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Chapter 1 General Literature Review
Nanoparticles (NPs) are commonly defined as particles <100 nm in at least one
dimension (Kreyling, Semmler-Behnke, & Chaudhry, 2010; Lovestam et al., 2010).
NPs have a high surface area to volume ratio which enables them to be more reactive
than their larger counterparts (Nel et al., 2009). Furthermore, proteins, salts and ions,
and natural organic matter (NOM) can adsorb onto the NPs depending on electrostatic
interactions which can also change the NPs physicochemical characteristics from
their inherent properties (Patil, Sandberg, Heckert, Self, & Seal, 2007).

Despite increasing industrial usage of NPs in areas such as sunscreens and cosmetics,
little is known of their environmental impact (Alvarez, Colvin, Lead, & Stone, 2009;
Lowry et al., 2010; Westerhoff & Nowack, 2013). One of the most commercially
produced NPs is TiO2 which is commonly found in cosmetic products, sunscreens,
sprays, and water remediation treatment (Vance et al., 2015). In 2012, TiO2 NPs were
the most produced NP at about 10,000 tons per year (Piccinno, Gottschalk, Seeger, &
Nowack, 2012). Since industrial production of NPs is increasing, release into the
environment is also increasing. It was estimated approximately 63-91% of globally
produced NPs ended up in landfills in 2010 (Keller, McFerran, Lazareva, & Suh,
2013). This is a significant amount of NPs going to landfills, which makes it
extremely likely that these NPs will reach the environment uncontained. The main
areas for NP entry into the environment include sewage sludge, wastewater, and
waste incineration (Gottschalk & Nowack, 2011). Because of the likelihood NPs will
enter the environment and little is known about the environmental behavior of NPs, it
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is essential to understand how NPs will interact in the environment and with
organisms. This research begins to understand NP interactions in the environment by
formulating a method to measure how characteristics of NPs change when they are
exposed to natural waters.

TiO2 NPs were the NPs selected for this investigation (along with preliminary
research using SiO2 and ZnO) because they are some of the most produced
nanoparticles in the world, and are commonly found in sunscreens and cosmetics
making them likely to enter the environment and natural waters. This research
focused on three tools to characterize NPs: zeta potential, hydrodynamic diameter
(HDD), and relative hydrophobicity. Zeta potential is the electrostatic potential
measurement of where NPs interact with each other and other surfaces and is a
measurement of the stability of the colloidal suspension (Lowry et al., 2016). Figure 1
and Table 1 below represent the zeta potential courtesy of Riddick, 1968.

Figure 1. Diagram of zeta potential for a single bare NP.
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It is important to note that zeta potential should not be completely relied on as a
quantitative statistic. Zeta potential is considered to be more of a qualitative
measurement, meaning it is more important to look at zeta potential as a relative
measurement when comparing how different water properties affect NPs. The
quantitative values of zeta potential alone and without context are not as valuable.
Therefore, it is important to compare intrinsic NP zeta potential measurements with
the change in zeta potential when NPs are suspended in media with high ionic
strength and organic molecules (Lowry et al., 2016). In general, the larger the
magnitude of zeta potential charge leads to more repulsion, and conversely the lower
the magnitude of zeta potential charge the nanoparticles overcome repulsion and
agglomerate (Jiang, Oberdörster, & Biswas, 2009). To correlate with zeta potential,
HDD is used to measure the diameter of the NPs to see if agglomeration occurred.
HDD is found to typically increase with increased ionic strength when particles lack
surface stabilizing agents (Jiang et al., 2009). The third technique used to characterize
the NPs is relative hydrophobicity. Relative hydrophobicity is important in
understanding the fate and transport of chemicals. For example, if a chemical is very
hydrophilic it has the tendency to remain in water and not be likely to bind to some
organic matter such as lipids (fats and cholesterol) which tend to be hydrophobic. Of
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course some organic matter is hydrophilic, such as alcohols, ketones, and carbonyls
which will bind to hydrophilic chemicals. If a compound is hydrophobic, the particle
is more likely to bind with the hydrophobic organic matter or biological membranes
which increase the potential for resulting toxicity. In other words, hydrophobicity is
an important aspect to modelling toxicity because it provides a measure of the
potential transport of the NP and indications as the ultimate fate of the NP in the
system (Cronin & Mark, 2006).

Because relative hydrophobicity is important to understand fate and transport of
chemicals, the relative hydrophobicity of nanomaterials needs to be quantitatively
characterized. For example, hydrophobic particles could settle in the lipid bilayer of
an organism (Li, Chen, & Gu, 2008). On the other hand, hydrophilic particles could
flow downstream in a river and stay in the water column long enough to dissolve. In
addition, NPs can agglomerate and gravitational forces can make NPs settle out of the
water column and end up in sediments (Topuz, Sigg, & Talinli, 2014). Surface
adsorption is a primary factor for NP interactions in the environment (Xia et al.,
2011). For example, when NPs enter the environment they can form a dynamic
protein corona which consists of proteins or organic matter that can impact
hydrophobicity (Lundqvist et al., 2008). The protein corona alters the NP surface
properties which may influence the transformation of the NPs (Zhu et al., 2013).

Traditional methods to measure relative hydrophobicity of chemicals include the
octanol-water partitioning coefficient (Kow) and contact angle method, which were
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found not to work for NPs (Praetorius et al., 2014; Xiao & Wiesner, 2012).
Partitioning coefficients are used to measure the tendency for a material suspended in
liquid to be in one phase (i.e. water) versus another (i.e. octanol). The theory behind
the partitioning quotient is molecules are added to a solution of two immiscible
liquids (octanol and water) and allowed to partition between the two phases. Then, if
the intermolecular interactions of the molecules are stronger with one phase than the
other, the molecules tend to go to that phase. Hydrophobic molecules will enter the
octanol phase and hydrophilic molecules will enter the water phase. The molecules
will eventually reach thermodynamic equilibrium, when their chemical potential is at
a minimum, which basically means the molecules move back and forth between
phases at the same rate. Once thermodynamic equilibrium has been established, the
ratio of the amount of molecules in each phase determines the partitioning coefficient
(Collander, Wilhelmi, & Brotzen, 1950).

The partitioning coefficient method does not work with NPs for several reasons. First,
NPs can reduce their surface energy by aggregating. This can make the NPs settle out
of solution due to gravitational force. Second, NPs also can reduce their surface
energy by going to the interface between the two phases. Third, NPs do not form
solutions, they form colloidal dispersions which do not dissolve and are
thermodynamically unstable. In other words, NPs will not reach thermodynamic
equilibrium between two phases. This defeats the assumption using Kow that the
molecules will reach thermodynamic equilibrium. NPs do not reach equilibrium and
thus Kow measurements for NPs say nothing about their characteristics because the
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partitioning coefficient ratio can be different depending on when the ratio is measured
(Praetorius et al., 2014). Published research does use Kow to model NP fate and
transport, but the NPs do not reach equilibrium for Kow measurements and also
aggregation of NPs can make them fall out of solution which would influence results
when determining the phase NPs are in (Hristovski, Westerhoff, & Posner, 2011).
Other research also questions the use of the octanol-water partitioning coefficient
(Kow ) with NPs; Kow was found not to correlate with the bioaccumulation of carbon
nanotubes (CNT) in predictive fate models while organic contaminants were, thus the
use of Kow to predict fate and transport of NPs was discouraged (Petersen, Huang, &
Weber, 2010). Figure 2 below represents the octanol-water partitioning coefficient
with NPs. Notice many of the NPs go in between the phases and settle out in the
bottom of the glass.

Figure 2. Octanol-water partitioning coefficient for NPs. Courtesy of Lauren
Crandon.
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Contact angle is another standard method to measure hydrophobicity of materials.
Contact angle works by measuring surface tension of the material and finding the
approximate angle. If the angle of the surface tension is greater than 90° then it is
designated as hydrophobic. If the angle of the surface tension is less than 90° then it
is designated as hydrophilic. Ideal conditions require the tested substance to be flat,
which is unrealistic to replicate for NPs. Also, contact angle cannot show differences
in hydrophobicity on the NP surface because of coatings and functionalized groups
which is critical for this research (Xiao & Wiesner, 2012). Furthermore, there are
many unanswered questions such as effects of droplet size, non-homogeneity and
roughness of the solid surface, gas/liquid/solid interactions at the contact line,
physical properties, and the formulation of the interfacial force balance at the contact
line. There is not enough consistent research on the effects of size and concentration
of NPs dispersed in a liquid on the droplet contact angle (Vafaei et al., 2006).
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Chapter 2 Method Development
TiO2 NPs were chosen for this study because they are some of the most prevalent NPs
used in industry and thus have a good chance of getting released into the environment
as explained previously. A functional dye assay approach is being used as a predictor
of NP fate and transport in the environment as it can measure in situ (Hendren,
Lowry, Unrine, & Wiesner, 2015; Xiao & Wiesner, 2012). Hydrophobicity is the fear
of, or repulsion of water. Hydrophilicity is the attraction to water. Rose Bengal (RB)
is a hydrophobic dye indicated by its high Kow (Rose Bengal logKow = 5.85) which
means it is attracted to, and adsorbs onto materials that are also hydrophobic. Rose
Bengal is a xanthene dye used as a photosensitizer, fluorescent label and adsorption
marker for hydrophobic materials with an absorption peak in water at 549 nm, but is
limited for hydrophilic materials (Doktorovova et al., 2012). It will not adsorb onto
materials that are hydrophilic. Previous studies have used RB for determining
hydrophobicity of NPs based on how much of the dye adsorbs onto the surface of the
NPs (Deng et al., 2010; Doktorovova et al., 2012; Gessner et al., 2000; Lowry, 2012;
Xiao & Wiesner, 2012). Since RB only applies to hydrophobic NPs, we are
contributing another dye called Nile Blue (NB) to measure hydrophilicity of NPs
based on how much of the dye adsorbs onto the surface of the NPs. NB is a
hydrophilic dye indicated by its low Kow (Nile Blue logKow = 1.25) which means it is
attracted to, and adsorbs onto materials that are also hydrophilic. Figures 3A and 3B
below show the chemical structures of RB and NB.
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Figures 3A and 3B. Rose Bengal chemical structure (left) and Nile Blue chemical
structure (right). Courtesy of Sigma Aldrich.

Initially the time and rpm of the centrifuge purchased from Eppendorf (Hauppauge,
NY) was determined to ensure that the NPs are removed from the supernatant before
spectrophotometric analysis. A range of centrifugation times at maximum speed were
estimated using Stokes law for velocity of particles falling out of solution, then
verified by DLS experimentally. The below equation is Stokes equation for centrifuge
speed and time estimated for particles to fall out of solution where 𝑑𝑝 is particle
diameter, 𝜌𝑝 is particle density, 𝜌𝑠 is solution density, and 𝜇 is viscosity.
2

Equation 1

𝑣𝑝 =

𝑔 𝑑𝑝 (𝜌𝑝 −𝜌𝑠 )
18 𝜇

This time was validated experimentally by incubating NPs in ultrapure water, then
running through the centrifuge at various times at the maximum speed of 14000 rpm.
The supernatant was collected and run through the DLS to determine the HDD of
NPs. The time at which the DLS could not determine the HDD was the determined to
be time the centrifuge separated the NPs from solution effectively because the NPs
were no longer present in the supernatant. Additional time was added as a safety

12

factor to ensure NPs were separated from the supernatant. It was determined that the
centrifuge time of 30 minutes at 14000 rpm was sufficient to remove NPs from
solution.

Next, the appropriate concentrations of dye and NPs were determined such that a
linear relationship existed between the change in solution dye concentration relative
to the concentration of NPs. In order to do this, the dye concentration and NP
concentration were manipulated until the dye concentration steadily decreased in
solution after incubating with NPs. Figure 4 below shows how initially the
concentration of NPs was too high since there was not a steady decrease in
concentration. This graph, although not a linearly decreasing relationship which is
desired, shows important information. There is a plateau in the amount of dye
adsorbed onto the NPs at a NP concentration of approximately 125 mg/L. This
suggests that beyond a concentration of 125 mg/L the NPs reach a saturation point for

Rose Bengal dye concentration
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adsorption and can no longer adsorb more dye onto the NP surface.
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Figure 4. Rose Bengal dye concentration remaining in solution following incubation
with TiO2 NPs in Milli-Q water.
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Figure 5 below shows a good concentration spectrum of TiO2 NPs since there is a
linear decrease in RB dye concentration with an increase in TiO2 NP concentration.

Rose Bengal dye concentration
[mg/L]

Thus, this TiO2 concentration range was used for all experiments.
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Figure 5. Rose Bengal dye concentration remaining in solution following incubation
with TiO2 NPs in Milli-Q water.
Figure 6 below shows that the NB dye did not adsorb to the surface of the TiO2 NPs

Nile Blue dye concentration [mg/L]

because there was no change in dye concentration in solution.
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Figure 6. Nile Blue dye concentration remaining in solution following incubation
with TiO2 NPs in Milli-Q water.
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Again, Figure 7 below shows that the NB dye consistently did not adsorb to the

Nile Blue dye concentration [mg/L]

surface of the TiO2 NPs since there was no change in dye concentration in solution.
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Figure 7. Rose Bengal dye concentration remaining in solution following incubation
with TiO2 NPs in Milli-Q water.
An agitator purchased from Thermo Fischer Scientific, Inc. (Waltham,
Massachusetts) was added to the NP incubation in dye process to ensure NPs
remained in solution. An incubation time of two hours was determined to be efficient
time to reach steady state.
Data Analysis
Dye affinity is defined in this research as the linear relationship of the relative amount
of dye adsorbed on the NP surface versus agglomerated NP surface area. The amount
of dye adsorbed on the surface of the NPs was found by determining the relative
change of amount of dye in the supernatant post NP incubation, with the original
amount of dye in the supernatant pre NP incubation via equation 2.
Equation 2

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝑦𝑒 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 =

𝐶𝑖 − 𝐶𝑓
𝐶𝑓
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The Malvern DLS instrument was used to calculate the average hydrodynamic
diameter of the NP agglomerates in solution. To calculate agglomerated surface area,
it was assumed that the NP agglomerates were spherical in shape (similar to the
assumptions made during the calculation of HDD by 173° laser backscatter in the
DLS software) to simplify surface area calculations. The example graph below is
from preliminary research to develop the rapid dye assay method in ultrapure water
using SiO2 NPs. This graph of dye affinity represents a good example of a linear
relationship of the amount of dye adsorbed on the surface of the NPs versus the
surface area of the agglomerated NPs. This slope represents how hydrophobic, or
hydrophilic, the NPs are depending on the dye they are incubated in.

Figure 8. Preliminary data for NB dye affinity of SiO2 NPs in ultrapure water. This
shows that SiO2 NPs are hydrophilic in ultrapure water. This is a good example of a
linear relationship of change in dye and surface area. The SiO2 NPs did not adsorb
RB dye.
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A Partitioning Quotient (PQ), equation 3 below, was used to find the relative
hydrophobicity of the NPs based on the slope of dye affinity of the NPs for the
hydrophobic dye (Rose Bengal) and hydrophilic dye (Nile Blue). This method was
adapted from previous studies that used RB to measure hydrophobicity of NPs (Xiao
& Wiesner, 2012). PQ is analogous to Kow since it is the ratio of how hydrophobic to
hydrophilic the surface of a NP is.
Equation 3

PQ =

Rose Bengal Dye Affinity
Nile Blue Dye Affinity

In the case with no dye adsorbed on the NPs, therefore no dye affinity and no slope, a
dummy variable for slope was used as 1 x10-3 since dividing by zero is not possible.

The partitioning quotient method is a good method to normalize for surface area of
the material observed to measure relative hydrophobicity, in this case for NPs.
However, assumptions of the surface area need to be made as stated previously. This
research used the partitioning quotient method to measure the relative hydrophobicity
of NPs since it can normalize for surface area of the NPs. The partitioning quotient
method used in this research is different from the partitioning quotient used in other
research for the investigation of the relative hydrophobicity of NPs. For example,
Xiao and Wiesner define the PQ as the mass of RB adsorbed on the particle surface
over the mass of RB in water (Xiao & Wiesner, 2012). While this research defines the
PQ as equation 3 to normalize for surface area and establish a spectrum of
hydrophobic to hydrophilic using both RB and NB dyes.
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Chapter 3 Method Implementation

Figure 9. Flow diagram of method.
The relative hydrophobicity and hydrophilicity of NPs was determined by incubating
NPs with a hydrophobic dye and hydrophilic dye, RB and NB respectively, and
observing the change in the amount of free dye in solution. The method assumes that
electrostatic interaction between the dye and NPs is negligible, the dye in solution is
stable over the addition of NPs, and that any change in the amount of dye after NPs
are incubated in the dye and removed represents the amount of the hydrophobic or
hydrophilic dye that adsorbed to the surface of the NPs. Since TiO2 can be highly
reactive, a small study was performed to determine that H2O2 had insignificant dye
degradation, validating an assumption that the NPs are not degrading the dye.
Stock NPs
First, a 250 mg/L stock suspension of TiO2 NPs synthesized by Turkish scientists
Meltem Asilturk, Akdeniz University, Turkey, and Murat Ozmen, Inönü University,
Turkey, was prepared with ultrapure water in a 15 mL polystyrene conical tube. Stock
suspensions were sonicated at 100% power for 5 minutes using a 750 watt Vibra Cell
ultrasonicator from Sonics and Materials, Inc. (Newtown, Connecticut) to break apart
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NP agglomerates and allow for homogeneous dispersion of the NPs in ultrapure
water. The stock suspension was then diluted with ultrapure water to final
concentrations of 250, 200, 150, 100 and 50 mg/L in 3 mL aliquots for testing. These
concentrations were chosen because they were found to provide sufficient surface
area for determination of a hydrophilic or hydrophobic trend based on previous
experimentation with both dyes (see chapter 2).
NP characterization
The TiO2 NPs synthesized by the Turkish scientists in this study do not contain
capping agents or surface stabilizers. The surface morphologies of the NPs were
observed using a scanning electron microscope (SEM; Leo Evo 40 model, Carl Zeiss)
at İnönü University in Malatya, Turkey and a field emission scanning electron
microscope (FE-SEM; Ultra 55 model, Carl Zeiss) at the Center for Advanced
Materials Characterization, University of Oregon (Eugene, OR). The structures of the
NPs were determined by X-Ray diffraction (XRD; Giegerflex D/Max B, Rigaku)
using Cu K radiation in the range 2:10-80°. The size of the NPs was calculated
from XRD peak of (101) spacing according to the Scherrer’s equation and the
structures of the NPs were observed by transmission electron microscope (TEM;
Titan 80-200 model, FEI) at the Linus Pauling Institute, Oregon State University
(Corvallis, OR). Zeta potential and particle size distribution were measured by
dynamic light scattering (DLS; Zetasizer Nano-ZS model, Malvern Ins.). Specific
surface areas (SBET) were measured using a BET (Brunauer-Emmett-Teller) analyzer
(Micromeritics Tristar 3030 model). BET surface areas were measured by N2
adsorption/desorption at 77 K. The crystallite sizes of synthesized NPs were
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calculated by applying the Scherrer equation estimation from anatase (101) plane
diffraction peak (2=25.4o) and the main particle size distributions in water using
DLS measurements. The average size of the primary particles was 11.5 nm for TiO2.
The Brunauer–Emmett–Teller surface area (SBET) value for TiO2 NPs was determined
to be 249.5 m2 g-1. The isoelectric point defines the pH at which the NP surface has
neutral charge. The isoelectric point for the TiO2 NPs was at a pH of 4.97, and with
increasing pH the zeta potential decreased.

The 50 mg/L concentration of NPs prepared was used to determine the hydrodynamic
diameter (HDD) and zeta potential (ζ) of the NPs. The concentration of 50 mg/L was
chosen because it is an ideal concentration to be used for the Malvern DLS
instrument. The measured radius of the NPs in suspension was used to calculate total
surface area of the NP agglomerates by assuming the agglomerates were spherical in
nature. The below TEM and SEM images are of the TiO2 NPs used in this
experiment.

Figure 10. TEM image (left) and SEM image (right) of TiO2 NPs used in this study.
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Dye Concentration
The RB and NB dye solutions were prepared from dry chemicals purchased from
Acros Organics (Pittsburgh, Pennsylvania) at a stock concentration of 200 mg/L in
ultrapure water. The dyes were further diluted to 20 mg/L for particle exposures and
10, 5, 2, and 0.5 mg/L to develop a standard curve for analysis of dye concentration.
Then 0.75 mL of each dye (concentration: 20 mg/L) and 0.75 mL of each NP
suspension (50, 100, 150, 200, and 250 mg/L) were added to 1.5 mL centrifuge tubes
(VWR International, Radnor, Pennsylvania). Each NP concentration was run in
triplicate. Control tubes include 0.75 mL of 20 mg/L dye and 0.75 mL of ultrapure
water in place of NP suspensions to account for any dye that may bind to the
centrifuge tubes.
Incubation
The centrifuge tubes were placed in an agitator purchased from Thermo Fischer
Scientific, Inc. (Waltham, Massachusetts) and agitated for 2 hours to ensure that the
NPs remained in solution and had ample opportunity to interact with the dyes. It was
assumed 2 hours was sufficient time for the dye to adsorb and stabilize onto the NPs.
Centrifugation
After two hours, the centrifuge tubes were removed from the agitator and centrifuged
at 14000 rpm for 30 minutes. This assured that all NPs were pelleted on the bottom of
the centrifuge tubes and all that was left in the supernatant was the remaining free dye
that was not bound to particles. As was previously discussed, preliminary
experiments investigating the presence of NPs in the supernatant showed sufficient
NP removal was achieved with this centrifugation method.
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Spectrophotometry
After centrifugation, 0.2 mL of the supernatant was removed from each centrifuge
tube and pipetted into a 96-well plate purchased from Corning Incorporated (Corning,
New York). Additionally, 0.2 mL of the dyes at concentrations ranging from 0 to 20
mg/L were added to the 96-well plate for the development of a standard curve for
each dye. A new pipette tip was used for each solution concentration to minimize the
possibility of contamination. The 96-well plate was then run through a
spectrophotometer (Molecular Devices LLC, Silicon Valley, California) using
SoftMax Pro software (version 6.2). Absorbance was measured at 543 nm for RB and
at 620 nm for NB. The spectrophotometer measured absorbance of light passing
through the solution and then back calculated the concentration of dye based on the
absorbance of light measured and the standard curve.
Results
Figures 11A and 11B below represent the dye affinity for TiO2 NPs in ultrapure
water. The results indicate that TiO2 NPs are hydrophobic in ultrapure water since
there is a positive slope for RB but there is no change in slope, thus no dye adsorbed
on the NPs for NB.
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Figure 11A (left). RB dye affinity of TiO2 NPs in Milli-Q water. The results indicate
TiO2 is hydrophobic in Milli-Q water. TiO2 NP concentrations were 25, 50, 75, 100
and 125 mg/L. Initial Rose Bengal concentration was 10 mg/L. Figure 11B (right).
NB dye affinity of TiO2 NPs in Milli-Q water. The results indicate TiO2 is not
hydrophilic in Milli-Q water. Initial NB concentration was 10 mg/L. TiO2 NP
concentrations were 25, 50, 75, 100 and 125 mg/L.
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Chapter 4 Nanoparticle Environmental Transformations
Introduction
The properties of natural waters are far different than those of laboratory ultrapure
water. Natural waters contain ions, salts, and organic matter; all of which will be
shown in this chapter to affect the physicochemical properties of NPs. In addition,
natural waters have very different properties depending on their location with rivers,
lakes, estuaries and oceans all having unique characteristics. Despite increasing
industrial usage of TiO2 NPs in sunscreens, cosmetics, and water remediation little is
known of their environmental behavior in natural water (Nowack & Bucheli, 2007).

Relative hydrophobicity is vital in understanding the fate and transport of chemicals,
but traditional octanol-water partitioning methods do not work well with particles that
can agglomerate and sediment out of solution. The dye assay method has the potential
to overcome limitations regarding evaluation of transformed NPs in natural water
sources. Thus, the primary goal of this portion of the research was to utilize the
previously developed dye adsorption methodology for determining the relative
hydrophobicity of NPs to investigate how natural waters impact the hydrodynamic
diameter (HDD), zeta potential and relative surface hydrophobicity of TiO2 NPs
relative to laboratory measures in ultrapure (Milli-Q) water. HDD is an important
factor to consider when examining NP environmental transformations, since HDD
represents the average size of the NPs and thus whether or not they are agglomerating
and potentially settling out of solution. Zeta potential can be another representation of
agglomeration, since the zeta potential is known to decrease when ions are present in
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water which allows for Van der Waals forces to overcome repulsion charges and
cause particle agglomeration. As explained earlier, hydrophobicity is the third critical
factor examined in this research to understand NP environmental transformation.
Hydrophobic materials tend to settle out of water or bind to organic matter, while
hydrophilic materials tend to want to stay in water and are less likely to bind to
organic matter (Murphy, Zachara, & Smith, 1990). Understanding how TiO2 NPs are
transformed through the development of natural surface coatings resulting from the
dissolved species in natural waters is critical for the accurate assessment of NP
transport and fate in the environment.

NOM is known to coat the surface and stabilize NPs and strongly influence surface
properties (Stankus, Lohse, Hutchison, & Nason, 2011). It is hypothesized that NPs
will become hydrophilic when incubated in natural water sources due to hydrophilic
NOM and hydrophilic ions found in the water coating the surface of NPs. To examine
this hypothesis, three different natural waters were used from the Alsea river at Mill
Creek, as well as Waldport bay, and the Pacific ocean near Seal Rock to understand
how NP environmental transformations and particle behavior change along the river
during transport to the ocean. Natural water was utilized rather than lab prepared
water, to get an accurate characterization of NPs in the environment.
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Characterization of natural waters

Figure 12. Location of natural water sources (Google Maps).
Table 2. Locations and characteristics of natural waters

Natural water samples were collected from each site following the measurement of
pH and conductivity using a pH probe (Thermo Scientific) and conductivity meter
(Eutech Instruments and Oakton Instruments), respectively. Conductivity of the water
at Waldport Bay and the Pacific Ocean were out of range of the conductivity meter,
so those measurements were performed back in lab by diluting the natural water with
ultrapure water until a conductivity measurement was in range, then that
measurement was multiplied to correct for the dilution. The water samples were
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placed in a cooler during transport and refrigerated back in lab. The water samples
were filtered with a 0.44 µm Whatman GF/F glass fiber filter to remove undissolved
particulate matter prior to alkalinity and hardness tests being performed. The figures
below show where the water sample collections occurred.

Figure 13. Mill Creek (left), Waldport Bay (middle), and Pacific Ocean (Seal Rock)
(right). Photo credit Amy Bortvedt.
Salt problem with NB dye
For testing NPs in natural waters the identical method was used except NP
suspensions were prepared in natural waters instead of ultrapure water. This method
worked for the Mill Creek river water but the high alkalinity of the ocean and bay
water caused problems with the NB dye. It was discovered the NB dye would turn
transparent and precipitate in the Waldport bay water and Pacific Ocean water;
however this problem did not occur in the Mill Creek river water. This is because of
the higher salt content in bay and ocean natural waters which made the Nile Blue dye
precipitate out of the water. This interaction between the dye and salt water did not
occur with the RB dye. A small experiment was performed to test this hypothesis
with ultrapure water mixed with 35 g/L of laboratory mixed ocean salt added (an
approximate amount of salt content in the ocean). The figures below show Nile blue
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in Milli-Q water compared to Nile blue in Milli-Q water with 35 g/L ocean salt
added.

Figure 14. Comparison of Nile blue dye in Milli-Q water (left) and Nile blue dye in
salt water (right).
To work around the salt water problem, the NPs were incubated in natural water for
24 hours. It was assumed after 24 hours that the surface of the NPs would be fully
coated with the organic matter and ions from the natural water sources. Then the NPs
were removed from the natural water by centrifugation and rinsed with Milli-Q water.
This rinsing process was repeated three times with centrifugation being performed
between each rinse to ensure the NPs were now suspended only in ultrapure water.
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The NPs were then incubated in Milli-Q water with the Rose Bengal and Nile blue
dyes for determination of relative hydrophobicity as was previously described.

Figure 15. Natural water rinse method to account for the saline natural water.
Results
The change in the relative hydrophobicity of the TiO2 NPs following incubation in
the natural waters suggests that dissolved NOM or salts are coating the surface of the
NPs (Figure 16). Note the y-axis scale difference.

29

1.0e-6

A

B
Partitioning Quotient (PQ)

Partitioning Quotient (PQ)

2.0e+6

1.5e+6

1.0e+6

5.0e+5

0.0

8.0e-7

*

6.0e-7

4.0e-7

2.0e-7

0.0

Milli-Q

Mill Creek

Waldport Bay Pacific Ocean

Figure 16. Partitioning Quotient (PQ) for hydrophobic (A) and hydrophilic (B) dye
affinity of TiO2 NPs in Milli-Q water and after incubation in three natural waters
(note the y-axis scale difference). A T-test in Excel was used to determine significance
(p≤0.05). It was found Mill Creek, Waldport bay, and the Pacific ocean water sites
are all significantly different from Milli-Q. Mill Creek is significantly different than
Waldport Bay and the Pacific Ocean. Waldport Bay and the Pacific Ocean are not
significantly different from each other.
The decline in NP zeta potential following incubation in natural waters supports the
hypothesis that salts or NOM coated the surface of the NPs, decreasing the zeta
potential (Figure 17).
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Figure 17. Zeta potential of TiO2 NPs in various waters. 3 replicate measurements
were performed. Waldport bay and Pacific Ocean zeta potential were significantly
different from the Milli-Q and Mill Creek water.
Size measurements confirm the agglomeration of NPs correlating with the decline in
zeta potential magnitude, showing larger agglomerate sizes in Waldport bay and
Pacific Ocean incubated NPs (Figure 18). This method is rapid, cheap, and easy to
perform, allowing for the determination of relative hydrophobicity analogous to the
Kow method.
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Figure 18. Hydrodynamic diameter (HDD) of TiO2 NPs in various waters. 3 replicate
measurements were performed. Bars with 1 standard deviation are shown.
Discussion
When TiO2 NPs are released into the environment, their physicochemical properties
change significantly which is vital in understanding their fate and transport in the
environment. The significant increase in HDD and decrease in the magnitude of the
zeta potential in natural waters relative to pure water could be explained by the
presence of dissolved natural organic matter (NOM) and salts in the natural waters. In
the natural waters, dissolved NOM and salts could potentially overcome the van der
Waals repulsion forces between the NPs and allow them to aggregate. The charges
from the ions in salts found in natural waters could cause the change in charge of the
NPs. These waters change the NPs to be more hydrophilic. Since most biological
membranes have a negative charge, it can reduce uptake by organisms because of the
negative charge of the hydrophilic NPs. The agglomeration of NPs in environmental
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conditions may also be beneficial for the environment. Agglomerated NPs are more
likely to settle into sediment due to gravitational forces overcoming static forces from
NP large surface area to volume ratios, which prevents them from flowing far
downstream into the ocean. This can be beneficial in preventing the spread of NPs
throughout the environment.

The change of TiO2 NPs from hydrophobic (PQ = 106) in ultrapure water to
hydrophilic (PQ = 10-7) in natural river waters could be explained from the NOM
found in the river water. Hydrophilic NOM may have coated on the surface of the
TiO2 NPs which altered the characteristics of TiO2 NPs from intrinsically
hydrophobic to hydrophilic in environmental conditions (Stankus et al., 2011). This
research is important in demonstrating when TiO2 NPs are released into the
environment they could flow far downstream due to their hydrophilic properties in
natural waters. If NPs become hydrophilic in natural waters as this research suggests,
it would be difficult to contain them in a single area once exposed to the environment.
NPs with hydrophilic properties following introduction to natural waters have the
potential to spread throughout the environment until such time as the salt content in
the water increases (as in the bay and ocean waters) to the point where the HDD
increases, the magnitude of the zeta potential decreases and the NPs begin to settle
out of the water column and into the sediment. This research also shows that the
characteristics of NPs change dramatically as they move downstream in aquatic
environments, leading to a higher probability of NPs ending up in the sediments of
bays and rivers.
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Knowing the intrinsic properties of NPs based on laboratory studies in pure water
may not be enough to understand their fate and transport in the environment. Thus, in
order to better understand NPs and how they will inevitably react in the environment,
lab conditions for experimentation must replicate the chemical and physiological
conditions in the outside environment. Rapid assays such as this are fast, cheap, and
easy to use allowing for the generation of large amounts of data useful in developing
models of nanoparticle fate following environmental transformation.
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Chapter 5 Conclusions
This research developed a rapid assay analogous to Kow to measure the relative
hydrophobicity of NPs. The main advantages to this method for measuring relative
hydrophobicity is it uses the dye concentration to measure relative hydrophobicity, so
only spectrophotometry is necessary to use. The dye assay does not require direct
quantification of NPs and produces meaningful results despite agglomeration,
allowing for in situ measurements in complex environmental systems without the
need for stabilizing agents. This is a simple, cost-effective method that can be
employed by standard research laboratories. Another good benefit to the dye assay is
it utilizes two dyes: Rose Bengal which is hydrophobic, and Nile blue which is
hydrophilic. Thus, running the test for the two dyes can give a spectrum on
hydrophobicity vs hydrophilicity. Furthermore, it was shown that this method can be
used to determine the impact of natural water sources on NP behavior in the
environment. This research demonstrated that NP characteristics such as HDD, zeta
potential, and relative hydrophobicity can change significantly depending on if the
NPs are suspended in ultrapure water or in natural waters as was the case for the TiO2
NPs investigated here.

Another possible method to measure the relative hydrophobicity of NPs is the
adsorption isotherm to improve the scientific validity of the hydrophobicity
measurements. The adsorption isotherm method is a good way to measure different
types of NPs. An adsorption isotherm is the amount of dye adsorbed to NPs is
measured as a function of the dye concentration to give the adsorption coefficient.
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Basically, the concentration of dye adsorbed (qe) on the NPs is plotted versus the
amount of dye in solution (Ce) and the slope of the line (Kd) will determine relative
hydrophobicity. Equation 4 for the adsorption isotherm and an example graph are
represented below.
𝑞𝑒 = 𝐾𝑑 𝐶𝑒

qe

Equation 4

Kd

Ce
Figure 19. Example of an adsorption isotherm graph which is another method for
measuring relative hydrophobicity.
Future research in this area includes modeling downstream transport of NPs based on
the bulk components of natural waters (such as salt content and dissolved organic
matter concentration) which have been shown to impact their potential for transport
down river. It is important to weigh these differences and discover the most important
factors determining environmental transformations impacting the fate of NPs in the
environment. One possible way to address these differences in water types would be
to reverse engineer the natural water sources used in this research and test each
variable to determine which has the most significant impact on NP relative
hydrophobicity.
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