of
gold are far lower than titanium. The gold nanoparticle core is simple to detect using a variety of
analytical methods that allow for quantification of labeled particles, particle visualization, and
the study of surface interactions. Au@TiO2 NPs and unlabeled TiO> NPs were synthesized and
characterized; the properties and behavior of the two particle types were compared. Spike-and-

recovery experiments were performed in both simple and environmentally-relevant media to
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demonstrate the utility of the labeling technique. ICP-MS, ICP-OES, and INAA techniques were

used for quantification.

2.3 Materials and Methods

All glassware used in synthesis was washed thoroughly with freshly made aqua regia solution
(3:1 HCI:HNO:3) and rinsed with distilled and deionized (DDI) water (18.2 MQ; Millpore Co.
USA). All chemicals met guidelines for purity set by the American Chemical Society (ACS) or
the United States Pharmacopeia (USP) unless otherwise noted for ultrapure reagents, and were
used without further purification. DDI water was used for all procedures. 100% ACS/USP grade
ethanol was used for all procedures. Nanoparticle stock solutions were stored in the dark under

refrigeration.

2.3.1 Gold Nanoparticle (AuNP) Core Synthesis
The AuNP cores were synthesized by adapting existing methods developed by Gao et al.8’. All

reagent solutions were prepared directly prior to synthesis. First, 3-5 nm gold seed particles were
synthesized as follows. 200 uL of 25 mM trisodium citrate and 1.97 pL of 1 g/mL HAuUCl4
(Sigma-Aldrich, >49.0 % Au basis) were added sequentially to 19.8 mL DDI water under rapid
stirring conditions. A 0.1 M NaBHjs solution was made fresh in water that had previously been
chilled for 20 minutes. 600 pL of the NaBH4 solution was added to the HAuCla/citrate solution,
turning the mixture light red. This final solution was allowed to stir for two hours, and then was

filtered through a 25 mm syringe filter with a 0.45 pum nylon membrane (VWR International).
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The gold seeds were then grown to 30 nm gold core particles. A growth solution was prepared by
combining 39.454 mL of DDI water, 8 mL of 5% w/w 40 kDa polyvinylpyrrolidone (PVP) , 3
mL of 0.2 M KI, 4 mL of 0.1 M L-ascorbic acid, and 120 pL of 1 g/mL HAuUCIs. 4 mL of the
seed solution and 546 pL of 1 M KOH were simultaneously added to the growth solution under
rapid stirring, causing the solution to turn dark red. The solution was rapidly mixed for 10

minutes.

To remove unreacted reagents from the AuNP solution, dialysis tubing with a molecular weight
cut-off of 14,000 kDa (Sigma-Aldrich) was used. Prior to AuNP synthesis, the dialysis tubing
was cut to a length of approximately 40 cm, and cleaned by rinsing thoroughly with DDI water
then boiling in 150 mL of DDI water for 15 minutes. This cleaning process was repeated three
times, after which the dialysis tubing was stored in 150 mL of DDI water during the AuNP
synthetic procedures. After synthesis, the AuNP solution was transferred to the clean dialysis
tubing, and the ends sealed. The tubing was then boiled in 500 mL of DDI water for 5 hours,
with the water replaced every 45 minutes. The AuNP solution was collected from the tubing and
154 mg of powdered 360 kDa PVP was added. The final AuNP solution was then stirred for 12
hours and stored in the dark under refrigeration. Prior to the TiO> coating procedure, the AuNP
core solution was centrifuged (Beckman Coulter Allegra 21 Centrifuge) in 50 mL polyethylene

centrifuge tubes at 8200 rcf for 45 minutes, and concentrated to a final volume of 25 mL.

2.3.2 TiO2 Coating Procedure
The AuNPs were coated with TiO, by adapting existing methods developed by Goebl et al.%,

All glassware was rinsed thoroughly with ethanol before use. 40 mL of ethanol, 8 pL of 20 mM
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HCI, 190 mg of powdered 360 kDa PVP, and 1.7 mL of concentrated AuNP core solution were
combined in a jar and stirred rapidly. In a 20 mL scintillation vial, 5 mL of ethanol and 90 pL of
titanium tetraisopropoxide (TTIP) were added and mixed together by inverting the sealed jar.
Under rapid stirring, the TTIP solution was pipetted into the Au core solution dropwise, at a rate
of 300 pL/min. 100 mg of 360 kDa PVP was then added and the solution was stirred for at least

12 hours at room temperature.

The Au@TiO2 NPs were then centrifuged at 8200 rcf for one hour. The supernatant was
decanted and replaced with 30 mL of ethanol. The mixture was bath sonicated (VWR B1500A-
MTH) at high power for 10 minutes to disperse the NP pellet. This process was then repeated
three times using 30 mL of DDI water. The Au@TiO2 NP solution was transferred to Teflon-
lined digestion vessels and hydrothermally treated for 12 hours at 120°C in an oven (DX302C,

Yamato), forming an anatase TiO> shell.

Unlabeled TiO2 NPs were synthesized using the same TiO. coating procedure, but 1.7 mL DDI
water was substituted for the concentrated AuNP core solution. All nanoparticle stock solutions

were bath-sonicated at high power for 10 minutes prior to use in demonstration experiments.

2.3.3 Nanoparticle Characterization

The primary particle sizes of Au@TiO2 NPs, unlabeled TiO2 NPs, and the AuNP cores, along
with the number of AuNP cores per TiOz shell, were analyzed by transmission electron
microscopy (TEM) (FEI Titan). The average NP size and number of cores per shell were

determined using ImageJ (N>100 for all TEM analyses). Additionally, a scanning transmission
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electron microscopy (STEM) tilt series was collected using a high angle annular dark frequency
(HAADF) detector. The a tilt angle varied from -50° to +40° in 1° increments for |a| < 30° and
2° increments for |o > 30° (FEI Titan). Inspect 3D software was used to align the data, and a
video file of the full tilt series is included in the supplemental data for this manuscript. The
hydrodynamic diameters (Dn) and {-potentials of particle suspensions in DDI water (Au@TiO>
NPs, unlabeled TiO2 NPs, and AuNP cores) were determined using dynamic light scattering
(DLS) (90Plus and ZetaPALS, Brookhaven Instruments). For {-potential, 20 mL samples of 10
mg/L particle suspensions were prepared in 1 mM KCI. A titration unit (BI-ZTU, Brookhaven
Instruments) was used to measure the electrophoretic mobility at 0.5 pH unit increments in the
range of pH 3-11, with 3 measurements of 20 cycles collected at each increment. {-potential was

calculated using the Smoluchowski model. Details are included in the Supporting Information

(Sl).

Homoaggregation studies were performed on the Au@TiO2 and unlabeled TiO2 NPs using time-
resolved DLS measurements, as described previously®-°%. For these experiments, 3.5 mL of a 10
ppm solution of NPs were added to a cuvette, minus the volume of KCI to be added. Three DLS
runs of 1 minute each were used to determine the average initial Dn value. After this
measurement, KCI was added to the NP solution in the cuvette for a final concentration ranging
from 100-500 mM. The cuvette was inverted to mix and immediately analyzed for 120 DLS
measurements, each 15 seconds long. The pH of each KCI/NP solution was measured after the

experiment; pH values ranged from 5.25 to 5.68.
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Single particle ICP-MS (sp-ICP-MS) was used to provide additional measurements of AUNP
core size and the number of AuNP cores per shell. Samples of the AuNP cores before and after
coating with TiO2 were each analyzed using a Perkin EImer NexION 300D ICP-MS equipped
with a Meinhard high solids low flow nebulizer (type 0.5 mL/min, type C) and a glass Perkin
Elmer cyclonic spray chamber. Each measurement run was 60 seconds with a dwell time of 100
us. The sample flow rate was 0.3 mL/min. The transport efficiency for each measurement was
determined using a mass-based method with a 60 nm AuNP reference standard (U.S. National
Institute of Standards and Technology, RM 8013)%. Dissolved gold standards were used to
produce a calibration curve. Syngistix software in Nano mode was used to identify the particle
event peaks in each sample, and to convert each particle event’s measured peak area to a mass of

Au and an AuNP diameter.

The surface composition of samples of the Au@TiO2 NPs and unlabeled TiO> NPs was analyzed
using X-ray photoelectron spectroscopy (XPS) (ThermoScientific ESCALAB 250 spectrometer).
Lyophilized Au@TiO2 nanopowder was pressed onto double-stick carbon tape and mounted on a
sample rod. The unlabeled TiO2> NP sample was prepared by dropcasting the aqueous stock
solution onto a clean silicon wafer, which was then mounted on a sample rod. A monochromatic
AlKa X-ray source was used at an operating power of 150 W with a nominal spot size of 500
um. Survey scans were collected at a pass energy of 150 eV, while high-resolution spectra were
collected at a pass energy of 20 eV. The binding energy scale for all measurements was

calibrated to the Cis peak at 284.6 eV. Two 500 um areas were analyzed for each sample, and all
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compositional values reported are the average values. Peak analysis was performed with

Avantage software.

Crystal structure of lyophilized nanopowders was analyzed using X-Ray Diffraction (XRD)
(Bruker-AXS D8 Discovery). Scans were performed at 20 values between 20° and 80° at a rate
of 5°/min. UV-Visible spectra were collected for NP suspensions in DDI water at 25 mg Au/L
concentrations for wavelengths between 400 and 700 nm. (ThermoScientific Orion AquaMate

8000 UV Vis Spectrophotometer).

The NP stock solution concentrations of Au and Ti were measured using ICP-OES (Prodigy,
Teledyne Leeman). Detection limits in DDI water were determined using ICP-MS (X-Series 2,
Thermo Fisher Scientific). Prior to analysis, samples were digested using a HNO3z/HF procedure.

Details of the acid digestion are included in the SI (Appendix A).

2.3.4 Spike-and-Recovery Demonstrations

A simple spike-and-recovery experiment was performed in DDI water. Au@TiO2 NPs were
added to DDI water to a final concentration of 1 pg/L Au and 1.5 pg/L Ti. For background
titanium, unlabeled TiO2 NPs were added to a final concentration of 1.5 pg/L. Triplicate samples
were acid digested using the procedure described in the SI (Appendix A), and concentrations of

Au and Ti were measured using ICP-MS (X-Series 2, Thermo Fisher Scientific).

For a more complex spike-and-recovery scenario, Willamette River water was collected from the
influent of the Taylor Drinking Water Treatment Plant in Corvallis, OR. Water quality details are

included in the SI (Appendix A). A commercially available Ti-containing sunscreen was added
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to the collected river water to a final concentration of 40 mg/L sunscreen. This corresponded to
285 pg/L of background Ti in the matrix, as measured by ICP-OES. The solution of sunscreen
and river water was spiked with Au@TiO2 NPs at final concentrations of 325 and 650 pg/L Au.
Samples were acid digested using the procedure described in the SI (Appendix A), and Au and

Ti concentrations were measured using ICP-OES. Each experiment was completed in triplicate.

A third spike-and-recovery experiment was conducted in activated sludge using instrumental
neutron activation analysis (INAA) for quantification. Return activated sludge was collected
from the Corvallis Wastewater Treatment Plant, stored in the refrigerator, and used within 24
hours. The sludge was analyzed for total dissolved solids and total suspended solids using
Standard Methods 2540C and 2540D%, For the spike-and-recovery experiments, sludge was
inverted several times to mix, and 1 mL samples were added to pre-washed, pre-weighed 1.4 mL
polyethylene vials. Au@TiO2 NPs were added to the sludge at Au masses of 10 ng, 100 ng, and
10 pg, each run in triplicate. Triplicate samples were also prepared with the sludge alone to
determine the concentration of background Au. Samples were heated at 60°C in an oven to
dewater, re-weighed, and stored in a desiccator prior to INAA conducted at the Oregon State

University Radiation Center.

For INAA quantification, five replicates of Au standards were prepared by pipetting liquid
standard (SpecPure AAS Au) onto filter paper placed in 1.4 mL polyethylene vials for final
masses of 10 pg Au. Vials were weighed, and then DDI water was added to distribute the liquid
standard. All standard and sample vials were heat-sealed. Vials were irradiated with a nominal

flux of 2.6 x 10*2 n/cm?/s for 14 hours while rotating. Gamma counting was conducted for
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10,000 s at a distance of 10 cm using a HPGe detector (Ortect GEM-25185P, 33% efficiency).
The gamma spectra were analyzed with Genie2000® software (Canberra Industries) using the
standard peak-search algorithm with a focus on the 411 keV %®Au peak. The mass of Au in each

sample was calculated with the direct comparison method using the following equation:

Activitysempie B Masssampie

Activitysiangara  MaSSstandara

2.4 Results and Discussion
2.4.1 Nanoparticle Synthesis and Characterization

The Au@TiO: core/shell system was chosen as an alternative labeling technigue with the
potential for enhanced detection capabilities over doping and fluorescent methods while better
maintaining the surface chemistry of unlabeled TiO> systems. While the crystal structure of the
TiO2 coating can be easily altered with heat treatments, the anatase form was chosen for this
study because it has the highest potential for the generation of reactive oxygen species?.
Figure 2.1 shows the Au@TiO2 NPs at each step of the synthetic process, along with unlabeled
TiO2 NPs. Additional TEM images of the Au@TiO2 NPs captured at a lower magnification are
included in Appendix A as Figures 7.1.1 and 7.1.2. Figure 2.1 shows that the anatase TiO shells
and unlabeled TiO2 NPs are composed of smaller TiO2 crystallites, resulting in a porous
structure. Au@TiO2 NPs were ellipsoidal in shape both before and after hydrothermal treatment,
while the AuNP cores remained spherical. The placement of the AuNP cores within the shell is
inconsistent from particle to particle; in some cases the cores protrude from the edges of the

shell.
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Figure 2.1. TEM images of a) Au seed particles, b) AuNP cores, ¢) Au@TiO, NPs with an amorphous TiO; coating,
d-e) Au@TiO, NPs with an anatase TiO coating after hydrothermal treatment, and f) unlabeled TiO, NPs.

To better examine the anatase shell coverage for the Au@TiO2 NPs, a STEM tilt series was
collected. A video of the full tilt series is included as a supplemental file to this manuscript.
Figure 2.2 shows representative images of the series at a variety of tilt angles. The majority of
the AUNP cores in the image are nearly completed covered by the anatase TiO shell, a feature
which is visible even though the large Z contrast between the gold and TiO> increases the
visibility of the AuNPs in the images relative to the TiO2 shell. The leftmost AuNP in the images
shown in Figure 2.2 has the least amount of coverage, and is likely to interact with the
surrounding media. In this core/shell system, the optimal shell coverage is achieved if the lattice

mismatch between the AuNP cores and the TiOz shells is minimized, decreasing interfacial
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tension®. The lattice mismatch for the Au@TiO, system with an anatase shell is 7.4%
(calculations included in the SI), while an amorphous shell can more freely orient to the AuNP
surface. The shell is therefore more likely to be thinner and more incomplete for the anatase

system.
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Figure 2.2. Selected images from a HAADF-STEM tilt series collected on an Au@TiO; NP, with a tilt angles
included in the lower left corner of each frame.

The sizes of the Au@TiO2 NPs and unlabeled TiO2 NPs are summarized in Table 2.1, with the
TEM-measured diameters representing the largest axis of the ellipsoidal NPs. The Au@TiO>

NPs prepared for this study are larger than the 100 nm diameter typically used as the cutoff for
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nanomaterial classification, but both the core and shell sizes can be adjusted using published
methods®”, The unlabeled TiO, NPs are similar in size to the Au@TiO2 NPs, making them
suitable for comparison. The DLS-measured Dn values for both the Au@TiO2 and TiO2> NPs are
in good agreement with the TEM-measured diameters, indicating that the NPs in solution remain

unaggregated.

Table 2.1. NP sizes measured by TEM and DLS for Au@TiO2 NPs and unlabeled TiO, NPs, reported as the average
+ standard deviation for TEM and the average + standard error for DLS.

Unlabeled TiO2 NPs | Au@TiO2 NPs
Diameter (TEM) 169 + 75 nm 206 + 85 nm
Hydrodynamic Diameter (DLS) | 185+ 2 nm 176 £ 1 nm

The sizes of the AuNP cores were also measured using a variety of techniques. The results are
summarized in Table 2.2. Size distribution plots of the sp-ICP-MS and TEM measurements are
included in the SI (Appendix A). The average sp-ICP-MS measurement of the AuNP diameter
prior to coating with TiO is in good agreement with the average TEM-measured diameter,
despite the large difference in the number of particles analyzed. After coating, the diameter
measured by sp-ICP-MS increased, consistent with the appearance of multiple cores per shell.
The Dn measured via DLS is nearly two times the primary particle diameter measured via TEM.
This indicates that some of the homoaggregation resulting in more than one core appearing in
each shell occurred prior to the coating procedure. The average number of AuNP cores per TiO>
shell as determined by TEM analysis was 2 + 1, and the number of cores per shell was estimated
as 2.1 by comparing the sp-ICP-MS data of the AuNPs before and after coating (Calculations are

included in the SI).
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Table 2.2. AuNP Core sizes measured by sp-ICP-MS, TEM, and DLS, reported as the average * standard deviation
for sp-ICP-MS and TEM, and the average + standard error for DLS.

Technique Sp-ICP-MS TEM DLS
NPs measured AUNPs within AUNP cores AUNPs within Aull\flilf):?ges
Au@TiO2 NPs | prior to coating | Au@TiO2 NPs F():oating
Diameter, nm 41+10 36+6 35+4 60+1
Np analyzed 23499 37901 120 --

When choosing the core/shell ratio of the Au@TiO2 NPs for a specific experimental application,
a balance must be struck between particle density, photocatalytic activity, and detection
sensitivity. A larger AuUNP core will enhance detection sensitivity and can allow for more
analytical techniques to be used in studies of the labeled NPs. For example, the use of single-
particle ICP-MS techniques for quantification requires a minimum particle diameter of 13 nm for
AUNPs®®. The increased sensitivity comes at the cost of producing greater differences in density
between labeled and unlabeled TiO2 NPs. The effect of the core/shell ratio on photocatalytic
activity is more complicated to predict. Hybridization of TiO> catalysts with plasmonic materials
like gold has been shown to enhance photocatalytic activity in a variety of model redox
reactions®’. In a study of Au@TiO2 systems, the enhancement effect was strongest when the

weight percentage of Au was below 1%%,

For the Au@TiO: particles produced in this work, the weight percentage of Au determined from
TEM analysis was in the range of 10-19%, depending on the assumptions used when estimating
the three-dimensional volume of the NPs from a two-dimensional image (all calculations are
included in the SI). This corresponds to a deviation in density from an unlabeled TiO> NP
ranging from 5.3-10%. The Ti:Au ratios and Au weight percentages as determined by a variety

of analytical techniques are summarized in Table 2.3, with all calculations included in the SI
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(Appendix A). The bulk Ti:Au ratio measured by ICP techniques was much lower than the Ti:Au
ratios determined through TEM analysis. The difference in the Ti:Au ratio determined by the
mass-based ICP methods and the size-based TEM analyses suggests that the TiO- shell may be
porous, a conclusion that is also supported by the appearance of the TiO> shell in TEM images
(Figure 2.1). Therefore, the actual Au weight percentage per particle and deviation in density
from unlabeled TiO2 NPs are both likely to be larger than the values presented here, as porosity

was not taken into account.

XPS analysis was also performed. Spectra are included in Appendix A (Figures 7.1.3-7.1.5). The
top 10 nm of the Au@TiO2 NP surfaces were found to have a similar ratio of Ti/Au than the bulk
solution as measured by ICP techniques, which was unexpected given the core-shell structure of
the particles. The XPS results reveal that metallic gold is present in measureable quantities on the
surface of the Au@TiO2 NPs, and can therefore be expected to interact with the surrounding
environment to some extent. These results confirm observations of Au@TiO2 NPs via TEM and
STEM (Figures 2.1 and 2.2) where incomplete coating of some AuNP cores was observed. The
Ti:Au ratios measured via ICP-OES and ICP-MS are most relevant to the analysis of the
experimental data generated in this work, and were used in the spike-and-recovery
demonstrations to determine how much titanium was from the labeled NPs versus the

background.
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Table 2.3. Ti/Au ratio and Au wt % as estimated using TEM, ICP-OES/MS, and XPS analysis. All calculations are
included in the SI.

TEM ICP-OES/MS XPS
NP Bulk Surface
(Calculated per (Measured across (Top 10 nm)
individual NP) stock solution) P
Ti:Au 25-51 1.5-2.3 1.4
Au wt % 10-19 % 21-29 % 30 %

The properties of the Au@TiO2 NPs and unlabeled TiO2 NPs were measured and compared. The
{-potentials of AUNP cores, Au@TiO2 NPs, and unlabeled TiO> NPs are summarized in Figure
2.3. Each particle type has a PVP coating, but there are likely small differences in the surface
density of the PVP coating between Au and TiO- surfaces, leading to differences in the
magnitude of the negative surface charge. For each particle type, the {-potential remains negative
across the entire pH range tested. At pH 6.2, there is no statistical difference between the (-
potentials of labeled and unlabeled TiO2 NPs. Upon coating with TiO», the {-potential of the
AUNP cores shifts to become more negative. Although differences exist between the Au@TiO>
NPs and unlabeled TiO2 NPs, both have a highly negative (<—30 mV) surface charge in the

environmentally relevant pH range.
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Figure 2.3. Variation of Z—potential vs. pH for AuNP cores, Au@TiO, NPs, and unlabeled TiO2 NPs.
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To further examine the potential impact of the differences in {-potentials between unlabeled and
labeled TiO2 NPs, homoaggregation behavior in KCI solutions was studied (Figures 7.1.8 and
7.1.9 in Appendix A). Neither nanoparticle type homoaggregated at KCl concentrations < 200
mM and the Au@TiO2 NPs aggregated only slightly to 1.37, 1.39, and 1.50 times their initial Dy
values for KCI concentrations of 300, 400, and 500 mM, respectively. Both particle types
ultimately remained stable in solution, likely due to a combination of steric and electrostatic

stabilization due to the TiO> surface and the PVP coating.

It was also important to verify that the crystal structures for the labeled and unlabeled particles
were similar. The XRD spectra for the Au@TiO: and unlabeled TiO2 NPs confirm that the TiO;
is in the anatase form for both NP types (Figure 2.4). The Au@TiO: spectrum also includes
peaks for metallic gold. It should be noted that XRD is not a surface-sensitive characterization
technique, and that the presence of these metallic gold peaks does not indicate incomplete
coating of the AuNP cores with TiO>. Metallic gold peaks consistently appear in XRD spectra of
Au@TiO, NPs, even those with Au wt % values well below 1%8%%°_ The XRD spectra was
used to compare the primary TiO- crystallite sizes of the labeled and unlabeled NPs. The primary
crystallite size was 5.8 nm for the unlabeled TiO2 NPs and 6.0 nm for the Au@TiO2 NPs,

confirming that for both particle types the TiO is comprised of multiple smaller crystals.
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Figure 2.4. XRD spectra of Au@TiO and TiO, NPs. Standard spectra of anatase TiO2 (black) and gold (yellow) are
also included below the NP spectra’®,

The UV-Vis spectra of the uncoated AuNP cores and the Au@TiO2 NPs are included in Figure
2.5. The TiOz coating enhances the absorbance of the surface plasmon resonance (SPR) peak.
The SPR peak was also red-shifted by 10 nm for the Au@TiO2 NPs. These observed changes in
optical properties after coating with TiO> are caused by the larger refractive index of TiO> versus
the DDI water that originally surrounded the AuNP cores, and are consistent with other
examinations of Au@TiO, NPs%®%1%1 The continued presence of the SPR peak suggests that
techniques like surface enhanced raman spectroscopy (SERS) could potentially be used in
Au@TiOz experiments. SERS has previously been used to probe the adsorption and

photodegradation of dyes on Au@TiO; surfaces!®?,
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Figure 2.5. UV-Vis spectra for uncoated AuNP cores and Au@TiO2 NPs, both at concentrations of 25 mg/L Au.

The particle characterization studies indicate that Au@TiO2 NPs are generally suitable for use in
experiments requiring labeled TiO2 NPs. The size of the AuNP core allows for a variety of
techniques to be used in detection and quantification, while also keeping the Au wt % higher
than values previously shown to alter photocatalytic activity. The deviation in density from
unlabeled TiO2 NPs remained below 20% in all calculations. There was no significant
homoaggregation observed for the labeled or unlabeled NPs, indicating that the small differences
in surface charge and density will be unlikely to affect behavior in the simple systems studied.
Prior to the use of Au@TiO2 NPs in transport and toxicology experiments, the surface charge
and aggregation behavior of labeled and unlabeled TiO2> NPs should be compared across the full
range of pH, ionic strength, and natural organic matter concentrations that the NPs will be

exposed to in the planned experiment.

In many cases, labeled TiO2 NPs are not fully characterized and compared to their unlabeled

counterparts, especially in the case of fluorescently-labeled TiO, NPs%3-%, Fluorescent dyes
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attached to the surface of TiO2 NPs can be expected to alter the properties of the bare mineral
surface. Isotopic labeling methods, using both stable and radioactive isotopes, will likely have
limited impact on particle properties and behavior, as long as care is taken to prevent thermally-
induced structural changes from direct radioactivation®®. Changes to surface chemistry and
agglomeration behavior have not been studied in detail for these methods, but an increase in
specific surface area has been reported when stable isotopic methods are employed’2. For TiO2
NPs labeled with rare-earth-element dopants, small differences in Dy and {-potential were
observed between labeled and unlabeled NPs, similar to differences observed in this work.
Additionally, the ratio of dopant:Ti was 1.3-2.8 times greater for the surface of the labeled NPs
than the ratio used during synthetic procedures, indicating that the dopant preferentially appeared
on the NP surfaces®. In this work, the ratio of Au:Ti was 1.1-1.6 times greater for the surface
than the ratio measured in the bulk Au@TiO2 NP solution, which TEM images suggest is likely
due to incomplete coating of the AuNP cores. Overall, the core/shell labeling method as
evaluated in this work has a similar impact on TiO- surface properties when compared to dopant
labeling techniques, and a lower impact when compared to labeling techniques featuring the
surface attachment of fluorescent dyes. Core/shell labeling will have a greater impact on particle
density than fluorescent and dopant labeling techniques, but this comes with the benefit of
theoretically providing greater detection sensitivity with a wider variety of detection methods.
The detection sensitivity was explored in more detail using spike-and-recovery experiments in

several complex matrices.
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2.4.2 Spike-and-Recovery Demonstrations
The procedures employed in this work to quantify Au@TiO2 NPs are described and justified
here. For experiments that measured the Au@TiO2 NPs against a background of titanium from
other sources, the known Ti:Au ratio of the Au@TiO2 NPs was used to determine the breakdown
of titanium from the engineered NPs versus the sample background. The concentrations of gold
and titanium were first measured in the stock solution of Au@TiO2 NPs using the same
quantification method used for sample analysis (e.g. ICP-MS), and converted to a mass ratio of
Ti:Au. A bulk measurement of Ti:Au across the stock solution was chosen, as opposed to using
estimates of Ti:Au from images or other analyses of individual Au@TiO2 NPs, to better take into
account any particle-to-particle deviations arising from deviation in shell thickness or the number
of AuNP cores per shell. The Ti:Au ratio of the Au@TiO2 NP stock solution was re-measured
after the experiment was completed, to ensure that no changes in Ti:Au occurred over time that

could have confounded the resulting data.

When analyzing experimental data, the amount of titanium from the Au@TiO2 NPs in a given

sample was determined using the equation:

[Tilyps = [Au]sample X (Ti: AU seock

where [Au]qmpie Was the measured concentration of gold in the sample and (T'i: Au) ¢ Was
the ratio of titanium to gold measured across the bulk Au@TiO2 NP stock solution used in the

experiment.

The amount of titanium from the sample background matrix was calculated as follows:
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[Ti]b/g = [Ti]sample — [Tilwnps:

where [T'i]sqampie Was the total amount of titanium measured in the sample.

As a demonstration of the utility of Au@TiO2 NPs, three spike-and-recovery experiments were
performed. First, a simple mixture of Au@TiO2 NPs (at 1 pg Au/L) and TiO2 NPs (at 1.5 pg/L)
was prepared in DDI water, with the unlabeled TiO2 NPs representing a “background” of
titanium. The Ti:Au ratio in the Au@TiO2 NP stock was measured as 1.5 using ICP-OES. Figure
2.6 summarizes [Au]sample and [Ti]sample, along with the known spiked and experimentally-
determined recovered values of [Ti]ne and [Ti]ug. The spiked values, shown with the dotted lines
in Figure 2.6, are the known quantities of titanium added to the sample as either Au@TiO2 NPs

([Ti]np) or TiO2 NPs ([Ti]org).

In this experiment, 80.4% of the total added gold and 98.7% of the total added titanium was
recovered successfully, with the 95% confidence intervals putting the experimentally-determined
breakdown of titanium sources within the range of the known amounts added. The gold recovery
was lower than expected once the additional TiO, was added to the sample as background. This
was likely caused by the volume of acids used being slightly lower than optimal during the
digestion procedure, and due to the lack of hydrochloric acid in the final sample matrix. The ICP
sample preparation procedures were adjusted to correct for these issues for the remaining spike-
and-recovery experiments. More details about acid digestion methods and modifications are

included in the SI (Appendix A). Based on these initial results, Au@TiO2 NPs can be employed
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to study environmentally-relevant concentrations of TiO2 NPs, an advantage over labeling

methods with higher limits of detection.
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Figure 2.6. Concentrations of Au and Ti measured via ICP-MS, along with the experimentally-determined recovered
and known spiked breakdown of Ti from labeled NPs (Ti, NPs) and the background matrix (Ti, b/g).

A second spike-and-recovery experiment was performed in river water mixed with a Ti-
containing sunscreen. Water quality information for the collected Willamette river water is
included in Appendix A Table 7.1.6. The background titanium in the river water-sunscreen
mixture was measured at 285 + 33 pg/L using ICP-OES. This corresponds to limits of detection
and quantification for unlabeled TiO2 NPs of 394 pug Ti/L and 615 pg Ti/L, respectively

(calculations included in SI).

Prior to this experiment, the Ti:Au ratio of the Au@TiO2 NP stock solution was re-measured as
2.3, higher than the measured value of 1.5 for the previous experiment due to the changes in the
acid digestion procedure (described in the SI). The Ti:Au ratio of 2.3 remained constant when
measured before and after the experiment. Two concentrations of Au@TiO2 NPs were tested,

325 ug Au/L (referred to as the low dose) and 650 pug Au/L (referred to as the high dose).
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Figure 2.7 shows [Au]sample and [Ti]sampte fOr each spike concentration tested, along with the
spiked and recovered values of [Ti]ne and [Ti]og. Here, bars labeled “spiked”, shown with the
dotted lines in Figure 2.6, are the known quantities of titanium added to the sample as either
Au@TiO2 NPs ([Ti]ne) or TiO2 NPs ([Ti]brg). Gold recovery was 105.5% for the low dose
experiment and 94.3% for the high dose experiment. This provided accurate quantification of
Au@TiO2 NPs against the background at a concentration lower than the limit of quantification
possible for unlabeled TiO2 NPs. This accuracy was possible despite relatively low recoveries of
total titanium (80.2% for the low dose and 80.0% for the high dose). These lower Ti recoveries,
compared to the simple spike-and-recovery system in DDI water, were likely caused by the
presence of the rutile form of TiO> in the sunscreen mixture. The titanium recoveries in this work
are comparable to the 81% recoveries achieved for P25 TiO2 NPs (a rutile/anatase mixture)
spiked into a food product and prepared for ICP-MS using a microwave acid digestion method
more rigorous than the hot-plate methods used in this work®®, In future work, more adjustments
can be made to increase the accuracy of the total titanium recovery, such as using greater
volumes of concentrated acid throughout the procedure and allowing trace amounts of
hydrofluoric acid to remain in the final sample solutions. Despite these challenges, this
experiment illustrates that commonly-used methods of quantification for unlabeled NPs like 1CP-
OES are able to be applied to Au@TiO2 NPs in real-world environmental samples. ICP-MS can
be employed to provide greater sensitivity for experiments that require a lower Au@TiO>

concentration than the spike-and-recovery demonstrations discussed in this work.
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Figure 2.7. A) Spiked and recovered concentrations of Au and Ti measured via ICP-OES for 325 (low) and 650
(high) ug Au/L Au@TiO2 NP doses in a river water and sunscreen mixture. B) The known (spiked) and
experimentally-determined (recovered) breakdown of Ti from labeled NPs (Ti, NPs) and the background (Ti, b/g).

A final spike-and-recovery experiment was performed in activated sludge collected from the
Corvallis Wastewater Treatment Plant. INAA was used for quantification to take advantage of
facile sample preparation, pg-level detection limits for gold, and high recovery of elements
embedded in a mineral lattice!®%, The average value of background gold in 1 mL of the
activated sludge matrix was 28.7 £ 0.6 ng, which corresponds to an average gold content in dried
sludge of 5356 + 588 ng/kg (calculations included in the SI). While regional variation of sludge
composition can be expected, this is a considerably greater amount of background gold than the

177 and 580 pg/kg concentrations measured in activated sludge by Westerhoff et al.1’. Although
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unanticipated, the higher gold concentrations were consistently measured across all sludge
samples, and allow for the type of analysis necessary to determine the feasibility of using
Au@TiO2 NPs in matrices with elevated concentrations of the labeling element. Due to the short
half-life of titanium daughter isotopes, and high background concentrations of titanium in the
activated sludge, ICP-OES was used to measure the amount of background titanium in the
sludge, and to re-measure the Ti:Au ratio in the Au@TiO2 NP stock (which remained consistent

at 2.3).

Figure 2.8 summarizes the masses of gold measured in each of the three spike-and-recovery
experiments, which consisted of Au@TiO2 NPs added to the sludge in 10 ng, 100 ng, and 10 pg
quantities. For the 10 ng experiment, accurate quantification of the Au@TiO2 NPs was not
achieved due to the high concentration of background gold in the sludge matrix relative to the
gold added as Au@TiO2 NPs. A 60 ng experiment would be the minimum Au@TiO> spike
concentration required to reach the calculated limit of quantification of 11.2 mg Au/kg sludge.
While there was still a significant amount of background gold present in the 100 ng Au
experiment, it could be subtracted from the total mass of gold measured in the samples to recover
the accurate quantity of gold from the added Au@TiO2 NPs. The background gold was
determined to be insignificant in the 10 ug experiment: the Au@TiO2 NPs could be accurately
quantified whether or not the background gold was subtracted from the total amount of gold

measured.

The limits of detection and quantification for Au@TiO2 NPs in dry sludge were determined to be

7.3 mg Au/kg (corresponding to 16.8 mg Ti/kg) and 11.2 mg Au/kg (corresponding to 25.8 mg
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Ti/kg), respectively. If unlabeled NPs were used, the limits of detection and quantification for
TiO2 NPs in dry sludge would be much higher at 429 mg Ti/kg and 1160 mg Ti/kg, respectively.
Au@TiO2 NPs allowed for quantification at more than fifty times lower NP concentrations with
facile sample preparation, despite the presence of background concentrations of the labeling
element in a highly complex matrix. This method also allows for samples to be sent to a facility

with INAA capabilities after an experiment is completed.
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Figure 2.8. Masses of Au measured via INAA for 10 ng, 100 ng, and 10 pg Au@TiO; spikes in activated sludge.

The total mass Au (shown in yellow), mass Au from the activated sludge background (pale orange), and mass Au

experimentally-determined to be from the Au@TiO2 NPs (dark orange), are all shown for each experiment. The
dotted lines represent the known spiked values of Au from the added NPs.

Using this core/shell labeling method, the behavior of TiO2 NPs in complex samples containing
background titanium can be studied with a variety of analytical techniques. For simple systems,
the presence of the AUNP SPR peak enables the use of UV-Vis spectroscopy for quantification
(standard curve included in the SI). In more complex samples, ICP-OES and ICP-MS was
employed to quantify the labeled TiO> NPs at environmentally-relevant concentrations, using the
known Ti:Au ratio of the Au@TiO2 NPs to determine which portion of the total titanium was
attributable to the sample background. Even in systems where full titanium recovery was

problematic, gold recoveries remained accurate, allowing for accurate determination of
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Au@TiO2 NP concentrations. Accurate Au@TiO> quantification was also achieved in activated
sludge, an exceptionally complex matrix containing elevated concentrations of gold, using
INAA. When compared to other labeling methods, Au@TiO: labeling allowed for detection at
lower quantities than those achieved for fluorescent labeling and rare-earth element doping. In
contrast, radiolabeling and stable isotopic labeling have been used to achieve lower limits of
quantification than those obtained in this work. In systems containing no background gold, limits
of quantification rivaling isotopic labeling techniques will be possible using INAA. One
additional benefit of the Au@TiO: labeling system is that it allows for radioactivation of samples
for quantification via INAA to occur after an experiment is complete, which eliminate the
temporal stability challenges and the limitations of handling radioactive materials that are

inherent in TiO- radiolabeling techniques.

25 Conclusions

Gold core-labeled TiO2 NPs were successfully synthesized, characterized, and quantified at
environmentally-relevant concentrations in real-world matrices. The labeled particles had
properties similar to unlabeled TiO2 NPs, and were accurately recovered in complex
environmental samples using ICP-OES, ICP-MS, and INAA. The synthetic procedures can be
adapted to produce Au@TiO2 NPs with different sizes, crystal structures, and surface coatings.
Remaining synthetic challenges to be addressed include deviation in the number of AuUNP cores
per TiO2 shell, incomplete coating of some AuNP cores, and small differences in {-potential and
homoaggregation behavior between labeled and unlabeled particles. Prior to their use in

toxicological studies, the photocatalytic activities and organismal toxicities of Au@TiO2 NPs
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and TiO2 NPs should be compared. Additional studies could evaluate the applicability of
Au@TiO2 NPs to analytical techniques that provide more information than the mass of NPs in a

fractionated sample, including particle visualization techniques and SERS.

As a labeling technique, Au@TiO2 NPs are especially appropriate for experiments that require
longer time frames than fluorescent labels and short-lived radioisotopes allow, as the metal core-
labeling technique is not time-sensitive. This includes studies of trophic transfer or chronic
accumulation in organisms. Another suitable application of Au@TiO2 NPs would be for studies
that benefit from the use of single-particle ICP-MS for quantification, as AUNPs have a lower
size detection limit (below 20 nm) than TiO, NPs (above 100 nm)%. The gold core-labeling
method has the additional advantage of expanding access to INAA techniques for the
quantification of TiO2 NPs in complex matrices. Overall, the development of Au@TiO2 NPs
represents a useful complement to existing strategies for the detection and quantification of metal

oxide nanomaterials in complex matrices.
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3.1 Abstract
The analysis of the environmental behavior and toxicity of metal oxide nanoparticles (MONPS)
is complicated by high metal concentrations in natural matrices. To better detect and quantify
MONPs in complex samples, a variety of traceable labels can be incorporated. There are four
primary categories of MONP labels: fluorescent dyes, radioisotopes, stable isotopes, and
dopant/core-shell labels. This review describes each MONP labeling technique, along with its
advantages and drawbacks, and provides strategies for choosing the most appropriate labeling

method for a given study design.

3.2 Introduction

Metal oxide nanoparticles (MONPs) are produced and applied at the highest rate of any class of
nanomaterial, inspiring a growing body of research on the potential impact of MONPSs to the
environment and human health’. The broad category of “MONP” describes any nanoparticle
with an inorganic core composed of a metallic element bonded to oxide (O?) anions. MONPs are
used in a variety of applications, including paints and coatings, sunscreens, chemical mechanical

planarization, personal care products, antimicrobial treatments, and catalysis®%,

A considerable amount of work has focused on studying the toxicity of MONPs, especially the
commonly produced transition metal oxides silicon dioxide (SiO2 NPs), titanium dioxide (TiO-
NPs), zinc oxide (ZnO NPs) and copper oxide (CuO NPs). The general trend of reported
toxicities to mammalian cell lines and microbes is CuO NPs > ZnO NPs > TiO2 NPs > SiO;
NPs?13109-114 ‘Nanomaterials composed of iron oxides (FeOx NPs), cerium dioxide (CeO2), and

aluminum oxide (Al.O3 NPs) are typically regarded as nontoxic''*t7  but in some cases have
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been shown to induce inflammatory responsest!®-12t, There are several relevant mechanisms of
toxicity. In photocatalytically active MONPs like TiO>, the production of reactive oxygen
species (ROS) is the cause of the toxic response, while in soluble MONPs like ZnO and CuO, the
response is primarily caused by the release of toxic metal ions!?2123, MONPs that do not generate
ROS or release ions can still cause toxicity through interactions with cell membrane surfaces or
uptake into cells?t. While MONP toxicity is well understood in single organism studies, more
work needs to be done to understand MONP toxicity in the complex multi-organism scenarios

that would more accurately represent natural systems.

MONPs have a wide range of physicochemical, structural, and electronic properties that
contribute to their exposure pathway and toxicity toward organisms. Predictive models for
MONP toxicity are difficult to develop, as the relevant particle properties are heavily dependent
on the surrounding environment!?*, It is therefore vital that MONP behavior is studied in
matrices that reflect real-world complexity; yet, this is uniquely challenging due to natural
background concentrations of elements found in MONPs. Metal oxides of interest in
nanotoxicology also exist in large quantities as natural minerals in the Earth’s crust!?,
Additionally, some of the corresponding metallic elements (e.g., Zn, Cu) are present in
organisms as elements essential for nutrition'?, Table 3.1 summarizes the disparities between the
background concentrations of metals in the environment and the expected concentrations and
production rates of the most common MONPs. It is clear that MONP concentrations in most
samples can be expected to be several orders of magnitude lower than concentrations of naturally

occurring metals and metal oxides, complicating detection and quantification.
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Table 3.1. Estimated MONP and background metal concentrations.

MONP

Background Metal
Concentration

MONP

Production Rate  Estimated MONP Concentration

SiO;

270 g/kg in Earth’s crust!?’
2.81 mg/L in oceans'?®
5.42 mg/L in riverst?®

10 pg/kg in human body*°

5,500 t/yr®

TiO,

5.0 g/kg in Earth’s crust?’
0.48 pg/L in oceans'?®
0.489-10 pg/L in riverst?13l

3,000 t/yr® 3 ng/L - 1.6 pg/L in river water®;
1.4 - 10.8 pg/L in WWTP effluent®052

ZnO

79 mg/kg in Earth’s crust*?’
0.41 pg/L in oceans'?®

0.60-30 pg/L in riverst?13L
2.0 pg/kg in human body**®

550 t/yr® 1 - 55 ng/L in river water®?;
0.22 — 1.42 pg/L in WWTP effluent®

Al,O3

83 g/kg in Earth’s crust'?’
0.54 pg/L in oceans'?®

50 pg/L in rivers?®

0.1 pg/kg in human body **°

55 t/yr8

FeOx

69 g/kg in Earth’s crust!?’
0.06 pg/L in oceans'?®
40-66 pg/L in riverst?o13!
10 pg/kg in human body*°

55 t/yrd

CeO,

32 mg/kg in Earth’s crust*?’
0.0028 pg/L in oceans'?®

0.08-0.262 pg/L in riverst?.13!

55 t/yr®

CuO

79 mg/kg in Earth’s crust*?’
0.25 pg/L in oceans'?®

1.48-10 pg/L in riverst?®13t
0.1 pg/kg in human body**®

> 150 t/yrios

Background metal concentrations for rivers and oceans represent the estimated world average concentration in the dissolved fraction.

Several analytical techniques have been developed to address the challenge of studying

nanomaterials in complex matrices, but limitations remain for each strategy®”*32. Field-flow

fractionation (FFF) technigques have been used to separate particles in solution by size or relative

density, providing sensitive sample fractionation for the identification of nano-sized materials in

real-world samples®®%°. When coupled with a detector like inductively coupled plasma-mass

spectrometry (ICP-MS), FFF allows researchers to determine the size and mass distribution of

MONPs in samples like commercial sunscreens and natural waters'3334, Single particle ICP-MS

(sp-1ICP-MS) methods have been used to provide the MONP number concentration and size
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distribution in complex samples!®13¢_Both of these techniques are limited by the inability to
distinguish engineered MONPs from natural colloids in the nano-size range, and by the
confounding effects of particle dissolution'®’. Another drawback for sp-ICP-MS is that the
minimum particle size for detection is in the 20-80 nm range for most MONPs, and above 200
nm for SiO, NPs%. One technique that addresses the challenge of discerning between engineered
and natural colloids is the strategy of comparing isotopic ratios within the MONP to those found
in the natural environment, or comparing the ratio of the MONP metal to a concomitant
element®’ %138 However, this method of comparing elemental and isotopic ratios cannot be
applied when there is no appropriate ratio to utilize, and the high background concentration of

metals in the environment make small fluctuations in ratios difficult to identify with accuracy.

Visualization techniques have also been used to identify MONPSs in complex matrices. Both
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) have been
applied to visualize MONPs in a variety of samples including fibroblast cells, commercial
sunscreens, and food products'®13%14° One drawback of using SEM/TEM techniques is that
there is often a qualitative determination that an observed particle is engineered versus naturally
occurring based on particle morphology, even when energy dispersive x-ray (EDX) analysis is
used to verify the elemental composition of particles within a sample. In some cases, the
presence of a concomitant element may be used to assist in this determination, just as elemental
ratios are used in ICP-MS techniques. Another drawback is that statistically-significant particle
counts are time consuming and expensive to acquire. An additional visualization technique is

atomic force microscopy (AFM), which can be used to characterize the morphology and
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distribution of MONPs in a sample'3%14!, However, particle size distributions cannot be truly
quantitatively determined using AFM alone. For SEM, TEM, and AFM analyses, it is vital that
samples are prepared with care to limit the incorporation of experimental artefacts. Overall, the
application of each of these quantification and visualization techniques for examining MONPs in
natural systems requires considerable improvement in the ability to detect minute MONP
concentrations against a complex background containing naturally occurring metals and metal

oxides.

To address these limitations in current analytical methods, a traceable label can be incorporated
into MONPs to distinguish them from the sample background. This allows for the sensitive
detection of engineered nanomaterials in the size range of interest even when natural colloids of
the same metallic composition are present within the sample. To be effective, the presence of the
label cannot change the relevant properties and behavior of the MONP, and it must enable the
quantification and/or visualization of the engineered MONPs at environmentally relevant
concentrations. In this critical review we describe existing MONP labeling techniques in detail,
analyze the benefits and disadvantages of each, identify gaps in the current body of literature,

and provide guidelines for choosing the most appropriate labeling method.

3.3 Summary of Labeling Methods

There are four major classes of MONP labels: fluorescent dyes, radioisotopes, stable isotopes,
and dopant/core labels. Here we present relevant synthetic and analytical methods, notable
examples of use and detection, potential impacts on MONP properties, and important

experimental design considerations for each category of label. This review focuses on MONP
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labeling applications relevant to toxicological impact and environmental transport. While
additional procedures have been developed for applications in biomedical imaging and
nanomedicine, they are not included in this review. This is because these MONPs are often
functionalized for biocompatibility and targeted transport to a specific organ, making them
unsuitable for toxicological studies where the properties need to be similar to manufactured

MONPs that do not undergo such functionalization*?.

3.3.1 Fluorescent Dye Labels

The most common MONP labeling technique is the incorporation of a fluorescent dye. There are
several synthetic routes that are used to produce fluorescent dye labeled MONPs, as summarized
in Figure 3.1. One method is to covalently attach a fluorescent dye to the surface of a previously
synthesized or purchased MONP using an aminosilane coupling agent. SiO2, TiO2, CeO2 NPs,
and ZnO NPs labeled with fluorescein isothiocyanate (FITC) have each been prepared using this
method*143, MONPs can also be doped with fluorescent dyes throughout the particle structure
using a modification of existing sol-gel®®*® or microemulsion*1%° synthetic processes. Here,
the dye is mixed into the synthetic solution that containing the metal-alkyl precursor. Optionally,
the dye-doped MONP can then be coated with an undoped metal oxide shell®"142143 Another
method of producing core@shell fluorescent MONPs is the amino acid-catalyzed seed regrowth
technique (ACSRT), in which amino acids drive the production of densely doped seeds, then
additional metal-alkyl precursor is added to form a shell**¢-148, Each of these dye-doping and
core@shell methods have been used primarily to label SiO2 NPs, but could be extended to other

MONPs. While the surface attachment approach has the benefit of applicability to commercially
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available MONPs, it introduces both the silane coupling agent and the fluorescent dye to the
surface of the MONP of interest, which could potentially impact particle surface properties or
lead to the premature release of dye. Coating fluorescently-doped SiO- seeds with an unlabeled
SiO2 shell has been shown to limit the release of dye, as has the employment of an amino acid
catalyst in the hydrolysis reaction 4714, A combination of these two approaches resulted in

fluorescent dye leakages of below 5% after a 72 hour exposure to high ionic strength media®4’.

1) Surface Attachment Method
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Figure 3.1. Synthetic techniques used to prepare fluorescent dye-labeled MONPs.
In addition to the dye incorporation method, the dye itself can affect MONP properties and

detection. Multiple classes of fluorescent dyes have been employed in MONP labeling, most

notably fluoresceins®®114.147.150 rhodamines®”146147 and perylenes'#>1°1152, Each dye has a
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different molecular size, charge, and fluorescence spectrum, all of which hold relevance to the
properties and detection of the labeled MONP. The optical properties of several common
fluorescent dyes have been summarized by Resch-Genger et al.'®3. Photostability varies between
dyes, and the chosen dye must remain stable throughout the duration of a study424.
Temperature stability is also important to consider, as it can limit the MONP crystal structures
that are able to be formed after the dye has been incorporated. For example, rutile TiO> could not
be formed using the embedded dye synthetic strategies while keeping the dye intact, as the heat
treatments required to form the rutile structure occur at temperatures much higher than the 200-

300°C required to degrade the dye!>*%,

Fluorescently-labeled MONPs have been used to study MONP behavior in a variety of complex
systems, including activated sludge biomass®”1%, skin cells and collagens?*®%, and HelLa
cellst421°1157.158 The most common techniques for visualization and quantification of dye-
labeled MONPs are fluorescence spectrophotometry®71%  fluorescence microscopy®3142145152
and confocal microscopy!4142146.151 In one notable study by Xia et al., fluorescent labels were
attached to ZnO, CeO», and TiO2 NP surfaces in order to study the subcellular localization of
MONPs using confocal microscopy*!4. The FITC-labeled CeO, and TiO2 NPs could be
visualized in the caveolae of bronchial epithelial cells and the lysosomes of macrophage cells,
despite neither particle type inducing toxic effects to the cells. For ZnO NPs, the FITC-labeled
particles could be observed in the caveolae of the bronchial epithelial cells, but not in the
lysosomes of macrophage cells, despite inducing toxic effects in both cell types. However,

clumping of the macrophage lysosomes was apparent after exposure to ZnO NPs, and Zn?* ions
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could be visualized in the lysosomes through the use of the Zn?*-sensitive Newport Green
indicator, indicating that any ZnO NPs taken up into the lysosomes were likely dissolving and
losing the FITC label. Experiments were also performed using Zn?* added as ZnSOa, which
showed Zn?* localization within the same compartments as Zn?* added as ZnO NPs. One major
drawback of this use of fluorescent dye labeling is that it is impossible to discern the Zn?* that
was taken up as ions that had been released into cell media through dissolution, from the Zn?
that was released from the ZnO NPs as they dissolved within the compartment of interest. It is
possible that ZnO NPs synthesized using a core/shell synthetic strategy could maintain the
fluorescent label long enough to be visible even as they become partially dissolved. Additionally,
while this study was rigorous in the inclusion of free FITC controls and ZnSO4 experiments,
there was no comparison of the dissolution rates or surface chemistry of the FITC-labeled
MONPs to their unlabeled counterparts. This is especially important when considering that the
FITC label was attached to the MONP surfaces through silane linkages, introducing new
inorganic and organic components to the surface of the particles that could affect interactions
with the surrounding media and tissue. Despite these limitations, this study provides a useful
example of the potential power of fluorescent dye labeling methods in elucidating complex

toxicological mechanisms.

The primary disadvantage of fluorescent labeling is the relatively high limit of detection
provided by the method. Reported limits of detection are as low as 26 pg/L in distilled water®®,
but as sample complexity increases, autofluorescence of the background can increase the limit of

detection to 77 pg/L in seawater® and 500 pg/L in synthetic wastewater®’. Limits have been



53

reported as high as 5 mg/L*™, and in each case the detection limits can be expected to increase
with exposure time due to dye release and photobleaching®. Light penetration is limited in
intact tissues, which may need to be sliced prior to imaging®°. The fluorescent label also limits
the use of other analytical assays to those that do not have an absorption band overlap with the
dye. For example, the silicomolybdate titration for dissolved silica species!® and several
colorimetric assays for reactive oxygen species production?! cannot be used on fluorescently-
labeled MONPs. Additionally, some dyes may be degraded in vivo, either through exposure to
the acidic environments present in some subcellular compartments, or through enzyme-catalyzed

degradation processes!'#162,

However, fluorescence labeling has several major benefits. The preparation of dye-labeled
MONPs and the corresponding sample analysis have been consistently reported as less expensive
when compared to other labeling methods'®*!>® Tools for automating data analysis have also
been developed, including the Particle_in_Cell-3D tool for confocal microscopy images that
allows researchers to make rapid comparisons of cellular uptake®®l. Overall, the wide variety of
synthetic methods and characterization described in the literature, as well as the commercial
availability of fluorescent dyes and dye-labeled MONPs, make this labeling technique one of the

most facile to apply.

3.3.2 Radioactive Isotope Labels

Another MONP labeling technique is the assimilation of a radioactive isotope. A summary of
radioisotopes used in the study of MONP transport and toxicity is included in Table 3.2. The

three most common methods of producing radiolabeled MONPs are neutron activation, ion
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bombardment from a cyclotron source, and the use of radioactive precursors. These are
summarized in Figure 3.2. It should be noted that silicon and aluminum do not have useable
radioisotopes that can be prepared through direct activation from neutron or ion bombardment63,
These MONPs can instead be labeled through the activation of 20 to form 8F %4 through "Be-
recoil labeling®®®, or through the addition of another material through doping or core/shell

method8150,166—168_

Table 3.2. Radioisotopes used in study of MONPs.

Production Method Half-Life  Radioactivity of Detection Method Ref.
Radioisotope MONPs,
MBg/mg
SiO,
Be cyclotron, recoil 53.29d 1 y-spectrometry 165
4c 14C precursor 5730 yr 8.5 x 106 accelerator mass spectrometry 166
%6Co %6Co precursor 77.26 d 1.28 y-spectrometry 167
Homag H1omAg precursor 249.8 d 9.48 x 10 y-spectrometry 150
98AY neutron activation 2.69 d 16 16.3 y-spectrometry 168
TiO;
Be cyclotron, recoil 53.29d 0.30 y-spectrometry “
8y ion bombardment 15.97 d 0.071 y-spectrometry &
a8y ion bombardment 15.97d 1 y-spectrometry 170
a8y ion bombardment 15.97d 3.70 y-spectrometry "
a8y ion bombardment 15.97d 1.0-2.35 y-spectrometry 171173
8y ion bombardment 15.97d not reported liquid scintillation counting 174
18 ion bombardment ~ 109.8 min 0.700 PET £
“Ti 4Ti precursor 60.4 yr 0.01 y-spectrometry "
45T 45Ti precursor 3.08h 135 dose calibrator “
ZnO
857Zn neutron activation 244 d not reported y-spectrometry 175
857Zn 857Zn precursor 244 d not reported y-spectrometry 176
85Zn neutron activation 244.d not reported y-spectrometry 1
FeOy
SFe 5Fe precursor 2.74 yr not reported liquid scintillation counting 178
Fe neutron activation 445d not reported y-spectrometry 179
Fe 9Fe precursor 445d not reported whole body counting 180
6Co ion bombardment 77.26d 0.113 y-spectrometry 181
125] 125 precursor 59.43 d 1.85 y-spectrometry, DAR 182
CeO,
139Ce diffusion 137.6d 1.242 y-spectrometry 183
139Ce ion bombardment 137.6d 0.975 y-spectrometry 183

0.150 105
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141ce neutron activation 35.2d 0.052 y-spectrometry 184
141ce ion bombardment 35.2d 0.100 y-spectrometry 185-187
141ce 141Ce precursor 35.2d not reported y-spectrometry tr
141ce neutron activation 35.2d 23 y-spectrometry 188
18 18F precursor 109.8 min PET
Al,O3

18 ion bombardment ~ 109.8 min 2.31 PET 164
BN ion bombardment 9.97 min 1.85 PET 189

In the case of neutron activation, post-synthesis MONPs are directly activated through exposure
to a neutron flux from a reactor source. This allows the study of many commercially available
MONPs, with the exception of TiO, NPs due to the lack of appropriate products formed by Ti!%,
Some temperature increase of the materials can be expected during irradiation, causing MONP
aggregation or the degradation of some surface coatings, but this can be mitigated by minimizing
the neutron flux and amount of material being irradiated'®. Low increases in the specific
radiation activity of the MONPs are unlikely to modify the activities and behavior of the MONPs
themselves, but increased radiation exposure could have a confounding effect when determining

toxicity in some cases'®.

Direct activation from a cyclotron source can also be applied to commercial or synthesized
MONPs. lon bombardment is more likely than neutron activation to alter material properties
through sintering and phase transformations, due to high temperature increases from the
Coulomb interaction between the ion flux and the lattice'®17°, For example, the ratio of the rutile
crystalline phase to the anatase phase present in TiO2 NPs has been shown to increase after
irradiation under certain high activity conditions, a structural transformation that typically occurs
above 650°C!%31%° Holzwarth et al. have shown that thin layers of TiO, NPs exposed to protons

at energies of 23.5 MeV with a beam current of 5-10 pA will achieve a useful level of
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radioactivity for detection, without undergoing any thermally-caused changes to the NPs%,
Cyclotron irradiation can be used to produce positron emitting MONPs labeled with 8F for any
material that can be enriched with 80 "% These labeled materials can be imaged in real-time
3D using positron emission tomography (PET). However, the short half-life of 8F (109.8 min)
makes this technique inappropriate for long term-studies. Cyclotron sources are also used for
recoil labeling, in which MONPs are irradiated in a mixture with "Be-forming lithium
compounds’#1%®. The "Be produced is at a high enough energy to become implanted in the

MONP structure.

If no cyclotron or nuclear reactor is accessible, a radioactive precursor can be used to label
MONPs. This can be accomplished through the use of a radioactive precursor in synthetic
procedures, giving researchers more control over MONP properties than direct activation. It can
also be used in a low-temperature diffusion process to label MONPs post-synthesis, allowing
commonly manufactured MONPs like P25 TiO2 NPs to be radiolabeled without direct
activation’®. Radioactive precursors are highly expensive, and not all radioisotopes are

commercially available or easy to produce, limiting the possible applications of these procedures.



S7

1) Neutron Activation 2) lon Bombardment
—o—> [©
) e —g—> &
reactor nuclei nuclei
in MONP in MONP
cyclotron
3) Recaoil in Cyclotron 4) Radioactive Precursor

@I

o, — | — O

o=+

v

_ s
mixture of MONPS ’Be forms and

and ’Li compounds enters lattice enriched metalsalt  synthesis

Figure 3.2. Techniques used to prepare radiolabeled MONPs.

Radiolabeling is especially useful for complex samples that require extensive acid digestion
procedures for ICP-MS analysis. Radiolabels can be quantified using several techniques that
require limited sample preparation. Scintillation counting allows for the radioactivity of multiple
isotopes to be quantified within a single sample through the reaction of the emitted radioactive
particles with a fluorescent material (the “scintillator”), creating pulses of light at wavelengths
specific to the energy of the emitted particle. This is applicable to a-, B-, and y-emitting
radioisotopes. The quantification of y-emitting radiolabels can also be achieved through vy-
spectrometry using either a scintillation counting detector, or a detector composed of a
semiconductive material, in which the emitted radiation causes the promotion of electrons to the
conduction band. Ultimately, the limit of detection for a radiolabeled MONP will depend on the
resolution and detection efficiency of the detector, the potential interferences from the sample
matrix interacting with the emitted particles, and the radioactivity of the prepared MONPs*®?,

The resulting radioactivities of labeled MONPs prepared for various studies of behavior and
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toxicity have been included in Table 3.2 to provide a relative comparison of the radioactivity

imparted by different radiolabeling strategies.

These advantages related to limited sample preparation have made radiolabeling especially
useful for biological studies. Kreyling et al. employed “8V-labeled TiO2 NPs ([*V]TiO2 NPs) in
a series of three studies to compare the biodistribution and biokinetics of TiO2 NPs (given to)
rats through three different exposure pathways: intravenous, oral, and inhalation*’*173,
Interestingly, the amount of [*V]TiO, NPs retained in the syringes used for NP application in
each study varied considerably across samples, and up to 50% of the nominal dose was found to
be retained in the syringes. The actual applied dose was able to be quantified by directly
measuring the amount of [*®V]TiO, NPs remaining in the syringe using y-spectrometry, which
does not require any rinsing or further treatment of the syringes that could confound the
measurement. This determination of the actual applied dose, in addition to the quantification of
[*®V]TiO2 NPs across the entire rat body and in excretions, allowed for a complete mass balance
to be developed. The resulting values were also corrected for the potential release of the 48V
label through the use of complementary studies that identified differences in behavior between
ionic and particulate “8V. These studies used a highly quantitative approach made possible
through radiolabeling to show that intravenous injection of NPs does not result in the same
biological behavior as other routes of exposure, and should not be used as a surrogate

experimental method.

Radiolabeling methods have several limitations, including the requirement of access to

controlled laboratory space and specialized equipment. The safety precautions that must be taken
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in handling radioactive materials often limit characterization of labeled MONPs to techniques
that require a very small amount of material. In some cases, the specific activity level of labeled
materials may be high enough to influence toxicity toward an organism through exposure to
radiation; it is therefore recommended that additional toxicological studies are performed in
tandem with unlabeled materials when the specific activities and NP doses are high. Finally,
radiolabeling techniques are expensive. Synthetic costs using radioactive precursors were

reported as fifteen times higher than the cost of fluorescence labeling for SiO2 NPs*,

The primary advantage of radiolabeling is that it provides the lowest detection limits of any
labeling method with very little sample preparation required for analysis. Detection limits
depend on the specific activities of the radiolabeled MONPs and the type of detector used, but
these values typically fall in the range of pg/L to ng/L. Radiolabels can be directly applied to
commercial NPs, allowing researchers to study the most environmentally relevant materials.
Quantification can be achieved along with real-time imaging, providing important information

about the mechanisms of MONP uptake, metabolism, and toxicity.

3.3.3 Stable Isotope Labels

In stable isotopic labeling, MONPs are labeled through enrichment with a stable isotope of the
relevant metal that occurs at a low abundance in the environment. Many stable isotopes have
been successfully employed in the study of MONPs, as summarized in Table 3.3. The
preparation of MONPs enriched with a stable isotope is achieved through synthesis with an
enriched precursor material. Enriched precursors are commercially available as soluble salt

complexes, solid metals, or solid metal oxides. In the cases of enriched metals and metal oxides,
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the material must be broken down using acid digestion prior to MONP synthesis. Once a soluble
metal isotope solution is achieved there is no limit to the customization (e.g. shape, size, crystal
structure, surface coating) that can be applied to an isotopically-labeled MONP. The main
limitation inherent in the preparation of MONPs labeled with stable isotopes is that commonly

manufactured MONPs cannot be effectively labeled with stable isotopes post-synthesis.

MONPs labeled with stable isotopes are most often quantified using ICP-MS, which may also be
coupled to FFF or other sample fractionation techniques. The limits of detection for these studies
will depend on the relative abundance of the labeling isotope, the presence of any interfering
complexes in the sample matrix, and the resolving precision of the instrumentation. To identify
the amount of the labeling isotope that corresponds to the MONPSs, the concentration of the
isotope in the background matrix must be determined and subtracted. This can be achieved by
measuring the labeling isotope directly, or by measuring another isotope of the same metal and
using the natural ratio of the isotopes to correct in calculations. In cases where the sample matrix
is heterogeneous, it may be preferable to measure a non-labeling isotope in each individual
sample, as opposed to measuring the labeling isotope in a smaller set of “background” samples.
Using labeling isotopes with lower abundance will increase detection sensitivity, but these
precursors are more expensive. Isotopic labeling studies also require that attention is paid to
potential isobaric and polyatomic interferences that affect the determination of the isotopic ratio
within a sample. For example, matrices high in sulfates can interfere with the detection of

multiple isotopes of Ti, while Ce measurements are impacted by the presence of
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neodymium?1%41921%3 polyatomic interferences for each element have been summarized by May

and Wiedmeyer!®,

Quantifying isotopic ratios within a sample requires high instrumental precision in resolving
peaks between two adjacent isotopes. Isotopically-labeled MONPs can be quantified at
environmentally relevant concentrations using conventional quadrupole ICP-MS instruments
alone, but sensitivity can be increased even further through the use of high resolution multi-
collector ICP-MS (MC-ICP-MS) instruments®31%, MC-ICP-MS instruments are much more
expensive than conventional ICP-MS instruments, but may be especially useful in cases where

organisms are chronically exposed to very lose doses of MONPs.

In addition to quantification using ICP-MS, isotopically-labeled MONPs can be visualized
within a sample using time-of-flight secondary ion mass spectrometry (ToF-SIMS)*%®. In a study
of ZnO NP uptake and toxicity in HaCaT cells, the luminescence of ZnO NPs and the use of a
stable %8Zn label allowed for both confocal laser scanning microscopy (CLSM) and ToF-SIMS to
be used within the same study. ToF-SIMS provided a two dimensional image free from
background interference, which was then compared to the three dimensional CLSM images. It
was determined that Zn?* ions from ZnO NPs are absorbed and transported into the cytoplasm
and nuclei, and that the relative amounts of intracellular Ca** and K* are affected by the ZnO NP
dose. Laser ablation ICP-MS (LA-ICP-MS) can also be used for 2D imaging of samples
containing isotopically-labeled MONPs. However, this technique offers spatial resolution of only

5-20 um, while ToF-SIMS can be operated to provide sub 100 nm resolution6%1%7,
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Stable isotopic tracers are often used in studies of ZnO and CuO NPs, due to the labeling
method’s effectiveness for MONPs that dissolve throughout the course of the experiment. Ions
released directly from the MONPs will still bear the isotopic label and can be quantified using
the same methods of analysis used for the MONPs!®%, It is also possible to use more than one
stable isotope in the same study to gain a better understanding of the localization of released ions
versus the nanomaterial. Laycock et al. used a combination of #ZnO NPs and ®4Zn?* ions
incubated in soil from 1-12 months to study uptake in earthworms®®. As the soil incubation time
increased, the amount of Zn from all forms increased in the pore water, resulting in higher
bioaccumulation efficiencies. There was no discernable difference between the relative amounts
of %Zn and %Zn in the different compartments (soil, water, and organism) of the experiment,
which supports the hypothesis that the ®8Zn was taken up in the ionic form after the ®3ZnO NPs
dissolved in the soil media. One method to help determine whether this is the case would be to
extend an approach developed by Merrifield and Lead, in which multiple isotopic labels were
embedded in the same nanoparticle?®. In this study, a three-layer silver nanoparticle was
synthesized with two different stable isotopes labeling the core (}°®Ag) and the shell (*’Ag).
These were separated by a layer of gold that was added to prevent core dissolution, ensuring that
only the 1%“Ag from the NP shell would be exposed to organisms in the ionic form. Comparing
the concentrations of the two silver isotopes in both the exposed organisms and the media would
allow for the determination of the relative contributions of the ionic versus particulate silver.
Although this method has only been applied to silver nanoparticles, the same approach could be

extended to soluble MONPs like ZnO NPs.
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The primary disadvantage of stable isotopic labeling is that the manufactured MONPs that are
the most environmentally relevant to study cannot be effectively labeled after purchase. One
possible solution to this problem is the use of the “reverse labeling” procedure developed by
Croteau et al.?°%%%2_ In one study, freshwater snails were chronically exposed to °Cu isotopes
until the isotopic ratios within the snail tissues was altered, effectively eliminating the metal
background from the experiment?®!, This enabled researchers to measure the uptake of Cu, which
naturally primarily contains the isotope ®3Cu, from particles that had been collected from a river
impacted by acid mine drainage. The naturally aged complex colloids composed of a mixture of
Al and Fe oxides with sorbed Cu were able to be tested directly on the organisms. A similar
approach was used to study Zn uptake in snails from natural particles collected from two acid
mine drainage impacted rivers?®2, The authors were able to show that a higher strength of Zn
sorption to the collected particles resulted in lower assimilation within the organisms. This
reverse labeling technique is effective for biological studies involving essential elements like Zn,
Cu, and Fe, which will be easily assimilated into the organism. It remains to be seen whether this
approach can be extended to other MONPs comprised of metals that are not essential elements.
Another potential drawback is that the media that the experiment is performed in must be free of
the background metal. Thus, the reverse labeling approach would be difficult to apply in
experiments requiring the use of complex natural media. This issue could be mitigated through
control experiments identifying differences in the fate and uptake of the element of interest from

the media alone when compared to the MONPs.
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Despite this drawback, there are major advantages to stable isotopic labeling. MONPs can be

detected at very low, environmentally relevant concentrations. Stable isotope labels are the most

enduring of any technique, are measurable even in ions released from dissolution, and do not

have the equipment and safety limitations of radioisotopes. Additionally, there is likely to be no

impact on MONP properties, although extra care must be taken not to introduce artefacts during

the sample preparation required for quantification.

Table 3.3. Stable isotopes used in study of MONPs.

Stable Isotope

Reported Limits of

(% Rel. MONP Studies Employing Stable Isotope Quantification
Abundance)
TiO,
“'Ti (7.5) e  Bioaccumulation in mussels’? 8.6 ng/L in mussels’?
Zn0O
84Zn (48.6) e Uptake of Zn?* vs ZnO NPs in earthworms using
multi-isotope approach®®®
®Zn (4.1) e Uptake in snails203204 < 15 ug/g in snails®*
e  Uptake in endobenthic organisms?%
%87Zn (18.6) e Dermal absorption of ZnO NPs from sunscreens 5 ng/g?¥?
in mice and humans?%6-210 175 ng/g in blood?"’
e Uptake and cytotoxicity to human skin cells!®
e  Bioavailability of ZnO NPs vs. bulk Zno vs. Zn?
ions to aquatic organisms*%
e Uptake and elimination for bulk vs. nano-sized
Zn0O?1,
e Evaluation of cost-effectiveness for Zn isotopic
labels??
e Up take of Zn?* vs ZnO NPs in earthworms using
multi-isotope approach®®®
CuO
Cu (30.8) e Synthesis and detection of spherical and rod- 10 ng/g in snails?*3

shaped %CuO NPs?3

Uptake of CuO NPs vs. Cu?* in freshwater worms
from aquatic and sediment exposures?1421°
Toxicity and bioaccumulation in snails?:®

FeOyx
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SFe (2.14) e Exchange of atoms between goethite nanorods 7.8 pg/L Fein river
and dissolved Fe?+ 217:218 sediment slurry?®
e Detection of 5’Fe@SiO, NPs in river sediment
slurry?%®

3.3.4 Dopant and Core/Shell Labeling

The final category of MONP labeling techniques is the use of dopants and core/shell labels.

In the case of doping, MONPs are synthesized with another metal that is rare in the samples of
interest replacing a fraction of the metal present in the MONP lattice structure. It should be noted
that some radiolabels that feature an element not present in the unlabeled MONP, e.g. those
prepared through “Be recoil labeling, are also effectively labeled with a dopant. To prepare
dopant-labeled MONPs featuring another nonradioactive label, existing sol-gel synthesis
methods can be altered by adding a soluble salt of the labeling metal to the MONP metal-alkyl
precursor solution. The amount of dopant present in the final labeled MONP can be adjusted by
altering the stoichiometric ratio of the labeling metal to the primary metal in the solution’®22°,
ICP-MS or ICP-optical emission spectrometry (ICP-OES) can be used to quantify the amount of
labeled MONPs through the known ratio of the traceable metal to the MONP metal. TiO2 NPs
have been doped with the rare earth elements La and Ce, resulting in limits of detection as low as
16.8 pg Ce/L using ICP-OES’. Only a small fraction of Ti atoms needed to be replaced for this
degree of sensitivity: the ratio of Ce and La to Ti was varied from 0.005 to 0.03 during synthesis.
TiO2 NPs have also been doped with Nb to examine how bioconcentration factors change as a

function of surface chemistry’*. It is important to consider that the dopant concentration can
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impact particle properties like the specific surface area and photoreactivity, with the highest
enhancements of photoreactivity occurring at dopant concentrations below 1% by weight’t22L,
Dopants have also been shown to preferentially appear on the surface of the MONPs as opposed
to the bulk, where they will interact directly with the surrounding media’. It is important to
monitor the extent to which the electronic and surface properties of the MONPs are altered by

dopant labels, as these can affect their behavior and toxicity in experimental studies®?.,

In core/shell labeling, a variety of materials have been incorporated as the MONP labels, as
summarized by Figure 3.3. The label is typically another metallic nanoparticle, which is then
coated with the MONP material. One core material that can be used is quantum dots (QDs),
which have the useful luminescent properties of a fluorescent dye label with more long-term
stability. The QDs most appropriate for MONP labeling applications are typically composed of
CdSe or CdTe NPs that range from 1-6 nm in diameter!>3, QDs can be synthesized or
commercially purchased and then coated with MONP materials using microemulsion, sol-gel, or
amino acid driven synthetic methods. It is important to ensure the shell prevents the release of
QDs or the ions present in them, as they will have different behaviors and toxicities when
compared to the MONP-coated QDs??%%2, In addition to quantification using fluorescence-based
techniques, the core materials in QD-labeled MONPs can also be quantified by using ICP-MS.
SiO2-coated CdSe/CdS/ZnS QDs were used to study the potential impacts of oral exposure to
SiO2 NPs in a mouse model, and the known ratio of Cd:Si was used to confirm via ICP-MS that
the fluorescent particles imaged in the liver came from the labeled MONPs and not the sample

background4e.



67

Noble metal nanoparticles have also been used for core labeling. SiO2 NPs have been labeled
with an AgNP core, while TiO2 NPs have been labeled with an AUNP core®®®2%4, In the case of
AgNP cores, dissolution of the core label can be a concern: Ag™ ions began to be released from
the labeled SiO2 NPs after 20 days of storage in deionized water'®®. While a variety of synthetic
methods for core/shell MONPs featuring noble metal NP cores have been presented, most often
these procedures were developed to create MONPs with enhanced catalytic properties and will
need to be adjusted to mitigate these effects®8225-227_ Once the MONP shell is deposited onto the
noble metal core, solvothermal treatments may be necessary to achieve the MONP crystal
structure desired. Here, it is necessary to take steps to prevent any thermally-induced structural
changes to the AuNP or AgNP core, which for rutile TiO, can be achieved by adding an
additional SiO; shell that is later removed through etching®. ICP-MS is typically used for
quantification, resulting in a reported limit of detection of 24 pg/L for Ag@SiO, NPs™,
Au@TiO2 NPs have been accurately quantified at levels of 1.5 pg Ti/L in deionized water using
ICP-MS and 750 ug Ti/L in a river water-sunscreen mixture using ICP-OES??4, Single particle
ICP-MS can also be applied as a characterization tool and quantification strategy. In addition,
Au@TiO2 NPs have been quantified in activated sludge using instrumental neutron activation
analysis (INAA), with reported limits of detection and quantification of 16.8 mg Ti/kg sludge
and 25.8 mg Ti/kg sludge, respectively??*, The core/shell labeling approach allows INAA

quantification to be extended beyond facilities with a reactor on-site, as the experiment can be

performed prior to irradiation and then samples can be transported for analysis.
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Finally, one novel and interesting core-labeling method is the encapsulation of DNA barcodes
within a SiO> shell. To achieve this, SiO2 NPs are prepared with positively-charged functional
groups on the surface. DNA is then adsorbed onto the positively-charged SiO; surface, and
encapsulated in an SiO, shell using a sol-gel process??®. The encapsulated DNA has been shown
to be stable in the presence of ROS and in temperatures up to 120°C. The DNA can be released
using an etching agent, and quantified using quantitative polymerase chain reaction (qPCR)
methods at concentrations as low as 100 ng Si/L?%. This technique has been used to study SiO>
colloid transport within wastewater treatment systems, and the transfer of SiO colloids between
trophic levels?2°2%, When digital particle PCR (dpPCR) is used for quantification, individual
SiO2 NPs can be detected and counted, resulting in a limit of detection of approximately one

particle per pL solution?!,

Metallic NPs Quantum Dots DNA Barcodes
ICP-OES ICP-OES qPCR
ICP-MS ICP-MS dpPCR

INAA flucrescence methods

Figure 3.3. Label materials and quantification techniques used for core-labeling strategies.

Doping and core/shell labeling techniques provide unique advantages and disadvantages.
Metallic labels are more stable than fluorescent dyes, but can potentially be released as ions in

the cases of dopants on the MONP surface, or core labels comprised of materials susceptible to
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dissolution. With the exception of DNA barcode labels, dopant and core/shell labeling
techniques are more inexpensive than isotopic labeling strategies, while some of the same
quantification techniques (ICP-MS, INAA) can be employed. Some core/shell systems are also
compatible with sp-1ICP-MS techniques, which can provide number concentrations and size
distributions for the core particle within a complex sample. The primary disadvantages are that
these techniques cannot be applied directly to commercially available nanoparticles, and that
some properties of the unlabeled MONP may be affected. These include photocatalytic activity

for both dopants and core labels, and density for core labels.

3.4 Properties and Characterization of Labeled MONPs

A critical step in employing any labeling method is the proper characterization of the resulting
labeled MONPs and comparison to their unlabeled counterparts. Without this characterization, it
remains uncertain whether the labeled MONP’s behavior determined within a study can be truly
representative of the MONP. The MONP properties that could potentially be altered through the
incorporation of a label, resulting in changes to behavior, are discussed in detail in this section

and summarized in Table 3.4.

The defining property of nanomaterials that has given rise to concern about their potential
environmental implications is their size. Nanoparticles of different sizes exhibit differences in
cellular uptake and localization, as well as differences in the overall toxicity to a variety of
organisms®2-2%_ |sotopic labeling featuring the use of an enriched precursor is unlikely to alter
MONP size, since identical synthetic procedures can be used for both the labeled and unlabeled

MONP. However, synthetic procedures for labeling using dopants, core/shell structures, and
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fluorescent dyes will need to be optimized to ensure that the size of the labeled MONP
corresponds to the size of interest for the unlabeled MONP. In the case of direct radioactivation,
exposure to extreme temperatures during irradiation could potentially impact the MONP
structure and alter the size. Primary particle size can be measured using electron microscopy
techniques. The hydrodynamic diameter, which takes into account MONP agglomeration and
solvation, can be determined using dynamic light scattering (DLS) or nanoparticle tracking

analysis (NTA).

In some cases, the size of the individual crystallites that compose MONPs may differ from the
primary particle size. Crystallite size can be measured using x-ray diffraction (XRD) or TEM
analysis. The crystal structure of the MONPs can also be measured using XRD or determined
using selected area electron diffraction (SAED) performed within TEM analysis. Differences in
the crystallite size or crystal structure between the labeled and unlabeled MONPs will impact the
surface area and photocatalytic activity of MONPs??2%, Characterizing these differences is
especially relevant for doped MONPs, where changes in the elements present in the lattice
structure give rise to differences in atomic spacing that can impact crystallite size. Alterations to
the crystalline properties are also likely to occur for labeling techniques that expose the MONPs
to different temperature treatments than their unlabeled counterparts. This includes labels like
fluorescent dyes that may require differences in the synthetic temperatures to prevent dye

degradation, and direct radioactivation techniques that may expose MONPs to high temperatures.

Closely related to size is MONP surface area, which can affect toxicity through its relationship to

photocatalytic activity, ROS generation, and dissolution kinetics?*?*". The specific surface area
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(SSA) is commonly determined using Brauner-Emmett-Teller (BET) analysis, which uses the
measurement of the physical adsorption of small nonreactive gas molecules to a dry nanopowder,
allowing for the porosity of the particles to be included. The SSA measured via BET analysis
does not take into account the agglomeration state of the MONPs once they are in solution.
Changes to this parameter would most likely be brought about by dopant, fluorescent dye, and
core/shell labels, which are the most likely to impact the porosity of the MONPSs due to the
incorporation of labeling compounds that differ in size and properties from the MONP materials.
Surface area can also be estimated using size measurements from DLS or electron microscopy

and the density of the bulk material?38.

Another group of properties that must be examined when labeling techniques are employed are
those that comprise MONP surface chemistry. This includes the functionalization of MONPs
with a stabilizing ligand, the surface charge, and the relative hydrophobicity or hydrophilicity of
the surface. These surface properties have an important impact on the bioavailability and toxicity
of nanomaterials due to the impact on aggregation state, dissolution rate, adsorption of natural
organic matter, and interactions with cells and organisms8®90:235.239.240 ' A variety of surface
coatings are used on MONPs to impart stability through electrostatic or steric repulsion, to
enhance dispersion within an MONP-enabled product, or to control the MONP reactivity. For
some MONP labeling strategies, the incorporation of a functionalized surface coating will not be
possible. This includes the surface attachment of fluorescent dyes to MONPs, which will prevent
another functional ligand from being attached to the surface. Additionally, direct activation

techniques for radiolabeling are generally not applied to MONPs with a surface coating, as the
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coating is likely to be altered and also impact the amount of radioactivity imparted to the metal
oxide. Doped MONPs may have differences in the total coverage of a surface coating due to
differences in lattice spacing and binding behavior between the metal oxide and the dopant label.

The coverage can be probed using thermogravimetric analysis (TGA)?*.

In the current body of literature, (-potential (a surrogate for surface charge) is often the primary
characterization performed to compare labeled and unlabeled MONPs. Since (-potential
measurements depend on a combination of the nanomaterial, solution, and instrumentation,
information about each of these relevant parameters must also be reported®*2. It is important to
recognize that differences in the steric stability or hydrophobic/hydrophilic properties of a
labeled MONP can still be present even when the {-potential is unchanged by the label. The
surface properties of MONPs are most likely to be affected by labels that appear directly on the
surface of the MONP, like dopants and surface-attached fluorescent dyes. DLS can be used to
determine the critical coagulation concentrations and aggregation behavior of MONPs in
different agueous media as a way to identify differences in electrostatic and steric stability
between labeled and unlabeled MONPs. The adsorption of dyes like Rose Bengal and Nile Blue
can be used to characterize the hydrophobic/hydrophilic surface properties of MONPs243-245,
Additionally, the likelihood of the label to interact directly with the surrounding media should be
evaluated. For metal labels used as dopants or in core labels, XPS analysis can be used to
determine the elemental composition of the surface of the labeled MONP, which can then be
compared to the bulk composition measured by ICP-OES or ICP-MS. Determining the effects of

changing solvents on the optical or fluorescent properties of the label within the MONP is
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another useful indicator of label impact: a greater solvatochromic shift indicates more exposure
of the fluorescent dye to the outside medium, and a greater probability that the dye could

influence behaviort#2147,

There are several additional MONP characteristics that provide further information about the
potential for toxicity. First, the overlap of the band gap energy of an MONP with the energy
potentials of key cellular redox processes has been shown to be a strong predictor of toxicity for
low solubility MONPs?*¢, Band gap energies can be determined using diffuse reflectance UV-
Vis spectroscopy?#. For ZnO and CuO NPs, particle dissolution and release of ions is the
primary mechanism of toxicity, making the label impact on dissolution behavior important to
consider. Dissolution can be quantified by exposing MONPs to the media of interest, separating
MONPs from released ions through filtration or centrifugation, and measuring the concentration
of the metal ions using ICP-OES or ICP-MS techniques. Surface redox reactivity can be
measured using a colorimetric assay for methylene blue reduction developed by Corredor et
al.?*’ and has been shown to correlate to antimicrobial activity for CuO NPs?®, Finally, a variety
of colorimetric assays exist for the determination of ROS production by NPs, as summarized in
reports by Djurisi¢ et al. and Crandon?:?4>, Most notably, 2'7'-dichlorofluorescein diacetate
(DCFH-DA) is a commonly used nonspecific probe that applies to both intracellular and
acellular ROS generation?124249 Here, exposure to ROS causes the oxidative conversion of
DCFH to the fluorescent product DCF, which can be easily measured using fluorescence
spectrometry and converted to equivalents of hydrogen peroxide using a standard curve. To

study ROS generation under irradiation for photocatalytically active materials like TiO2, a
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procedure has been developed that measures the conversion of fluorescein to non-fluorescent
products?°, Electronic properties like the band gap energy or the potential to generate ROS are
most likely to be affected by metallic dopant and core/shell labels, which can increase the
formation of oxygen vacancies on the MONP surface or participate directly in charge transfer
and subsequent band gap narrowing with the MONP material /%1253, Core labels composed of
plasmonic NPs can also affect the electronic properties by creating intense electric field “hot
spots” on the MONP surface, with a much greater potential to generate electron-hole pairs in

photocatalysis than the rest of the MONP surface®"2%,

Proper characterization of a label’s impact to MONP properties helps ensure that the overall

transport or toxicity is not affected. Additionally, if differences in the studied behavior for

labeled versus unlabeled MONPs are discovered, rigorous characterization of the individual

properties of the MONP could assist in revealing mechanistic insights into the behavior.

Table 3.4. MONP Properties and Characterization Technigques

MONP Property

Suitable Characterization Methods

Size

SEM/TEM, DLS, NTA, sp-ICPMS

Crystallite Size XRD, TEM

Crystal Structure XRD, SAED

Surface Area BET, Calculations from size
Ligand Density TGA

Surface Charge (-potential, Surface charge titration
CCC, Aggregation Behavior DLS, NTA

Deposition Behavior

Quartz Crystal Microbalance

Density

Differential sedimentation

Hydrophobicity/Hydrophilicity

Adsorption of rose bengal and nile blue dyes

Band Gap Energy

Diffuse reflectance UV-Vis

Dissolution

ICP-OES, ICP-MS

Photocatalytic Activity

Methylene blue dye degradation under UV exposure

Surface Redox Reactivity

Methylene blue reduction assay

ROS Generation

Colorimetric assays using dye indicators (e.g. DCFH-DA)
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In addition to characterization techniques that determine whether the label has impacted particle
properties, characterization should also include factors related to the detection sensitivity and
stability of the labeled MONPs. For MONPs labeled with a stable isotope or another metal,
detection sensitivity is controlled by the elemental or isotopic ratios of the labeled MONPs,
which can be measured using ICP-MS. For fluorescent MONPs with dyes or QDs incorporated
as labels, the fluorescence quantum yield should be determined using fluorescence spectrometry.
The radioactivity of MONPs labeled with radioisotopes can be measured using scintillation
counting or y-spectrometry. The stability of the label should be evaluated for the relevant media,
temperatures, and time-scales of the experiment, to ensure that the label will not be released.
Along with this information, the limit of detection (LOD) and limit of quantification (LOQ)
should be determined and reported for the media of interest. Numerous efforts have been made
within the nanotoxicology community for more complete characterization of all NPs used in
studies evaluating toxicity and exposure?>>2%, In the case of labeled MONPs, it is especially vital
that the property-activity relationships determined through experimental work are inferred based

on the true properties of the material, and not confounded by the impact of the label.

3.5 Evaluation of Labeling Strategies

Each labeling technique has several advantages and limitations. The decision of which labeling
strategy to use will be based on balancing the detection sensitivity, label stability, cost and
equipment requirements, label effects on MONP properties, and ease of labeling and

quantification. Table 3.5 provides a summary of these qualities for each labeling approach.
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In terms of detection sensitivity, radiolabeling methods are the most sensitive of any technique,
offering detection limits as low as pg/L even in complex matrices like mouse tissues. Fluorescent
dyes offer the lowest amount of detection sensitivity, often with detection limits higher than
environmentally relevant doses. Sensitivity can be decreased even further in matrices that
prevent the luminescence of the particles from reaching a detector. Stable isotopes, dopants, and
core/shell labeling techniques fall into the detection limit range of ng/L-pug/L, allowing for

sensitive detection with a variety of quantification techniques.

Also relevant to detection sensitivity is the stability of the label, both over time and in a variety
of matrices. Here, stable isotope labels offer superior stability. They do not degrade over time,
and are released from the labeled MONP only as the free ions that would be released through
dissolution in an unlabeled particle. These ions can still be detected against a background. For
radioisotopes, there exists a wide range of half-lives, and it is important to ensure that the
radioactive decay will still allow for the required detection limits to be achieved at the end of the
experiment. In addition, small amounts of the radiolabel may diffuse to the surface and be
released from the MONP*"*173, For fluorescent dye labels, the label has been consistently shown
to leach from particles over time. Some core labels like AgNPs and QDs may also leach toxic
ions that impact study results. The stability of dopant labels under biological conditions has not
been adequately investigated. Coating the doped MONPs with a layer of the undoped metal
oxide may assist in preserving the dopant labels. In each case, it is necessary to perform
experiments testing label stability in the matrix of interest. To adjust for label release, controls

should be performed to determine differences in behavior between the free label and labeled
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MONP. In terms of temperature stability, organic materials like fluorescent dyes and DNA
barcodes are the most likely to degrade. It is unlikely that these types of labeled particles can be
heat treated to form all MONP crystalline structures without damaging the integrity of the label.
If these materials are not adequately protected within the MONP shell, enzymes and ROS

produced by organisms may also degrade the labels.

Cost and equipment requirements can be a limiting factor in choosing a labeling strategy.
Isotopic labeling techniques are the most expensive, as isotopically-enriched reagents and direct
radioactivation techniques are costly. The cost of the enriched reagent material necessary to
produce 100 mg of ZnO NPs ranges from $4000 to $35000 for the stable isotopes summarized in
Table 3.3%12, In the case of radiolabeling, there is not only specialized equipment required for the
production and quantification of the MONPs; there are also equipment requirements and costs
associated with the safe use and disposal of radioactive materials. Fluorescent dyes are by far the
most inexpensive label to incorporate and quantify. In one comparative study, fluorescently-
labeled SiO2 NPs cost 2.7 times less to synthesize than AgNP core-labeled NPs, and 15 times
less than radioactive AgNP core-labeled NPs'®®. Quantification of the fluorescent NPs cost 7
times less than the AgNP core-labeled NPs, and 5.2 times less than the radioactive AgNP core-

labeled NPs!®°,

The applicability of the label to a specific type of MONP is one aspect that may be the deciding
factor in choosing a specific labeling method for a given study. Some labels, such as NP cores or
dopants, cannot be applied to pre-synthesized, commercially-available MONPs. These

commercial MONPs are utilized in large quantities, and as such the potential environmental
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impact is of interest to researchers. Direct radio-activation is the best labeling option for pre-
synthesized MONPSs that do not contain organic stabilizing ligands that could degrade during
neutron or ion bombardment. While diffusion labeling using isotopes and the surface attachment
of fluorescent dyes also apply to commercial MONPs, the stability and detection sensitivity
offered by these labels is much lower. Other MONP labeling techniques are not appropriate for

labeling highly soluble MONPs. These include core/shell, dopant, and fluorescent dye labels.

The potential effects of labels on key MONP properties have been discussed in detail in the
previous section. To summarize, MONPs labeled with stable isotopes are the least likely to have
properties impacted due to being elementally and structurally identical to the unlabeled MONP.
MONP surface properties are most likely to be affected by dopant labels and by fluorescent dyes
that have been attached to the MONP post-synthesis. Surface chemistry will affect aggregation
behavior, the formation of protein coronas, and interactions with biomass. Photocatalytic activity
and other electronic properties are most likely to be impacted by the incorporation of other
metals, especially plasmonic metals like gold and silver, into the MONP as cores or dopants. The
electronic properties of the MONP control the potential to generate ROS and impart toxicity for
MONPs where dissolution is not the primary mechanism of toxicity. The dopant concentration or

core size should be optimized to limit these effects.

To provide guidance on how to choose and employ a specific labeling technique for a given
study, two case studies will now be explored. First, we consider the example of a month-long
study examining TiO2 NP distribution and toxicity within a 60 L mesocosm containing multiple

trophic levels of organisms, similar to a study performed by Bour et al. using CeO2 NPs?*’.
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Background levels of CeO> were present in both the water and sediment in the previous study,
and mesocosm studies open to the atomosphere could also be affected by atmospheric
deposition. With TiOz, the background concentration is likely to be even greater (Table 3.1). The
use of a label could enhance sensitivity while also limiting the impact of heterogeneity in the
levels of background TiO> within different samples of the same mesocosm compartment. This
type of study requires a label that can be produced and used in large quantities, is highly stable
over time, and can be easily quantified down to low pug/L concentrations. The limitations on the
quantities of radioactive materials that can be handled, as well as the short half-life of many
radioisotopes, prohibit the use of radiolabels in this type of study. While stable isotopes offer the
stability and detection sensitivity required, the high expense of producing the quantity necessary
to evaluate their behavior in multiple mesocosm experiments is undesirable. Fluorescent dyes
typically do not provide the detection sensitivity required, and may also be released from the
MONP or degraded by photobleaching over the course of the study. A metallic label, used as
either a dopant or a core label, is highly stable over time and provides low limits of
quantification even in complex media. The cost of producing the labeled MONP is not as high as
for isotopic labeling, and multiple TiO> crystal structures can be formed. A variety of
quantification techniques can also be used, including ICP-OES, ICP-MS, and even INAA. This
provides flexibility that allows samples from compartments that are difficult to prepare for ICP-
MS analysis to be quantified by INAA, while samples from compartments with higher
concentrations of MONPs can be easily quantified by ICP-OES. The size, surface charge, and

aggregation behavior should be compared between the labeled and unlabeled MONPSs, as these
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parameters are especially relevant for transport and uptake. Additionally, the impact of the core
label on the photocatalytic activity should be determined, as this is a property that drives TiO>
toxicity. The ratio of the metal label to the Ti within the labeled NPs should be reported, as well

as the limits of detection and quantification.

Another case study we consider is the monitoring of ZnO NP uptake and translocation within an
organism. Zn is an essential element for many organisms, and as such it is likely to be present
prior to NP exposure. The use of a label allows for sensitive detection of the ZnO NPs against
background levels of Zn, and can also provide the ability to visualize the ZnO NPs within the
organism. As ZnQO is a soluble MONP with ion-driven toxicity, it is important to be able to
distinguish not only the ZnO NPs from the background Zn, but the Zn?* ions after they are
released through dissolution. Isotopic labeling techniques are ideal for these experiments because
the Zn itself is specifically labeled and can be traced whether in ionic or particulate form.
Radiolabeling is especially effective for examining MONP distribution among specific tissues
and organs, as the sensitivity and ease of analysis offered by y-spectrometry allows for the
measurement of the small MONP quantities that may be present within a single biological
compartment. ®°Zn also has the benefit of having an extremely long half-life for a radiolabel (244
days), sufficient even for long-term studies of chronic toxicity. If visualization is also desired,
positron-emitting radiolabels like 8F can be used to enable PET imaging, though these labels
lack temporal stability due to the short half-life. Fluorescent dyes and QD labels can also be used
along with fluorescence microscopy. In the case of fluorescent dyes and QD labels, the solubility

of ZnO NPs may make the label release and degrade in some compartments, limiting the
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capacity for imaging. For gavage, intravenous, or intratracheal doses of MONPs, the true

administered dose must be determined by measuring the amount of MONPS remaining within the

syringe, a task easily accomplished when a radiolabel is present. Characterization of radiolabeled

MONPs used in this type of study should include a comparison of dissolution kinetics for the

labeled and unlabeled ZnO NPs, tested in media with relevant pH and ionic strength values. It is

also important to determine that no structural impact occurred during radiolabeling if direct

activation was used to prepare the NPs. Size and crystal structure are two properties that could

potentially be affected. The radioactivity of the produced MONPs should be reported, along with

the limits of detection and quantification.

Table 3.5. Summary of labeling strategies.

Fluorescent Dyes

Radioisotopes

Stable Isotopes

Core/Shell and Doping

Detection ) . .
Sensitivity gl - gL pg/L -ng/L ng/L - ugL ng/L - mg/L
Dye can degrade through Metal labels have high
photoblsaching or temporal and thermal
- ; - Half lives range from High temporal and thermal stability
interaction with KOS and - -
mes minutes-years stability DNA labels have poor
Label Stability N g Label allows for tracking Label allows for tracking thermal stability
Poor applicability to soluble . . . 5 o
MONPs due to dve release of released ions in soluble of released ions in soluble Poor applicability to
- MONPs MONPs soluble MONPs due to

Low temporal and thermal
stabality

release of dopants or
exposure of core

Radioactive precursors and
direct activation procedures
are both expensive

Expensive to synthesize

Cost and Most inexpensive synthesis . o i and analyze
. - - Direct activation requires . . Low — moderate expense
Equipment and quantification i Low limits of detection .
A . . cyclotron/reactor source L 3 for synthesis
Requirements No specialized equipment . . require high-resolution
Requires specialized ICP-MS
equipment, laboratory, and
waste disposal procedures.
Some risk of thermally Can alter electronic
Can alter rate of dissolution induced changes from properties
Label Effects on Surface-attached dyes will direct activation Lowest possible impact to Dopant interacts with
MONP Properties alter MONP surface Recoil labeling embeds a properties surrounding media and can
properties foreign dopant into MONP, affect surface chemistry
which can affect reactivity. Core affects density
Ca_n__not be applied to i Ca.ﬂ.q.ot be applied to Cannot be applied to
previously manufactured Can be applied to previously manufactured -
. previously manufactured
Ease of Label MONPs previously manufactured MONPs MONPs
. i i i MONP .
Tncorporation and Simple quantification and s Care should be taken to Vasiety of quantification

Quantification

visualization

Tissues may need to be
sliced to allow light
penetration

Facile quantification in
complex matrices with
limited sample preparation

avoid artefacts from acid
digestion procedures or
polyatomic interferences
during analysis

options for metal labels
QD core labels can be
easily visualized
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3.6 Conclusion
A variety of MONP labeling techniques have been developed for the purpose of studying
MONPs in complex systems. When any of these labeling strategies is employed, characterization
is critical to ensuring that the properties and behavior of the labeled MONP are representative of
the unlabeled form. The decision of which technique to use will depend on the label stability and
detection sensitivity requirements of the study, limitations imposed by equipment and cost, and
the preservation of MONP properties that are critical to understanding the mechanism of
behavior. Rigorous characterization and comparison of key properties to unlabeled MONPs is
necessary for meaningful conclusions to be drawn from experiments that employ a labeling
strategy. Currently, there are limited comparisons of key characteristics affecting MONP
transport and toxicity. Improved reporting of label parameters, like the amount of the label
incorporated into the MONPs, and the limits of detection and quantification, will help ensure that
progress can continue to be made optimizing the preparation and utility of labeled MONPs.
Ultimately, no one labeling technique will meet all research needs. The successful development
and application of a variety of MONP labeling strategies enables experimental designs that
reflect the complexity of the natural environment, better allowing for the determination of the

mechanisms driving transport and toxicity.
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4.1 Abstract
Titanium dioxide nanoparticles (TiO2 NPs) are used in a variety of commercial and industrial
applications, which has inspired interest in their potential environmental implications. These
materials also have great potential for use in the treatment of emerging organic pollutants, and
the photodegradation of several model contaminants by TiO2 NPs have been studied under a
variety of conditions. While TiO2 photocatalysis has been studied extensively in simple systems,
there exists limited mechanistic insight linking the surface properties and transformations of the
NPs to their larger scale behavior in a complex system. This study examines two model TiO>
NPs in the real-world treatment scenario of a UV-irradiated slurry used for treating organic
contaminants at three different levels of focus.The molecular-level properties of the TiO> surface
were examined using XPS analysis. The extrinsic properties of the TiO2 NPs in well-controlled
aquatic systems were examined through characterization and colorimetric assays. These
properties were compared to the performance of the TiO2 NPs in the degradation of methylene
blue dye. No direct correlations between the XPS-determined surface composition and the
overall treatment efficacy of the TiO2 NPs were observed. The most important properties
determining the extent of MB dye degradation were 1) crystal structure and ROS generation, 2)

pH stability, and 3) aggregation state.

4.2 Introduction

Titanium dioxide nanoparticles (TiO2 NPs) have great potential for use in the treatment of
emerging organic pollutants, including those that cannot be efficiently biodedgraded?®. In

photocatalytic water treatment processes using TiO2 NPs, the NPs are irradiated with light,
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which excites electrons from the valence band to the conduction band, creating electron-hole
pairs. These charge carriers can then participate in redox reactions with water and oxygen to
form reactive oxygen species (ROS). The primary species of ROS generated by TiO> NPs are
hydroxyl radicals ("OH), which have an oxidation potential of 2.80 V, greater than the potential
for common oxidizing agents like ozone or hydrogen peroxide8. The generated ROS oxidize the
organic contaminants in the solution, in some cases facilitating complete mineralization of the
compounds to carbon dioxide?*®?>, Organic dyes like methylene blue (MB) are often used as a
model contaminant to compare the degradation efficiencies of different pure and hybridized TiO>
NPs, primarily due to the ability to make facile measurements of degradation using ultraviolet-
visible (UV-Vis) spectrophotometry?°. The overall efficacy of an advanced oxidation treatment
system featuring TiO> NP photocatalysis is dependent on key parameters of the TiO> NPs, water

chemistry, and treatment operation (e.g. light wavelength and intensity used).

One aspect of photocatalytic efficiency is the potential for a specific type of TiO2 surface to
generate ROS. For example, differences in this potential arise for TiO> NPs with different crystal
structures. The anatase form of TiO- consistently exhibits greater photocatalytic activity than the
rutile form, while mixed-phase TiO> NPs that are 20-30% rutile are more effective than pure
anatase NPs?>-2%, This variation in photocatalytic activity is caused by differences in the band
gap energy required to excite electrons to the valance band, and in the ability of free charges to
diffuse to the surface without recombining??2. The intensity of the light used for irradiation can
also affect the rate of "OH production, with more "OH produced as the light intensity is

increased?®!. The characteristics of the water also factor into ROS generation potential: TiO2 thin
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films irradiated in solutions with greater levels of dissolved oxygen present will produce more

ROS than TiO; irradiated in solutions with lower levels of dissolved oxygen?®,

Another key component of photocatalytic activity is the relative amount of TiO2 surface
available to absorb light and generate ROS. The specific surface area of TiO2 nanopowders
determined using Brunaeuer-Emmett-Teller (BET) analysis has been shown to be important to
the production of ROS, with more "OH produced by NPs with a higher specific surface area?®,
However, the specific surface area is unlikely to reflect the amount of surface area available once
the TiO2 NPs are dispersed in solution. Other studies have indicated that aggregation behavior
will dictate "OH production: smaller, less dense aggregates of TiO2 NPs have higher rates of "OH
production than TiO aggregates that are larger and more dense?®. The aggregate density and size
are directly affected by water quality parameters like the pH and ionic strength, as predicted by
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory?%42%, Therefore, it is important to consider

the available TiO> NP surface area that will be present in the media of interest.

Finally, interactions between the TiO> and the organic contaminant of interest affect the
degradation rate by bringing the contaminant to the TiO> surface where the contaminant is most
likely to be oxidized by the very short lived ROS species (half-lives on the order of nanoseconds)
that are produced®’. This is directly related to the pH of the solution, which controls the
protonation state of the TiO; surface as well as that of the organic contaminant?®. For MB dye,
adsorption to TiO2 NPs increases with pH due to the positive charge of the dye molecule and the
increasingly negative charge of the TiO2 NPs, resulting in a greater rate of degradation®’38. The

hydrophobicity of the TiO2 NP surfaces is also relevant. Many organic contaminants have
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hydrophobic characteristics, which will be more likely to adsorb to a hydrophobic TiO>

surface?67268,

The surfaces of photocatalysts are often characterized using x-ray photoelectron spectroscopy
(XPS), which provides molecular-level insights into the oxidation state, elemental composition,
and local binding environment of material surfaces. In clean, well-controlled systems, the
relationship between the XPS-analyzed surface properties of TiO2 and extrinsic properties like
the hydrophobic/hydrophilic character or the generation rate of *OH are well understood6®27°,
However, there exists limited mechanistic insight linking the molecular-level surface properties
of TiO2 NPs to key extrinsic properties and overall photocatalytic activity within a more complex

water treatment scenario.

In this study, two model TiO, NPs with different crystal structures were examined at three
different levels of focus. First, the molecular-level properties of the TiO> NP surfaces were
analyzed using XPS in three different water chemistry conditions, both before and after exposure
to simulated solar irradiation. Next, key NP properties like the specific surface area, aggregation
state, surface charge, hydrophobicity, and "“OH generation were explored under the same
conditions. Surface area was characterized using both BET analysis and DLS to determine if one
method holds more relevance to the photocatalytic activity of TiO> NPs. Colorimetric assays
performed in the media of interest were used to examine particle hydrophobicity and "OH
generation. Finally, the photocatalytic degradation of MB dye by the two NP types was studied.
The relationships between the molecular-level surface properties and the broader properties of

the NPs were compared to contaminant degradation performance, allowing for a better
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understanding of the role that surface structure plays in controlling nanoparticle behavior and

treatment efficacy in aquatic systems.

4.3 Materials and Methods

All glassware used was washed thoroughly with 10% nitric acid solution, and rinsed with
distilled and deionized (DDI) water (18.2 MQ; Millipore Co. USA). Unless otherwise noted, all

chemicals were purchased from Sigma Aldrich and used without further purification.

4.3.1 Nanoparticle Stock Preparation
Two TiO2 NP types were chosen for this study, AEROXIDE® TiO2 P25 (Evonik Degussa Corp.)

and pure anatase TiO2 NPs (Sigma Aldrich). For each NP stock, the TiO2 NPs were transferred
to a pre-weighed glass beaker, which was then covered with a watch glass and re-weighed. The
NPs were then transferred from the beaker to a clean 500 mL amber glass bottle by repeated
rinsing of the beaker with DDI water until 460 mL total of DDI water was added. The stocks
were bath sonicated (VWR B1500A-MTH) for 30 minutes at high power, as recommended by
Chowdhury et al.?™. Each stock solution was covered in aluminum foil and stored under
refrigeration. The concentrations of the two stock solutions were calculated to be 10.91 g/L for
the P25 TiO2 NPs and 12.30 g/L for the anatase TiO2 NPs. Prior to use in experiments or
characterization, NP stock solutions were removed from refrigeration and brought to room
temperature, and then bath sonicated for 15 minutes at high power. All stock aliquots were

removed after the sonication process, while stirring on a magnetic stir plate.
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4.3.2 Simulated Solar Irradiation
Simulated solar irradiation for all experiments and characterization other than XPS analysis was
performed using a 4000 Watt Atlas Materials Testing Solutions’ Gentex SolarConstant 4000
Single Control set to one sun output. 70 mL samples were prepared and exposed to the UV light
in 120 mL glass jars with diameters of 60 mm (VWR International), with the sides of the jars
covered by aluminum foil. Simulated solar irradiation of NPs for XPS samples was performed
using an Abet Technologies model 10500 solar simulator set to one sun output. 25 mL samples
were prepared and exposed to the UV light in 60 mL glass jars with diameters of 53.3 mm
(VWR International), with the sides of the jars covered by aluminum foil. The solar irradiance
spectra of the two solar simulators were collected using a portable spectrometer with a cosine
corrector (AvaSpec-ULS2048CL-EVO, Avantes). Spectra are presented in the supporting
information (SI). All exposures to simulated solar light were performed for 1 h under continuous
stirring using a magnetic stir plate, and then stirred in the dark at room temperature for 15
minutes before use in experiments or characterization. Control tests were performed to evaluate
the potential evaporation of solutions during irradiation. Evaporation was found to be less than

2% by weight for all experimental conditions.

4.3.3 Nanoparticle Characterization

The hydrodynamic diameter (Dn) and {-potential values of the two TiO2 NP types were
determined in three different aqueous media: DDI water adjusted to pH 5.8, DDI water adjusted
to pH 7.4, and 1x phosphate buffered saline (PBS) solution diluted from a 10x concentrated

stock. 10 mg/L solutions of each NP type were prepared. KCI was added at a final concentration
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of 1 mM to the pH-adjusted DDI water samples to provide ions for the (-potential analysis. The
pH was adjusted for the DDI water samples using 1 and 10 mM solutions of potassium
hydroxide (KOH) and hydrochloric acid (HCI). For the ambient samples (no exposure to
irradiation), a 3.5 mL aliquot was removed from a continuously stirring solution and
immediately analyzed using dynamic light scattering (DLS) followed by {-potential analysis
(90Plus and ZetaPALS, Brookhaven Instruments). For the irradiated samples, the pH adjusted 10
mg/L solutions were exposed to simulated solar light for 1 h, stirred in the dark for 15 minutes,
and then pH adjusted again if necessary. A 3.5 mL aliquot was then removed from a
continuously stirring solution and immediately analyzed using DLS followed by {-potential
analysis. For DLS analysis, 3 runs of 1 minute each were collected. For {-potential, 3 runs of 20
cycles were collected. (-potential was calculated using the Smoluchowski model. Details are
included in the SI (Appendix B). BET analysis of surface area was performed on the as-received
nanopowders using N2 physisorption measurements collected with a Micromeritics ASAP 2020

after 3 hours of degassing at 200°C.

4.3.4 Rose bengal dye adsorption

Procedures for the hydrophobicity assay using RB dye adsorption were modified from Xiao et
al.?*®. A 40 mg/L stock of rose bengal dye was prepared in either DDI water or 1x PBS. The DDI
water samples were then pH-adjusted to 5.8 or 7.4 using 1 and 10 mM solutions of KOH and
HCI. TiO2 NP solutions were prepared in the same media at concentrations of 20 mg/L, 200
mg/L, and 2 g/L. NP solutions either remained ambient or were exposed to simulated solar light

for 1 h, stirred in the dark for 15 minutes, and then pH-adjusted if necessary. 750 uL of the dye



91

solution and 750 pL of a NP solution in a specific media (e.g. PBS) were added to 2 mL
centrifuge tubes and mixed by inverting. Samples were placed on a shaker table for 3 h at 25°C.
The TiO2 NPs were removed from the solution by centrifuging at 14,000 rpm for 15 minutes
(Eppendorf Centrifuge 5415 C). The absorbance at 542 nm was measured using a Thermo
Scientific Orion AquaMate 800 UV Vis spectrophotometer. All samples were run in triplicate,
and controls were also run containing only the rose bengal dye in the media of interest. The

partitioning quotient (PQ) of each sample was calculated using the following equation (Eq. 1):

__ Mass of rose bengal dye adsorbed by TiO, NPs

PQ (1)

" Mass of rose bengal dye remaining in solution

The PQ was plotted against the surface areas determined by both BET and DLS analysis. The
slopes of the resulting lines were determined using linear regression analysis, and reported as the
relative hydrophobicity for the specific NP-media combination. Surface area calculations and

plots of PQ vs. surface area are included in the SI (Appendix B).

4.3.5 Fluorescein dye degradation

Methods for the evaluation of photocatalytic ‘OH generation by TiO2 NPs were adapted from
Wormington et al.?*°. 70 mL samples containing final concentrations of 10 pM fluorescein
sodium salt and 500 mg/L TiO2 NPs were prepared in either DDI water or PBS media, and the
DDI water solutions were pH adjusted to 5.8 or 7.4. The samples were exposed to 1 h of
simulated solar irradiation under constant stirring. All samples were run in triplicate, and

controls were also run containing only the fluorescein dye in the media of interest. Fluorescence
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intensity was measured using a fluorescence spectrophotometer (Varian Cary Eclipse) at

excitation/emission 460/530 nm.

4.3.6 XPS analysis

The surface composition of the TiO2 NPs before and after irradiation with simulated solar light
was analyzed using XPS (ThermoScientific ESCALAB 250 spectrometer). 25 mL samples of 10
g/L TiO2 NPs were prepared in the media of interest, which was then pH adjusted if necessary. A
50 pL aliquot of the ambient solution was removed from the solution while stirring and dropcast
onto a clean Si wafer. The sample on the wafer was transferred to a small polyethylene glove bag
(VWR International) filled with purified dry nitrogen gas, and allowed to dry for 30 minutes.
The Si wafer was then mounted on a sample stub using carbon tape. The sample was then
transferred to the loading chamber of the instrument and vacuum pumped for 10 minutes, then
transferred to the analysis chamber and analyzed via XPS. After the aliquot was taken of the
ambient solution, the solution was exposed to simulated solar light for 1 h under continuous
stirring. Another 50 pL aliquot was removed from the solution while stirring and dropcast onto a
clean Si wafer, then the same steps were followed as for the ambient sample. For the TiO2 NP
samples in PBS media, a 1.8 mL aliquot was removed and transferred to a 2 mL centrifuge tube.
The sample was centrifuged for 8 minutes at 18000 rpm (Allegra X-30 B06322, Beckman
Coulter), and then the supernatant was decanted and replaced with 1.8 mL DDI water. The
centrifuge washing process was repeated once more. This washing step was performed due to the
presence of a thick salt layer from the PBS that formed on sample surfaces during drying,

preventing the observation of TiO2 NPs during XPS analysis.
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A monochromatic AlKa X-ray source was used at an operating power of 150 W with a nominal
spot size of 500 um. Survey scans were collected at a pass energy of 150 eV, while high-
resolution spectra were collected at a pass energy of 20 eV. The binding energy scale for all
measurements was calibrated to the C1s peak at 284.8 eV. Peak analysis was performed with
Avantage software. Survey and high-resolution scans are included in the SI (Appendix B), along

with more detail of peak analysis procedures.

4.3.7 Photocatalytic degradation of MB dye
70 mL samples of TiO2 NPs (0-100 mg/L) and MB dye (10 uM) were prepared in PBS media or

DDI water, in 120 mL glass jars charged with a stir bar. For the samples prepared in DDI water,
the pH was adjusted to 5.8 or 7.4 using 1 and 10 mM solutions of KOH and HCI. The intial pH,
temperature, and dissolved oxygen value was recorded, and then the samples were exposed to
simulated solar light for 1 h. At each time point of interest (time= 0, 15, 30, 45, 60 mins) a 1.8
mL sample from each jar was removed and centrifuged for 15 minutes at 16000g to remove NPs.
The UV-Vis absorbance at 665 nm was measured and recorded for each supernatant. MB dye
concentrations were calculated using a standard curve (provided in the SI, Appendix B). Tables
of average temperature, pH, and dissolved oxygen content before and after irradiation are
included in the SI (Appendix B).

4.4 Results and Discussion
4.4.1 Commercial nanopowders

P25 TiO2 NPs from Evonik Degussa Corp. and anatase TiO2 NPs from Sigma-Aldrich were

chosen for this study based on their extensive use in scientific literature regarding both the
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applications and implications of TiO, nanomaterials. Each of the two nanomaterial types have
been rigorously characterized in a variety of aqueous media?®%25427223 For example, the
University of California Center for Environmental Implications on Nanotechnology (UC CEIN)
has employed P25 TiO; as a standard reference material for studies of the environmental
behavior of TiO, NPs?"*, The P25 NPs are composed of mixed crystalline phases, approximately
80% anatase and 20% rutile, while the anatase NPs are composed purely of the anatase
form?264272273 The primary particle sizes of both NP types are consistently reported in the range
of 20-30 nm?2%4272273 \yjth manufacturer-reported primary particle sizes of 21 nm for the P25 and

<25 nm for the anatase NPs.

4.4.2 TiO2 NP agglomeration state and surface charge

The Dn and {-potential values of 10 mg/L NP suspensions at each water chemistry condition (pH
5.8, pH 7.4, and pH 7.4 with the presence of PBS buffer) both before and after a 1 h exposure to
simulated solar light are summarized in Table 4.1, and also shown in Figure 3.1. The ambient Dy,
at each water chemistry condition was much greater than the primary particle size due to particle
aggregation, even in the non-buffered solutions with very low ionic strength. This behavior is
consistently observed for TiO2 NPs that have not been stabilized with polymer
coatings?®%264271.272 The Dy, values of the anatase TiO2 NP suspensions prior to irradiation were
larger than that of the P25 NPs in each condition. For the P25 NPs, the ambient Dy changed with
water chemistry, following the trend of pH 7.4 < PBS media < pH 5.8. TiO2 aggregation is
known to increase as pH decreases toward the isoelectric point, and also in solutions like the

PBS media, which have a higher ionic strength than the pH adjusted DDI water solutions?’. The
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isoelectric point has previously been reported in the range of pH 6-7 for the NPs studied here, but
in this work it was found to be <5.8 for both NP types®-276277 For the anatase NPs, there was no
significant difference in the Dy, values of the NPs in different media, which correlates to the

smaller differences observed in (-potential compared to the P25 NP suspensions.

Table 4.1. Dy and C-potential of 10 mg/L NP solutions, before and after the solutions were irradiated by simulated
solar UV light for 1 h. Values are reported as the mean + the standard error.

Dh, M {-potential, mV
Ambient Irradiated Ambient Irradiated
pH 5.8 1118.1+87.1 1048.6+38.1 | -21.36 +0.77 -20.56 +4.2
pH 7.4 291.3+34 17178 +5752 | -28.30+0.73 -29.69 +0.61
P25 NPs DH 7.4 +
PB.S 686.2 + 16.1 320.2+6.7 -24.07 £+4.08 -23.14+2.61

pH 5.8 1600.3 +152.5 18249 +4664 | -22.92+1.41 -18.29+3.48
pH 7.4 1302.8 +232.2 12065 + 404 -23.34+15 -30.44 £ 0.7

pHP;.;l * 14935+ 1527 820.7+141.4 | -25.30+0.74 -24.78 +£1.8

Anatase NPs

After 1 h irradiation, the suspensions were allowed to cool from the 35°C reached during
exposure back to room temperature while stirring, pH-adjusted for minor changes that occurred
during irradiation if necessary, and then the sizes and {-potentials were re-measured without
sonication. Irradiation caused significant impact on the agglomeration states of both nanoparticle
types. Figure 4.1 illustrates the effect of the solar irradiation on the aggregation state and (-
potentials of the TiO2 NPs at each condition. In each case, the {-potentials were highly negative
both before and after irradiation. The only significant difference in {-potential caused by
irradiation was the decrease in the anatase NPs at pH 7.4 from -23.3 £ 1.5 mV to -30.4 £ 0.7 mV,
which was determined using a Student’s t test with a 95% probability level (p = 0.013). In all
other cases, any differences in NP behavior that occur after irradiation cannot be explained by

the effects of changes in surface charge.
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Significant increases in the Dy after irradiation were observed for the anatase NPs at pH 5.8 and
pH 7.4 with no buffer added, and for the P25 NPs at pH 7.4 with no buffer added. A cycle of
temperature increase followed by cooling to room temperature has been shown to cause an initial
disagglomeration of TiO2 NPs at the higher temperature, which is followed by the
reagglomeration of NPs in a more diffuse, non-optimal configuration during cooling, resulting in
an increase in the measured Dy, of the suspension?’®. This is consistent with the increases in D
observed in this study, where a similar temperature cycle was applied. For both NP types, the
size of the NPs prepared in the PBS media decreased after irradiation. While exposure to UV
light has previously been shown to disaggregate TiO2 NPs?”, this decrease in Dy could also be
caused by larger NP aggregates settling out of solution®®. It is more likely that larger particles
are settling out of solution, as no irradiation-induced disagglomeration was observed for the pH
5.8 or pH 7.4 conditions, and the large size of the initial agglomerates in PBS media increases
the likelihood that further agglomeration would cause settling. There was visible settling of
nanopowder in the sample cuvettes. After irradiation, the Dy values for P25 NPs in different
media follow the trend of PBS media < pH 5.8 < pH 7.4, potentially as a result of sedimentation
in PBS media, while the differences in Dn were not statistically significant for the anatase NPs in
different media. Anatase NP aggregates were larger in size than P25 NP aggregates for
conditions other than pH 7.4, where there was no significant difference in size as determined

using a Student’s t test with a 95% probability level (p = 0.425).
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4.4.3 Surface area of TiO2 NPs
Surface area has been identified as an important driver of the photogeneration of hydroxyl
radicals by TiO2 NPs?%. There is currently no consensus on the best method for determining NP
surface area, but BET and DLS analysis are both consistently used to characterize this property.
Surface areas derived from BET analysis have the advantage of including the porosity of the
NPs, which includes both the pore spaces present in the primary particles, and the spaces that
form between particle aggregates. However, there are several disadvantages. BET analysis can
only be performed on the dry nanopowder. This can be a limitation to the practicality of the
measurement, which necessitates lyophilization or drying to be performed prior to analysis.
Additionally, several hundred milligrams of material are required per measurement. The use of
nanopowder is also a limitation to the potential relevance of the measurement when the values
are applied to describe behavior of NPs in aqueous media, as the aggregation state will differ
when compared to the nanopowder form. Surface areas calculated from the DLS-measured Dn
have the advantage of being informed by the aggregation state of the NPs in the aquatic media of
interest. The measurement is also rapid and facile to perform, and requires only minute amounts
of the NPs. However, this method of estimating surface area has the disadvantage of requiring
the simplifying assumption that aggregates are perfect spheres. In addition, DLS analysis is not
ideal for highly polydisperse samples, as measurements are intensity-weighted and can be
heavily impacted by the presence of a few large aggregates. The TiO2 NP surface areas
determined using both approaches are summarized in Table 4.2. Calculations for the Dn-derived

values are provided in the SI (Appendix B).
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The BET-derived surface area for P25 NPs was in good agreement with the manufacturer
reported value of 50 m?/g. The anatase NPs were reported by the manufacturer to have a surface
area of 45-55 m?/g, but were found to have a much greater surface area of 83.7 m?/g. As
expected due to the effects of aggregation, the DLS-derived surface areas are much lower,
ranging from 0.083 — 4.87 m?/g for the P25 NPs, and from 0.085 to 1.88 m?/g for the anatase
NPs. The fact that the anatase TiO> has a greater surface area when measured by BET, but
typically a lower surface area when measured by DLS, allows for the evaluation of which surface

area method holds the most relevance to other properties and behavior examined in this study.

Table 4.2. Surface area of P25 and SA NPs, as determined using B.E.T. analysis and estimated from DLS-measured
Dn values. For DLS values, the range represents the values calculated from both the unexposed NP stock and the NP
stock exposed to simulated solar UV light. Sample calculations are included in the SI.

Surface Area, m?/g
TiO2 NP Type pH DLS, DLS, BET
Ambient Irradiated

5.8 1.27 1.35

P25 7.4 4.87 0.083 48.9+0.3
7.4 (w/ PBS) 2.07 4.43
5.8 0.964 0.085

Anatase 7.4 1.18 0.128 83.7+£04
7.4 (w/ PBS) 1.03 1.88

4.4.4 Hydrophobicity

The hydrophobicity of nanomaterials, which describes their relative aversion to water, is an
important property in the study of nanomaterial behavior. Hydrophobicity affects particle
stability and interactions with environmentally relevant materials like proteins and biomass?43280-
282 and nanoparticles or colloids that are hydrophobic are more likely to aggregate when in
water?®, The hydrophobicity of different NPs can be compared between samples using an assay
measuring the adsorption of rose bengal dye?**2%°, These dye interactions have been shown to

follow the same trends as the water contact angle for NPs?*. The relative hydrophobicity is
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defined as the slope of the line between the partitioning quotient and the surface area dose of the
nanoparticle; a higher slope indicates a more hydrophobic surface. The relative hydrophobicities
of P25 and anatase TiO2 NPs were determined for each water chemistry condition before and
after irradiation, using both the BET- and DLS-derived surface area values. This data is
summarized in Figure 4.2. There was no measurable adsorption of rose bengal dye to either TiO-
NP type at pH 7.4, with or without the presence of PBS buffer, indicating the materials have

hydrophilic character at this pH.
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Figure 4.2. Relative hydrophobicity values for P25 and anatase TiO, NPs in different aquatic media, using BET- and
DLS-derived surface area dose values. For anatase NPs at pH 5.8 after irradiation (identified in red), the slope
calculated using the pre-irradiation Dy is shown due to the likely impact of intensity-weighting on the post-
irradiation Dy, value. Ambient pH is defined as the pH of the nanoparticles and dye in unadjusted DDI water (pH
4.68 for P25 and pH 5.74 for anatase).



101

P25 NPs were much more hydrophobic than the anatase NPs at the ambient pH (4.68 for P25 and
pH 5.74 for anatase). There was no measurable hydrophobicity for either TiO2 NP type at the pH
7.4 conditions. For the relative hydrophobicity of anatase TiO> NPs at pH 5.8 after irradiation
using the DLS-derived surface area, an extremely large value of 4.28 was determined. This was
likely due to the Dn measurement being impacted heavily by the presence of several large
aggregates, resulting in a high Dn value. This causes the appearance that the rose bengal dye
adsorbed to an artificially lowered surface area dose. To facilitate a more relevant comparison,
the calculation is presented here using the Dy value measured prior to irradiation, which results in
a relative hydrophobicity value of 0.04. This approach is supported by the ambient pH differing
from the pH 5.8 condition by only 0.06 pH units, which is unlikely to result in such a dramatic
difference in rose bengal adsorption behavior. In the ambient pH experiments the hydrophobicity

decreased very slightly from 0.07 to 0.06 after irradiation.

Exposure to UV light is known to increase the hydrophilicity of both anatase and rutile TiO>
surfaces?328¢_ This has been shown to be caused by the UV-induced oxidation of the TiO>
surface that allows for the photodegradation of the hydrophobic carbon impurities on the TiO>
surface that arise from exposure to the ambient atmosphere**?%, Figure 4.2 illustrates that 1 h of
exposure to simulated solar light containing UV rays results in a measurable decrease in
hydrophobicity determined by rose bengal adsorption for both NP types at both the ambient pH
and pH 5.8. Due to the differences in surface area measurements between BET and DLS

methods, there are differences in the relative hydrophobicity trend at pH 5.8 between the two NP
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types. When BET analysis is used, anatase NPs are much more hydrophobic, and when DLS

analysis is used, the hydrophobicity is nearly equivalent between the two particle types.

A previous study found that the hydrophilicity measured by H>O water vapor adsorption
enthalpy was greater for anatase TiO> than for rutile TiO2, and that the P25 mixture had a
hydrophilicity nearly identical to pure anatase?’. Similarly, superhydrophilicity under UV
irradiation was achieved within 120 minutes for polycrystalline anatase and rutile (110) surfaces,
but 300 minutes of exposure was required for rutile (001) surfaces to achieve
superhydrophilicity?. These previous findings indicate that the relative hydrophobicity of the
P25 NPs should be equal to or slightly greater than the anatase NPs, which was reflected in the
DLS-analyzed results in this study. The results here suggest that the DLS-derived surface area is
more relevant than the BET-derived surface area in the determination of hydrophobicity in

aquatic media through rose bengal dye adsorption.

445 ROS Generation

The generation of ROS, specifically hydroxyl and superoxide radicals, is the driver of the
photocatalytic treatment of organic and microbial contaminants by Ti0,?1123250.283-281 RS
generation can be determined by electron spin resonance spectroscopy (ESR) or by the use of
fluorescent probes, most commonly 2’,7'-dichlorodihydrofluorescein diacetate (DCFH-DA)?124,
However, many probes are not appropriate for the measurement of ROS generation under
irradiation. For example, DCFH changes from its nonfluorescent form to the fluorescent
molecule dichlorofluorescein (DCF) when oxidized by ROS, specifically hydroxyl radicals

(‘'OH). However, the dye also degrades in the presence of UV light, decreasing the measured
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fluorescence and confounding data interpretation?*. Fluorescein (FL) has been used by
Wormington et al. to determine the impact of natural organic matter and UV intensity on
photocatalytic "OH generation by anatase TiO, NPs?*°, Higher concentrations of produced "OH
were found to correlate to increased mortality to Daphnia magna in standard toxicity
assays?*%2%_ FL is a fluorescent compound that is nonfluorescent once oxidized by "OH
produced by TiO- or by peroxide formed by the FL dye itself under irradiation®®; irradiation
controls with no NPs present can be used to determine the difference. FL has over ten times the
chemiluminescence intensity of DCF, and provides the most sensitive (but not the most specific)

detection of the "OH out of the xanthene dye family?%*,

The measured decrease in fluorescence intensity after irradiation alone and irradiation with the
TiO2 NPs present is summarized in Figure 4.3 for each water chemistry condition. The control
samples, which were not exposed to irradiation or TiO2 NPs, exhibited increases in fluorescence
intensity that followed the trend of pH 5.8 < pH 7.4 = PBS media, consistent with earlier reports
that the fluorescence intensity of FL decreases with decreasing pH and is unaffected by moderate
changes to salinity?®. A greater decrease in fluorescence proportional to the control samples
indicates greater generation of ROS within a sample. For all three TiO2 NP conditions (P25,
anatase, and irradiation control), the greatest percent decrease in fluorescence was observed in
the PBS media, followed by the pH 7.4 water, and then the pH 5.8 water. Without a standard
curve of "OH production, quantitative comparisons between the three media types are not
possible. However, within each water chemistry condition, the P25 NPs caused a greater

fluorescence decrease than the anatase NPs, indicating greater ROS production by the P25 NPs.
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This was confirmed using a Student’s t test with 95% confidence intervals (p-values were

0.0057, 0.0031, and 0.0051 for the pH 5.8, pH 7.4, and PBS media, respectfully).

This result is consistent with previous examinations of P25 and anatase TiO2. One previous study
used ESR to measure the relative production of "OH by different TiO> NPs under UVA
irradiation, and determined that P25 produced more "OH than two different types of pure anatase
NPs2%, ESR was also used to probe the mechanism for this increase in ROS production. It was
found that the electron-hole pairs produced by the rutile TiO; at the crystal phase interface are
transferred to the anatase phase instead of recombining, increasing total ROS production?®’.
Greater "OH production by P25 versus anatase TiO. under irradiation has also measured using
the fluorescent probe terephthalic acid?®®. One benefit of using fluorescent probes over ESR is
that they can be employed under the same simulated treatment conditions (e.g. mixing within a
reactor) as the contaminant degradation or microbial inactivation experiments that they are being
compared to, as long as the probe is stable in the thermal and chemical conditions tested. This

allowed for the validation of the previous ESR studies in relevant aquatic media.
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Figure 4.3. A) The measured total fluorescence of samples with fluorescein dye in each water chemistry and NP
exposure condition. B) The % decrease in fluorescence compared to the control at each exposure condition. A
greater decrease in fluorescence indicates that more ROS has been generated. Error bars represent standard
deviations of triplicate measurements.
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4.4.6 XPS Analysis
To identify the oxidative and compositional changes taking place on the TiO> NP surfaces, XPS
analysis was performed on NP samples collected from each aqueous media before and after 1 h
of simulated solar irradiation. Changes in the oxidation state of Ti on the TiO2 NP surfaces due
to the formation of coordinatively unsaturated Ti sites would cause an additional peak shoulder
to form in the Ti2p spectrum at 455.3 eV to represent the Ti®* oxidation state?®®. No changes
were observed to the sharp Ti** (Ti 2pss2) peaks at the binding energy of 458.6 eV in any of the
irradiation or water chemistry conditions tested. Representative spectra of the anatase TiO2> NPs
in pH 7.4 water before and after irradiation are presented in Figure 4.4. All other spectra are
included in the SI (Appendix B). The lack of irradiation-induced changes to the Ti2p spectrum

was also observed in previous studies by Simonsen et al. and Krishnan et al.269:300301
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Figure 4.4. The Ti2p spectra of anatase NPs in pH 7.4 water A) before irradiation, and B) after 1 h of irradiation
with simulated solar light.

The O1s spectra of the P25 TiO2 NPs in PBS media before irradiation is presented in Figure 4.5

as a representative example (all O1s spectra and peak fitting is included in the SI). Each O1s
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spectra was fitted with two Gaussian functions. The first peak, with a binding energy of
approximately 530 eV, was assigned to the Ti-O from the TiO> lattice. The second peak, with a
binding energy of approximately 531 eV, is assigned to oxygen present on the TiO> surface as
bound hydroxyl groups and in carbonyl species. These O1s peak assignments have been
previously utilized in the literature, usually without the deconvolution of the carbonyl oxygen

peak from the hydroxyl oxygen peak?6®300-302,
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Figure 4.5. The O1s spectra of P25 NPs in PBS media before irradiation.
The modeled O1s peak data for P25 and anatase TiO2 NPs in each water chemistry and
irradiation condition is summarized in Table 4.3. For two of the NP samples in PBS media, SiO>
was present from the sample substrate. These samples were the P25 NPs after irradiation and the
anatase NPs prior to irradiation, and they are shown in red in Table 4.3. The Si content was

1.54% for the irradiated P25 sample and 4.51% for the ambient anatase sample. The O1s binding
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energy for SiO- has been reported to be 533.1 eV, so this is likely to artificially increase the
amount of surface oxygen measured in these samples even though no additional shoulder was

visible in the spectra®®,

The amount of oxygen present on the NP surfaces changes as the aquatic media is varied. For
both NP types, before and after UV irradiation, the amount of surface oxygen follows the trend
of pH 5.8 < pH 7.4 < PBS media. The trends in the effect of irradiation differed between the two
NP types. For the P25 NPs, the relative amount of surface oxygen decreased in the pH 5.8 media
and increased in the pH 7.4 media. For the anatase NPs, the relative amount of surface oxygen
increased in both the pH 5.8 and pH 7.4 media. The PBS media samples were impacted by the

presence of SiO; and as such are excluded from this comparison.

Previous XPS studies of irradiation on TiO> surfaces have focused on TiO> thin films exposed to
both UV and visible light*%3%1 |t was observed that light exposure increased both the surface
oxygen and the total oxygen, which the authors attributed to the increased presence of hydroxyl
oxygen bound to the surface®®*%1, An increase in the hydroxyl content on the TiO, surface has
been shown to enhance both hydrophilicity and photocatalytic activity®*4, with the rate of
contaminant degradation having a linear relationship to the amount of surface adsorbed hydroxyl
groups°t. A comparison of thin films composed of P25 TiO, NPs versus anatase NPs showed
that the P25 samples had a greater total amount of hydroxyl groups both before and after UV
irradiation, but that the anatase sample had a greater increase in hydroxyl groups after irradiation
(32.1% versus 23.9%)%%, In this study, the surface oxygen content of the anatase NPs was

greater than that of the P25 NPs before irradiation in all media tested. After irradiation, the
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surface oxygen content of the anatase NPs was greater than the P25 NPs in the pH 5.8 media,
and slightly lower than the P25 NPs in the pH 7.4 media. This difference from previous results
likely arose from the contribution of carbon-bound oxygen to the surface oxygen peak. In
previous studies, the % carbon was very low compared to this study, and the fact that the surface
bound oxygen does not always increase after UV irradiation also indicates that the contribution
of the carbon-bound oxygen to the surface oxygen peak is greater in this study than in the
previous studies. Therefore, the surface oxygen peak cannot be assumed to be representative of
hydroxyl oxygen alone. Despite this limitation, the total ratio of oxygen to titanium increased in
all samples after irradiation, and could potentially be the more relevant predictor of behavior in

more complex aquatic media.

Table 4.3. Fitted parameters for the O1s XPS spectra for TiO> NP samples before and after 1 h irradiation with
simulated solar light. The presence of SiO2 was found in two samples, which could potentially impact the O1s
parameters. The values that could be impacted by the SiO- are highlighted in red.

P25 Anatase
pH58 pH7.4 PBS pH58 pH7.4 PBS

O 1s Peak Data

O surface % 6.0 8.9 16.5 8.0 12.3 22.7

O lattice % 94.0 91.1 83.5 92.0 87.7 77.3

O surface / Ti 0.12 0.19 0.32 0.16 0.26 0.44

O lattice / Ti 1.87 2.16 2.10 1.87 2.04 2.04

O total / Ti 1.88 2.05 2.06 1.83 2.06 2.01
O 1s Peak Data After Irradiation

O surface % 4.8 151 19.0 8.1 14.6 19.0

O lattice % 95.2 84.9 81.0 91.9 85.4 81.0
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O surface / Ti 0.10 0.32 0.35 0.16 0.30 0.36
O lattice / Ti 1.99 2.37 2.51 2.03 2.33 2.63
O total / Ti 1.98 241 2.55 2.00 2.41 2.48

% Relative Change in O Surface

/ Ti After Irradiation -20.72 66.97 9.61 2.79 1476  -17.78

% Relative Change in O Lattice /

Ti After Irradiation 6.42 9.75 19.70 8.68 13.97 29.36

% Relative Change in O Total /

Ti After Irradiation 5.07 17.78 23.49 8.84 17.11 23.46

The C1s spectra of the P25 TiO2 NPs in PBS media before and after irradiation are presented in
Figure 4.6. The C1s spectra were modeled with four gaussian functions, representing aliphatic C
(284.8 eV), hydroxyl C (~286 eV), epoxy C (~287.5 eV), and carbonyl C (~289 eV). For each
sample, the aliphatic carbon was the dominant carbon species, ranging from 62-72% of the total

carbon.
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Figure 4.5. The C1s spectra of P25 NPs in PBS media A) before irradiation, and B) after 1 h of irradiation with
simulated solar light. The for modeled Gaussian peaks are assigned to aliphatic, hydroxyl, epoxy, and carbonyl C as

labeled.
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The modeled C1s data is summarized in Table 4.4. The changes in aliphatic and total carbon
after irradiation followed the same trends for both TiO2 NP types. The aliphatic and total carbon
both decreased for the pH 5.8 condition and increased for both the pH 7.4 and PBS media
conditions, with the greatest increase occurring in the PBS media. The P25 sample in PBS media
had a much greater increase in aliphatic and total carbon after irradiation than the anatase
sample. The anatase NPs had a greater decrease after irradiation for the pH 5.8 condition, and a

greater increase for the pH 7.4 conditions.

Previous studies have shown a pronounced decrease in both the total and aliphatic carbon present
when TiO2 powders and thin films are exposed to UV light in the presence of oxygen*26%3% In
these studies, the TiO2 was never exposed to the ambient atmosphere during the irradiation,
using either atmospheric controlled chambers or in situ studies with ambient pressure XPS to
avoid this complication. In this work, the goal was to identify if these changes can still be
observed for TiO2 NPs exposed to normal atmospheric impurities and different water
chemistries, so no such controls were performed. The carbon content of the sample has been
linked to hydrophilicity, which increases as the C/Ti ratio decreases, and to catalytic activity,
which has been shown to increase with the ratio of aliphatic C to Ti**3%, The ratios of C/Ti are
greater than what would be expected from atmospheric impurities, so there is likely some
contamination within the solutions. Since increases in C/Ti were observed in the pH 7.4 media
and very large increases were observed in PBS media, it is possible that the pH adjustment

solutions and the 10X PBS media concentrate contained some amount of carbon contamination.
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Future work will need to determine and eliminate the source of carbon contamination before

mechanistic relationships can be truly quantified.

Table 4.4. Fitted parameters for the C1s XPS spectra for TiO2 NP samples before and after 1 h irradiation with
simulated solar light.

P25 Anatase
pH58 pH7.4 PBS |pH58 pH7.4 PBS

C 1s Peak Data

% C aliphatic 62.7 63.1 64.8 64.9 64.0 64.6
C aliphatic / Ti 0.16 0.14 0.16 0.19 0.15 0.19
C totar /Ti 0.26 0.20 0.24 0.30 0.24 0.29
C 1s Peak Data After Irradiation
Aliphatic C % 69.2 64.4 71.9 62.3 65.9 68.6
C aiphatic / Ti 0.14 0.15 0.40 0.11 0.23 0.30
C totar /Ti 0.23 0.23 0.55 0.17 0.34 0.43

% Relative Change in C aiphatic /
Ti After Irradiation
% Relative Change in C total /Ti
After Irradiation

-13.4 4.5 151.8 | -45.3 46.4 58.9

-11.6 15.3 127.0 | -43.0 42.2 49.7

It is also important to consider that additional ions were present on the TiO2 NP surfaces that
were exposed to the PBS media. Phosphorus, sodium, and chloride remained on the surface even
after the washing steps that were taken prior to XPS analysis. The content of these species before
and after irradiation is summarized in Table 4.5. The Na content is significant in each sample,
and in the P25 sample it is greater than the total C content prior to irradiation. After irradiation,
the Na content is reduced for both NP types, with a greater reduction taking place for the P25.
The P content is smaller than the aliphatic C content on the two NP surfaces, and also decreases

slightly after irradiation. The CI content is negligible.

Some effects of the presence of these common anions and cations to TiO2 photocatalytic activity

have been studied. Studies of Na have primarily focused on substitution within the lattice



115

structure taking placing during the crystallization process, which does not apply here3®’.
However, Ti-O-Na bonds on the surface have also been observed3?73%, It has been proposed that
these bonds decrease the photocatalytic activity of TiO2 by promoting the recombination of
electron-hole pairs, which would decrease hydroxyl radical formation®®3%, TiO, NPs modified
to have a surface P/Ti ratio of 0.09 (very comparable to the ratios observed in this study) were
more efficient at the photocatalytic degradation of organic contaminants when compared to the
unmodified TiO2 NPs that contained no surface phosphates, even though the adsorption of the
organic substrates decreased®°. The proposed mechanism of the photocatalytic enhancement was
an increase in the charge separation of electron-hole pairs caused by the formation of a negative
electrostatic field, which resulted in increased production of hydroxyl radicals®!. A recent study
of humic acids also confirmed that TiO interactions with phosphate decrease the adsorption of

organic materials3!®,

Table 4.5. XPS elemental ratios for additional ions present in TiO2 NP samples in PBS media before and after 1 h
irradiation with simulated solar light.

P25 Anatase
PBS Media Data
Na/Ti 0.31 0.23
P/Ti 0.10 0.09
ClTi 0.04 0.00
PBS Media Data, After
Irradiation
Na/Ti 0.15 0.15
P/Ti 0.08 0.07
Cl/Ti 0.00 0.00
% Relative Change in Na / Ti
After Irradiation 521 -35.0
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Overall, XPS analysis revealed that both water chemistry and UV irradiation impacted the
composition of TiO2 NP surfaces, specifically the surface content of oxygen, total and aliphatic
carbon, and the PBS media components Na and P. The relationships between the surface
composition of the TiO2 NPs and other relevant properties like hydrophobicity, aggregation state,

and "OH generation were further examined.

4.4.7 Relationships between XPS and other properties

Previous studies have linked the surface content of both oxygen and carbon to the
hydrophobic/hydrophilic character of TiO2*13%. An increase in surface oxygen has been shown
to decrease hydrophobicity, while increased levels of surface carbon increase
hydrophobicity**%. Using the method of comparing rose bengal dye adsorption, this work found
that the relative hydrophobicity of P25 and anatase NPs at pH 5.8 was comparable, and that
irradiation with simulated solar light caused a slight decrease in hydrophobicity (Figure 4.2). The
XPS analysis showed that the P25 and anatase NPs in pH 5.8 media had similar levels of both
surface and total oxygen, and that the levels of total oxygen slightly increased after irradiation.
The aliphatic and total carbon both decreased after irradiation for the pH 5.8 condition of both
NP samples. When the data for the pH 5.8 condition is examined alone, the conclusions drawn
from previous studies are supported. In addition, an increase in pH from 5.8 to 7.4 resulted in
lower rose bengal adsorption (assumed to be a result of lower hydrophobicity) and greater total
and surface oxygen content for both NP types, which is also supported by the previous data.

However, some inconsistencies remain.
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The surface oxygen decreased after irradiation for the sample of P25 NPs in pH 5.8 media, but
slightly increased for the anatase NPs (Table 4.3). This could be a result of the surface oxygen
being the lowest in this sample, and therefore being the most affected by the contributions from
carbon-bound oxygen. Both the total and aliphatic carbon content increased as the pH increased,
the opposite of the hydrophobicity trend. The total and aliphatic carbon also increased after
irradiation for both NP types in the pH 7.4 and PBS media, while the surface oxygen decreased
after irradiation for the anatase NPs in the PBS media. These results indicate that total oxygen is
the best predictor of hydrophobicity for TiO2 NPs in aquatic media, as opposed to surface
oxygen or carbon species. This is likely the case because the total oxygen is less affected by the
difference between carbon-bound versus hydroxyl oxygen in the samples, which were not
separated within the surface oxygen peak. The carbon data in this study is unreliable for the
prediction of NP properties due to contamination. Furthermore, the conclusions of previous XPS
studies performed on clean solid surfaces in the absence of atmospheric exposure or aquatic
media, in which the C/Ti ratios decreased after irradiation and created hydrophilic surfaces,
could not be directly applied to this study of TiO2 NPs due to the presence of carbon from an

undetermined source, likely impurities within the test media.

The relationship between *OH production and XPS results was also considered. Previously,
photocatalytic activity, assumed to be the result of increased "OH production, was shown to
increase with the amount of surface adsorbed oxygen and initial aliphatic carbon content3?13% In
this study the P25 NPs were shown to produce more *OH (Figure 4.3), but conclusions could not

be drawn about the impact of water chemistry. The previous conclusions about relationships
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between XPS data and *OH production could not be confirmed by this work. P25 NPs had lower
or equivalent surface oxygen compared the anatase samples. With regard to aliphatic carbon, P25
NPs had a lower content than anatase NPs in all samples prior to irradiation, and also had a lower

content in the pH 7.4 media after irradiation.

These experiments were performed in aquatic media with different water chemistry conditions to
determine if previous conclusions on the mechanisms behind TiO2> NPs could be confirmed in
more environmentally-relevant systems, quantified, and connected to larger scale properties and
behavior. The added complexity resulted in changes to the expected relationships between the
surface composition and the relative hydrophobicity and "“OH generation, primarily due to the
impact of carbon contamination. In future work, some of the mechanistic insight may be able to
be recovered through the purging of the aquatic samples with clean O, followed by irradiation in
a completely sealed container for longer periods of time. No relationships were observed
between the XPS data and "OH generation; however, the ratio of total oxygen to titanium did

follow the same trends as the NP hydrophobicity.

The impact of these surface and extrinsic properties on the overall photocatalytic degradation of

organic contaminants was explored using MB dye as a model contaminant.

4.4.8 MB Dye Degradation

The photocatalytic degradation of MB dye is commonly utilized in protocols for evaluating the
efficacy of photocatalysts like TiO, NPs?%%%12, MB dye photodegradation by anatase and P25

TiO2 NPs in different aqueous media is summarized in Figure 4.6. P25 NPs were more effective
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than anatase NPs in every medium tested, requiring much lower doses to reach complete
degradation. Figure 4.6B illustrates that this difference cannot be ascribed to differences in the
BET surface area between the two particle types. MB dye removal by adsorption and thermal
degradation was also tested, using TiO> NP doses of 5000 mg/L, and these removal rates

remained below 3% for all conditions tested (results included in Sl).
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Figure 4.6. The photocatalytic degradation of methylene blue dye after 1 h of exposure to simulated solar light as a
function of the A) mass dose of TiO, NPs, and B) BET-derived surface area dose of TiO, NPs. Error bars represent

standard deviations of triplicate samples.
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Figure 4.7 summarizes the impact of water chemistry on the degradation of MB dye by P25 NPs,
anatase NPs, and irradiation alone. Opposite trends can be observed for the two NP types. For
P25 NPs, the % MB dye degradation increases from pH 7.4 < PBS media < pH 5.8, while for the
anatase NPs the % MB dye degradation increases from pH 5.8 < PBS media < pH 7.4. MB dye
degradation by irradiation alone increases slightly as the pH increases from 5.8 to 7.4, with no
differences observed from the presence of the PBS media. The DLS-derived surface area was
also shown to be affected by the aqueous media (Table 4.2). To determine if these trends in
surface area relate to the differences observed in MB dye degradation, the mass dose of TiO2 NPs
was converted to a surface area dose for the two NP types. Figure 4.8 shows that these changes

in surface area do not fully account for the differences in the effects of water chemistry.

Previous studies have also found that mixed phase TiO> like Degussa P25 is a more effective
photocatalyst than pure anatase TiO», and have attributed this effect to the increased production
of hydroxyl radicals caused by charge transfer between the two crystal phases?4313315, The
effects of the aqueous media on MB dye degradation have also been explored. In one study, MB
dye photodegradation by TiO> increased as the pH was increased from 3, to the range of 6-7, to
9, which was attributed to enhanced adsorption of the positively charged MB dye molecule onto
the increasingly negative TiO2 surface®”®. While an increase in MB dye degradation by P25 NPs
with increases in pH was not observed in this work, the previous studies did not examine smaller
increases in pH or consider the potential effects of aggregation. The enhanced MB dye
degradation rates of mixed-phase TiO2 NPs like P25 have also been shown to be heavily affected

by pH. In one study, 90% rutile TiO> NPs were more efficient than 15% rutile NPs at pH 4, less
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efficient at pH 10, and had equivalent rates of degradation at pH 7313, The synergistic effect of
pH and crystal phase composition was attributed to the promotion of electron transfer from
anatase to rutile in acidic media and the promotion of hole transfer from rutile to anatase at
neutral and basic media®!3. The results of this study may also indicate that pH has a unique effect
on mixed-phase TiO2 NPs, but it is important to take into account the other properties examined

here (i.e. aggregation state).

The effect of ionic strength has also been studied, and the presence of NaCl has been shown to
decrease the degradation of MB dye by P25 NPs?®, the opposite of what was observed in this
study for P25 photoactivity in pH 7.4 media versus PBS media. In this study, the PBS media
imparts not only ionic strength but also buffering capacity, which is typically not present in
studies of MB photodegradation by TiO.. As the MB dye is degraded in the unbuffered pH 5.8
and pH 7.4 samples, the pH decreases to the range of pH 5.3-5.6 and pH 6.0-6.7, respectively
(see Sl for details). There is a greater decrease in pH with greater amounts of MB degradation,
consistent with the proposed pathway of MB dye degradation that releases several acidic
components throughout the process®®. Due to the increased degradation of MB dye by P25 when
compared to anatase, the pH changes are more prominent and the presence of the buffer is more

likely to positively impact the degradation process.

The process of MB dye degradation by TiO2 NPs involves a balance of the effects of
aggregation, the interactions between the dye and TiO> surface, and the potential for the TiO>

surface to generate ROS. These relationships were explored in more detail.
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Figure 4.7. The effect of water chemistry on the photocatalytic degradation of methylene blue dye during exposure
to simulated solar light by A) 1 mg/L P25 NPs, B) 5 mg/L anatase NPs, and C) irradiation alone. Error bars
represent standard deviations of triplicate samples.
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4.4.9 Relationships between properties and dye degradation
No direct correlations were observed between trends in XPS-derived surface composition and
MB dye degradation. However, there were some relationships between the NP properties
examined and overall MB degradation that can be organized into a hierarchy of 1) crystal
structure and ROS generation, 2) decrease in pH during MB degradation, and 3) aggregation
state. P25 outperformed anatase NPs in all media tested, and also produced the most “OH. This
difference could not be described by surface area or aggregation state, indicating that the crystal
structure is more relevant than these properties. For both the P25 and anatase NPs, the difference
in activity between the pH 5.8 and pH 7.4 samples directly follows the trends in the DLS-
determined surface area (Figure 4.8). When comparing the pH 7.4 samples with and without the
presence of PBS, the extent of the pH decrease in the unbuffered sample was the predictor of
whether the PBS would enhance or decrease MB degradation. For the P25 NPs, greater MB
degradation led to more of a decrease in pH when compared to the anatase NPs. Therefore, the
addition of PBS enhanced MB degradation for the P25 TiO2 NPs at pH 7.4. For the anatase NPs,
the decrease in pH was less pronounced, and the impact of the enhanced aggregation and
sedimentation outweighed the benefits of the added buffering capacity. The hydrophobicity was
not directly related to the MB dye degradation efficiency, likely because the cationic properties
of the dye dictate that electrostatic interactions will drive adsorption to the TiO2 surface. In the

case of a nonpolar, hydrophobic organic contaminant, hydrophobicity may have more impact.

Overall, this study provides a method for exploring changes in surface properties likely to occur

during treatment applications of TiO2 NPs in complex waters, and for comparing the properties
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and efficacy of multiple NP types in a realistic treatment scenario. In addition to discovering that
the most important properties predicting TiO> treatment efficacy were NP crystal structure, pH
stability, and aggregation state, it was found that the DLS-derived surface area was more relevant
than BET-derived surface area despite the latter being the more commonly reported value.
Previous ESR observations of the impact of crystal structure on "“OH generation were also
validated across multiple aquatic media. Unfortunately, previously determined relationships
between the surface composition of TiO2 NPs and their photocatalytic efficiency were not
observable due to complications from an unknown source of carbon within the sample. Future
work in the surface analysis aspect of this work should include determining the source of the
carbon contamination, and using Fourier transform infrared spectroscopy as an orthogonal
method to more specifically probe the relative contributions of surface bound hydroxyl groups
versus carbon bound oxygen, providing additional information beyond what was acquired via
XPS38, Contaminant degradation by TiO; involves complex relationship between the amount of
available surface area, potential for surface to generate ROS, and contaminant-surface
interactions, and thorough characterization in environmentally-relevant media is necessary for

accurate mechanistic understanding.
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5 Conclusion

This dissertation addresses the study of MONPSs in environmentally-relevant systems, with a
special emphasis on TiO2 NPs. The importance of rigorous characterization to our understanding

of nanomaterial behavior is highlighted throughout each of the presented studies.

Chapter 2 discussed the development and utility of gold core-labeled TiO2 NPs (Au@TiO2 NPs).
To enable the detection and quantification of TiO2 NPs within complex matrices, Au@TiO2 NPs
were prepared and quantified in complex media containing background titanium. The gold core
enabled facile quantification in real environmental samples like activated sludge and a river
water-sunscreen mixture. Multiple quantification techniques can be used, including both bulk
and single-particle inductively-coupled plasma mass spectrometry (sp-ICP-MS), and
instrumental neutron activation analysis (INAA). One unique benefit of this labeling approach is
that INAA techniques can be used to quantify the labeled TiO2 NPs present in a sample after the
completion of the experiment, potentially allowing for the expansion of this technique to
research facilities that do not have INAA facilities on site. Small differences in the {-potential
and homoaggregation state were observed between the labeled and unlabeled particles. This
core/shell labeling technique is recommended for experiments that require enhanced detection
sensitivity and label stability over fluorescent dye labels, or would benefit from the application
of sp-ICP-MS or INAA quantification strategies. Future research directions can include

extending this approach to other core and shell materials. This work provides the field of
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environmental nanotechnology with a useful labeling tool that can be applied to the study of

MONPs in complex samples.

Chapter 3 provided a detailed analysis of the existing MONP labeling strategies, contextualizing
the Au@TiO2 NPs within the current state of the literature. Fluorescent dyes, radioisotopes,
stable isotopes, and dopant and core/shell labels were each discussed in detail. In general,
fluorescent dyes provide the benefit of facile visualization and quantification at an inexpensive
cost, but are the least resilient and sensitive label. Isotopic labeling techniques are the most
expensive, but offer the greatest sensitivity. Core/shell and dopant labels provide flexibility in
quantification, at a cost and sensitivity in between that of fluorescent dyes and isotopic labels,
but an increased probability of affecting the electronic properties of MONPs. Recommendations
for rigorous characterization of labeled MONPs were made, as the current literature contains
relatively limited comparisons of the properties of labeled versus unlabeled MONPs. The choice
of which labeling technique to use for a given study will depend on the requirements for
detection sensitivity, label stability, cost and equipment, impact to MONP properties, and
quantification. This work provides the field of environmental nanotechnology with useful
guidance on choosing and executing a labeling strategy, and also has the potential to improve the

reporting of key MONP properties for labeled versus unlabeled NPs.

Chapter 4 examined the behavior of two model TiO, NPs in a water treatment scenario,
comparing the relative impact of surface elemental composition with other extrinsic properties.
A balance was observed where the inherent ROS generation potential of the particles due to

crystal structure outweighed all other properties, followed by the competing effects of the pH



129

stability of the solution and the aggregation state of the media. No relationship between the
fundamental surface properties identified by XPS and the degradation of the model organic
contaminant methylene blue could be observed, but analyses were complicated by the presence
of carbon contamination. This approach of characterizing the ROS generation potential,
aggregation state, hydrophobicity, and elemental surface composition across multiple aquatic
matrices can be used as a model to compare the treatment efficacy of different pure and
hybridized photocatalytic NPs in increasingly complex media. Providing rigorous
characterization of how the extrinsic properties of the NPs are likely to change in real-world
treatment scenarios will inform better treatment design. The results of Chapter 4 confirm that the
behavior of MONPs in complex matrices does not always line up with what is mechanistically
expected in more simple systems, due to the variety of competing property transformations. This
chapter provides the field of environmental nanotechnology with methodologies for the rigorous

characterization of MONPs in water treatment scenarios.

This work as a whole has contributed to shifting the study of MONPs toward more relevant and
complex matrices. This is vital to the determination of the potential environmental impacts, both

positive and negative, of the increased production and use of these materials in the real world.
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7.1 Appendix A: Supporting Information for Chapter 2

Conversion of electrophoretic mobility values to {-potentials

Table 7.1.1. Information used for calculating {-potentials from electrophoretic mobility values.

AuNP Cores | Au@TiO2NPs | TiO2 NPs
functsig;];a:icfation 360 kDa polyvinylpyrrolidone
Shape Spherical Ellipsoidal Ellipsoidal
Dn, nm 60 176 185
pH EPM pH EPM pH EPM
3.31 -0.61 3.38 -1.84 3.24 -1.18
3.40 -0.39 3.39 -1.97 3.35 -0.92
3.87 -0.30 3.88 -2.48 3.85 -1.02
4.44 -0.15 4.48 -2.88 4.43 -1.51
4.99 -0.61 4.97 -2.87 4.89 -1.82
oH and Average 5.68 -1.06 5.58 -2.81 5.66 -2.53
electrophoretic 6.15 -1.63 6.19 -2.99 6.16 -2.74
mobility (EPM), 7.15 -1.80 6.88 -3.28 6.65 -2.62
m-CmV-s 7.16 -1.61 7.45 -3.34 7.20 -2.59
8.67 -1.90 8.04 -3.40 8.18 -2.53
8.88 -2.01 8.81 -3.31 8.41 -2.57
9.44 -1.82 8.99 -3.61 8.99 -2.71
9.72 -1.94 9.25 -3.72 9.25 -3.06
10.25 -1.70 9.74 -3.86 9.73 -3.08
10.78 -1.72 10.24 -4.19 10.24 -3.07
10.77 -3.83 10.77 -3.32

Model used to

compute (- Smoluchowki
potential
Sample 10 mg/L NPs, 1 mM KCI, KOH or HCI for pH adjustment as
composition applicable
Viscosity 0.887 mPa
Measurement

3 replicates performed at 20 cycles each for each data point

details
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Acid digestion of samples for ICP analysis

For the spike-and-recovery experiment performed in distilled deionized (DDI) water, and the
accompanying measurements of NP stock concentrations, the following procedure was used for

acid digestion prior to ICP-MS analysis:

1. Samples were all digested and analyzed in triplicate, and a method blank sample of DDI
water was also digested and analyzed during each experiment.

2. Each sample was transferred to a teflon beaker and heated on a hot plate set to 225°C until
less than 0.5 mL of solution remained.

3. 8 mL of concentrated (70% w/w) HNO3z and 2 mL of concentrated (49% w/w) HF was
added to each beaker. Each beaker was heated on a hot plate set to 225°C until a single
viscous drop of solution remained.

4. 5 mL of concentrated (37% w/w) HCI was added to each beaker, and heated on a hot plate
set to 225°C until a single viscous drop of solution remained.

5. 5 mL of concentrated HNO3z was added to each beaker, and heated on a hot plate set to
225°C until a single viscous drop of solution remained.

6. 8 mL of 2N HNO3 was added to each beaker. Each beaker was covered with a watch glass,
heated on a hot plate until boiling, and then removed from heat. The 2N HNO3 solution
was permitted to remain in the beakers overnight.

7. For each beaker, the solution was diluted to 10 mL using 2N HNOs3, and stored in a
polypropylene centrifuge tube. Prior to analysis, each sample was diluted to a 2% HNO3
concentration using DDI water.

This resulted in a Ti:Au ratio of the Au@TiO2 NP stock of 1.45. In the spike-and-recovery
experiment, 80.4% of the total added gold and 98.7% of the total added titanium was recovered.
Adjustments were made to the acid digestion procedure to increase gold recovery and address the

organic components of more complex environmental samples.
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For the spike-and-recovery experiment performed in a sunscreen-river water mixture, and the
accompanying measurements of NP stock concentrations, the following procedure was used for

acid digestion prior to ICP-OES analysis:

1. Samples were all digested and analyzed in triplicate, and a method blank sample of DDI
water was also digested and analyzed during each experiment.

2. Each sample was transferred to a teflon beaker and heated on a hot plate set to 225°C until
less than 0.5 mL of solution remained.

3. 1 mL of concentrated (70% w/w) HNOs and 2 mL of 30% H20> was added to each beaker.
Each beaker was heated on a hot plate set to 225°C until a single viscous drop of solution
remained.

4. 6 mL of concentrated (70% w/w) HNO3z and 4 mL of concentrated (49% w/w) HF was
added to each beaker. Each beaker was heated on a hot plate set to 225°C until a single
viscous drop of solution remained.

5. 4.5 mL of concentrated (37% w/w) HCI and 1.5 mL of concentrated HNO3z was added to
each beaker. Each beaker was heated on a hot plate set to 225°C until a single viscous drop
of solution remained.

6. 5 mL of concentrated HNO3 was added to each beaker along with one drop of concentrated
HCI, and heated on a hot plate set to 225°C until a single viscous drop of solution remained.

7. 8 mL of 2N HNOz was added to each beaker along with one drop of concentrated HCI.
Each beaker was covered with a watch glass, heated on a hot plate until boiling, and then
removed from heat. The 2N HNOs solution was permitted to remain in the beakers
overnight.

8. For each beaker, the solution was diluted to 10 mL using 2N HNOs3, and stored in a
polypropylene centrifuge tube. Prior to analysis, each sample was diluted to a 2% HNOs3
concentration using DDI water.

This resulted in a Ti:Au ratio of the Au@TiO2 NP stock of 2.25. In the spike-and-recovery
experiment, 94-105% of the total added gold and 80% of the total added titanium was recovered.
As discussed in the main text, the lower titanium recovery in this experiment was likely due to the

presence of the rutile phase of titanium from the sunscreen mixture.
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Additional TEM images of Au@TiO2 NPs

Figure 7.1.1. TEM image of Au@TiO2 NPs.
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Figure 7.1.2. TEM image of Au@TiO2 NPs.
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Estimation of Lattice Mismatch

The lattice mismatch between the AuNP core and the anatase TiO; shell was estimated using the
following values'® and calculation.

Lattice constant for Au (as reported for bulk Au surfaces at room temperature): 0.408 nm

Lattice constants for anatase TiO- (as reported for bulk surface at room temperature):

a=0.378 nm, c=0.951 nm

i i —ar; 0.408 nm—0.378
Lattice mismatch = 242=97il » 10005 = ! nm nm|
AAu 0.408 nm

X 100% = 7.4%
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Calculation of number of AuNP cores per TiOz2 shell

TEM analysis

For each of the Au@TiO- nanoparticles imaged, the number of AuNP cores contained was
recorded. This number was averaged over N=120 particles and found to be 2 £ 1 AuNP core per

Au@TiO2 NP.

Sp-1CP-MS analysis

AUNPs were analyzed before and after coating with TiO2 NPs. After coating, the mass Au per
particle increased, which was attributed to multiple AuNPs within one TiO> shell appearing as a
single peak with larger intensity. The mean and mode values of peak intensity and AuNP size are

summarized below in Table 7.1.2.

Table 7.1.2. Summary of results of sp-ICP-MS analysis of AuNP cores before and after coating.

AUNPs (after

AUNPs (no coating with
coating) Ti0,)
Mean Peak Intensity 11.26 17.80
Mode Peak Intensity 8.67 9.67
Mean NP Size, nm 35.6 40.8
Mode NP Size, nm 33.7 35.4

The mass of Au is directly related to the intensity peak signal, allowing for the intensity values to

be used directly in the calculation of AuUNP cores per shell. The calculation is performed below:

Mean intensitycoated Aunps __ 17.80

Np = = 2.05

Mode intensityYyncoated AuNPs 8.67
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Calculation of Ti:Au ratio
TEM Analysis

For each of the TiO2 and Au@TiO2 nanoparticles imaged, the long and short axes were measured
using ImagelJ. The long axis average * standard deviation was reported as the primary particle
diameter for each NP type in the main text. For the Au@TiO2 NPs, the number of AuNP cores in

each particle was also recorded.

To estimate a possible range of 3-dimensional ellipsoidal volumes from the 2-dimensional TEM

images, two calculations were performed on each Au@TiO2 and TiO2 NP:

For the lower limit,

long axiS) (short axis>2

4
¥, Au@TiO, NP =
u@T!0, 3”( 2 2

For the upper limit,

long axiS)2 (short axiS)

4
¥, Au@TiO, NP =
u@T!0, 3”( 2 2

The diameter of each of the AuUNP cores (as imaged inside of Au@TiO2 NPs) was measured using
ImagelJ. The diameter average + standard deviation was reported as the primary particle diameter
in the main text. The volume of each AuNP core was calculated by assuming a spherical shape:

4 diametery’
-V,AU,NP = gﬂ'(T)
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The results of these analyses are summarized below in Table 7.1.3.

Table 7.1.3. Particle size and volume data, reported as average + standard deviation, from TEM

analyses of NP stocks.

TiO2 NPs Au@TiO2 NPs AuNP Cores

Primary Size, nm 169 + 75 206 + 85 35+4
Sphe“cr?:n\s/o'“me’ - - 2 4E+4 + 1.0E+4
Ellipsoidal Volume 2.32E+6 £ 3.23E+6 £ B
(upper limit), nm?® 2.66E+6 2.86E+6
Ellipsoidal VVolume 1.42E+6 1.65E+6 + B
(lower limit), nm?® 1.50E+6 1.37E+6

Number of

cores/shell B 2+l B

Np analyzed 120 100 120

To estimate the average mass of gold present in each AuNP core, the following equation was used:
Average Mass AuNP = (¥, AuNP)(p4,) ,

where ¥, AuNP is the average volume of the AuNP cores and p,, is the bulk density of gold.

3

cm
Average Mass AuNP = (2.4 x 10*nm3) |1 x 10721 — (19.3 i) = 4.6x1071%g Au
nm3 cm3

Average Mass AuNP = 4.6 X 1071%g Au

To estimate the mass of gold present in each Au@TiO2 NP, the following calculation was

performed on each imaged Au@TiO2 NP:

Mass Au in Au@TiO, NP = (#,0res) (Average Mass AuNP),
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where #.,,s IS the number of cores in the Au@TiO2 NP being analyzed.

To estimate a possible range of the mass of titanium present in each Au@TiO2 and TiO2 NP, the
following calculations were performed on each imaged Au@TiO2 NP, using both the upper and

lower limits for the elliptical Au@TiO2 volume:

¥, Ti0, = (Volume, Au@TiO, NP) — (¥, AuNP X #.ores)

Mass Ti in Au@TiO, NP = (Volume, TiO, )(prio,) (ggT—?Oi),
2

g ?i is the mass fraction of titanium in TiO>.
gTio,

where pr;o, is the bulk density of anatase TiO2 and

An example calculation is included below using the average upper limit for the Au@TiO2 volume

and a value of 2 cores per Au@TiO2 NP:

¥, Ti0, = (3.23 X 106 nm3) — (2.4 X 10* nm3 x 2) = 3.18 x 106 nm>

_ cm? 0.595 g Ti
Mass Ti in Au@TiO, NP = (3.18 x 106 nm3) (1 x 10721 — (3-78 z )( 2 )
nms3 cm3 g Tio,

Mass Ti in Au@TiO, NP = 7.2 X 10715g Ti

The Ti:Au ratio was calculated for each Au@TiO: particle and averaged.
ICP Analysis

The Ti:Au ratio for all ICP analyses was determined using the averages of the gold and titanium

concentrations measured in 3 replicate Au@TiO2 NP stock samples (each digested separately).
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XPS Analysis

Avantage software was used to perform peak analysis and determine atomic ratios within each

sample. Table 7.1.4 summarizes the atomic ratios determined for the Au@TiO2 NPs.

Table 7.1.4. Atomic ratios and peak binding energies determined using XPS for Au@TiO2 NP

stock. Two 500 pum areas were analyzed on one sample, with identical results.

Peak Name BEIrTSrglg Atomic %
Au 4f 83.2eV 3.6
C1s 284.8 eV 30
| 3d 618.1 eV 0.4
N 1s 399.4 eV 2.7
O 1s 529.7 eV 43.2
Ti 2p 458.4 eV 20.1

The atomic % was converted to a Ti:Au ratio using the following calculations:

Atomic %, Ti B 20.1 B g mols Ti
Atomic %,Au 3.6  mols Au

Atomic/Molar ratio, Ti: Au =

o o MWy,
Mass ratio, Ti: Au = (Molar ratio, Ti: Au) ( )
MWy,
o mols Ti\ (47.867 g Ti mols Au gTi
Mass ratio, Ti: Au = (5.58 ( - )( ) =
mols Au mols Ti 196.967 g Au g Au
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XPS Spectra

XPS analysis was performed on a sample of Au@TiO2 NP stock that was dropcast onto a silicon

wafer. The XPS spectra for the Ti2p, O1s, and Au4f regions are included below.

Ti2p Scan

1.80E+04
1.60E+04 |
1.40E+04- \
| | \
1.20E+04- ’

1.00E+04 ¢ / ‘

Counts / s

8.00E+03~ / |
6.00E+03 - [ |

4.00E+03- NP N |

2.00E+03 -+ -
476 474 472 470 468 466 464 462 460 458 456 454 452 45

Binding Energy (eV)

Figure 7.1.3. XPS spectrum of Ti2p region for Au@TiO2 NPs.
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Figure 7.1.4. XPS spectrum of O1s region for Au@TiO2 NPs.
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Figure 7.1.5. XPS spectrum of Au4f region for Au@TiO2 NPs.

Calculation of Au wt %

The Ti:Au ratios were converted to Au wt % using the following equations:

Au:Ti =

Ti: Au
wt Au
wt Au + wt TiO,

Auwt%=( )xlOO%

Note that for each (Au:Ti) g of Au thereis 1 g of Ti.

Au:Ti*Z‘}li‘x 1gTi
Auwt % = o 7ios | % 100%
Au:Ti‘ZTl.xlgTi+1gTi><1.679‘g 2

gTi
Both the upper and lower limits of Ti:Au were used for TEM calculations to provide a range of

Au wt %.
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Calculation of deviation of density from unlabeled TiO2 NPs
TEM analysis

A possible range of particle densities was calculated using the upper and lower limits for elliptical

volumes in the equation below:

Average Mass Au in Au@TiO, NP + (Average Yrio, X pTiOZ)
Average ¥y ario,

Paue@Tio, =

5 cm3

7.97 x 10716 g Au + (3.i9 X 106 nm3 x 1 x 10~ 3

x 3.78%)
_ cm

Pau@Tio, jower =

_ 3
3.23x 10°nm3 x 1 x 1021 cm3
nm

=3.98-2_
cm

_ _ 3
7.97 x 1076 Au + (1. 60 x 105 nm3 x 1 x 10721 % % 3.78 %)
nm cm

PAu@TiO, ypper —

_ 3
1.65 x 10 nm3 x 1 x 10~21 cm3
nm

= 4.T6-2
cm

The range of deviation in density compared to unlabeled anatase TiO> was found to be 5.3-10%

using the equation below:

Pav@rio, — Prio, % 100%
0

% Deviation =
Prio,
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Size distribution histograms for AuNP cores
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Figure 7.1.6. Comparison of AuNP core size as measured via TEM and sp-ICP-MS analyses.
The sp-ICP-MS data represents samples of the AuNP cores measured prior to the coating

procedure.
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Figure 7.1.7. Comparison of AuNP core size determined via sp-ICP-MS analyses before and

after coating with TiOa.

Homoaggregation studies for Au@TiO2 and TiO2 NPs
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Figure 7.1.8. Hydrodynamic diameter measured over time for Au@TiO2 NPs in KCI solutions

varying from 100-500 mM.
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Figure 7.1.9. Hydrodynamic diameter measured over time for TiO2 NPs in KCI solutions

varying from 100-500 mM.

Calculation of primary TiOz2 crystallite size from XRD spectra

The anatase TiO2 peaks at 20 = 25° were to calculate the average TiO> crystallite size using the

Scherrer equation, which is included below.

KA
B-cosh’

Crystallite size =

where K is a dimensionless shape factor (assumed here to be 0.9), A is the wavelength of the
CuKa radiation source used (0.15405 nm), B is the full width of the peak at half maximum

intensity (determined using EVA software), and 6 is the Bragg angle of the peak.

The crystallite size was determined to be 5.8 nm for the unlabeled TiO2 NPs and 6.0 nm for the

Au@TiO2 NPs.



178

River water characterization

Samples of Willamette River water were collected from the Taylor Drinking Water Treatment
Plant in Corvallis, OR. The pH and turbidity of the water was measured at the facility. Total
suspended solids were measured using Standard Method 2540 D. Conductivity was measured
using a conductivity probe. The alkalinity was calculated using a gran function plot. The
characteristics of the collected water samples are summarized in Table 7.1.6. The ionic strength

was estimated by the measured conductivity using the following equation:

I(M)=1.6 x1075 X EC (ﬁ), where | is the ionic strength and EC is the electrical

conductivity®!’.

The total natural organic matter content of the Willamette River was measured on a different batch
of river water than the batch used for experiments and is provided in Table 7.1.6 as a recent
measurement of the scale of the organic matter content in Willamette River water. The organic
matter content for the Willamette River has been consistently measured by our within the range of

1-2 mg C/L in our lab38,

Table 7.1.6. Characteristics of Willamette River water used in spike-and-recovery experiments.

pH 7.41

Turbidity 3.55 NTU

Total Suspended Solids | 7.1 £ 2.6 mg/L
Conductivity 90.5 uS/cm

Alkalinity 25.5 + 0.9 mg CaCOs/L
lonic Strength 1.4 mM

Natural Organic Matter | 1.13 £ 0.05 mg C/L
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Activated sludge characterization

Return activated sludge was collected from the Corvallis Wastewater Treatment Plant, stored in
the refrigerator, and used within 24 hours. The sludge was analyzed for total dissolved solids and
total suspended solids using Standard Methods 2540C and 2540D. Triplicate samples were
analyzed and the average *+ standard deviation is reported here. The total dissolved solids
concentration was 371 £ 68 mg/L. The total suspended solids concentration was 8811 + 233.3

mg/L.
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Calculation of limits of detection and quantification

The limit of detection (LOD) and limit of quantification (LOQ) were determined for Ti in the river
water-sunscreen mixture, and for both Au and Ti in the return activated sludge matrix. The LODs
and LOQs for each matrix were estimated based on a conservative blank determination method

using the equations below:
LOD = Xpiank + 3.3 X Spiank
LOQ = Xpiank + 10 X Spiank

where Xp,.nx fepresents the mean concentration measured in triplicate samples of the matrix with
no NPs added, and S,;,,.x represents the standard deviation measured in triplicate samples of the

matrix with no NPs added3!320,
Spike-and-recovery in river water-sunscreen mixture

For the samples of river water mixed with sunscreen, no background Au was detected. The values
of Xp1ank and Syiank for Ti were 285 pg/L and 33 ug/L, respectively. The LOD and LOQ are

calculated below:

LOD = 285 %+3.3X33 %=394%

LOQ = 285 %+10x33 %=615%
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Spike-and-recovery in return activated sludge

Return activated sludge samples contained both Au and Ti in the background. The values of X,

and Sp;ank for Au and Ti are calculated below based on INAA and TSS analyses.
Mass of Au per mL of sludge = 28.7 £ 0.6 ng
Mass of Ti per mL of sludge = 370 £ 580 ng

TSS concentration of sludge = 5358 + 577 mg/L

(28.7 ng Au) (&)

f— 1000 ng B pg Au
ank,Au — -
(5358 T72) (0.001 L) (136kr€1g) kg RAS

S —5356”‘9'4” (577>2+(0'6>2—588”‘9Au
blank,Au = kg RAS 5358 28.7) kg RAS

(370 ng Ti) ( 1 mg )

7 _ 106 ng _ mg Ti
(5358 T) (0.001 L) (106 mg)

S o1 9T <577 )2+(580)2 _ 199 M9 Ti
blankri = 0723 "o [\5358 370/ ~ " " kg RAS
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The LODs and LOQs for both Au and Ti are calculated below:

1y 1y = Mg mg Au
LOD,,, = 5356 —+ 3.3 x588 —=7296 — =730 ——
au kg * kg kg kg sludge
1y 1y Y mg Au
LO =5356 —+10%x 588 —=11240 — =112 ——
Qau kg + kg kg kg sludge
mg Ug _ . mg mg Ti
LODs; = 69.1 — . 109 — =428.8 — =429 ——
ODr; = 69 kg + 3.3 x 109 kg 8.8 kg kg sludge
m _m mg Ti
L0Qn = 691 29 4+ 10 x 109 2 = 1159 9 — 1160 —9

kg kg kg kg sludge
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UV-Vis standard curve for Au@TiO2 NPs
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Figure 7.1.10. Standard curve for UV-Vis measurements of Au@TiO2 NPs in DDI water

ranging in concentration from 0.5-5 mg/L.
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7.2 Appendix B: Supporting Information for Chapter 4

Solar Irradiance Spectra
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Figure 7.2.1. The solar irradiance spectra of the two solar simulators used in this work.
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Surface Area Calculations from DLS Measurements

The surface area in m?/g was calculated using the hydrodynamic diameter and the manufacturer

reported densities (4.23 g/cm? for P25 NPs, 3.89 g/cm? for anatase NPs) using the equation

below:

D 2
Tom?\ (1% 102 um?\  4m(Zf) nm? 1 x 10-18m2
Surface Area = | — X X 3 X >
é (Dh nm
3T

P g
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Plots of Partitioning Coefficient vs. Surface Area

Anatase NPs, pH 5.8, Irradiated (BET)
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Figure 7.2.2. PQ vs. SA for Anatase NPs in pH 5.8 media after irradiation. SA was determined using BET.

Anatase NPs, pH 5.8, Irradiated (DLS)
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Figure 7.2.3. PQ vs. SA for Anatase NPs in pH 5.8 media after irradiation. SA was determined using DLS.
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Anatase NPs, pH 5.8, Irradiated (DLS¥)
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Figure 7.2.4. PQ vs. SA for Anatase NPs in pH 5.8 media after irradiation. SA was determined

using DLS. The pre-irradiation Dy was used.

P25 NPs, pH 5.8, Irradiated (BET)

0.15
y = 0.0263x+ 0.0052
R?=0.9939

0.1
g
o

0.05

0

0 1 2 3 e 5 6

Surface Area, 1072 pym2/L

Figure 7.2.5. PQ vs. SA for P25 NPs in pH 5.8 media after irradiation. SA was determined using BET.
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Figure 7.2.6. PQ vs. SA for P25 NPs in pH 5.8 media after irradiation. SA was determined using

DLS.



XPS Survey Scans and Atomic Composition
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Figure 7.2.7. Survey spectra for P25 NPs in pH 5.8 water, prior to irradiation.

Table 7.2.1. Summary of XPS analysis of P25 NPs in pH 5.8 water, prior to irradiation.

Name

Peak BE

FWHM

eV

Atomic %
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C1s Scan

A 284.77 1.46 4,98
C1s Scan

B 286.21 1.46 1.72
C1s Scan

C 287.67 1.46 0.06
C1s Scan

D 288.67 1.46 1.18
O1s Scan

A 529.42 1.06 57.6
O1s Scan

B 530.63 1.88 3.7
Ti2p 458.35 0.99 30.76
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Figure 7.2.8. Survey spectra for P25 NPs in pH 5.8 water, after 1 h irradiation with simulated

solar light.

Table 7.2.2. Summary of XPS analysis of P25 NPs in pH 5.8 water, after 1 h irradiation with

simulated solar light.

Binding Energy (eV)
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Name

Peak BE

FWHM
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Atomic %
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C1s Scan

A 284.82 1.51 441
C1s Scan

B 286.32 151 1.06
C1s Scan

C 287.72 1.52 0
C1s Scan

D 288.78 151 0.9
O1s Scan

A 529.57 1.05 59.18
O1s Scan

B 530.52 1.28 3
Ti2p 458.5 0.98 31.46
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Figure 7.2.9. Survey spectra for Anatase NPs in pH 5.8 water, prior to irradiation.

Table 7.2.3. Summary of XPS analysis of Anatase NPs in pH 5.8 water, prior to irradiation.
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C1s Scan

A 284.77 1.42 5.81
C1s Scan

B 286.17 1.42 1.8
C1s Scan

C 287.67 1.42 0.1
C1s Scan

D 288.73 1.42 1.24
O1s Scan

A 529.66 1.07 56.11
O1s Scan

B 531.02 1.96 4.87
Ti2p 458.56 0.99 30.07
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Figure 7.2.10. Survey spectra for Anatase NPs in pH 5.8 water, after 1 h irradiation with

simulated solar light.

Binding Energy (eV)
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Table 7.2.4. Summary of XPS analysis of Anatase NPs in pH 5.8 water, after 1 h irradiation with

simulated solar light.

Name

Peak BE

FWHM

eV

Atomic %




C1s Scan

A 284.73 1.54 3.34
C1s Scan

B 286.25 1.54 1.06
C1s Scan

C 287.63 1.56 0
C1s Scan

D 288.74 1.54 0.96
O1s Scan

A 529.8 1.05 57.94
O1s Scan

B 530.67 1.52 5.12
Ti2p 458.64 0.99 31.58
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Figure 7.2.11. Survey spectra for P25 NPs in pH 7.4 water, prior to irradiation.

Table 7.2.5. Summary of XPS analysis of P25 NPs in pH 7.4 water, prior to irradiation.

FWHM

Name Peak BE eV Atomic %

C1s Scan

A 284.81 1.49 3.9




C1s Scan

B 286.11 1.49 0.95
C1s Scan

C 287.61 1.49 0
C1s Scan

D 288.8 1.49 1.33
Cl2p 197.94 1.14 1.14
K2p 293.01 1.53 1.32
O1s Scan

A 529.96 1.1 58.54
O1s Scan

B 531.27 1.88 5.7
Ti2p 458.67 0.97 27.11
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Figure 7.2.12. Survey spectra for P25 NPs in pH 7.4 water, after 1 h irradiation with simulated

solar light.

Table 7.2.6. Summary of XPS analysis of P25 NPs in pH 7.4 water, after 1 h irradiation with

simulated solar light.

Name

Peak BE

FWHM

eV

Atomic %




C1s Scan

A 284.77 1.42 3.97
C1s Scan

B 286.22 1.42 1.02
C1s Scan

C 287.97 1.42 0.33
C1s Scan

D 288.84 1.42 0.84
Cl2p 197.94 1.39 2.04
K2p 292.95 1.32 1.73
O1s Scan

A 529.74 1.05 54.07
O1s Scan

B 530.37 2.22 9.62
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Figure 7.2.13. Survey spectra for anatase NPs in pH 7.4 water, prior to irradiation.

Table 7.2.7. Summary of XPS analysis of anatase NPs in pH 7.4 water, prior to irradiation.

Binding Energy (eV)
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FWHM
Name Peak BE | eV Atomic %
C1s Scan
A 284.76 1.47 4.31
C1s Scan
B 286.24 1.47 1.15
C1s Scan
C 287.56 1.47 0
C1s Scan
D 288.79 1.47 1.27
O1s Scan
A 530.66 1.1 57.25
O1s Scan
B 531.86 2.3 8
Ti2p 459.17 0.99 28.01
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Figure 7.2.14. Survey spectra for anatase NPs in pH 7.4 water, after 1 h irradiation with

simulated solar light.

Table 7.2.8. Summary of XPS analysis of anatase NPs in pH 7.4 water, after 1 h irradiation with

simulated solar light.



FWHM
Name Peak BE | eV Atomic %
C1s Scan
A 284.8 1.45 6
C1s Scan
B 286.26 1.45 1.66
C1s Scan
C 288 1.45 0
C1s Scan
D 288.67 1.45 1.44
O1s Scan
A 529.89 1.09 54.88
O1s Scan
B 531.04 2.28 9.39
Ti2p 458.62 0.97 26.63
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Figure 7.2.15. Survey spectra for P25 NPs in 1X PBS media, prior to irradiation. Samples were

centrifuged washed in DDI water twice prior to XPS sample preparation.



Table 7.2.9. Summary of XPS analysis of P25 NPs in 1X PBS media, prior to irradiation.

Samples were centrifuged washed in DDI water twice prior to XPS sample preparation.

FWHM

Name Peak BE | eV Atomic %
C1s Scan

A 284.79 1.41 3.75
C1s Scan

B 286.32 1.41 0.96
C1s Scan

C 287.99 1.41 0.28
C1s Scan

D 288.78 1.41 0.79
Cl2p 198.01 1.14 0.97
Nals 1071.48 1.67 7.29
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O1s Scan

A 529.7 1.06 50
O1s Scan

B 530.8 1.72 9.85
P2p 133.31 1.99 2.28
Ti2p 458.51 0.95 23.84
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Figure 7.2.16. Survey spectra for P25 NPs in 1X PBS media, after 1 h irradiation with simulated
solar light. Samples were centrifuged washed in DDI water twice prior to XPS sample

preparation.

Table 7.2.10. Summary of XPS analysis of P25 NPs in 1X PBS media, after 1 h irradiation with
simulated solar light. Samples were centrifuged washed in DDI water twice prior to XPS sample

preparation. Note that SiO, from the wafer substrate was present in this sample.



FWHM
Name Peak BE | eV Atomic %
C1s Scan
A 284.81 1.4 9
C1s Scan
B 286.31 1.4 1.9
C1s Scan
C 287.61 1.4 0.16
C1s Scan
D 288.61 1.4 1.46
Cl2p 199.32 0.07 0
Nals 1071.55 1.92 3.33
O1s Scan
A 529.87 1.08 46.92
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O1ls Scan

B 531.05 2.48 11.02
P2p 133.11 1.55 1.92
Si2p 98.51 0.41 1.54
Ti2p 458.64 0.96 22.74
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Figure 7.2.17. Survey spectra for anatase NPs in 1X PBS media, prior to irradiation. Samples were centrifuged

washed in DDI water twice prior to XPS sample preparation.

Table 7.2.11. Summary of XPS analysis of anatase NPs in 1X PBS media, prior to irradiation.
Samples were centrifuged washed in DDI water twice prior to XPS sample preparation. Note that

SiO; from the wafer substrate was present in this sample.



FWHM
Name Peak BE | eV Atomic %
C1s Scan
A 284.77 1.35 418
C1s Scan
B 286.26 1.35 1.29
C1s Scan
C 287.97 1.35 0.19
C1s Scan
D 288.67 1.35 0.81
Cl2p 197.8 0.17 0
Nals 1071.68 1.85 5.18
O1s Scan
A 529.84 1.07 45.81
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O1ls Scan

B 531.27 2.47 13.45
P2p 133.39 1.95 2.08
Si2p 98.33 1.09 451
Ti2p 458.62 0.96 22.51
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Figure 7.2.18. Survey spectra for anatase NPs in 1X PBS media, after 1 h irradiation with simulated solar light.

Samples were centrifuged washed in DDI water twice prior to XPS sample preparation.

Table 7.2.12. Summary of XPS analysis of anatase NPs in 1X PBS media, after 1 h irradiation
with simulated solar light. Samples were centrifuged washed in DDI water twice prior to XPS

sample preparation.



FWHM
Name Peak BE | eV Atomic %
C1s Scan
A 284.74 1.39 7.15
C1s Scan
B 286.25 1.39 1.76
C1s Scan
C 287.94 1.39 0.22
C1s Scan
D 288.54 1.39 1.3
Nals 1071.74 2.87 3.63
O1s Scan
A 529.88 1.07 48.7
O1s Scan
B 530.97 2.19 11.43
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Figure 7.2.19. C1s scan for P25 NPs in pH 5.8 water, prior to irradiation.



Counts / s (Residuals x 5)

8.00E+04 1
7.00E+04 7
6.00E+04 7
5.00E+04i
4.00E+04 1
3.00E+04

2.00E+04 1

1.00E+04 7

0.00E+00L4——t+—+—r——————————
542 540 538 536 534 532 530 528 526 524
Binding Energy (eV)

Figure 7.2.20. O1s scan for P25 NPs in pH 5.8 water, prior to irradiation.
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220

Figure 7.2.21. Ti2p scan for P25 NPs in pH 5.8 water, prior to irradiation.
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Figure 7.2.22. C1s scan for P25 NPs in pH 5.8 water, after 1 h of irradiation with simulated solar light.
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Figure 7.2.23. O1s scan for P25 NPs in pH 5.8 water, after 1 h of irradiation with simulated solar light.
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Figure 7.2.24. Ti2p scan for P25 NPs in pH 5.8 water, after 1 h of irradiation with simulated solar light.
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Figure 7.2.25. C1s scan for anatase NPs in pH 5.8 water, prior to irradiation.
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Figure 7.2.26. O1s scan for anatase NPs in pH 5.8 water, prior to irradiation.
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Figure 7.2.27. Ti2p scan for anatase NPs in pH 5.8 water, prior to irradiation.
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Figure 7.2.28. C1s scan for anatase NPs in pH 5.8 water, after 1 h of irradiation with simulated solar light.
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Figure 7.2.29. O1s scan for anatase NPs in pH 5.8 water, after 1 h of irradiation with simulated solar light.
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Figure 7.2.30. Ti2p scan for anatase NPs in pH 5.8 water, after 1 h of irradiation with simulated solar light.
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Figure 7.2.31. C1s scan for P25 NPs in pH 7.4 water, prior to irradiation. The additional unlabeled peaks from 292-

297 eV

are assigned to potassium, and are not included in the analysis of C1s.
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Figure 7.2.32. O1s scan for P25 NPs in pH 7.4 water, prior to irradiation.
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Figure 7.2.33. Ti2p scan for P25 NPs in pH 7.4 water, prior to irradiation.
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Figure 7.2.34. C1s scan for P25 NPs in pH 7.4 water, after 1 h of irradiation with simulated solar light. The

additional unlabeled peaks from 292-297 eV are assigned to potassium, and are not included in the analysis of C1s.
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Figure 7.2.35. O1s scan for P25 NPs in pH 7.4 water, after 1 h of irradiation with simulated solar light.
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Figure 7.2.36. Ti2p scan for P25 NPs in pH 7.4 water, after 1 h of irradiation with simulated solar light.
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Figure 7.2.37. C1s scan for anatase NPs in pH 7.4 water, prior to irradiation.
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Figure 7.2.38. O1s scan for anatase NPs in pH 7.4 water, prior to irradiation.
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Figure 7.2.39. Ti2p scan for anatase NPs in pH 7.4 water, prior to irradiation.
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Figure 7.2.40. C1s scan for anatase NPs in pH 7.4 water, after 1 h of irradiation with simulated solar light.
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Figure 7.2.41. O1s scan for anatase NPs in pH 7.4 water, after 1 h of irradiation with simulated solar light.
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Figure 7.2.42. Ti2p scan for anatase NPs in pH 7.4 water, after 1 h of irradiation with simulated solar light.
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Figure 7.2.43. Cls scan for P25 NPs in PBS media water, prior to irradiation. Samples were centrifuged washed in

DDI water twice prior to XPS sample preparation.
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Figure 7.2.44. O1s scan for P25 NPs in PBS media water, prior to irradiation. Samples were centrifuged washed in

DDI water twice prior to XPS sample preparation.
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Figure 7.2.45. Ti2p scan for P25 NPs in PBS media water, prior to irradiation. Samples were centrifuged washed in

DDI water twice prior to XPS sample preparation.
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Figure 7.2.46. C1s scan for P25 NPs in PBS media water, after 1 h of irradiation with simulated solar light. Samples

were centrifuged washed in DDI water twice prior to XPS sample preparation
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Figure 7.2.47. O1s scan for P25 NPs in PBS media water, after 1 h of irradiation with simulated solar light. Samples

were centrifuged washed in DDI water twice prior to XPS sample preparation.
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Figure 7.2.48. Ti2p scan for P25 NPs in PBS media water, after 1 h of irradiation with simulated solar light. Samples

were centrifuged washed in DDI water twice prior to XPS sample preparation.
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Figure 7.2.49. C1s scan for anatase NPs in PBS media water, prior to irradiation. Samples were centrifuged washed

in DDI water twice prior to XPS sample preparation.
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Figure 7.2.50. O1s scan for anatase NPs in PBS media water, prior to irradiation. Samples were centrifuged washed

in DDI water twice prior to XPS sample preparation.
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Figure 7.2.51. Ti2p scan for anatase NPs in PBS media water, prior to irradiation. Samples were centrifuged washed

in DDI water twice prior to XPS sample preparation.
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Figure 7.2.52. C1s scan for anatase NPs in PBS media water, after 1 h of irradiation with simulated solar light.

Samples were centrifuged washed in DDI water twice prior to XPS sample preparation.
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Figure 7.2.53. O1s scan for anatase NPs in PBS media water, after 1 h of irradiation with
simulated solar light. Samples were centrifuged washed in DDI water twice prior to XPS sample

preparation.
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Figure 7.2.54. Ti2p scan for anatase NPs in PBS media water, after 1 h of irradiation with simulated solar light.

Samples were centrifuged washed in DDI water twice prior to XPS sample preparation.
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Figure 7.2.55. MB dye standard curve.

y =0.0509x+ 0.0392
R? =0.9998

6

Concentration, mg/L

10

12

253

pH, Temperature, and Dissolved Oxygen of Samples in MB Dye Degradation Experiments

Table 7.2.13. Summary of pH, temperature, and dissolved oxygen values from MB dye degradation experiments.

Values are presented as average + standard deviation.

Ambient After 1 h Irradiation
pH T,°C D.O., mg/L pH T,C D.O., mg/L
P25 5.79+0.03 21.3+04 8.73+0.15 | 5.34+0.04 36.8+0.7 6.94 +0.20
Pr > Anatase | 5.80+0.03 21.2+0.5 8.65+0.11 | 5.55+0.05 37.2+18 6.99 +0.25
P25 7.40+0.04 21.1+0.3 8.42+0.12 | 6.35+0.05 379+11 7.01+0.23
Pri74 Anatase | 7.39+0.02 21.2+0.3 8.40+0.06 | 6.58+0.10 36.8+1.9 7.32+0.27
P25 7.41+0.01 21.5+0.5 8.19+0.07 | 7.39+0.03 39.1+0.8 6.48 +0.11
e Anatase | 7.42+0.02 21.3+0.6 8.06+0.04 | 7.41+0.02 38.2+0.7 6.67 £ 0.09
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Thermal Degradation of MB Dye

Table 7.2.14. Percent degradation of MB dye as a result of thermal exposure. Experiments were performed using

500 mg/L concentrations of TiO,, with the glass jars entirely covered by aluminum foil to block out irradiation.

Average Std. Dev
P25 0.87 0.77
pH 5.8
Anatas 1.55 0.69
e
P25 1.82 0.42
pH 7.4
Anatas |, 0.86
e
P25 1.34 0.79
PBS
A”Ztas 2.03 0.6
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