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1 Introduction
1.1 Motivation
The production and application of engineered nanomaterials, specifically titanium
dioxide (TiO2) nanoparticles, has increased considerably over the past decade and is
expected to continue to increase.1 Engineered TiO2 nanoparticles are used in a variety of
products such as sunscreens, cosmetics, paints and self-cleaning surfaces that utilize the
particles’ photocatalytic activity, white color, and ultraviolet (UV) absorbing
properties.200 This has caused anthropogenic TiO2 nanoparticles to be measured in natural
waters, runoff and wastewater treatment plants at levels higher than normal background
concentrations.54 This is problematic because the presence and accumulation of TiO2
nanoparticles has also been associated with negative environmental and human health
effects, such as being toxic to various aquatic species, inhibiting nitrifying bacteria in
wastewater treatment plants and causing respiratory stress when inhaled.2, 15,17 These
factors demonstrate the importance of understanding the ultimate fate and transport of
TiO2 nanoparticles when released into environmental matrices.
Many applications of TiO2 nanoparticles either directly or indirectly cause them
to be received in a municipal wastewater treatment facility. Westerhoff et al. observed
that 96% of influent Ti is removed by wastewater treatment plants. However, analysis of
wastewater effluent found that some TiO2 nanoparticles were able to pass through
wastewater treatment plants and enter aquatic systems.24 The removal of TiO2
nanoparticles in wastewater treatment has been studied by observing their biosorption to
heterotrophic biomass, a major component of activated sludge. Once sorbed by the
biomass, TiO2 nanoparticles are removed by settling in secondary clarification. Kiser et
al. performed a batch adsorption isotherm experiment and modeled TiO2 nanoparticle
biosorption with a Freundlich adsorption isotherm.35 This study provides valuable
information concerning the removal of TiO2 nanoparticles in wastewater treatment.
TiO2 nanoparticles inevitably go through surface transformation processes both
when they are used and when released into the environment. These transformations can
occur when particles are exposed to UV and visible light, natural organic matter, other
colloids, and solutions with varying ionic strengths.3 Fate and transport studies that do
not account for particles with environmentally transformed surfaces likely neglect a large
class of materials that persist in the environment today. For example, the batch adsorption
to biomass study mentioned did not address changes to the particles’ surface properties
that are likely to occur after environmental release. To develop a more complete
understanding of the fate, transport and toxicity of TiO2 nanoparticles, one must consider
the expected variation in surface properties that result from environmental
transformations.
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Since many applications of TiO2 nanoparticles involve exposure to UV
irradiation, 4 it is important to study how UV exposure changes surface properties that
may affect their environmental fate, transport and toxicity. Previous studies have
demonstrated that exposure to UV irradiation can induce and increase the toxicity of
engineered TiO2 nanoparticles and affect their surface properties in natural waters;
however, there is limited research concerning the effects of these transformations on
nanoparticle fate and transport.45, 53 This study intends to observe the effects of UV
irradiation on TiO2 nanoparticles and how that exposure affects their biosorption in
wastewater treatment.
1.1 Objectives
The overarching objective of this project was to observe how exposure to UV
irradiation affects TiO2 nanoparticle biosorption to heterotrophic biomass in wastewater
treatment using TiO2 nanoparticles that have been labeled with a gold core (Au@TiO2
nanoparticles). Specific objectives include the following:
1. Determining the detection limits of Au@TiO2 nanoparticles in return activated
sludge using instrumental neutron activation analysis (INAA).
2. Observing how exposure to UV irradiation changes the surface properties of
Au@TiO2 nanoparticles; specifically, particle hydrophobicity and zeta
potential.
3. Observing how exposure to UV irradiation affects biosorption of Au@TiO2
nanoparticles to heterotrophic biomass from a wastewater treatment plant, and
correlating that behavior with observed changes in surface properties.
1.2 Hypotheses
The following are the expected results for each of the respective objectives stated
above:
1. INAA can be used to detect of small quantities of labeled TiO2 nanoparticles
in ‘dirty’ matrices with high levels of background Ti, such as return activated
sludge.
2. Exposure to UV irradiation will decrease TiO2 nanoparticle hydrophobicity
and decrease zeta potential.
3. Exposure to UV irradiation will influence biosorption of Au@TiO2
nanoparticles to heterotrophic biomass. Any differences will be related to the
hypothesized changes in TiO2 surface properties resulting from UV
irradiation.
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1.3 Approach
Each objective was achieved by using Au@TiO2 core shell particles developed by
Deline et al.63 The Au core will serve as a label to distinguish between background Ti and
experimentally added TiO2 nanoparticles. By using the known Au:Ti ratio in the
synthesized particles, the amount of experimentally added TiO2 nanoparticles can be
determined by measuring the Au concentration in a sample. The approach used to
accomplish each specific objective is outlined below.
1. Various concentrations of synthesized and purchased Au nanoparticles were
added to return activated sludge solutions and analyzed for total Au mass
using INAA to determine the detection limits of the method.
2. The effects of exposure to UV irradiation were determined by exposing
synthesized particles to various sources of UV irradiation and then measuring
the particles’ zeta potential, hydrophobicity, and particle aggregation state.
The results were then compared to the properties of particles that were not
exposed to UV irradiation.
3. The impact of exposure to UV irradiation was determined by conducting
batch adsorption tests to observe how exposure to UV irradiation affects
biosorption of TiO2 nanoparticles to heterotrophic biomass. Biosorption was
determined by measuring the concentration of Au remaining in the
supernatant using inductively coupled plasma-optical emissions spectroscopy
and the mass of Au in the settled biomass using INAA. Measuring Au content
in both the supernatant and the settled biomass will allow a material balance
to be conducted, giving greater clarity to the results. TiO2 concentrations were
calculated from the measured Au concentrations using the Au:Ti ratio of the
labeled particles.
The remainder of this thesis is organized as follows. Chapter 2 reviews literature
detailing previous work related to TiO2 nanoparticle toxicity, surface properties, and fate
and transport in the environment. Chapter 3 contains a description of instruments,
materials, methods, and analytical techniques used. Chapter 4 outlines and discusses the
results obtained. Chapter 5 presents conclusions and suggestions for future work. Chapter
6 contains the references cited in this thesis.
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2 Background
2.1 TiO2 nanoparticle prevalence and toxicity
The production of TiO2 nanoparticles is increasing rapidly due to their
applications in a variety of products. Modeling studies predict that production rates of
TiO2 nanoparticles will reach 2.5 million tons per year by 2025. Current industry trends
suggest an increased usage of nano-TiO2 and a reduction in commonly used larger sized
particles.5
TiO2 nanoparticles are added to materials due to their photocatalytic activity, UV
irradiation absorbing properties, and white color. Exposure of TiO2 nanoparticles to UV
irradiation generates reactive oxygen species, which can completely mineralize various
recalcitrant pollutants. This creates many water treatment, antimicrobial and pollutant
degradation applications, and is a primary mechanism of TiO2 nanoparticles’ toxicity to
aquatic organisms.6 Other products that utilize the properties of TiO2 nanoparticles
include sunscreens, self-cleaning materials, glare reducing coatings, paint pigments,
textiles and cosmetics.7 Additionally, TiO2 nanoparticles are a common additive as a
pigment in a variety of foods.8
The additions of TiO2 nanoparticles to many different products causes the
particles’ release into many different environmental matrices during their production,
transport, use and disposal. For many applications of TiO2 nanoparticles, there are not
established disposal procedures and methods; therefore, nanoparticles often end up being
released into the environment. An example of this is the Old Danube Lake in Vienna,
Austria, which is heavily used for recreational activities such as swimming during the
summer. A low concentration of engineered TiO2 nanoparticles originating from the
sunscreen of beach visitors was found in the water body near popular recreation areas.9 A
study of sunscreen pollutants released into seawater by Tovar-Sanchez et al. detected
TiO2 nanoparticles originating from sunscreens offshore in southern Spain at
concentrations ranging from 6.9-37.6 µg/L.10 Other products containing TiO2
nanoparticles that result in their release into the environment include paints and pigments.
TiO2 nanoparticles have been traced from paints on the exterior of buildings to surface
water and eventually natural water bodies. The TiO2 concentrations measured in
waterbodies near the buildings were 3.5 x 107 particles/L.11 This widespread release into
the environment creates the need to understand how TiO2 particles are transported
through the environment.
Once released into the environment, TiO2 nanoparticles are chemically stable,
which reduces natural degradation and leads to accumulation. For example, models that
compared nano-sized engineered TiO2, ZnO, Ag and Carbon nanontubes found that TiO2
is the most significant material concerning exposure due to its widespread release and
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chemical stability in the environment.12 A study of TiO2 nanoparticles in the Rhine river
found TiO2 nanoparticles in the ng/L range in water, and mg/kg range in river sediment.
In addition, nanoparticles were able to be transported downstream.13 Due to their
chemical stability, studies on environmental fate and transport of TiO2 nanoparticles are
often focused on aggregation state.14
TiO2 nanoparticles in the environment pose a problem due to known toxicity to
many organisms. For example, in marine environments the presence of TiO2
nanoparticles caused hatching inhibition and malformations in Haliotis diversicolor
supertexta (abalone) and enhanced the toxicity of tributyltin, a toxic antifouling
compound, 20 fold.15 TiO2 nanoparticles have been demonstrated to be directly toxic to
several individual aquatic species. For example, one study found that exposure to TiO2
nanoparticles and the eventual accumulation in Artemia salina, (a shrimp) caused a
mortality rate of 14%.16 TiO2 nanoparticles have also been found to be toxic to
denitrifying organisms in wastewater treatment plants. Zheng et al. found that exposure
of TiO2 nanoparticles to nitrifying bacteria for 70 days reduced nitrogen removal from
80.3% to 24.4%. The long-term presence of nanoparticle reduces the microbial diversity
in the activated sludge as well.17 While these studies demonstrate the toxicity associated
with exposure to TiO2 nanoparticles, the effects were reduced at concentrations less than
2 mg/L Ti, which is well above environmentally relevant concentrations.15,16 While the
current presence of anthropogenic TiO2 nanoparticles is not an extreme environmental
threat, the accumulation of the particles in the environment may be problematic in the
future. The knowledge of TiO2 nanoparticle toxicity to many organisms and their stability
in the environment creates the demand for a better understanding of how the particles
enter the environment and how trends will change in the future.
TiO2 nanoparticles also have a limited toxicity towards humans. While TiO2
nanoparticles consumed by humans in food and beverages have little toxic effect, inhaled
particles have been shown to be retained in the lungs, causing negative health effects due
to their oxidative potential. 20,18 A study of the metabolism of TiO2 nanoparticles in mice
found that, upon consumption, TiO2 concentrates in the liver and then is slowly
eliminated via excretion over time, suggesting that TiO2 nanoparticles do not accumulate
in the body.19 The toxicity of TiO2 nanoparticles in many different environments provides
motivation for determining their fate and transport once released into the environment
and their removal rates in wastewater treatment facilities.
2.2 TiO2 nanoparticles and wastewater treatment
Through many of their applications, TiO2 nanoparticles often end up being
received by a municipal wastewater treatment facility. A study by Weir found TiO2
nanoparticles in several different foods, specifically foods colored bright white or those
with a hard shell. Some foods had high enough TiO2 concentrations that one could
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consume over 100 mg in a single serving.20 The TiO2 nanoparticles are eventually
excreted in feces and are transported to local wastewater treatment plants. Models have
predicted the sources of TiO2 nanoparticles entering a wastewater treatment facility. A
model of the flow of TiO2 nanoparticles in the Danish environment found that of all of
the photostable TiO2 nanoparticles produced (used in sunscreens, paints, foods, etc.),
manufactured, and consumed, around 70% would eventually be received by a wastewater
treatment facility. For photocatalytic TiO2 (used in self-cleaning surfaces), around 35%
of TiO2 produced, manufactured, and consumed was predicted to be received by a
wastewater treatment plant.21
Several studies have observed the concentrations of both total titanium and TiO2
nanoparticles in various stages of municipal wastewater treatment plants. Analysis of
activated sludge using single particle ICP-MS found that TiO2 nanoparticles were in a
wastewater treatment plant’s influent and aeration tank at concentrations of 13.6 mg/kg
and 3.3 mg/kg respectively. The same study found overall Ti concentrations in influent
and aeration tanks of 3.47 mg/L and 2.15 mg/L respectively.22 Analysis of the crystalline
structure of TiO2 nanoparticles in wastewater treatment plants by Tong et al. found that
wastewater contains 30% anatase, 60% rutile and 10% ilmenite phase TiO2, and that the
phase distribution remained constant in primary treatment, secondary treatment and the
effluent. The concentrations of TiO2 in the wastewater influent was 128.9 µg/L and the
dry concentration in the activated sludge was 2.4 mg/g.23
A different study by Kiser et al. found that for several wastewater treatment
plants, 181 to 1233 µg Ti/L was found in the raw wastewater. The majority of raw
wastewater Ti was larger than the 0.7 µm size fraction and was removed with 96%
efficiency. Effluent concentrations were less than 25 µg/L, and the presence of both
crystalline and amorphous TiO2 nanoparticles with diameters ranging from 4-30 nm were
observed. In addition, the size fractionation of titanium was conducted and found that
removal of Ti that passed through a 0.7 µm glass fiber filter was <30%. 24 This shows that
while the vast majority of Ti is removed by a wastewater treatment facility, removal of
nano-sized TiO2 is not as complete. This point is further demonstrated by Luo et al., who
found anthropogenic TiO2 nanoparticles accumulating on sediments in waterbodies near
wastewater treatment plant effluents and then distributed throughout the aquatic
environment around the discharge point.25
In addition to TiO2 nanoparticles entering wastewater treatment plants through
raw sewage, some have proposed intentionally adding TiO2 nanoparticles for treatment
purposes. Agbesi et al. investigated the addition of TiO2, coated Fe3O4 nanoparticles to
wastewater as a photo-catalyst. They found that the addition of the core-shell particles
increased the photocatalytic reduction of phosphate and nitrate.26 While the magnetic
core allowed for the recovery and reuse of the particles, incomplete recovery has the
potential to result in particle release in the effluent. The addition of TiO2 to wastewater
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for the purpose of enhancing treatment is still mostly experimental and is not currently a
relevant source of TiO2; however, it does represent a potential future source of TiO2
nanoparticles in wastewater treatment.
Due to their increased production and use, TiO2 nanoparticles have become
prevalent in wastewater received by municipal treatment plant. While most Ti present in
raw wastewater is removed, environmentally relevant amounts of TiO2 nanoparticles
have been found in wastewater effluents, which often discharge to surface waters. These
discharges represent significant point source of TiO2 nanoparticles into the environment.
This, in conjunction with TiO2 nanoparticles’ known toxicity in aquatic system,
encourages a better understanding of how particles are removed in wastewater treatment.
2.3 TiO2 interactions with heterotrophic biomass
The term “biosorption” has been used to collectively describe several different
mechanisms of associating with biomass that ultimately lead to contaminant removal in a
wastewater treatment plant. For the purposes of this study, biosorption encompasses
attachment to the surface of a cell, attachment to extracellular substances, and cellular
uptake. While batch adsorption tests can be conducted to predict nanoparticle removal in
wastewater treatment, it is important to note that any distribution isotherms or
partitioning coefficients obtained are not indicative of the underlying mass transfer
processes. Nanoparticle suspensions never reach thermodynamic equilibrium because
they do not dissolve and therefore lack the energy input to diffuse into another phase.
Therefore, the results of a batch adsorption test will only describe the macroscopic
behavior of the suspension.27
It is the surface of the heterotrophic cells and any extracellular substances that
determine the sorption of contaminants.28 The specific mechanism associated with the
attachment of a nanoparticle to bacterial surfaces or extracellular surfaces is not well
understood; however, it is known that attractive electrostatic forces influence the
mechanism. Thill et al. observed that nanomaterials with a positive charge exhibited
strong electrostatic attraction to bacteria. 29 However, particles with a charge close to zero
(both positive and negative) no longer experience normal electrostatic forces, which are
repulsive. The reduced repulsive forces allow smaller attractive forces that are normally
less significant to cause particle aggregation and removal from solutions.30 Patil et al.
investigated how changes in zeta potential affect the adsorption of CeO2 nanoparticles to
proteins. The study found that CeO2 nanoparticles with a higher (more positive) zeta
potential favored adsorption to proteins. This was attributed to attractive forces between
the negative charged proteins and the positive charged nanoparticles.31 It follows that
changes to a nanomaterial’s surface that affect the surface charge of the particle are likely
to influence the biosorption of the particle to heterotrophic biomass.
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The process of nanoparticles attaching to heterotrophic biomass has been
previously observed. Limbach et al. observed the removal of cerium oxide (CeO2)
nanoparticles in simulated wastewater treatment and concluded through SEM imaging
that attachment of CeO2 was limited to the surface of the heterotrophic bacteria, as no
nanoparticles were found within the bacteria.32 Additional studies observing the
biosorption of ZnO nanoparticles, SiO2 nanoparticles and TiO2 nanoparticles have been
conducted by Chauque et al. and Kiser et al.; these studies modeled attachment behavior
using adsorption isotherms. 33 34 35 The studies that have observed the behavior of metal
oxide nanoparticles did not emphasize changes in particle surface properties during
production, use, disposal, and release into the environment.
The biosorption of TiO2 nanoparticles to heterotrophic biomass has been
investigated. Kiser et al. applied existing batch adsorption methods to quantify TiO2
nanoparticle biosorption to heterotrophic biomass and modeled the results with a
Freundlich isotherm (R2 value of 0.90). The same study found that at a TSS concentration
of 500 mg/L, TiO2 removal efficiency was slightly greater than 20%.54 This study
provided valuable information concerning the removal of TiO2 nanoparticles in
wastewater treatment; however, it only used a single, pristine TiO2 source (anatase
Sigma-Aldrich TiO2 in powder form). The work can be expanded to encompass particles
with different surface coatings or that have undergone surface transformations prior to
being received by a treatment facility.
2.4 Impact of surface properties on TiO2 nanoparticle fate and transport
The variety of applications for engineered nanomaterials causes their
incorporation into many different products; this results in the release of engineered
nanomaterials into the environment throughout the entire lifecycle of those products. As
engineered nanomaterials are exposed to different environmental conditions, the
particles’ surface properties may be transformed. Examples include changes to a
particle’s zeta potential, hydrophobicity, aggregation state and steric stability.
Nanoparticle surface properties are influenced by many environmental conditions
including exposure to organic matter, other colloids, sunlight and solutions of varying pH
and ionic strength. One of the greatest challenges in modeling the fate and transport of
metal oxide nanoparticles is that even if a particle’s surface properties are well
understood, they can easily be transformed in environmental systems. The various
interactions, transformations and reactions for metal oxide nanoparticles in the
environment include coating, flocculation, agglomeration, dissolution and weathering,
and adsorption of dissolved species.36
The fate and transport impacts of interaction with natural organic matter have
been observed. Domingos et al. observed the effects of exposing TiO2 nanoparticles to
Suwannee River Fulvic Acid, and found that the particles were generally sterically
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stabilized by adsorption of the fulvic acid macromolecules. This stabilization suggests
that when released in the environment, exposure to natural organic matter improves
particle stability, which results in greater mobility than what is predicted using unaltered
nanoparticle properties.37
There have also been studies on how TiO2 nanoparticle surface properties change
in different water bodies. Keller et al. observed TiO2 nanoparticles after dispersion in
seawater, lagoons, rivers, groundwater and stormwater runoff and found that surface
charge was most influenced by the presence of natural organic matter, ionic strength and
pH. They found that electrophoretic mobility, used to determine zeta potential, was
largely controlled by natural organic matter as the surface was eventually coated with
organic matter, which determined the overall charge. As the total organic carbon content
of the water increased, the nanoparticle charge became more negative. This has a
stabilizing effect as it significantly reduced aggregation. As ionic strength increased, the
TiO2 nanoparticle charge is made more neutral, which enhances aggregation and
increases removal from solution by sedimentation. pH, however, had less impact on
electrophoretic mobility. Particle aggregation and removal by sedimentation was greatest
in seawater, river water, and then groundwater.38 A different study of TiO2 nanoparticles
in solutions with ionic strength and pH ranges typical of natural soils found that TiO2
nanoparticles tend to aggregate into clusters ranging from hundreds of nanometers to
several micrometers, and divalent cations such as CaCl2 enhance particle aggregation.39
These studies indicate that exposure in the environment to natural organic matter or
solutions with significant ionic strengths will affect the particles’ ultimate fate and
transport.
Studies have also been conducted to observe how induced changes in nanoparticle
surface properties designed to enhance particle efficacy in specific products impact the
environmental fate and transport of the modified particles. Nonionic and anionic
surfactants (Triton X-100 and ATLAS G-3300) that are commonly used as coatings to
keep TiO2 nanoparticles well dispersed when used in paints or ceramics were studied by
Tkachenko et al. Both surfactants were found to enhance particle stability in natural
waters, with anionic surfactants being better stabilizers.40 This has also been investigated
in natural environments. The effects of surfactants on TiO2 nanoparticle mobility in
natural soils was studied by Sun et al. and they found that surfactants decreased particle
mobility in soil columns. The decreased mobility was caused by the surfactants adsorbing
to both TiO2 nanoparticles and the soils, making it an intermediary for the adsorption of
TiO2 to soil. Sun et al. hypothesized that the hydrophobic groups of the surfactants
orienting towards the solution, and the hydrophilic groups being absorbed to the surface
of the TiO2 nanoparticle and soil forming a bilayer.41 In the absence of surfactants,
however, TiO2 nanoparticles have been shown to remain suspended and readily pass
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through soil columns. 42 This demonstrates that anthropogenic changes to TiO2
nanoparticle surface properties can impact environmental fate and transport.
2.5 Effects of exposure to UV irradiation on TiO2 nanoparticle toxicity, fate and
transport
Throughout the lifecycle of products that incorporate TiO2 nanoparticles, such as
sunscreens, cosmetics or paints, it is expected that the particles will be exposed to UV
irradiation. Therefore, it is important to understand how exposure to UV irradiation
influences various TiO2 nanoparticle surface properties, which ultimately dictates their
toxicity, environmental fate, and transport.
Exposure of TiO2 nanoparticles to UV irradiation has been shown to increase
toxicity induced by the generation of reactive oxygen species. Studies have demonstrated
that phytoplankton exposed concurrently to TiO2 nanoparticles and natural levels of UV
irradiation experienced a significant toxic response at nanoparticle concentrations that
normally exhibit a low toxicity. The same study also found that concurrent exposure of
TiO2 to UV irradiation has also increased background reactive oxygen species
concentrations in marine environments, which adds additional stress to ecosystems that
are already impacted by thermal stress associated with global climate change.43 A
different study found that exposure of pre-UV irradiated TiO2 nanoparticles, when
compared to pre-irradiation with visible light, had no effect on the growth rates of P.
subcapitata; rather, particle concentration most affected toxicity. This is due to the TiO2’s
ability to absorb a small part of the visible light near the UV range.44 Additionally, some
species of benthic organisms, when exposed to pre-UV irradiated TiO2 nanoparticles,
experienced increased mortality rates compared to those exposed to particles not UV
irradiated.45 Gammarus fossarum, a leaf shredding amphipod, experienced greater
adverse effects when exposed to pre-UV irradiated TiO2 nanoparticles. UV irradiation
increased ecotoxicity due to the formation of reactive oxygen species.46 While these
examples do not demonstrate that exposure of TiO2 nanoparticles to UV irradiation
dramatically increases their toxicity towards aquatic organisms, they do demonstrate
smaller changes that stress the importance of considering UV irradiation exposure when
conducting toxicity studies.
These toxicity studies are only relevant if there is sufficient exposure to TiO2
nanoparticles in the environment, which is determined by the particle’s surface
properties. Therefore, it is important to understand how UV irradiation affects the surface
chemistry of TiO2 nanoparticles. The hydrophobicity of nanoparticle surfaces influence
their fate and transport in the environment. Engineered nanoparticles with a hydrophobic
surface generally aggregate and are removed from solution through sedimentation,
whereas nanoparticles with a hydrophilic surface are more easily dispersed and
transported through solutions.47
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The surface of TiO2 nanoparticles is slightly hydrophilic. Ti atoms on the surface
of the nanoparticle exist predominately in 5-fold coordination (undercoordinated) and 6fold coordination (saturated coordination). 5-fold coordinated Ti preferentially adsorbs
dissociated water due to the increased presence of defects that contain Ti3+ sites, which
leads to the formation of hydrophilic hydroxyl groups. The 6-fold coordinated Ti is
generally oleophilic. The composition of the surface Ti atoms varies with nanoparticle
size, which results in the hydrophilicity of TiO2 nanoparticles being relatively greater for
particles less than 6 nm in diameter.48, 49 Exposure of the particles to UV irradiation has
been shown to decrease the particles’ hydrophobicity. There are multiple explanations for
this phenomenon. One is that UV irradiation creates oxygen vacancies and reduces 5-fold
coordinated Ti from Ti4+ to the Ti3+ state. This allows water molecules to occupy the
vacancy and then dissociate creating additional hydroxyl groups on the exterior of the
molecule, enhancing hydrophilicity. The majority of the hydroxyl groups bridge two Ti
atoms, whereas only a small portion are terminal hydroxyl groups that bond with only
one Ti atom. This is significant because bridging hydroxyl groups are acidic with a pKa
of 2.9, whereas terminal hydroxyl groups are more basic with a pKa of 12.7.52 Another
explanation is that there is always a thin hydrophobic hydrocarbon monolayer on the
surface of the particle due to trace amounts in the atmosphere. When this trace layer is
exposed to UV irradiation, it photo-oxidizes and is removed. Both of these mechanisms
result in the particle becoming more hydrophilic. 50 Wang et al. observed a contact angle
of 72º on TiO2 surfaces prior to irradiation and angles of 0-1º after irradiation for a rutile
TiO2 (1 1 0) single crystal.51
These changes to a TiO2 nanoparticles’ surface will affect other properties of the
particle, such as hydrophobicity and surface charge. Assuming the first mechanism
discussed, the replacing of surface oxygen on the exterior of the particle with acidic
bridging hydroxyl groups (pKa of 2.9) would cause the electrophoretic mobility to
become more negative. This was observed by Sun et. al who found that increased
exposure of TiO2 to UV irradiation shifted the electrophoretic mobility versus pH curve
to the left. The isoelectric point of TiO2 decreased from 7.0 to 6.4 after irradiation,
causing an increase in particle aggregation rates at the suspension’s ambient pH.52 Wang
et al. performed a similar study and also found that TiO2 nanoparticles exposed to UV
irradiation experienced increased aggregation rates; however, the presence of humic acid
in the suspension improved nanoparticle stability due to increased electrostatic repulsion
between particles.53 The studies above were conducted on 80% anatase and 20% rutile
TiO2 nanoparticles without surface coatings. The results may be different for TiO2
nanoparticles with different surface coatings or crystal structures; however, these results
provide a general overview of how exposure to UV irradiation affects surface properties
that influence nanoparticle attachment and aggregation. This highlights the importance of
considering UV irradiation exposure when observing TiO2 nanoparticle attachment to
heterotrophic biomass.

12

2.6 Challenges in detecting TiO2
Engineered TiO2 nanoparticles are challenging to detect in complex
environments. Titanium is the ninth most abundant element in the Earth’s crust, and can
be found in a large variety of environmental matrices.54 The relatively high
environmental background concentrations makes it challenging to distinguish
anthropogenic particles from naturally occurring, nanoscale particles.55 TiO2
nanoparticles are commonly found in many different environments; however, current
detection methods such as ICP-MS require separation methods which can be complicated
for ‘dirty’ matrices such as activated sludge.55 The presence of background TiO2 can also
cause complications by making it difficult to discern background Ti from TiO2
nanoparticles added to an experiment. These challenges create the opportunity for labeled
particles to assist in the study of environmental nano-TiO2 fate. Deline et al. has
demonstrated that TiO2 nanoparticles labeled with Au cores can enhance detection in
environments with significant background titanium.63
One method for detecting trace metals in complex matrices is instrumental
neutron activation analysis (INAA). INAA is performed by bombarding samples with
neutrons, resulting in the formation of radioactive isotopes. These isotopes release
radioactive emissions as they decay, which can be detected using gamma ray
spectroscopy. Since individual isotopes emit gamma rays with unique energies, the mass
of individual elements within the sample can be determined.56 The detection limits can be
in the low parts per billion range making it a useful tool for the detection of trace metals
in the environment. The use of INAA is beneficial in ‘dirty’ matrices as there is no
separation or digestion required to prepare samples.57 INAA analysis does render samples
radioactive, making material reuse impossible. Elemental Au has a detection limit of 10100 picograms making the use of Au labeled TiO2 nanoparticles in complex matrices
with high background Ti advantageous.58 A study of metal concentrations in an Arizona
wastewater treatment plant found that the Au concentration in return activated sludge was
177 µg/dry kg, whereas the Ti concentration was 938,820 ug/dry kg.59 While Ti has been
detected using INAA, the short half-life of its radioisotope and potential for interference
with calcium (which is present in very large quantities in wastewater) make Au a better
choice to analyze in wastewater. This study demonstrates the utility of using INAA to
detect Au labeled TiO2 nanoparticles for detecting anthropogenic nano-TiO2 in
wastewater samples.
Using INAA, Harper et al. has successfully characterized the uptake of gold
nanoparticles in individual embryonic zebrafish assays.60 INAA has also been used to
determine the biodistribution of nanoscale gold in the individual organs of mice. A
detection limit as low as 2.5 ng was obtained which corresponded to <5 ppb in the mice
organs.61 INAA has also been used to identify trace metals in activated sludge.
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Specifically, McBride et al. used INAA to analyze land applied municipal sewage sludge
for heavy metals. Metals such as Cd, P, Cu, Zn, and Ca were analyzed and detection was
comparable to detection using ICP. However, elements that reside in mineral lattice
structures were detected in greater quantities using INAA due to difficulties acid
digesting the elements when preparing for ICP.62
This study uses Au core labeled TiO2 nanoparticles developed by Deline et al. to
distinguish from background TiO2. 63 INAA and ICP-OES were both be used to
determine Au concentrations in samples, which were then be used to quantify
anthropogenic nano-Ti concentrations in sludge matrices with high background Ti.
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3 Materials and Methods
3.1 Synthesis of Au@TiO2 nanoparticles
TiO2 coated Au nanoparticles were synthesized using a method established by Deline
et al.63 Briefly, 3-5 nm gold seed particles were synthesized by reducing gold (III)
chloride trihydrate with sodium borohydride. The seeds were then grown to 30 nm gold
core nanoparticles with polyvinylpyrrolidone (PVP) as a capping agent. The gold cores
were then washed and rinsed by boiling in dialysis tubing, and then concentrated via
centrifugation. The concentrated gold cores were then coated with TiO2 using a
hydrolysis reaction by slowly adding titanium tetraisopropoxide, and then stabilizing the
particles with PVP. The coated particles were washed and rinsed using centrifugation,
and then hydrothermally treated to form an anatase TiO2 shell.
3.2 Nanoparticle Characterization
3.2.1 Metals concentration
The Au and Ti content of the Au@TiO2 nanoparticles were measured
using inductively coupled plasma optical emission spectroscopy (ICP-OES)
(Spectro Arcos MultiView). Samples were digested prior to analysis using a
method adapted from Goebl et. al.64 Samples were first dewatered on a hot plate
in Cole-Parmer heatable PTFE beakers at 250ºC. 1 mL of HNO3 (Sigma Aldrich,
ACS grade) and 2 mL H2O2 (Sigma Aldrich, ACS grade) was added to digest
organics and allowed to evaporate. 5 mL of H2SO4 (JT Baker, ACS grade) was
added and boiled until <0.2 mL remained. 5 mL of freshly prepared aqua regia
was added, and boiled until < 0.2 mL remained. The addition of aqua regia can be
violent if large quantities of H2SO4 remain, so utilize caution. 7 mL of freshly
prepared 1:4 dilution of aqua regia was added, and the solution was brought to a
boil. Samples were removed from heat and allowed to sit, covered, overnight. The
solutions were brought to 10 mL using freshly prepared 1:4 dilution of aqua regia,
and then diluted 1:5 and stored under refrigeration prior to analysis. Samples were
analyzed using BDH Aristar Plus Gold Standards (1,002 ±µg/mL) standards of
75, 100, 200, 500, 1000, and 1500 ppb.
3.2.2 Instrumental Neutron Activation Analysis
1.4 mL cylindrical polyethylene vials were labeled with an original
Sharpie, rinsed thoroughly, and allowed to dry at 60 ºC for 6 hours. The initial
container mass was recorded. Return activate sludge (1 mL) and nanoparticles
were pipetted into the vials, and samples were heated at 60oC until they were
completely dewatered. Samples were weighed, sealed and stored in a desiccator
until transport to the OSU Radiation Center.
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Standard preparation and sample irradiation was performed by Dr. Leah
Minc at the OSU Radiation Center using the direct comparison method. The
following information was provided by Dr. Leah Minc.
Five replicates of Au standard (SpecPure AAS Au) were prepared by
pipetting 10 µg of liquid standard onto filter paper placed in polyethylene vials.
Standards were weighed, and then deionized water was added to the vials to
distribute the standard. All vials were heat-sealed.
Samples and standards were irradiated with a nominal flux of 2.6 x 1012
n/cm2/s for 14 hours while rotating. Gamma counting was conducted for 10,000 s
at a distance of 10 cm using a HPGe detector (Ortect GEM-25185P, 33%
efficiency). The gamma spectra were analyzed with the Canberra Industries’
Genie2000® software using their standard peak-search algorithm with a focus on
the 411 keV peak (Au-198 peak). The mass of Au in each sample was calculated
using the equation below:
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑠𝑎𝑚𝑝𝑙𝑒
𝑚𝑎𝑠𝑠𝑠𝑎𝑚𝑝𝑙𝑒
=
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑚𝑎𝑠𝑠𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
3.2.3 Particle Size Measurement
Particle size was measured by Dynamic Light Scattering (Brookhaven
Instruments, 90 Plus Particle Size Analyzer). Particles were measured at an
overall colloid concentration of 10 ppm in DDI water in polystyrene cuvettes.
Measurements were made in 3 runs each lasting 1 minute. Prior to measurement,
particles were sonicated for 15 minutes in an ultrasonic bath (VWR B1500AMTH).
3.2.4 Electrophoretic mobility
Nanoparticle surface charge was determined by measuring electrophoretic
mobility. The electrophoretic mobility of particles was measured on a Zeta PALS
(Brookhaven Instruments) at a concentration of 10 ppm. Measurements were
made in 1 mM KCl at pH values 4, 5.3, 7 and 10 ± 0.05. Electrophoretic mobility
measurements consisted of 5 runs with 20 cycles/run. For particles exposed to UV
irradiation, solutions were made and analyzed for electrophoretic mobility within
one hour of irradiation. pH was adjusted using 0.1 M HCl and 0.1 M KOH. The
isoelectric point of a suspension was determined by linear interpolation of nearest
positive and negative data points.
3.2.5 Hydrophobicity
Particle hydrophobicity was measured using a Rose Bengal (RB) assay
described by Doktorovova et al.65 20 ppm of RB dye was added to nanoparticle
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suspensions with a concentration range of 10 – 100 ppm, and mixed by inverting.
The final volume of each solution was 1.5 mL. Samples were incubated and
agitated on a shaker table for 3 hours at 25ºC, and then nanoparticles were
removed from the solution via centrifugation (14,000 rpm, 20 minutes with
Eppendorf Centrifuge 5415 C). The absorbance spectrum between 400 and 700
nm was measured using a Thermo Scientific Orion AquaMate 800 UV Vis
spectrophotometer, measuring absorbance every 1 nm. The maximum absorbance
for RB dye occurred between 541 and 543 nm, therefore the value at 542 nm was
used for calculations. Samples were run in quintuplicate. Controls containing only
RB dye and DDI were prepared. A partitioning quotient (PQ) was calculated
using the equation below.
PQ =

Mass of RB dye bound on the particle surface
Mass of RB dye in solution

The mass RB dye was calculated from the absorbance at 542 nm using a
standard curve. The mass of RB dye bound to the particle was determined by
subtracting the mass of RB dye in solution from the mass of RB dye measured in
the DDI controls. The partitioning quotient was plotted against the total surface
area of the nanoparticle, which was calculated using the hydrodynamic diameter
of the nanoparticle. Linear trendlines were added to the plots and the slopes were
calculated with linear regression analysis. The slopes were compared by
comparing the calculated p-value to a significance level of 0.05. Controls
containing only Au@TiO2 nanoparticles and DDI were analyzed and concluded
that nanoparticle contribution to the peak was negligible.
3.2.6 Time-Resolved Dynamic Light Scattering
Homoaggregation experiments were conducted for particles with and
without UV exposure. Samples were prepared by pipetting water into polystyrene
cuvettes, and then adding the nanoparticles such that the concentration was 10
ppm. The particle’s initial diameter was measured, and then an appropriate
amount of KCl was added. 120 measurements were taken at a 15 second interval,
resulting in a 30-minute run.
3.3 Determination of detection limits of Au@TiO2 nanoparticles in return activate
sludge using instrumental neutron activation analysis
3.3.1 Sample Preparation
Return activated sludge was collected from the Corvallis Wastewater
Treatment Plant, transported to the lab, and stored in a refrigerator. Sludge was
added to samples by inverting the sludge container three times, and then pipetting
1 mL of sludge into the pre-washed and pre-weighed polyethylene vials. Then, 10
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ng, 100 ng and 10,000 ng Au@TiO2 nanoparticles were then added in to the
sludge by pipetting. Samples containing only 1 mL of return activated sludge
were prepared to determine background Au concentrations. Purchased Au
nanoparticles (nanoComposix) of known concentration were also analyzed.
Samples in which only DDI was added were prepared to determine the degree of
contamination in sample preparation. All samples were dewatered and weighed to
determine the total mass solids. Samples were prepared and analyzed in triplicate.
3.3.2 Sludge analysis
Return activated sludge was analyzed for total suspended solids and total
dissolved solids using Standard Methods 2540d and 2540c respectively.66
3.3.3 Data analysis
The results were analyzed using a Student’s t test with a 95 % probability
level. The theoretical Au concentrations based on the amount added to solution
were compared with experimentally measured Au concentrations. The amount of
Au associated with the nanoparticles were determined by subtracting measured
values for background Au and Au associated with sample preparation
contamination.
3.4 Particle exposure to UV irradiation
Particles were irradiated using one of two light sources: a 4 Watt UVP
UVL-21 compact UV lamp at a wavelength of 365 nm (UVA light) and a 4000
Watt Atlas Materials Testing Solutions’ Gentex SolarConstant 4000 Single
Control which represents artificial sunlight. Exposure was for three hours in
polystyrene or polypropylene containers, and particles were allowed to sit for 10
minutes prior to use. Samples were irradiated at the stock concentration of 233.3
ppm.
3.5 Effects of UV Exposure on biosorption to heterotrophic biomass
3.5.1 Sludge Preparation
Sludge was collected from the Corvallis Wastewater Treatment Plant and
transported to the lab on ice where it was stored under refrigeration until use.
Before use in adsorption tests, sludge was washed with DDI and rinsed three
times using a Beckman Coulter Allegra 21 centrifuge at 800 rcf for 10 minutes.
After each washing, solids were resuspended in DDI. The pH and conductivity
were adjusted to pre-washing conditions (pH = 5.54 and conductivity = 191
µS/cm) using 100 mM HCl, 100 mM NaOH and 100 mM KCl. Washed and
rinsed sludge was stored under refrigeration and used within 24 hours of
sampling.
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Return activated sludge and the washed and rinsed sludge were analyzed
for pH, conductivity, total suspended solids and total dissolved solids. The TSS of
the washed and rinsed return activated sludge was used to calculate the dilution
factor for the batch adsorption experiment.
3.5.2 Batch adsorption test
Batch adsorption tests were conducted in well rinsed 50 mL centrifuge
tubes. Au@TiO2 nanoparticles were sonicated in an ultrasonic bath (VWR
B1500A-MTH) for 15 minutes and then either irradiated for 3 hours or left in the
dark. Nanoparticles were then added to a 50 mL polypropylene centrifuge tube
containing deionized water such that the final particle concentration (after the
eventual addition of return activated sludge) was 3.68 ppm. Samples were
prepared in triplicate.
Washed and rinsed return activated sludge was then added to the
centrifuge tube such that the final concentration was 500 ppm and the final
volume was 30 mL. Samples were inverted to mix, and then agitated in the dark
for 3 hours. The biomass was then allowed to settle by gravity for 30 minutes. A
blank which contained only biomass was prepared to determine background
concentrations of gold and a control was prepared in which no biomass was
added.
After settling, 10 mL of supernatant was drawn off using a pipette and
stored for later digestion and ICP-OES analysis. The rest of the supernatant was
then pipetted off until ~3 mL remained. Settled biomass was collecting by
pipetting 1 mL into the polyethylene vials and prepared for INAA using the
method described above.
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4 Results
4.1 Detection Limits of Au@TiO2 nanoparticles in return activated sludge using
INAA.
Figure 1 shows the results of the INAA detection limit experiment and breaks
down the total measured Au into three sources: Au from the return activated sludge, Au
from contamination in the sample preparation process, and the calculated amount of Au
from the added Au@TiO2 nanoparticles. The calculations are in Appendix 6.4.

Figure 1. Mass Au measured in samples spiked with Au@TiO2 nanoparticles and purchased Au
nanoparticles. Samples were spiked in 1 mL return activated sludge or DDI . Measured Au is
broken down into Au from contamination, background RAS, and added nanoparticles. Error bar
represent 95% confidence intervals. Dashed lines represent the expected amount of Au associated
with the added nanoparticles. Note that the y-axis is logarithmic.

Analysis of the samples that contained only 1 mL of DDI water detected an
average mass Au of 4.67 ± 1.84 ng. This suggests that there may have been
contamination associated with the sample preparation process. A potential source of this
contamination is the INAA vial itself. Contamination of the interior or exterior of the
INAA vials during sample preparation or transport may have also contributed to the
detection of Au in the DDI controls.67 Another source of the measured Au is general
laboratory contamination associated with pipettes, glassware, spray bottles etc. Future
analysis of INAA vials with no added material is necessary to determine if the
contamination is associated with the vials (if Au is detected) or the sample preparation
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process (if no Au is detected). Because the source of this contamination is uncertain, it
was assumed that contamination was present in every sample and therefore identified as a
source of Au in Figure 1. This contamination is very significant for the samples spiked
with 10 ng Au from Au@TiO2 nanoparticles, as it represents almost half of the added
mass. The contamination is also relevant for samples spiked with 100 ng Au from
Au@TiO2 nanoparticles, however the contamination is an order of magnitude less than
the added mass and therefore is less significant. For the samples containing 10 µg of Au
from Au@TiO2 nanoparticles, 4.67 ng Au is four orders of magnitude less than the
expected mass, therefore the effects of contamination are negligible.
The background Au was determined by INAA of the samples that contained only
1 mL of return activated sludge. The average value of Au in the return activated sludge
was 24.0 ± 1.2 ng. The TSS and TDS of the return activated sludge were 5358 ± 577
mg/L and 287 ± 50 mg/L respectively. This corresponds to an average Au content in dry
return activated sludge of 4479.3 ± 532 µg/kg. A previous study of two wastewater
treatment plants found Au concentrations in return activated sludge of 177 and 580
µg/dry kg;59 the mass Au measured in return activated sludge for this study was
considerably greater than values from other studies. A potential explanation for this
difference is the methods used to determine concentration, as this study determined Au
content using INAA whereas Westerhoff et al. used ICP-MS. In addition, the return
activated sludge analyzed by Westerhoff et al. was collected in Arizona, whereas this
study used wastewater from Corvallis, Oregon. The difference in the background Au
concentration could be due to regional variation in surrounding industry. Using the
average value, the limit of detection and the limit of quantification in 1 mL of return
activated sludge was determined to be 27.8 ng and 35.5 ng, respectively. These
calculations are shown in Appendix 6.4.
The background Au in returned activated sludge influenced the total amount of
Au detected in samples spiked with 10 and 100 ng Au from Au@TiO2 nanoparticles; it
was less relevant for the samples spiked with 10 µg Au from Au@TiO2 nanoparticles. In
order to estimate the amount of experimental Au that was associated with the Au@TiO2
nanoparticles, the background and contamination masses of Au were subtracted from the
total Au measured in the sample. This assumes that background Au was consistent for
each of the sludge samples, which cannot be verified; however, the simplification allows
for a useful estimate of how much measured Au was associated with the addition of
Au@TiO2 nanoparticles.
The first bar in Figure 1 shows the total mass of Au measured using INAA in 1
mL return activated sludge samples spiked with Au@TiO2 nanoparticles. The expected
mass of Au from Au@TiO2 nanoparticles was 10 ng, and is represented by the dashed
black line. The total Au measured was 46.0 ± 2.5 ng. These results illustrate that the
background Au exceeded the mass of Au associated with the added Au@TiO2
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nanoparticles. However, after accounting for background Au and contamination, the mass
Au associated with Au@TiO2 nanoparticles was 17.3 ± 4.3 ng; this value is less than the
limit of quantification in 1 mL of return activated sludge of 35.5 ng. It follows that 10 ng
of Au added in the form of Au@TiO2 nanoparticles is too small to reliably measure with
INAA against a background of 1 mL return activated sludge. A more detailed figure
showing the calculated sources of measured Au is in Appendix 6.1.
The second bar in Figure 1 shows the breakdown of 100 ng Au from Au@TiO2
nanoparticles in return activated sludge. The calculated mass of Au associated with the
nanoparticles was 99.3 ± 16.0 ng. A hypothesis test confirms that the calculated value
was not statistically different from the expected value of 100 ng (represented by the
dashed line). This value can be compared with the values for 100 ng of Au from
Au@TiO2 nanoparticles added to DDI (bar 4 of Figure 1) to determine the effects of the
matrix on the Au measurement. The calculated amount of Au from nanoparticles was
84.3 ± 7.0 ng, and was determined by subtracting the contamination value from the total
mass Au measured. The calculated values of Au associated with Au@TiO2 nanoparticles
in DDI vs return activated sludge were not statistically different. This confirms that
background Au in the return activated sludge was responsible for the higher than
expected amount of Au measured. Purchased Au nanoparticles were added to return
activate sludge and analyzed so that the recovery of Au@TiO2 nanoparticles could be
compared to the recovery of Au in a similar form. This could then determine if the
presence of the TiO2 shell impacted the amount of Au measured by INAA. The
calculated mass of Au associated with the citrate capped Au nanoparticles was 111.3 ±
7.7 ng. This value is not statistically different from the calculated mass of Au associated
with the addition of Au@TiO2 nanoparticles in return activated sludge. See Appendix 6.1
for a more detailed Figure to compare the calculated values. These results demonstrate
that INAA can be used to detect 100 ng Au from Au@TiO2 nanoparticles in return
activated sludge if the background concentration is known.
The third bar of Figure 1 shows the total Au measured in 1 mL return activated
sludge; samples were spiked with Au@TiO2 nanoparticles with an expected Au mass of
10 µg. The calculated amount of Au associated with the nanoparticles was 10,012 ± 744
ng. These results demonstrate that background Au and contamination was negligible
compared to the deviation in total Au measured. Furthermore, INAA was used to
accurately detect 10 µg of Au from Au@TiO2 nanoparticles in 1 mL of return activated
sludge.
Figure 1 demonstrates that INAA can be used to detect Au-labeled TiO2
nanoparticles in dirty matrices such as return activated sludge, making these methods
appropriate for evaluating the biosorption of TiO2 to heterotrophic biomass in batch
adsorption tests. The batch adsorption tests conducted to observe the effects of UV
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irradiation on the biosorption of TiO2 had an initial Au nanoparticle concentration of 1.68
ppm in 30 mL solution. Assuming a removal efficiency of 20-40%,35 the expected mass
of Au nanoparticles in the settled solids ranges from 9 to 18 µg. This is well within the
range of accurate detection in return activated sludge using INAA. In addition, INAA
was able to detect ng scale Au, making it a powerful tool for fate and transport analysis.
These results can be improved on however. Future work should determine if the
contamination associated with the sample preparation is due to the DDI water used, the
INAA vials, or the materials used to prepare the solutions. In addition, additional return
activated sludge samples should be analyzed to confirm the higher than expected
background Au concentration.
4.2 Effects of UV irradiation on Au@TiO2 nanoparticle surface properties
Figure 2 shows the effects of UV irradiation on Au@TiO2 nanoparticles. For all
pH values, exposure to UV irradiation decreased the electrophoretic mobility of the
nanoparticles. The calculated isoelectric point for particles exposed to UVA radiation,
artificial sunlight, and dark controls were 6.1, 6.0 and 7.0, respectively. A statistical
hypothesis test determined that at pH 5.4, 7.0 and 10.0, there was no difference between
the electrophoretic mobility of particles exposed to UVA radiation and artificial sunlight.
Additional hypothesis testing concluded that the electrophoretic mobility of the dark
control was statistically different from that of samples exposed to UVA radiation and
artificial sunlight at every pH value tested. This suggests that the source of UV irradiation
did not affect the reduction in electrophoretic mobility.
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Figure 2. Electrophoretic Mobility of Au@TiO2 nanoparticles exposed to UVA radiation,
artificial sunlight, and the dark control. Error bars represent 95% confidence intervals. The
calculated zeta potential of the Au@TiO2 nanoparticles is in Figure 12 of Appendix 6.2.

These results are consistent with the findings of Sun et al., who proposed that the
UV irradiation of the TiO2 surface creates oxygen vacancies that become occupied by
water, which dissociates to form hydroxyl groups. ATR-FTIR spectroscopy concluded
that most of the hydroxyl groups were bridging hydroxyls (pKa of 2.9) as opposed to
terminal hydroxyls (pKa of 12.7). Furthermore, the generation of additional acidic
bridging hydroxyl groups contributed to shift of the electrophoretic mobility versus pH
curve to the left.52 The findings by Sun et al. were on bare TiO2 nanoparticles, while the
Au@TiO2 nanoparticles used in this work were coated with polyvinylpyrrolidone (PVP).
As such, the change in electrophoretic mobility may have been due to the
photodegradation of the PVP coating. Additional characterization such as ATR=FTIR
would determine if the PVP coating degraded; in addition, further testing on bare
Au@TiO2 nanoparticles would help separate the effects of the PVP coating from the
effects associated with changes of the metal oxide surface itself.
The impacts of UV irradiation on Au@TiO2 nanoparticles was also studied. The
results are summarized in Figure 3, which compares the partitioning coefficient (ratio of
Rose Bengal bound on the nanoparticle surface to the Rose Bengal in solution) to the
total nanoparticle surface area. Therefore, a larger slope is associated with greater
adsorption of Rose Bengal per unit area of nanoparticle surface; since Rose Bengal is
hydrophobic, a larger slope is indicative of a more hydrophobic nanoparticle surface.
Hypothesis tests comparing the slopes confirmed that each slope is statistically different
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from the other two. Therefore, Figure 3 demonstrates that Au@TiO2 nanoparticle
exposure to UV irradiation caused the hydrophobicity of the surface to decrease. In
addition, the artificial sunlight caused a greater decrease in the hydrophobicity of the
Au@TiO2 nanoparticles than UVA radiation.

Figure 3. Relative hydrophobicity of Au@TiO2 nanoparticles measured by adsorption of Rose
Bengal dye on the nanoparticle surface. The partitioning coefficient is the ratio of Rose Bengal
bound on the nanoparticle surface to the Rose Bengal in solution. The total particle surface area
was calculated using a particle hydrodynamic diameter of 245.4 nm.

These results can be explained by the mechanism proposed by Sun et al. described
above. The addition of hydroxyl groups on the nanoparticle surface makes it more
hydrophilic.52 The decrease in hydrophobicity could also be explained by the
photodegradation of the PVP coating or other organics on surface of the nanoparticles.
Additional analysis of Rose Bengal assays containing bare Au@TiO2 nanoparticles is
necessary to determine the effects of the PVP coating on nanoparticle hydrophobicity.
The Rose Bengal assay provides a rapid and facile method for comparing the
relative hydrophobicities of nanomaterials. However, there are some limitations to using
this method. Rose Bengal contains a charge that varies with pH, which presents the
possibility of electrostatic interactions causing inaccuracies.68 Since exposure to UV
irradiation also caused changes to the electrophoretic mobility of the Au@TiO2
nanoparticles, it is difficult to determine how much impact electrostatic forces had on the
measured decrease in hydrophobicity. The assays can be expanded to include a
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hydrophobic molecule that does not have a charge such as naphthane to determine the
impact of electrostatic interactions.69 In addition, this work can be expanded to include
hydrophilic dyes such as Nile Blue. Using both hydrophobic and hydrophilic dyes can
show the continuum of Au@TiO2 nanoparticle surfaces from hydrophobic to
hydrophilic.69 These additional experiments should be conducted in the future to provide
greater detail concerning the effects of UV irradiation of Au@TiO2 nanoparticle
hydrophobicity.
4.3 Batch adsorption test
Figure 4 illustrates the set up for the batch adsorption test before and after 30
minutes of settling. The total volume was 30 mL. The top 10 mL of supernatant was
sampled and analyzed using ICP-OES and the bottom 1 mL of settled sludge was
sampled and analyzed with INAA. Freshly collected, washed and rinsed return activated
sludge used for the batch adsorption experiment. The TSS and TDS of the washed and
rinsed return activated sludge were 8811 ± 233.3 mg/L and 371 ± 68 mg/L, respectively.
INA analysis of controls containing only return activated sludge found a background Au
concentration of 2,176 ± 381 µg/kg. Given an initial TSS of 500 mg/L for each solution,
the initial background Au concentration was 0.033 ± 0.003 µg/L. This is negligible
compared to the initial Au concentration from the added Au@TiO2 nanoparticles of 1.68
mg/L. In addition, the expected contamination associated sample preparation (4.67 ± 1.84
ng) was also negligible.

Figure 4. Image of batch adsorption test before (left) and after (right) 30 minutes of settling.
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The average concentration of Au and Ti measured in the supernatant of the batch
adsorption test for particles exposed to UVA radiation, artificial sunlight, and the dark
control are shown in Figure 5. The concentration was measured using ICP-OES and the
Au:Ti ratio of the synthesized Au@TiO2 nanoparticles was 1:1.29. The average
background Ti concentration of the return activated sludge was 0.37 ± 0.58 ppm. In
Figure 5 the Ti associated with the Au@TiO2 nanoparticles was determined by
subtracting the background Ti concentration from the total Ti concentration measured.
This indicates that Ti concentrations were significantly lower than expected. Figure 13 in
Appendix 6.3 shows calculated Ti associated with Au@TiO2 nanoparticles compared to
the expected values. This difference in expected and measured Ti concentrations may be
associated with low recovery of Ti in the digestions. The use of controls containing
known amounts of TiO2 nanoparticles digested in parallel with supernatant samples could
be used in the future to help determine the source of the poor recovery.
Hypothesis testing concluded that none of the measured Ti concentrations were
statistically different from one another; however, the measured Au concentrations for
UVA radiation and artificial sunlight were statistically different from the dark controls.
The high amount of variation of measured Ti across samples containing return activated
sludge demonstrates the utility of using Au cores as a label for TiO2 nanoparticles in
matrices containing background Ti. Therefore, for all samples the removal efficiency of
Au@TiO2 nanoparticles was determined solely using measured Au concentrations.

Figure 5. Average concentrations of Au and Ti measured in supernatant of batch adsorption test.
Samples were run in triplicate. Error bars represent 95% confidence intervals.
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Figure 6 shows the results of a material balance identifying the fate of Au in the
batch adsorption tests. The mass of Au in the supernatant was determined by assuming
the concentration (measured using ICP-OES) in the 10 mL samples was consistent
throughout the entire 29 mL of supernatant. The mass of Au in the settled solids was the
total mass measured by INAA in the bottom 1 mL of the solution. These values were
added together, and compared to an expected total mass Au of 54.0 ng which is
represented by the dashed line. The total expected mass was based on the known amount
of Au added as Au@TiO2 nanoparticles. Hypothesis testing concluded that the expected
mass of Au was statistically different from the combined mass for the dark controls and
particles exposed to artificial sunlight; however, the total mass of particles exposed to
UVA irradiation was not statistically different from the expected mass.

Figure 6. Material balance of Au measured in supernatant and Au measured in settled solids.
Error bars represent the 95% confidence intervals of the combined mass.

The material balance in Figure 6 indicates that not all of the Au was accounted for
in the batch adsorption test. Specifically, the percent recovery for the dark controls,
samples exposed to UVA radiation and artificial sunlight was 86.6 ± 10.5%, 76.9 ±
25.6%, and 71.2 ± 16.7%, respectively. One possible explanation for the incomplete Au
recovery is Au or biomass attaching to the surface of the polypropylene centrifuge tubes
used for the adsorption test. Another explanation for the low recovery of Au in the
supernatant is an incomplete nanoparticle digestion. The magnitude of losses during the
digestion process can be determined by digestion controls with known concentrations of
Au nanoparticles in parallel to the standard digestion. Low Au recoveries for the control
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would indicate low recoveries in the supernatant samples. Another explanation for the
low Au recovery is inconsistent Au concentrations across the supernatant. The material
balance in Figure 6 assumes that the supernatant concentration is constant throughout the
solution. This possibility can be assessed by either taking a larger, more representative
supernatant sample, or by taking additional samples and observing if the Au
concentration changes throughout the supernatant.
The Au measured in the 1 mL of settled solids has two potential sources:
Au@TiO2 nanoparticles free in the solution and Au@TiO2 nanoparticles that are
associated with biomass and settled to the bottom of the solution. Figure 14 in Appendix
6.3 shows the calculated breakdown of Au NP sources in the 1 mL of settled solids. In
the settled solids, the Au associated with the solution is considerably less than the amount
associated with the biomass. The concentration of free Au@TiO2 nanoparticles was
assumed to be equal to the concentration measured in the supernatant. This assumes that
settling was not a major mechanism for nanoparticle removal. A similar study by Kiser et
al. suggested that the biosorption of nanomaterials to biosolids is the predominant
mechanism for removal.54 However, if the Au@TiO2 nanoparticles homoaggregated in
the return activated sludge solution, settling may have been a more relevant removal
mechanism. In addition, nanoparticle aggregation is affected by the solution’s ionic
strength, suggesting that Au@TiO2 nanoparticle aggregation may have occurred.
Therefore, time-resolved dynamic light scattering was conducted on Au@TiO2
nanoparticles in solutions of filtered (0.2 µm nylon) return activated sludge to determine
whether homoaggregation was present. The results of the TR-DLS analysis are in Figure
7, and indicate that Au@TiO2 nanoparticle diameter did not change significantly in the
filtered return activated sludge.
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Figure 7. Homoaggregation of Au@TiO2 nanoparticles in filtered return activated sludge.

The terminal settling velocity of a 245 nm nanoparticle, calculated using Stokes’
law, is 4.96 x 10-8 m/s. This is extremely slow, as it would require 2.33 days for a particle
to settle 1 cm. This suggests that homoaggregation and then sedimentation was not a
relevant mechanism of the removal of Au@TiO2 nanoparticles. However, additional
analysis of controls could verify if settling was a relevant removal mechanism.
Specifically, Au@TiO2 nanoparticles could be added to return activated sludge
supernatant. After 30 minutes of settling, analysis of the supernatant and the bottom 1 mL
would indicate whether significant particle settling occurred.
Analysis of the amount of Au in the supernatant compared to the settled solids can
be used to determine the biosorption of TiO2 nanoparticles to heterotrophic biomass. In
the similar study by Kiser et al., an increase in nanoparticle removal from the supernatant
was used to indicate an increase in biosorption to heterotrophic biomass. This is because
biosorbed nanoparticles are removed when the biomass settles out of solution. 54
The percent removal of Au@TiO2 nanoparticles can be determined using either
the supernatant data or the settled solids data.
The percent removal of Au@TiO2 nanoparticles was calculated using the
concentration of Au in the supernatant with the equation below. The initial Au
concentration of Au was 1.68 mg/L. This determination of removal is consistent with the
calculation by Kiser et al. in a similar study.54
Percent Removal =

initial Au concentration-concentration Au in supernatant
initial Au concentration
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The percent removal of Au@TiO2 nanoparticles was determined using the mass
of Au in the settled solids with the equation below. The initial mass of Au was
determined using the initial concentration of 1.68 mg/L and the overall volume of 30 mL.
Percent Removal =

mass Au in settled solids
initial mass Au in solution

The results of the two different percent removal calculations are shown in Figure
8. Analysis of the percent removal calculated using the supernatant data shows that
Au@TiO2 nanoparticle removal increased with exposure to UVA radiation and artificial
sunlight. A hypothesis test confirms that the percent removal for particles exposed to
UVA radiation and artificial sunlight were statistically different from the percent removal
of the dark controls. Using the supernatant data, the calculated percent removal for
particles exposed to UVA radiation, artificial sunlight and the dark controls was 51.3%,
46.1% and 33.0% respectively. These values were similar to the values from Kiser et al.,
who observed ~24% removal of Ti in 400 mg/L total suspended solids of biomass.35
Furthermore, the supernatant data indicates that exposure to UV irradiation increased the
biosorption of Au@TiO2 nanoparticles to heterotrophic biomass. This increase in
biosorption can be compared to the expected changes associated with the decrease in
electrophoretic mobility and hydrophobicity discussed in section 4.2. A decrease in
hydrophobicity should cause a decrease in biosorption to heterotrophic biomass, as
nanoparticles that are more hydrophilic would be more likely to remain in the liquid
phase. In addition, a reduction in electrophoretic mobility should reduce biosorption to
heterotrophic biomass; this is due to a decrease in attractive forces between the
negatively charged biomass and the Au@TiO2 nanoparticle. Further research on the
effects of UV irradiation on Au@TiO2 nanoparticle surface properties is necessary to
explain the correlation between UV exposure and increased biosorption to heterotrophic
biomass.
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Figure 8. Comparison of the percent removal of Au@TiO2 nanoparticles calculated using the Au
concentration in the supernatant and the settled solids. Error bar represent 95% confidence
intervals.

There are limitations associated with using the supernatant to determine
Au@TiO2 nanoparticle biosorption to heterotrophic biomass. After 30 minutes of
settling, not all of the biomass had settled out of solution; therefore, some of the Au
detected in the supernatant likely had been biosorbed to the heterotrophic biomass.
Additional tests that completely remove the biomass from the solution would be
necessary to obtain more accurate values for Au@TiO2 biosorption. In addition, testing
the supernatant does not account for Au@TiO2 removal due to attachment to the vessel
walls. To develop a better understanding of Au@TiO2 nanoparticle removal efficiency,
the mass of Au in the settled solids needs to be analyzed.
Analysis of the percent removal of Au@TiO2 nanoparticles calculated using the
mass Au measured in the bottom 1 mL provides a different conclusion. Percent removals
calculated using the settled solids were lower than the values calculated using the
supernatant. In addition, a hypothesis test concluded that there were no statistical
differences between the removal of particles exposed to UVA radiation, artificial
sunlight, and the dark controls. This indicates that exposure to UV irradiation did not
affect Au@TiO2 nanoparticle removal. Using the settled solids to determine percent
removal from the mass Au in the settled solids also has limitations. Since the 1 mL
collected sample contained unattached Au@TiO2 nanoparticles (see Figure 14 in in
Appendix 6.3), the total mass Au analyzed by INAA likely overestimated the biosorption
of Au@TiO2 nanoparticles to heterotrophic biomass. To determine a more accurate value
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for the biosorption of Au@TiO2 nanoparticles, the biomass must be removed from the
solution prior to analysis.
Analysis of the percent removals calculated using the supernatant data and the
settled solids data results in different conclusions concerning the effects of UV
irradiation. Hypothesis testing confirms that for particles exposed to UVA radiation and
artificial sunlight, the two methods of determining percent removal yielded statistically
different values. Comparing the two methods, INA analysis of the settled solids provides
a more direct measurement of percent removal than the supernatant data does. The
supernatant data does not account for potential losses such as attachment to the vessel
walls, whereas the settled solids data is a direct measurement of what was removed. This
suggests that the settled solids data more accurately describes biosorption to
heterotrophic biomass. Additional research that closes the material balance by
quantifying attachment to the container walls, improving ICP-OES and INAA
preparation methods, and measuring a greater portion of the supernatant is necessary to
determine which method is a better indicator of biosorption to heterotrophic biomass.

33

5 Conclusions
5.1 Conclusions
The overall goal of this research was to determine the effects of UV irradiation on
the biosorption of TiO2 nanoparticles to heterotrophic biomass. This was achieved
through three different objectives, listed in Chapter 1.2. The major findings associated
with each objective are:
1) Detection Limits of Au@TiO2 nanoparticles in return activated sludge using
INAA.
a) INAA analysis of two different samples of return activated sludge found Au
contents of 2,176 ± 381 µg/kg and 4479.3 ± 532 µg/kg, both higher values
than what was reported in previous studies.
b) The limit of detection and the limit of quantification of Au@TiO2
nanoparticles in 1 mL of return activated sludge was calculated to be 27.8 ng
and 35.5 ng, respectively.
c) Contamination associated with the INAA sample preparation was measured
4.67 ± 1.84 ng of Au.
d) Au@TiO2 nanoparticles can be detected using INAA in return activated
sludge by measuring the total mass of Au.
e) When performing experiments on the ppb scale, it is important to measure the
background mass Au present in sludge and the mass Au associated with
contamination during sample preparation. As the expected mass of Au
nanoparticles increases to the ppm scale the effects of background Au and
contamination become less significant.
2) Effects of UV irradiation on Au@TiO2 nanoparticle surface properties.
a) Exposure to UV irradiation reduced the Au@TiO2 nanoparticle
electrophoretic mobility and shifted the electrophoretic mobility vs pH curve
to the left.
b) Exposure to UV irradiation decreased the hydrophobicity of Au@TiO2
nanoparticles.
3) Batch Adsorption test
a) The supernatant data demonstrated higher variation in the measured Ti
concentrations than the measured Au concentrations. Recovery of Ti was also
less complete than expected. This emphasizes the utility of using Au
nanoparticle labels to quantify experimental TiO2 nanoparticles.
b) Analysis of the measured Au in settled solids and the supernatant lead to an
incomplete material balance. Additional analysis will be necessary to close the
material balance.
c) The data from the supernatant of the batch adsorption tests indicated that
exposure to UV irradiation increased the removal of Au@TiO2 nanoparticles
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in return activated sludge. This indicates UV irradiation increases the
adsorption of TiO2 nanoparticles to heterotrophic biomass. However, the data
from the settled solids did not find a relationship between UV irradiation and
Au@TiO2 nanoparticle removal.
5.2 Implications
While additional testing is necessary to characterize the biosorption of TiO2
nanoparticles to heterotrophic biomass, the results of this study have several practical
implications. The use of INAA to detect Au labeled TiO2 nanoparticles in complex
matrices was novel work and has a wide variety of fate and transport applications. The
characterization of the effects of UV irradiation on TiO2’s surface properties highlights
the importance of acknowledging nanoparticle surface transformations when conducting
fate and transport studies. The results of this study represent a starting point for future
studies on the effects of UV irradiation on TiO2 nanoparticles that must be considered
when developing regulations for the use of nanomaterials.
5.3 Future Work
The results of this study can be built upon to improve understanding of the effects
of UV irradiation on the biosorption of TiO2 nanoparticles to heterotrophic biomass. The
following is list of research topics that will improve upon this work:












Measure the Au associated with the INAA containers. This will determine if
the source of the contamination is associated with the containers or the sample
preparation process.
Analyze how UV irradiation affects the surface properties of uncoated
Au@TiO2 nanoparticles. This will determine if the changes observed in this
work were associated with the TiO2 surface or the PVP coating. Use methods
such as ATR-FTIR to identify changes in the PVP structure.
Perform hydrophobicity assays using Nile Blue and naphthane. This will
provide detail as to the effects of UV irradiation on Au@TiO2’s hydrophilicity
and determine the impacts of electrostatic interactions.
Digest controls containing known amounts of TiO2 and Au nanoparticles in
parallel to sample digestion. This will determine if there are significant Au or
Ti losses during sample digestion prior to ICP-OES.
Analyze a greater volume of supernatant during the batch adsorption test for
comparison. This will determine if the incomplete Au material balance is
associated with an inconsistent Au concentration throughout the supernatant.
Quantify Au@TiO2 nanoparticle removal by settling. This should be done by
adding Au@TiO2 nanoparticles to the supernatant of return activated sludge,
and measuring the concentration of Au at various heights. This will determine
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whether settling was a significant removal mechanism for the batch adsorption
tests.
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6. Appendix
6.1 Detection Limit Graphs

Figure 9. Mass Au measured in samples spiked with 10 ng Au from Au@TiO 2 nanoparticles in 1
mL return activated sludge, and the breakdown of Au sources. Error bar represent 95% confidence
interval
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Figure 10. Mass Au measured in return activated sludge samples and DDI samples spiked with
100 ng Au from Au@TiO2 nanoparticles, and their respective breakdown of Au sources. Also
includes 100 ng of PEG capped Au NPs in RAS. Error bars represent a 95% confidence interval.

Figure 11 Mass Au measured in samples spiked with 10 µg Au from Au@TiO2 nanoparticles in 1
mL return activated sludge, and the breakdown of Au sources. Note the y axis starts at 8,000 ng.
Error bars represent 95% confidence intervals.
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6.2 Zeta Potential of Au@TiO2 nanoparticles

Figure 12 Calculated zeta potential of Au@TiO2 nanoparticles. Error bars represent 95%
confidence intervals. The conditions used to determine zeta potential are in Table 1.

Particle Size
Surface Coating
Shape:
Model:
pH
Ionic Solution

245 nm
Polyvinylpyrrolidone
Spherical
Smoluchowski
4, 5.3, 7, 10
1 mM KCl

Temperature

25o C

Viscocity
Particle Concentration
Duration of Measurement
Number of measurements made
Number of replicate measurements

8.9 x 10 -4 Pa s
10 ppm
5 minutes
20
5

Table 1. Conditions used to determine zeta potential.
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6.3 Batch Adsorption Test Supernatant Analysis

Figure 13. Calculated Ti associated with Au@TiO2 nanoparticles compared to the expected
amount of Ti associated with the nanoparticles in the supernatant of the batch adsorption tests.
Assumes an Au:Ti ratio of the Au@TiO2 nanoparticles of 1.29. Error bars represent 95%
confidence interval.
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Figure 14. Total mass Au measured in settled solids, broken down into Au associated with the
biosorption to heterotrophic biomass and suspended unattached Au in solution. Error bars
represent 95% confidence intervals.
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6.4 Calculations
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