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Novel engineered nanomaterials (ENMs) continue to be synthesized and adopted

for commercial and industrial applications. Currently, the classes of ENMs utilized most

in consumer products are metal oxides, metals, and carbonaceous materials. An emerging

subset of metal oxide ENMs with potential in many applications are doped metal oxides,

which are binary metal oxides (MOx ) with some amount of another element, metal or non

metal, inserted into the crystal lattice. This research focused on the environmental fate

and transport of a major doped metal oxide, indium tin oxide (ITO), that is currently

widely produced for applications in electronics. Specifically, this dissertation investigated

the particle stability, solubility, and production of reactive oxygen species (ROS) by ITO

nanoparticles in aqueous systems.

The stability of ITO particles in electrolyte solutions and the effect of Sn level was

investigated in a series of homoaggregation studies. In order to better compare colloidal

stability, a novel method, called the TAA-logistic method, for estimating the critical co-

agulation concentration (CCC) from dynamic light scattering data was developed and
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tested with experimental and literature data. Using the new method, particle aggrega-

tion kinetics were compared for a range of solution conditions including pH, electrolyte

valency, ionic strength, and presence of natural organic matter (NOM). Aggregation ki-

netics were determined for a set of synthesized particles coated with PAA-PEO polymer

and for a set of bare, commercially-obtained particles. Aggregation experiments indicated

inclusion of Sn in In2O3 decreased the aqueous stability of the nanoparticle, largely due

to decreases in the magnitude of surface charge. However, the surface charge and aqueous

stability did not always trend linearly with Sn content, indicating other factors, such as

the distribution of Sn within the ITO crystal, were also important. Lastly, Suwannee

River aquatic natural organic matter (NOM) significantly increased the aqueous stability

of ITO nanoparticles through charge reversal and electrostatic stabilization.

Dissolution of ITO in dilute, inert electrolyte was studied in batch and flow-

through experiments. Slow dissolution kinetics were shown in both experimental con-

figurations. Sn was not appreciably leached from ITO at either pH = 4 or pH = 6.

Inclusion of Sn appeared to reduce In solubility relative to In2O3 at pH = 6 but in-

creased In leaching at pH = 4. The discrepancy between dissolution behavior at the

two pH values relative to the In2O3 end-member indicated more complex solubility than

explained by simple ideal solid solution aqueous solution behavior.

Lastly, the electronic band structure of ITO was determined for multiple levels

of Sn using ultraviolet photoelectron spectroscopy and UV-vis diffuse reflectance spec-

troscopy. Inclusion of tin resulted in an increase of the optical band gap and a shift of the

conduction band minimum, Fermi level, and valence band maximum to more oxidizing

potentials relative to un-doped In2O3. From these findings, ITO would thermodynam-

ically be able to produce hydroxyl radicals from water by photocatalysis under UVB

irradiation, regardless of the level of Sn doping. However, the ITO with the highest
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doping level investigated, which is the ITO currently produced commercially, was able

to produce hydroxyl radicals under UVB illumination at a significantly faster rate than

lesser- and un-doped ITO.

This study showed that numerous characteristics related to the transport, trans-

formation, and toxicity of ITO nanoparticles in aqueous environmental matrices were

affected by the amount of Sn in ITO. However, the behaviors exhibited by ITO were not

easily predicted by simply considering ITO as a mixture of varying amounts of the In2O3

and SnO2 end-members. Therefore, further study of the environmental fate and trans-

port of a more extensive set of doped metal oxides is needed to develop more complex

models for assessing the environmental fate and transport of doped metal oxides.
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Chapter 1

Introduction

1.1 Background and problem statement

Engineered nanomaterials (ENMs) are being increasingly incorporated into con-

sumer products,1,2 enhancing the potential for ENMs to inadvertently enter aquatic en-

vironmental systems during their life cycles. In addition to estimating potential releases,

the transport mechanisms and transformation of ENMs in the environment need to be un-

derstood to deduce possible exposure routes and estimate ecological and human health

risks.3–5 Much research has focused on environmental behaviors of ENMs already on

the market, including noble metal nanoparticles (e.g., nano-Ag), metal oxide nanoparti-

cles (e.g., TiO2 and ZnO), and carbonaceous materials (e.g., fullerene and carbon nan-

otubes).6 However, continual development of novel ENMs, such as nanohybrids and other

mixed ENMs, presents a challenge for researchers assessing potential risk from ENMs to

keep up with the pace of development.7,8

One such class of ENMs with many potential applications are doped metal oxides.

Doped metal oxides are binary metal oxides, e.g., TiO2, In2O3, and CuO, that have

some amount of another element inserted into the crystal, e.g., N–TiO2, InaSnbO, and

CuaFebO, and are produced for their unique properties that are often distinct from

their binary end-members.9–11 Many possible dopant-metal oxide combinations can be

produced, and the level of dopant can also be controlled, resulting in a huge number of

unique doped metal oxide materials. Although this class of ENMs has a promising future

in many products, surprisingly little research into the behavior of doped metal oxides in
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aquatic systems and associated ecological and human health risks has been done.

The risk associated with nanoparticles in aqueous environments is often character-

ized by linking particle properties to physical/chemical and biological processes affecting

fate and transport. For particle stability, surface charge, type of stabilizing ligand, and

interaction of the particles with natural organic matter (NOM) have been shown to be

major factors in assessing aggregation kinetics for a variety of ENMs. The type of sta-

bilizing ligand has also been shown to affect dissolution kinetics for some nanoparticles,

such as of nano-Ag.12 Oxidative stress and membrane damage to pulmonary cells and

E. coli from exposure to metal oxide nanoparticles has been correlated to the metal ox-

ide electronic band structure,13 hydration enthalpy,14 and ability of the nanoparticle to

photocatalyze reactive oxygen species (ROS).15 Thus, to investigate the environmental

fate and transport of metal oxide ENMs, researchers can selectively assess properties of

interest, such as those summarized in Table 1.1, that have been shown to be important

for the environmental behaviors in question.

Table 1.1: Important properties and parameters for investigating environmental behavior
of ENMs

Environmental behavior Property Experimental Parameter

Aggregation (Transport) Particle stability, Homoag-
gregation

Critical coagulation con-
centration (CCC)

Dissolution (Transforma-
tion)

Solubility Rate of ion release

Toxicity Photocatalytic reactive
oxygen species (ROS),
disruption of cellular
functions

Optical band gap (Eg,opt),
conduction band minimum
(ECBM)

To investigate whether doped metal oxides present an increased environmental

threat relative to binary metal oxides, it is important to first determine how the envi-

ronmental behaviors of doped metal oxides relate to that of their binary counterparts.
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Specifically, researchers need to ascertain whether the environmental transport, transfor-

mation, and toxicity of doped metal oxides can be predicted by simply considering their

composition or if other factors are also important. Previous research has shown doping

of metal oxides can decrease particle stability in electrolyte solutions,16 both decrease or

increase dissolution rates,16–22 and change the band gap energetics and associated tox-

icity.23 With many studies demonstrating altered behavior of doped metal oxides from

that of the primary un-doped end-member, it is prudent to investigate the environmental

behaviors of existing, industrially-relevant doped metal oxide ENMs in order to deter-

mine whether these characteristics can be predicted from the composition of doped metal

oxides in relation to their binary end-members.

A doped metal oxide that is currently produced in large quantities is indium tin

oxide (ITO),24 with the majority of ITO manufactured as nano-scale thin films. ITO

has In2O3 crystal structure with isomorphic Sn(IV) substitution for In(III), and commer-

cial ITO is currently produced by mixing 10:90 wt.%/wt.% SnO2:In2O3 and sintering to

promote inclusion of Sn in the In2O3 lattice. Even though ITO is omnipresent in the

consumer electronics industry, little study has been done regarding the fate, transport,

and transformation of ITO in the environment. One study investigated the aqueous sta-

bility of 10 % Sn ITO nanoparticles in the presence of latex particles,25 but no systematic

study of how tin dopant percentage affects aggregation behavior of ITO nanoparticles has

been done. Previous research has demonstrated preferential release of In(III) from ITO

at low pH26 and in the presence of organic acids,27,28 conditions common to deep-lung

and gastric environments.29 However, a systematic study on the effect of inclusion of Sn

in In2O3 has not been done. Both ITO particles and dissolved In(III) have been shown

to cause toxicity in bacteria and other model organisms.30–32 ITO has also been shown

to cause inflammatory pulmonary responses,33 and occupational airborne exposure to
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ITO nanopowders has resulted in premature death.34 Additionally, oxidative stress and

environmental toxicity caused by ITO has been demonstrated in model aquatic organ-

isms Hydra attenuata 35 and zebrafish embryos (Danio rerio).36 While toxicity has been

demonstrated for ITO and other indium-containing compounds,37,38 SnO2 is a relatively

non-toxic material. Inclusion of Sn may change In reactivity toward dissolution and other

modes of toxicity, but no studies have considered ITO toxicity as a function of the level

of Sn doping. Thus, ITO offers an industrially-relevant doped metal oxide with which

to examine how dopant level affects the environmental transport, transformation, and

toxicity in relation to the binary metal oxide end-members.

1.2 Objectives

The main goal of this research is to assess whether doped metal oxide ENMs can

be treated as mixtures of constituent binary metal oxides regarding the transport, trans-

formation, and toxicity in environmental aqueous systems. This objective is evaluated

by using nanoparticulate ITO as a model doped metal oxide and investigating the effect

of the level of Sn doping on the environmental properties outlined in Table 1.1 compared

to that of un-doped In2O3. Specifically, three characteristics of aqueous nanoparticle be-

havior as a function of Sn doping level are to be determined, as outlined in the following

tasks. While the focus of this research was on ITO nanoparticles, the methodologies and

findings may help guide studies regarding the aqueous behavior of other doped metal

oxide nanoparticles or other hybrid ENMs, such as mixed chalcogenides.

Task 1: Effect of Sn level on electrolyte-induced homoaggregation

This task investigates the aqueous stability to aggregation of ITO with varying

levels of Sn by estimating the critical coagulation concentration (CCC) of the particles
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in various conditions. First, a novel method of estimating the CCC from dynamic light

scattering (DLS) data is formulated in order to better compare stability among different

experimental conditions. Then the effect of ligand, NOM, electrolyte type, and pH are

investigated to elucidate the role Sn level plays in homoaggregation of ITO.

Task 2: Effect of Sn level on aqueous dissolution in inert electrolyte

Dissolution is an important behavior for both the transformation of ENMs in

natural systems and possible routes of toxicity. The objective of this task is to see how

the solubility of ITO in slightly acidic and near-neutral, inert electrolyte differs from that

of the In2O3 and SnO2 end-members that are used in ITO production.

Task 3: Modulation of band gap energetics

This task investigates the differences in electronic band structure of dry ITO

nanoparticles with different Sn levels. It also determines the ability of illuminated sus-

pensions of ITO to produce hydroxyl radicals. Previous research has identified these

characteristics as strong predictors of toxicity of metal oxide nanoparticles, and this

research examines the appropriateness of these metrics for doped metal oxides.

1.3 Dissertation structure

This dissertation is comprised of five chapters and an associated appendix. Chap-

ter 1 covers the background, motivation, and objective of the research contained within

this dissertation.

In Chapter 2, a novel method for estimating the CCC of colloidal aggregation is

introduced. The strengths and drawbacks associated with traditional methods of estimat-

ing stability ratios and the CCC from experimental DLS data are discussed, highlighting
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the need for improved protocols for assessing particle stability. The new method is tested

on an experimental data set collected as part of this research in addition to two datasets

from literature that cover a wide range of absolute aggregation rates that may be observed

with DLS data.

Chapter 3 uses the new method outlined in Chapter 2 to investigate the trends in

electrolyte-induced particle aggregation in relation to the Sn doping level in ITO. Char-

acterization of both bare commercially-obtained and polymer-capped synthesized ITO

nanoparticles is presented along with experimental methods for assessing particle aggre-

gation using DLS. Particle aggregation is monitored in a variety of conditions to elucidate

the role Sn level has on key aggregation parameters and whether aqueous stability of ITO

particles can be predicted by considering characteristics of ITO end-members In2O3 and

SnO2.

Chapter 4 experimentally investigates the effect of Sn level on two critical aspects

related to particle transformation and toxicity in the environment — dissolution and

electronic structure. Again, the predictability of these behaviors in relation to ITO

composition is discussed.

Chapter 5 discusses major findings of this research with respect to the environ-

mental fate, transport, and toxicity of ITO in addition to broader implications regarding

fate, transport, and toxicity of ENMs in general. Avenues for future research regarding

enviromental fate and transport of ITO and other doped metal oxides are discussed.
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Chapter 2

A novel method for estimating critical coagulation

concentration: The case of tin-doped indium oxide

nanocrystals

2.1 Introduction

The fate, transport, and bioavailability of particles in the environment has been

studied for decades, as particles can enhance transport of contaminants of concern

through adsorption or co-precipitation and even act as contaminants themselves.39–41

Beginning at the end of the last century and continuing to the present, research has

focused on the concept of particle stability in natural aqueous systems because it is

a critical aspect of determining how particles transport and where they will accumu-

late.4,42,43 Properties such as particle size, shape and charge impact both the particle

stability and the rate of particle aggregation. Solution properties, such as ionic strength

and composition, pH, and presence of NOM, also affect particle stability.6,44 The con-

centration of particles further influences the rate of aggregation, since a greater number

of particles results in more collisions and a higher aggregation rate.45 Under some condi-

tions, which depend on both the particle and solution properties, particles could become

extremely unstable and aggregate on contact with another particle. In other conditions,

particles may exhibit strong resilience to aggregation due to electrostatic, steric, or some

other stabilizing mechanism, and the rate of aggregation will be relatively low.46,47 Thus,

methods used when researching particle stability need to be able to cover a wide range

of aggregation rates to adequately characterize particle stability.

7



The field of particle stability has grown immensely with the increased appearance

of engineered nanomaterials (ENMs) in consumer products,1,2 which inevitably are re-

leased to the environment during their lifetime. Much research has focused on stability

of a variety of ENMs, each with unique particle characteristics. Nanohybrids and doped

metal oxides are classes of ENMs with promising industrial outlook due to the ability

to tune the constituent materials and dopant levels, respectively. This ability also re-

sults in altered particle behavior in environmental systems,7,16 and particle stability may,

or may not, change when the makeup of nanohybrids are adjusted. In order to assess

whether small changes in nanohybrids or doped metal oxides result in altered particle

stability, precise determination of the stability is needed, as differences may be small but

significant.

A measure of colloidal stability in quiescent systems that has been used extensively

is the critical coagulation concentration (CCC).48–53 Generally, the CCC is regarded as

the electrolyte concentration at which the limitation to particle aggregation shifts from

fast diffusion-limitation to slower or non-aggregating reaction-limitation.45,54 The CCC is

dependent on nanoparticle properties, such as shape, molecular makeup, size, and surface

charge, as well as on solution characteristics, such as ionic composition, pH, and presence

of natural organic matter.44 The utility of the CCC lies in the ability to observe how

the CCC changes when just one parameter is changed. Typically, the CCC of multiple

different particle types or the same particle type with different characteristics (e.g., size

or surface coating) are determined in a single electrolyte to compare relative stability

and elucidate mechanisms of stability.

Determination of the CCC values for ENMs in a given aquatic environmental

system, such as a riverine system, is critical for modeling their fate in natural aquatic

environments. If the CCC is large compared to the ionic strength of the system of interest,
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the ENMs are likely to stay suspended and transport farther from the source. Conversely,

if the CCC is small compared to the ionic strength, the ENMs will preferentially aggregate

into larger particles and thus will settle out of the water column faster. The small size of

ENMs can complicate determination of the CCC, as many methods require a high particle

number for adequate detection, which causes faster aggregation. The opposite problem

can occur for large colloids – small particle numbers are needed to avoid saturating the

instrument, and small aggregation rates are observed. Thus, experimental methods to

estimate CCCs should be able to produce accurate and reliable results regardless of the

rate of aggregation of the investigated particles.

Although the general definition of the CCC is well-accepted, the practical determi-

nation has varied widely in the literature.55–59 A common method is to find the stability

ratio, W , or ratio of the fast, diffusion-limited aggregation to an observed aggregation

rate under variation of a parameter (e.g., ionic strength). The stability is often reported

in the environmental literature as the inverse stability ratio, W−1, or the attachment

efficiency, α.48 Stability ratios are found for a range of values for a single parameter (e.g.,

many ionic strengths) and are used to estimate CCC values with a graphical method,

called the tangent method, where lines are fit to the diffusion-limited and reaction-limited

data points and the intersection taken as the CCC.48,50,51,55,57,60–62 Alternative methods

to the tangent method are fitting the stability ratios to empirical equations59,63 or using

the stability ratio to scale aggregation data onto a single master curve.58,64 Each method

has its own strengths and limitations, which are summarized in Table 2.1.

2.1.1 Discussion of current methods to determine the CCC

Theoretical formulations of the kinetics of particle aggregation primarily rely on

the Smoluchowski population balance equations,65 while theories on the thermodynam-
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Table 2.1: Summary of methods to determine W from colloidal aggregation monitored
by DLS and methods for subsequent CCC determination.

Methods for determining
W

Data used Advantages Disadvantages

Initial slope, linear
fit48,51,55,61

R̄DLS /
1.3R̄DLS,0

Ease of implemen-
tation

Small subset of
data, susceptible
to data variability

Initial slope, nonlinear
fit56,57

Full or all data to
t = ttrunc

Uses more of
aggregation curve,
making fit more
robust to variabil-
ity

Many ttrunc possi-
ble, slope variable
unless intercept is
fixed

Data scaling to master
curve58,64

Full W based on
full aggregation
behavior

Separate forms of
R̄DLS(t) for W <
100 and W > 100,
more work to im-
plement

Methods for determining
CCC from W

Tangent
method48,50,51,55,57,60–62

W in RLA and
DLA

Ease of implemen-
tation

May leave out W
near CCC, large
uncertainty in es-
timated CCC

Empirical fit59,63 All W Less uncertainty
in estimated
value, use of full
dataset

More work to im-
plement, need as-
sumption for form
of W (Cs)
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ics of aggregation are mainly based on DLVO theory.46,47 The stability ratio, W , orig-

inally derived by Fuchs for continuum diffusion and later adjusted for hydrodynamic

interactions by Spielman66 and Honig67 and for experimental agreement by McGown

and Parfitt,68 links the kinetic and thermodynamic theories. Theoretical definitions of

W 55,69 share a common form in Equation 2.1a, where kfast and kobs are observed diffusion-

controlled and arbitrary particle aggregation rates, respectively, for a given experimen-

tal condition. Note that theoretical derivations of W assume an initially monodisperse

suspension of spheres; the overall stability ratio WT determined by commonly employed

techniques, such as dynamic light scattering (DLS), is a weighted summation of individual

Wij and collision probabilities Pij among primary particles of size ai, aj, and, depending

on the system, can be greater than70 or less than71 the theoretical monodisperse stability

ratio. To avoid ambiguity, W in this manuscript refers only to experimentally-determined

W .

W =
kfast
kobs

(2.1a)

W =
kfast
k11

=

[
1

αR̄DLS,0N0

(
dR̄DLS

dt

)
t→0

]
fast[

1

αR̄DLS,0N0

(
dR̄DLS

dt

)
t→0

]
11

=

(
dR̄DLS

dt

)
t→0,fast(

dR̄DLS

dt

)
t→0,obs

(2.1b)

To estimate W from DLS data, Virden and Berg used a solution to the Smolu-

chowski population balance equation for short times and initially monodisperse spherical

particles in conjunction with optical theory of DLS to arrive at the oft-used Equation

2.1b.72 Here, N0 is the initial particle number concentration (L−1), R̄DLS,0 is the initial

z-average hydrodynamic radius (R̄DLS) determined in the absence of electrolyte, α is a

function of DLS operating conditions, and k11 refers to the observed aggregation rate
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of monomers in a given experiment. In colloidal aggregation, the starting suspension is

often not composed of monodisperse spheres, so kobs is used in lieu of k11. If the same

particle stock (i.e., N0 and R̄DLS,0 are constant) and DLS operating conditions (α is

constant) are used to determine both kobs and kfast, then the equation is simplified and

W can be calculated from the initial rates of growth of the hydrodynamic radii, shown

in the rightmost expression in Equation 2.1b.

2.1.1.1 Experimental determination of W from DLS data

Exemplary aggregation data obtained by DLS are simulated in Figure 2.1. Each

curve in Figure 2.1 has an absolute observed aggregation rate (kobs) that is larger than the

previous and may be encountered with different experimental conditions. For example,

small nanoparticles (d � λDLS) fall within the Rayleigh scattering limit, meaning the

scattering of the laser follows I ∝ d6. To gather a sufficient number of scattered photons

to adequately characterize small particles, a high N0 must be used, which increases the

aggregation rate for a given electrolyte condition. This rapid aggregation may result in a

curve such as shown in Figure 2.1d. Conversely, if conditions are such that N0 is relatively

low or aggregation is unfavorable (i.e., reaction-limited), one may gather a quasi-linear

curve resembling that of Figure 2.1a. Curves 2.1b and 2.1c represent either intermediate

values for N0 or more favorable aggregation conditions for a given N0 than 2.1a.

Typically, experiments to estimate the CCC of a colloid in a given condition are

conducted by monitoring the aggregation history (Figure 2.1) after subjecting an aliquot

of colloidal suspension to a change in an experimental parameter, such as electrolyte

concentration or temperature, while other parameters are held constant. Experiments

are performed over a range of the parameter of interest to generate a distribution of

curves, some that appear diffusion-limited (i.e., a further change in parameter does not

12



Figure 2.1: Simulated DLS data for different initial particle aggregation rates. Data
were generated according to R̄DLS = R̄DLS,0 (1 + t/tp)

z, with R̄DLS,0 = 50 nm and the
following for each curve: (a) tp = 100 min, z = 0.7, (b) tp = 10 min, z = 0.55, (c)
tp = 1 min, z = 0.46, and (d) tp = 0.1 min, z = 0.46, and random Gaussian noise with
σDLS = 2.5 nm for all data points. Dashed lines signify the truncation radius for the linear
fit to determine W (black) and the associated linear fits to the truncated data (colored).
Vertical dashed lines indicate arbitrary times of truncation for cubic regressions of the
data.
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increase kobs) and others that are reaction-limited (i.e., kobs < kobs,fast). A value for W is

determined for each experimental condition, and the W values are then used to estimate

the CCC. Determination of W from curves such as those shown in Figure 2.1 has been

done using the following methods summarized in Table 2.1.

The linear-fit method is used widely, presumably due to ease of implementation.

Linear fitting works well when the data variability is small and there are enough data

points with R̄DLS / 1.3R̄DLS,0, which is the radius associated with complete transfor-

mation of singlets to doublets through aggregation. These criteria can be met when the

dispersion is monodisperse, the integration time on the DLS is long, and the aggregation

rate is slow relative to the integration time, much like that in Figure 2.1a and 2.1b.

However, if the aggregation history has large variability and integration times do not

adequately sample the particle size distribution, DLS may return R̄DLS further from the

true mean R̄DLS. Generally, the data are truncated at R̄DLS ≈ 1.3R̄DLS,0 and fit using

linear least-squares regression to obtain (dR̄DLS/dt)t→0 from the fitted slope parameter,

which is then used in Equation 2.1b to calculated W . If there is significant variability

in the data, there may be multiple time points that might appear acceptable for trun-

cating the data. For example, in Figure 2.1b, R̄DLS = 1.3R̄DLS,0 at about ta = 5.5 min,

but dips below it again at about 7 min. A fit of the data truncated at the first cross-

ing gives kobs = (2.21± 0.30) nm/min, while a fit to the later truncation time gives

kobs = (0.40± 0.22) nm/min. Clearly, the choice of truncation time can significantly

influence the determined value of W and all subsequent analyses involving W , such as

determination of the CCC.

Another issue in using the linear-fit method arises when the aggregation rate is

fast, such as shown in Figure 2.1c and 2.1d, which have two and zero points, respectively,

that satisfy R̄DLS < 1.3R̄DLS,0. Some authors remedy this situation by instead truncating
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the data at R̄DLS / 1.3R̄DLS,first,exp, where R̄DLS,first,exp is the first or minimum point of

the curve of interest. This method includes more data points, but undoubtedly results in a

different slope than obtained when truncating to fewer points. A common issue associated

with linear methods when aggregation is fast is the minimal amount of experimental data

used to determine kobs. If only a few data points are used and they display variability

(i.e., due to polydispersity), confidence limits on the slope determined from a linear fit

may be large.

To rectify this situation, the cubic-fit method for determining W has been used.

In this method, the aggregation histories are fit with a spline or regressed with a low-

order polynomial or other function. The slope of this function as ta → 0 is taken to be

(dR̄DLS/dt)t→0, analogous to the linear-fit method. However, this method also requires

selecting a function to be used for fitting, as well as a decision regarding how much of

the data to fit. For example, an ordinary least-squares cubic polynomial fit of each curve

in Figure 2.1 was computed at 2.5 min, 5 min, 7.5 min, and 10 min, with each dataset

truncated at those times. Looking again at curve b, the parameter fits for the slope

as ta → 0 for truncation times listed above were nm min−1, (27.06± 8.90)nm min−1,

(3.03± 1.88)nm min−1, (3.95± 3.68)nm min−1, and (2.29± 1.15)nm min−1, respectively.

Thus, estimates of W obtained from this method can also vary greatly by choice of

truncation time and should be used with caution.

The third method to determine W , the scaling method, requires assumption of

a functional form of R̄DLS(t,W ) and adjustment of W for each aggregation curve such

that all curves align on a single master curve.58,64 This method is not explored in this

study for reasons detailed in Appendix A.
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2.1.2 Determination of CCC from W (Cs)

Once W for a colloid is determined as a function of the parameter of interest, such

as the electrolyte concentration, Cs, the CCC can be determined for the system. Current

methods are shown in Table 2.1. The most common practice for CCC determination is

the tangent method, where a logW -logCs plot is constructed, one line is fit to each the

reaction-limited and diffusion-limited regimes, and the intersection of the line is taken

as the CCC. This is a simple method and easily implemented, but has some limitations.

First, the uncertainty of the point of intersection is rarely reported in literature, giving

no precision to the determination of the CCC. Second, if any W data occur near the

CCC, these points would not be included in the linear fits, effectively reducing the data

set that was collected. Lastly, if the two lines are not properly fit using linear regression

and the intersection found “by-eye”, the point of intersection could vary among analysts.

Lastly, the fact that the data are transformed and a logW -logCs plot is used increases

the variability.

Another method that has been used, albeit relatively sparingly, is fitting exper-

imentally-determined data to a functional form of W (Cs).
59,63 The advantage of this

method is that all data points are used and data analysis software can yield consistent

determination of the CCC with reported uncertainty. The functional form of W (Cs) used

can presumably affect the determined CCC; however, in the ranges of W often investi-

gated by DLS, the effect is minimal. Example fits elucidating the advantage of fitting to

a functional form of W (Cs) and the issues associated with the tangent method are shown

in Figure A.1.

Recently, another method was proposed to determine the CCC for a polydis-

perse system of natural colloidal particles.73 Termed the total average aggregation (TAA)

method, this routine determines the average aggregation rate, ν̃(ta, Cs) = (R̄DLS(ta) −
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R̄DLS,0)/ta, of each aggregation history of a given experimental condition. Then, each

ν̃(Cs) is plotted versus Cs, and the tangent method is used to determine the CCC.

Although W was not explicitly discussed in the development of the TAA method, ap-

proximations to W were made. This study takes advantages of these approximations to

develop a new, robust method for estimating CCC. The new method, called the TAA-

logistic method, may be more appropriate when determining the CCC over a wide range

of absolute aggregation rates, such as for small (<10 nm) nanoparticles, or when compar-

ing CCCs of similar magnitude, which may be the case for tuned nanohybrids or doped

metal oxides. The efficacy of the TAA-logistic method was tested in this study using

three distinct datasets, each including some data of particles with similar stability, while

each exhibited different magnitudes of diffusion-limited absolute aggregation rate.

2.2 Materials and methods

2.2.1 Experimental

Indium tin oxide (ITO) nanopowders with primary particle size of r◦ ≈ 50 nm and

3 different tin levels, i.e., 100:0, 95:5, and 90:10 wt%:wt% In2O3:SnO2 (MKnano, Canada)

were characterized as summarized in Chapter 3. To determine particle stability, the par-

ticles were each dispersed in Type 1 reagent water using bath sonication and subsequently

centrifuged to select for the smallest cluster sizes. Electrolyte-induced aggregation of ITO

nanoparticles was monitored with DLS, generally according to published methods,53 since

this technique is widely adopted in the environmental literature.48,50,55,62,74 One of the ad-

vantages of using DLS to monitor particle aggregation compared to other methods is the

higher resolution of time, allowing the initial aggregation behavior to be observed under

the optimal experimental conditions. For each experiment, an aliquot of ITO suspension

was mixed with reagent water, a small amount of buffer, and electrolyte solution to arrive
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at 1 mL total volume, CITO = 25 mg L−1, the desired pH (6, 7, or 8), and ionic strength,

I. The time between mixing and the first DLS time point was recorded for each exper-

iment. The DLS autocorrelation function was integrated every 15 s for a total of 900 s,

and the detector was set at 90◦. The intensity-weighted apparent hydrodynamic radius

(R̄DLS) was determined using a second-order cumulant method using the manufacturer

software. Replicate experiments were conducted and showed good reproducibility.

2.2.2 Data analysis using TAA-logistic method

In addition to experimental data generated by this study, the TAA-logistic data

analysis method was tested on two datasets of electrolyte-induced aggregation from liter-

ature. The first dataset consisted of aggregation of four types of fullerenes (C60, C70, C76,

and C84) that exhibited primary cluster diameters of 12 nm to 18 nm, hydrodynamic radii

of (57.6± 2.1) nm, (64.6± 2.3) nm, (76.6± 2.8) nm, and (73.20± 1.94) nm, respectively,

and electrophoretic mobilities in 1 mmol L−1 NaCl of (−2.35± 0.17)× 10−8 m2 V−1 s−2,

(−2.76± 0.09)× 10−8 m2 V−1 s−2, (−1.86± 0.08)× 10−8 m2 V−1 s−2, and

(−1.83± 0.13)× 10−8 m2 V−1 s−2, respectively.53 The second data set consisted of natu-

rally-occurring humus colloids extracted from soils in basic conditions. These particles ex-

hibited a lognormal distribution of hydrodynamic diameter, with mode of 169.9 nm.73 The

surface charge density of these particles at pH = 7 was found to be σ = −0.651 C m−2.

To address previously-discussed limitations of determining (dR̄DLS/dt)t→0 and use

more of the data gathered in a single experiment, this method uses Equation 2.2, which

is equivalent to ν̃max(t)/ν̃obs(t) as outlined by Jia et al. 73 Note that Equation 2.2 uses
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the definition of the derivative such that limt→0WTAA = W as given in Equation 2.1b.

WTAA(t) =

R̄DLS,max(t)− R̄DLS(0)

t− 0
R̄DLS(t)− R̄DLS(0)

t− 0

=
R̄DLS,max(t)− R̄DLS,0

R̄DLS(t)− R̄DLS,0

(2.2)

To use Equation 2.2, each dataset was first truncated at an arbitrary t = ttrunc for

all aggregation histories investigating a given experimental condition and obvious outliers

(R̄DLS(toutlier) at least an order of magnitude greater than surrounding points) removed.

To reduce the influence of variability in temporal measurements, each truncated aggrega-

tion curve was fit with a least-squares regression of a cubic polynomial. For aggregation

curves at the same experimental conditions but differing Cs, R̄DLS(t = ttrunc/2) of the

fitted cubic polynomial was taken as the observed R̄DLS, since sampling the regression

at t = ttrunc/2 ensures minimal uncertainty on the sampled value. Then, among all the

curves for a given condition, R̄DLS,max(ttrunc/2) is taken to be that observed in the fastest-

aggregating curves, while R̄DLS,0 is taken from analysis of a non-aggregating aliquot, i.e.,

no added electrolyte. The sampled R̄DLS(ttrunc/2) are used with these values in Equation

2.2 to determine WTAA for each Cs to generate WTAA(ttrunc, Cs).

All CCC values reported in this paper were determined by fitting the experimen-

tally-determined W (from either Equation 2.1b or 2.2 depending on method) to Equa-

tion 2.3a,59,63 where β and CCC are fitting parameters, using a Levenberg-Marquardt

algorithm for non-linear regression as implemented in the package minpack.lm in R.

Theoretical justifications for using this equation can be found in Appendix A. The effect

of choice of ttrunc on the fitted CCC was explored by repeating this process for many

ttrunc and plotting CCC vs. ttrunc. When used with Equation 2.2, Equation 2.3a was

rearranged to produce Equation 2.3b, where R̄DLS,max(t) and R̄DLS,min(t) are additional

fitting parameters. Note that R̄DLS,min(t) = R̄DLS,0 can be substituted if R̄DLS,0 is char-
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acterized (i.e., R̄DLS determined with no added electrolyte), but they should match if an

adequate number of aggregation histories are reaction-limited.

W−1 =
1

1 +

(
CCC

Cs

)β (2.3a)

R̄DLS(t) =
R̄DLS,max(t)− R̄DLS,min(t)

1 +

(
CCCTAA

Cs

)β + R̄DLS,min(t) (2.3b)

2.3 Results and discussion

2.3.1 Efficacy of TAA-logistic method for analysis of experimental data

The methods outlined above to determine WTAA and CCCTAA from experimental

DLS aggregation data were first used on the data generated in this study. Figure 2.2 shows

the data fitting methodology in determining the CCCTAA value (Figures 2.2a and 2.2b)

as well as the confidence in estimating CCC as a function of truncation time (Figure 2.2c)

for an exemplary data set. Briefly, Figure 2.2a depicts the aggregation history curves and

associated cubic fit to t = ttrunc for each ionic strength investigated. Figure 2.2b plots the

values for R̄DLS(ttrunc/2) for each ionic strength along with the estimated CCC and best-

fit line of Equation 2.3b to the data. Figure 2.2c summarizes this process for multiple

values of ttrunc along with estimates of the CCC using traditional slope-fitting methods.

Note in Figure 2.2c (and Figures 2.3c, 2.4c, and 2.6), missing points or error bars indicate

the estimated value or error was outside of the plotted range and not retained for clarity.

In subsequent discussions regarding the efficacy of the proposed method, a method is

considered to predict CCC with higher confidence (1) if the estimated CCC values match

with the median estimates or (2) if the estimates show a clear trend over truncation time.
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For this data set, the TAA-logistic method showed remarkable precision regard-

less of the choice of truncation time. Deviations at small times (when ttrunc < 140) are

likely due to a low number of data points used in the cubic fit (n = 6) and the associ-

ated variability of the collected aggregation history. Agreement among the TAA-logistic

method (for ttrunc > 140 s) and the two linear fit methods is observed, which indicates

this method is likely both accurate and precise in determining the CCC for the given

dataset. The variability of the CCC determined by the cubic fit method indicates that

it is less reliable for these data.

2.3.2 TAA-logistic method applied to literature data

The applicability of this method and relative confidence in estimating CCC values

was demonstrated by employing this method for literature-reported aggregation data on

other types of colloids. The first data set investigated (Figure 2.3)53 had experimental

conditions such that kfast was small relative to the experimental dataset from this study.

This condition is manifested through the lower spread among aggregation curves at any

given time, an example of which is shown in Figure 2.3a.

The cubic-fit method again exhibited high variability in the estimated CCC, in-

dicating that is an unreliable method for this dataset as well. The TAA-logistic method

for these aggregation histories showed relatively good agreement with the linear-fitting

methods for ttrunc < 500 s. At ttrunc > 500 s, the uncertainty in the TAA-logistic method

increased, and CCCTAA < CCClinear. At ttrunc > 900 s the TAA-logistic method re-

sulted in CCCTAA ≈ 0. The reasons for these deviations and failures of the TAA-logistic

method at higher ttrunc are likely two-fold. First, the aggregation history (Figure 2.3a)

has many curves (seven) that exhibited diffusion-limited behavior (within experimental

uncertainty), i.e., kobs ≈ kfast, and only a small number (two) that exhibited reaction-
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a b

c

Figure 2.2: Use of TAA-logistic method to determine CCC on a dataset with the fol-
lowing experimental conditions: 0 % ITO, CITO = 25 mg L−1, pH = 7.0 by addition of
1 mmol L−1 MOPSO buffer adjusted to pH = 7.0 with NaOH, and I adjusted through
addition of NaNO3. (a) Aggregation histories for all ionic strengths tested with cubic
fits to t < ttrunc shown as colored solid lines. The values of R̄DLS(ttrunc/2) for each curve
are plotted in (b) versus I, and the fit to Equation 2.3b is plotted as the solid black line.
(c) Comparison of CCC determined with the TAA-logistic method to previously used
methods. Error bars are ±1 standard error of the fit for CCC. Note that estimates for
the CCC determined with linear fits are shown at ttrunc = 0 for clarity; these were not
actually truncated at t = 0.
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c

Figure 2.3: Use of TAA-logistic method to determine CCC on a dataset of nC84 in
CaCl2

53(a) Aggregation histories for electrolyte concentrations tested with cubic fits to
t < ttrunc shown as colored solid lines. The values of R̄DLS(ttrunc/2) for each curve are
plotted in (b) versus Cs, and the fit to Equation 2.3b is plotted as the solid black line.
(c) Comparison of CCC determined with the TAA-logistic method to previously used
methods. Error bars are ±1 standard error of the fit for CCC. Note that estimates for
the CCC determined with linear fits are shown at ttrunc = 0 for clarity; these were not
actually truncated at t = 0. Also note the legend is not covering up any data points –
the cubic-fit method resulted in estimated CCC that were out of the plotting range for
at these ttrunc.

23



limited behavior, i.e., kobs < kfast. Determination of CCC values with higher confidence

(and with Equation 2.3a) requires a number of aggregation history datasets (individual

curves) on either side of the CCC and low variability among the determined W at the

extremes, as shown in Figure 2.2b. Second, the variability in both the fast- and slow-

aggregating curves (especially evident in the aggregation history for Cs = 20 mmol L−1 in

Figure 2.3a makes an accurate estimate of R̄DLS,fast difficult. As R̄DLS,max and R̄DLS,min

are important parameters when using Equation 2.3a, large uncertainties in these values

can cause markedly different best-fit CCCTAA values, as shown with this dataset. Thus,

the TAA-logistic method had mixed results in data with low kfast and results should be

used cautiously. Ensuring an equal number of aggregation experiments on either side of

the CCC for a given experimental condition improves method performance in low kfast

conditions.

A second dataset from literature was analyzed using TAA-logistic method.73 The

experimental conditions of this dataset were such that kfast was large relative to the

experimental dataset from this study, which is manifested in the large spread in values

among curves in the aggregation history (Figure 2.4a). The linear-fit method to estimate

the initial aggregation rate on data for R̄DLS < 1.3R̄DLS,0 could not be used on this

dataset, as only one out of eight aggregation histories had any R̄DLS < 1.3R̄DLS,0.

The cubic-fit method showed much lower variability in this dataset, indicating it

as a possible choice when analyzing data with a large kfast. However, the TAA-logistic

method showed much greater precision than the cubic-fit method even at low ttrunc,

indicating superior performance. Interestingly, the CCC values estimated by both the

TAA-logistic method and the cubic-fit method showed a strong dependence on truncation

time, with smaller ttrunc resulting in higher estimates for the CCC than larger ttrunc.

Recalling Equation 2.2, this is of no surprise, since WTAA is defined using an average

24



a b

c

Figure 2.4: Use of TAA-logistic method to determine CCC on a dataset of natural
humus colloids73 in CaCl2 at pH = 8(a) Aggregation histories for all electrolyte concen-
trations tested with cubic fits to t < ttrunc shown as colored solid lines. The values of
R̄DLS(ttrunc/2) for each curve are plotted in (b) versus Cs, and the fit to Equation 2.3b is
plotted as the solid black line. (c) Comparison of CCC determined with the TAA-logistic
method to previously used methods. Error bars are ±1 standard error of the fit for CCC.
Note that the estimate for the CCC determined by linear fit is shown at ttrunc = 0 for
clarity; data were not actually truncated at t = 0 for this method.
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aggregation rate to an arbitrary time. When an aggregation curve has a rapidly changing

slope, i.e., aggregation slows down, one would expect WTAA calculated for long times to

be less than WTAA calculated at short times.

Although this time-dependence of WTAA may seem problematic, it can be used

for further analysis of quickly-aggregating systems to determine a better estimate of

the CCC. In fast-aggregating systems, the W as defined in Equation 2.1b cannot be

calculated accurately, as no data points are close to R̄DLS,0. For a system exhibiting

clear power-law behavior in the diffusion-limited aggregation histories, such as those in

2.4a, it can be shown that WTAA(t) = W0f(t, Cs), where W0 is the W determined by the

method of initial slopes (Equation 2.1b). The function f(t) would differ for each Cs, so it

is difficult to say exactly how the f(t) would affect determination of the CCC by fitting

to Equation 2.3a. However, the clear time-dependence of the CCC suggests that some

functional form of CCCTAA(t) = CCC0g(t) exists. Thus, if one extrapolates the CCC

determined by the TAA-logistic method to ttrunc = 0, the CCC0 can be determined, as

demonstrated in Figure 2.5. Using this method, the CCC0 value for the data presented

in Figure 2.4 is estimated to be CCC0 = (36.3± 0.8) mmol L−1, which is 45 % greater

than that estimated using the linear method ((25.0± 2.4) mmol L−1). Although this may

not be the true CCC value, it is likely a better estimate than previous methods when

analyzing rapidly-aggregating data.

Figure 2.6 is a summary of the performance of the TAA-logistic method over all

individual experimental conditions considered in this study. Columns 1 and 2 correspond

to more of the dataset discussed in Figure 2.3, columns 3 and 4 to that discussed in Figure

2.2, and the final column to that discussed in Figure 2.4. Each plot corresponds to a

distinct set of aggregation histories, and all experimentally-determined CCC have been

normalized to the median CCC for a given experimental condition.
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Figure 2.5: Example of more accurate determination of the CCC from CCCTAA(ttrunc) for
quickly-aggregating experimental conditions. All points were used in a quartic polynomial
least squares regression, and the intercept at ttrunc is taken to be the true value of the
CCC as would be determined by Equation 2.1b. Confidence intervals (95 %) are included
but are mostly obscured by the best-fit line.
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Figure 2.6
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Figure 2.6: Comparison of efficacy of TAA-logistic method over a range of experimental
conditions. Each plot corresponds to a single experimental condition. The value plotted
on the ordinate is the CCC determined by a specific method at a truncation time of
ttrunc normalized by the median CCC of all CCC determined by all methods for that
experimental condition. The (a) first two columns are analyses of data from Aich et al.,
the (b) third and fourth column are analyses of data from this study, and the (c) final
column are analyses of data from Jia et al.. The median CCC determined for each
experimental condition is included in each plot, and the median CCC generally decreases
down the rows. Error bars are ±1 standard error of the fit. Missing error bars indicate
the error was greater than the plotting window, while missing points indicate the point
was either outside of the plotting window or the fit of W to find the CCC failed due to
data variability.
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For the low kfast dataset, the method had mixed results, with good results ob-

served for the nC60 and nC70 experiments, but variable results found for the nC76 and

nC84 experiments. Since no correlation seems to exist between the performance of the

TAA-logistic method and magnitude of the CCC determined, the observed variability is

likely due to issues discussed during the analysis of Figure 2.3.

Analysis of the dataset with a median value of kfast mostly led to values of the

CCC that were roughly the median CCC over a large range of ttrunc with high precision.

Some variability at low ttrunc was observed, along with some time-dependence. However,

overall, the TAA-logistic method performed remarkably well on this dataset, allowing for

comparison among CCC with more certainty offered by the linear-fit or cubic-fit methods.

Every experimental condition of the final data set exhibited a dependence of es-

timated CCC on ttrunc, meaning the method outlined in Figure 2.5 could be used for

a more accurate estimation. In all datasets investigated, the TAA-logistic method out-

performed the cubic fit method, which showed great variability in estimated CCC as a

function of ttrunc. The CCC estimated with the TAA-logistic method agreed with that

found by the linear-fit method, within uncertainty) in about half of the experimental

conditions. Thus, while the linear-fit method is the easiest to implement, using more of

the aggregation history through use of the TAA-logistic method likely results in a more

accurate determination of the CCC by reducing the influence of variability of the initial

portion of the aggregation history.

2.3.3 Implications for fate and transport in aquatic environments

Accurate and precise determination of the CCC values of ENMs is vital for de-

termining their fate and transport of aquatic systems. One class of ENMs that is of

particular interest are doped metal oxides, which likely behave differently as the dopant
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level changes. The CCC values of doped metal oxides in aqueous systems can be com-

pared to determine relative stability and elucidate the effect of dopant level on aggrega-

tion, but previous methods to determine the CCC fail to provide the precision required

for comparison when the CCC values are close. The new TAA-logistic method fills this

gap, allowing for more accurate and precise determination of the CCC from DLS data

obtained from a wide range of absolution aggregation rates.
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Chapter 3

Aggregation of indium tin oxide nanoparticles in

aqueous electrolyte solutions: Investigating the role

of Sn doping

3.1 Introduction

Research of particle stability has a long and rich history owing to the importance

of either stabilizing or destabilizing particles in many industrial processes. Understand-

ing how particles nucleate and grow, and the factors controlling particle destabilization,

is key to efficiently removing natural colloids, including pathogens, from drinking wa-

ter sources. Conversely, keeping particles stabilized in suspension is a major focus of

paint manufacturers. Over the past two decades, production of engineered nanoma-

terials (ENM) has steadily increased, resulting in a host of new colloids with various

compositions, morphologies, surface modifications, and other characteristics.1,2

The environmental fate of the vast array of new nanomaterials being researched

and produced often begins with determination of the stability of the ENMs in natu-

ral waters. If released to surface waters, ENMs with high stabilities can travel away

from the source, whereas ENMs with low stability in natural waters will likely aggregate

and settle out of the water column. Numerous studies6 have investigated aqueous sta-

bility of ENMs, including carbonaceous materials,48,53,75 metal oxides,43,76 and metallic

nanoparticles,77,78 both in the presence and absence of natural organic matter (NOM),

to determine the important aspects of ENM aggregation in natural aqueous systems.

Characteristics that are important for particle and ENM aggregation are particle size,
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particle material, surface charge, ionic strength, electrolyte type, and adsorbed molecules

and macromolecules, such as NOM.6,44 Many of these properties are also functions of

other properties. For example, the surface charge of particles in suspension changes with

pH and the presence of specifically-adsorbing ions. In some cases, aggregation of ENMs

has been shown to follow the classic Derjaguin, Landau, Verwey, and Overbeek (DLVO)

theory of colloidal aggregation; in others, additional factors, such as calcium bridging

between adsorbed macromolecules,75 are also important.

While the body of research on aqueous aggregation of ENMs continues to grow

and theories on colloidal stability evolve, the production of new and novel ENMs contin-

ues to push the research even further. One emerging class of ENMs with wide-ranging

applications is doped metal oxides. Incorporation of foreign elements into a metal oxide

crystal structure can lead to unique properties neither the host nor dopant exhibit, and

the expression of the properties can be a function of the amount of incorporated dopant.

Prediction of aggregation behavior of doped metal oxides could therefore be quite com-

plex, as changes in material properties like the Hamaker constant, surface charge, and

how the surface interacts with inorganic and organic ligands and macromolecules all af-

fect the aggregation behavior of ENMs. More research needs to be done to determine

if, or how, aggregation of doped metal oxides can be predicted, as little study has been

done in this area.16

This research examines the effect the dopant concentration has on aqueous stabil-

ity of a doped metal oxide that is currently produced on a large scale. Indium tin oxide

(ITO) is used in the electronics industry, largely as nano-scale thin film in LCD screens.79

An estimated 700 t of indium is produced annually and the majority used in ITO thin

films,24 placing ITO among the top 10 produced ENMs on a mass basis.1 Unlike other

highly-produced ENMs, such as TiO2 and nano-silver, little study has been done regard-
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ing the fate, transport, and transformation of ITO in the environment. Thus, this study

elucidates the role the dopant level has on aggregation behavior of doped metal oxide

nanoparticles while simultaneously determining an important aspect of environmental

fate of a major ENM. Comparisons among aggregation behaviors of ITO nanoparticles

in near-neutral electrolyte solution illuminate important changes to aggregation mech-

anisms as a function of tin doping levels and whether the changes can be predicted by

considering the aggregation behavior of ITO end-members In2O3 and SnO2. Lastly, the

effect of NOM on aggregation kinetics is investigated to simulate the transport of ITO

nanoparticles following a release to surface waters. These behaviors will dictate the fate,

transport and ultimately the toxicity of ITO nanoparticles in aqueous environmental

systems.

3.2 Materials and methods

Materials and methods are split into those used for synthesized ITO particles and

those used for commercially-obtained ITO nanopowders. Any differences in methods

between the two ITO types are highlighted in subsequent subsections.

3.2.1 Commercial ITO nanopowder

3.2.1.1 Nanopowder characterization

ITO nanopowders with nominal primary particle diameter of a = 50 nm and 3

different tin levels, i.e., 100:0, 95:5, and 90:10 wt%:wt% In2O3:SnO2 (MKnano, Canada),

were characterized for crystallinity with x-ray diffraction (XRD; Rigaku R-Axis Spider).

A 40 kV Cu Kα radiation source was utilized, and diffraction data collected as the sample

was rotated on the φ axis at a rate of 1 ◦ s−1 for 10 min at room temperature (293 K).

To determine tin content, aliquots of 500 mg L−1 dispersions were digested with concen-
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trated, trace metal grade HNO3 (Fisher Scientific) in 50 mL polypropylene centrifuge

tubes for approximately 72 h. Aliquots of the digests were then diluted to 2 % v/v HNO3

and concentrations of In and Sn were determined using ICP-OES. Specific surface areas

were analyzed by BET N2 isotherms at 77 K after activating the powders at 70 ◦C un-

der vacuum overnight (Quantachrome Autosorb-iQ). JEOL 2010F Transmission electron

microscopy was performed on a JEOL 2010F in high-resolution and backscatter modes

with energy disperse x-ray spectroscopy (EDX) for elemental mapping. For TEM imag-

ing, particles were ultrasonically dispersed in reagent water and diluted into HPLC-grade

ethanol (Fisher), which was then dropcast on carbon-coated mesh TEM grids and allowed

to dry at room temperature.

Electrophoretic mobility (EPM) of suspended particles were determined using

MP-PALS (Wyatt Möbiuζ, Santa Barbara, CA). Aliquots of the desired ITO suspen-

sion were added to buffered electrolyte solution in base-leached polypropylene vials to

match conditions present in the aggregation experiments (i.e., pH, ionic strength, and

particle mass concentration). To determine approximate isoelectric points (IEP) of the

particles, unbuffered electrolyte solution was bubbled with N2 to remove carbon dioxide,

an aliquot of ITO suspension added, and the pH adjusted with appropriate amounts of

HCl or NaOH. Final conditions were of I = 5 mmol L−1 and CITO = 25 mg L−1 for IEP

determination. Injections into the Möbiuζ were made with a polypropylene syringe to

avoid silicate adsorption from glass during EPM measurements.80

3.2.1.2 Dispersion preparation

A bath-sonication method was used to prepare aqueous suspensions instead of

direct probe sonication due to evidence of release of negatively-charged tip particles

during the sonication process,81 which could affect the aggregation behavior of ITO.
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Approximately 10 mg of ITO nanoparticles were added to 5 mL reagent water in a 15 mL

polypropylene centrifuge tube, which was then clamped vertically to a ringstand and the

bottom of the vial placed near the base of the sonication bath (Branson CPX2800). Ice

was added to the bath to keep the bath temperature below or near ambient temperature.

The sonicator was run continuously at a setting of HI for 45 min. Following sonication,

7 mL of reagent water was added to the dispersion, which was then centrifuged with a

swinging bucket rotor at 2000 RCF for 7 min to 10 min with acceleration and deceleration

ramps settings of 0 (Eppendorf 5804 with A-4-44 rotor, Germany). From the centrifuged

dispersion, 7 mL of supernatant was retained in an amber base-leached HDPE bottle to

select the smallest aggregate sizes for future study. The sonication and centrifugation

process was repeated with subsequent 10 min sonication times until an adequate volume

of supernatant was retained for the desired experiments.

3.2.2 ITO nanoparticle synthesis and aqueous stabilization

3.2.2.1 Materials

All chemicals were used as received and without further purification. Indium ac-

etate (In(ac)3, 99.99 % trace metal basis), indium acetylacetonate (In(acac)3, >99.99 %

trace metal basis), tin (II) acetate (Sn(ac)2), tin (IV) bis(acetylacetonate)dichloride

(Sn(acac)2Cl2, 98 %), oleylamine (technical grade, 70 %), oleic acid (technical grade,

90 %), N,N-dimethylformamide (ACS reagent, ≥99.8 %), nitrosonium tetraborofluorate

(95 %), were purchased from Sigma Aldrich. Hexane (ACS reagent, various methylpen-

tanes 4.2 %, ≥98.5 %), reagent alcohol (ethanol 88 % to 91 %, methanol 4.0 % to 5.0 %,

isopropyl alcohol 4.5 % to 5.5 %), and toluene (≥99.5 %) were purchased from Fisher

Scientific.
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3.2.2.2 Indium oxide and indium tin oxide nanoparticle synthesis

Indium tin oxide nanocrystals were synthesized using a standard Schlenk line tech-

nique adapted from literature82 utilizing different ratios of In(ac)3 and Sn(ac)2 to arrive

at uniformly-doped 8 % and 10 % (mole fraction) ITO nanocrystals. The oleylamine and

oleic acid ligands were then stripped according to a procedure reported previously83 and

subsequently capped with a PAA-mPEO4 random copolymer in pH = 9 borate buffer

to make the nanocrystals dispersable in water. Indium oxide (0 % ITO) nanocrystals

were synthesized following another Schlenk line technique reported in literature84 and

subsequently ligand-stripped and capped in the same fashion as the ITO crystals.

3.2.2.3 Characterization

Particle sizes and morphologies were determined with scanning TEM (STEM) on a

Hitachi S5500 SEM/STEM. Nanocrystal solutions were dropcast on TEM grids (Pelco R©

ultrathin carbon-A 400 mesh grid, Ted Pella). Zeta potential (ZP) measurements of

aqueous suspensions of synthesized nanoparticles were determined on a Malvern Zeta-

sizer Nano ZS using folded-capillary cells. Different instrumentation was used for ZP

determination of synthesized particles due to instrument availability. Aliquots of synthe-

sized nanoparticles were added to electrolyte solution, mixed, added to the capillary cells,

and the ZP determined for different electrolyte concentrations at pH ≈ 5.7, matching the

pH of aggregation experiments of synthesized nanoparticles.

3.2.3 Aggregation kinetics

Aggregation of ITO dispersions in electrolyte solutions were monitored by time-

resolved dynamic light scattering (TR-DLS) using an ALV/CGS-3 goniometer with ALV-

7004/USB multi-tau correlator (ALV, Langen/Hessen, Germany), split fiber-optic detec-
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tion, and a 21 mW HeNe laser with a wavelength of λ = 632.8 nm (Model 1154P, Lu-

mentum/JDSU, USA). Toluene was used as the index-matching fluid and was kept at

T = 25.0 ◦C during the experiments with a Julabo F25 recirculating water bath with ME

controller. Borosilicate glass culture tubes with 10 mm diameter (Cat. No. 14-961-25,

Fisher Scientific, USA) were used as sample vials for all experiments. Prior to use in

aggregation experiments, the vials were soaked in a 1 % Hellmanex II solution (Hellma

GmbH, Germany) for at least 12 h, rinsed profusely with deionized water followed by

Type 1 reagent water, and placed in a muffle furnace at 500 ◦C in ambient air for at

least 16 h to remove any adsorbed organics. Only new sample tubes were cleaned and

prepared in this fashion - used tubes were discarded after use to avoid possible sample

carryover.

For experiments with synthesized ITO suspensions, secondary salt stock solutions

were prepared by diluting either 5 mol L−1 NaCl (Cat. No. 59222C, Sigma-Aldrich,

USA) or 1 mol L−1 CaCl2 (Cat. No. C0478, Teknova, USA) with filtered reagent water

to various concentrations. For commercial ITO suspensions, NaCl (99.998 %, Alfa Ae-

sar), NaNO3 (ACS grade, ≥ 99.0 %, Sigma-Aldrich), Ca(NO3)2 · 4 H2O (99.995 %, Alfa

Aesar), and Na2SO4 (99.9955 %) were dried overnight at 105 ◦C and dissolved in reagent

water. Additionally, MES hydrate (≥ 99.4 %, Sigma-Aldrich), MOPSO (Sigma-Aldrich)

and HEPES and Na-HEPES (Sigma-Aldrich) were separately dissolved in reagent water

and pH values adjusted to 6.0, 7.0, and 7.9, respectively, with 2 N NaOH (Baker Analyzed

grade, J.T. Baker) to result in 10 mmol L−1 buffer stock solutions for pH-controlled exper-

iments. For experiments involving NOM, aliquots of 125 mg L−1 Suwannee River NOM

stock solution were added to buffered electrolyte solution prior to addition of nanoparti-

cles. The NOM stock used in this study was Suwannee River NOM (IHSS aquatic NOM

2R101N, isolated by reverse osmosis in 201285) dissolved in reagent water and passed
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through a 0.45 µm filter before use. Suwannee River aquatic NOM was used to simulate

a release of particles to surface waters since aquatic NOM includes all fractions of NOM

present, including oft-used humic and fulvic acids.

To begin an experiment, aliquots of buffer, NOM, and electrolyte stocks were

mixed in the pre-cleaned borosilicate sample tubes to the desired concentrations. Then,

an aliquot of ITO dispersion supernatant was added to the solution to a final volume

of 1.00 mL. The tube was then briefly vortexed to ensure well-mixed conditions and

subsequently added to the index-matching bath of the goniometer. The TR-DLS run was

started immediately. Scattering data were collected at a sample angle of θ = 90◦ with

automatic laser attenuation for 10 s to 30 s over a total period of 15 min to 60 min. The

shorter collection times were used for fast aggregation to ensure the initial aggregation

rate was captured. The experiments involving synthetic ITO suspensions were all run at

ambient pH (∼ 5.7), and the commercial ITO samples were run at the aforementioned

buffered pH values with 0.1 mmol L−1 to 1.0 mmol L−1 buffer concentration.

3.2.4 Data analysis

Each autocorrelation function from TR-DLS was analyzed by the method of cu-

mulants86 using the ALV-Correlator Software version 3.0. The first cumulant from a

second-order cumulant fit, Γ̄, was used to determine the effective average diffusivity of

the particles, D̄eff = Γ̄/q2, where q = 4πn
λ

sin
(
θ
2

)
, n is the refractive index of the solvent,

and other variables are previously defined. The Stokes-Einsten relation was then used to

calculate the intensity-weighted effective hydrodynamic radius, RDLS = kBT/(6πηD̄eff ),

where kB = 1.381× 10−23 J K−1 is the Boltzmann constant and η is the dynamic viscos-

ity of the solvent. For high ionic strength suspensions, viscosity was corrected using an

empirical model from literature.87
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The critical coagulation concentration (CCC) is a metric to determine relative

stabilities of particles in electrolyte solutions. Qualitatively, the CCC is the electrolyte

concentration at which the rate of particle aggregation switches from mass transfer limita-

tion (when I > CCC) to reaction, or particle-sticking limitation (when I < CCC), where

I is the ionic strength in mol L−1. Quantitative definitions of the CCC rely on DLVO

theory of colloidal stability. Historically, the CCC was said to occur at the electrolyte

concentration such that repulsive energy is eliminated, which occurs when the maximum

potential energy drops to zero, or VT(h) = VEDL(h) + VvdW(h) = 0 and dVT/dh = 0,

where VEDL = f(h, I, a, pH) is the repulsive interparticle force due to electrostatic double

interaction and VvdW = f(h, a, A) is the attractive interparticle dispersion force. Here,

h is the interparticle distance and A is the Hamaker constant for material attraction in

fluid medium, which is largely determined by material properties and generally increases

with material polarizability. Another definition that has been corroborated by experi-

ments88 is the electrolyte concentration that corresponds to an elimination of repulsive

forces, which occurs when dVT/dh = 0 and d2VT/dh
2 = 0.89 Many particle aggregation

systems, such as nanoparticles in natural waters, may need major corrections to classic

DLVO theory, such as hydrophobicity, humic acid, or acid/base corrections, to find the

CCC from experimental data.44 Thus, this study opted for a simpler empirical approach,

rooted in DLVO theory, to determine the CCC of particles under various conditions.

The TAA-logistic method, discussed in Chapter 2, for estimating the CCC was

utilized. Briefly, RDLS was monitored over time, which is subsequently referred to as an

aggregation history, and a best-fit cubic line to the aggregation history was determined

using a least-squares (for commercial ITO) or quantile (for synthesized ITO) regression.

The quantile regression on the median was used when a large number of outliers (e.g.,

errant dust particles) were present, as quantile regression reduces the influence of these
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outliers without explicitly excluding them.

For a given aggregation experiment, i.e., same ITO type over a range of elec-

trolyte concentrations, a regression of the aggregation history for each electrolyte con-

centration was performed to an arbitrary truncation time, ttrunc, in order to estimate the

hydrodynamic radius at any t < ttrunc. The fitted hydrodynamic radii at t = ttrunc/2,

RDLS,fit(ttrunc/2), was compared across electrolyte concentrations and were subsequently

fit to the following equation

RDLS,fit(ttrunc/2) =
RDLS,fit,max(ttrunc/2)−RDLS,min

1 +

(
CCC

I

)β +RDLS,min (3.1)

where RDLS,fit,max(ttrunc/2) is the maximum, diffusion-limited hydrodynamic radius ob-

tained at that time, RDLS,min = RDLS,0 is the minimum hydrodynamic radius (i.e., what

one would get with no added electrolyte), I is the ionic strength, and β is a fitting pa-

rameter. The inflection point of the fitted curve occurs when I = CCC. This process

was repeated for many ttrunc to see if the determined CCC was a function of ttrunc; if it

appeared to be so, a higher-order polynomial was fit to CCC(ttrunc) and the intercept

with the ordinate taken to be the more accurate estimate of the CCC.

3.3 Results and discussion

3.3.1 Nanoparticle characterization

Table 3.1 summarizes selected nanoparticle characteristics. Tin percentages are

given in term of mole percentage of cation, or mol Sn/(mol Sn + mol In). The %Sn

of the commercial samples as determined by TEM-EDX was higher than the nominal

percentages for both the 5 % and 10 % ITO, whereas the %Sn as determined by ICP was

considerably lower for the 10 % ITO. As discussed in subsequent sections, this suggests
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Table 3.1: Characteristics of commercial and synthesized ITO nanoparticles used in
aqueous stability experiments.

Particle set Nominal Sn Sn (ICP) Sn (EDX) a RDLS,0 BET SSA
(at%) (at%) (at%) (nm) (nm) (m2 g−1)

Commercial 0 0 0 50a 80-100 10.
4.8 4.2± 0.2 9.5 50a 80-110 11
9.3 6.6± 0.5 11.2 50a 90-110 9

Synthesized 0 – – 5.91± 0.42 ∼ 20 –
8 – – 6.06± 0.44 ∼ 50 –
10 – – 6.83± 0.59 ∼ 70 –

a Nominal primary particle size from manufacturer and approximately confirmed with TEM images.

existence of crystalline SnO2 phases, especially in the 10 % ITO. SnO2 is chemically

resistant to dissolution by strong acids and HF, requiring high-temperature fusions with

Na2CO3 and S to solubilize Sn for quantification. Thus, SnO2 likely was not digested

in concentrated HNO3, and the %Sn determined by ICP was attributed to Sn atoms

incorporated into the ITO crystal. Lastly, for all ITO types, RDLS,0 > a, indicating

cluster formation during the respective dispersion processes.

3.3.1.1 TEM and XRD

STEM images of the synthesized samples are shown in Figure 3.1. Each particle

type exhibited spherical morphology and monodisperse primary particle size of <10 nm.

Size determinations are summarized in Table 3.1.

TEM images and X-ray diffraction patterns for each commercial ITO are shown in

Figure 3.2. The particles had roughly the same size and morphology, showing spherical to

cubic character. The main features of the XRD diffraction patterns for 0 %, 5 %, and 10 %

ITO indicated a cubic (bixbyite) structure (space group Ia3̄) matching well with that

of crystalline I2O3 (PDF No. 01-071-2194, ICDD). Additionally, the diffraction pattern

for 10 % ITO, and the 5 % ITO to a lesser degree, included small peaks that matched
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Figure 3.1: Scanning TEM images of synthesized (a) In2O3 (0 % ITO), (b) 8 % ITO, and
(c) 10 % ITO.
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well with the crystal structure of tetragonal cassiterite SnO2 (PDF 01-027-1147, ICDD),

indicating the presence of either distinct particles of SnO2 or heterogeneity within the

10 % ITO nanoparticles.

100 nm

A

100 nm

B

100 nm

C D

Figure 3.2: TEM images of (a) 0 %, (b) 5 %, and (c) 10 % ITO. XRD spectra of all 3
powders are shown in (d). The bars on the ordinate correspond to XRD peak locations
and relative intensities for In2O3 (taller, green bars) and SnO2 (shorter, magenta bars).

EDX spectra from HRTEM were used to investigate the location of the SnO2

crystal structure detected in XRD. No Sn was detected in EDX spectra for the 0 % ITO,
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corroborating the XRD pattern showing a single In2O3 bixbyite phase present. Atomic

EDX maps for 5 % (left) and 10 % ITO (right) are shown in Figure 3.3. In both the

5 % and 10 % ITO, areas of inhomogeneous Sn incorporation can be seen, as evidenced

by red patches in the cluster of primary particles (top plots). Zoomed-in maps (bottom

plots) confirmed the islands were distinct SnO2 primary particles and not heterogeneities

within ITO crystals. Determination of distinct SnO2 crystal structure within the ITO

crystal structure was not possible due to the polycrystalline nature of the ITO particles.

The atomic percentages of the clusters determined by EDX were 9.5 %:90.5 % Sn:In at%

for the 5 % ITO and 11.2 %:88.8 % Sn:In at% for the 10 % ITO.

The presence of distinct SnO2, confirmed with both XRD and TEM-EDX, may be

due to preparation method for the commercial ITO and the solubility of SnO2 in In2O3.

Studies on the effect of sintering temperature on end-member crystallography found that

crystals of ITO and SnO2 would be present for sintering temperatures of T < 1325 ◦C

and XSn > 4.5 % to 5 %.90,91 Lower temperatures and shorter sintering times resulted

in smaller metastable ITO crystals with higher Sn content, but SnO2 was nearly always

present when Sn was added above thermodynamic equilibrium of XSn > 4.5 % to 5 %.91

Further analyses of the commercial ITO in this study will continue to refer to the powders

as 0 %, 5 %, and 10 % ITO, and implications of free SnO2 crystals will be discussed.

3.3.1.2 Electrophoretic mobility

Electrophoretic mobility is a measure of the velocity of a particle or macromolecule

in an applied external electric field and is an indirect measure of the surface charge of the

particle. All the commercial ITO suspensions exhibited positive electrophoretic mobilities

at pH = 6.0, as shown in Figure 3.4a, meaning they were positively charged at this pH.

The 10 % ITO had an isoelectric point of pHIEP ≈ 9.3, shown as the pH at which the
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250 nm 1 μm

50 nm 100 nm

Figure 3.3: EDX map of 5 % ITO (left) and 10 % ITO (right). Top images are overall
mapping of a cluster of primary particles, and bottom images are enlarged to focus on
primary particles. Green is In, red is Sn, and blue is O (only included in right-bottom).
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Figure 3.4: EPM of (a) 0 %, 5 %, and 10 % ITO at pH = 6.00±0.04 in 1.0 mmol L−1 MES
buffer and electrolyte added as NaNO3; and (b) 10 % ITO in 5 mmol L−1 NaCl. Error
bars signify the standard deviation of a total of 9 to 15 data points from 3 injections of
the same suspension into the instrument. Replicate sample points at the same I are true
sample replicates (i.e., different suspensions) at I near the CCC of the particles.

experimental data crosses the abscissa in Figure 3.4b. This matches well with previous

studies of pristine In2O3 particles.92 Furthermore, the EPM at pH ≈ 6.0 in Figure 3.4b,

which was collected for 10 % ITO in de-aerated, unbuffered 5 mmol L−1 electrolyte, is

not significantly different than that collected at pH = 6.00 in 1.0 mmol L−1 MES buffer,

indicating that the Good’s buffer MES does not significantly change the surface charge.

The point of zero charge, p.z.c., which is similar to pHIEP, is the pH when a particle

has no net surface charge. Without some non-electrostatic stabilization mechanism,

particles are destabilized at pHs near the p.z.c. since the low repulsion from low surface

charge is not able to overcome attractive dispersion forces between particles. For mixed

oxides, the p.z.c. has been shown to occur between the p.z.c. of the binary end-members,

and not necessarily as a weighted average of end-member fractions.93 The p.z.c. of In2O3

is approximately pH = 9, and the p.z.c. of SnO2 is approximately pH = 4.5.94 Thus, the

p.z.c. of both 5 % and 10 % ITO would fall between pH = 4.5 and pH = 9, more likely

falling near the higher end due to the larger amount of incorporated In2O3.
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From the trends of EPMs shown in Figure 3.4a, it appears likely that the p.z.c.

of the commercial ITO trends as 0 % > 10 % > 5 %. Thus, as the pH is increased from

pH = 6 to pH = 8, the 5 % ITO would be the first type to completely destabilize,

since it likely exhibits the lowest p.z.c. Increasing the pH past the p.z.c. of the 5 %

ITO would cause the 10 % to completely destabilize, followed by 0 % ITO at an even

higher pH. If the p.z.c. was some combination of the p.z.c. of the end-members, i.e.,

p.z.c. = f(χIn2O3)p.z.c.In2O3 + f(χSnO2)p.z.c.SnO2, one would expect the p.z.c. to trend as

0 % > 5 % > 10 %. The different experimental trend indicates some other property, such

as near-surface lattice strain, is likely important in the regulation of surface charge at

ITO surfaces and dependent on the amount of substituted Sn.

Note that the EPM determined with MP-PALS is an average EPM — differen-

tiation of EPMs from separate populations is not possible with this technique. Thus,

the less positive or even negative EPM of distinct SnO2 crystals at near-neutral pH is

included in the average EPM, meaning the true EPM of the ITO crystals in the 10 %

may be underestimated in Figure 3.4. However, the effect of Sn level, whether in SnO2

crystal form or incorporated into the ITO crystal, is embodied in this average EPM. For

the 5 % ITO, which has less free SnO2 as determined by ICP-OES and TEM, the true

EPM of the ITO crystals is likely slightly more positive than what was found in Figure

3.4a, but one cannot say for certain with this technique. Thus, comparison of EPMs

among ITO types at the same pH and ionic strength is still a measure of the relative

effect of Sn even when the exact crystalline forms including Sn are not known.

As discussed, EPM, and thus surface charge, of the bare commercial ITO samples

did not follow expected trends of homogeneous solid solutions or mixtures of two com-

pletely different crystal types, with the 5 % ITO behaving differently than expected rela-

tive to the 0 % and 10 %. The EPMs of the ligand-capped synthesized ITO are more in-
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dicative of the EPMs of the ligand itself, but since the ligands are on highly-homogeneous

ITO crystals, any differences in EPM observed among the synthesized ITO would be at-

tributed to interaction between the ligand and crystal. No observed differences among

EPMs of ligand-capped synthesized ITO would indicate the ligand dominates all surface

charge, completely masking any effect of the nanocrystal differences.

The ZPs of PAA-PEO capped, synthesized ITO in water at pH ≈ 5.7 are plotted

against [CaCl2] in Figure 3.5. CaCl2 was used as the electrolyte because aggregation

experiments indicated high particle stability even at high NaCl concentrations, and de-

termination of the ZP at high ionic strength is difficult due to hydrolysis of water and

electrode degradation during experimental runs. Aggregation experiments in CaCl2 re-

sulted in better destabilization of particles at lower ionic strengths where ZP could be

determined with better confidence. The ZP was calculated from the EPM using Smolu-

chowski’s equation in the Malvern software. The ZP is the potential at the shear plane of

a moving particle and is used extensively in modeling of stability in nanoparticle systems

as a measure of surface charge. The ZP of all polymer-capped synthetic particles were

negative in all conditions, although they were near zero for [CaCl2] ≈ 30 mmol L−1. The

negative ZP is likely due to the PAA-PEO capping polymer covering the particle surface

and screening the positive charge at the surface of the particle. However, differences in

the ZP among ITO type were observed, indicating differences in the ITO surfaces were

important and not completely screened by the polymer. At a given ionic strength, the

ZP magnitude trended as ZP0 > ZP8 > ZP10, and the stability of particles at pH ≈ 5.7

would likely follow the same trend, since particles exhibiting ZPs of lower magnitude

are less stable if electrostatics is the only stabilization mechanism. The results further

indicate likely high stability for un-doped ITO, even in the presence of a ligand, and

decreased stability with the inclusion of Sn.
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Figure 3.5: Zeta-potential of synthesized ITO particles at pH ≈ 5.7 and in the presence
of CaCl2.

3.3.2 Aggregation

Time series of effective z-average hydrodynamic radii, RDLS, of ITO were ob-

served for various conditions to parse out how the level of Sn affected important aspects

of particles stability. Namely, sythesized particle aggregation was investigated to see the

effect of Sn on particle stability in the presence of an adsorbing ligand. Aggregation of

commercial particles without stabilizing ligands was monitored at different pHs and in

different electrolytes to determine if changes in surface charge or Hamaker constant were

more important to changes in particle stability. Lastly, commercial ITO was added to an

electrolyte containing NOM to simulate an environmental release and to investigate the

effect NOM concentration has on particle stability. A summary of experimental condi-

tions is given in Table 3.2, and aggregation behavior with respect to critical environmental

parameters are discussed in the following sections.
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Table 3.2: Values of parameters used in homoaggregation experiments along with esti-
mates for CCC and β as fitting parameters to Equation 3.1. Uncertainty expressed as
standard error of the estimate from nonlinear regression. ND = Not Determined.

ITO Source ITO pH Electrolyte NOM CCC β
(%Sn) (mg L−1) (mmol L−1 as I)

Commercial 0 6.0 NaNO3 0 56.5 ± 1.2 3.50± 0.24
7.0 NaNO3 0 29.7 ± 0.6 3.77± 0.24
7.9 NaNO3 0 6.38± 0.17 2.62± 0.16

5 6.0 NaNO3 0 14.7 ± 0.8 4.46± 0.94
6.0 NaNO3/NaCl

a 0–2.5 ∼ 200 ND
7.0 NaNO3 0 3.26± 0.13 3.03± 0.33
7.9 NaNO3 0 <0.073 ND
7.9 NaNO3/NaCl

a 0–2.5 230 ± 8 3.12± 0.30
7.9 Ca(NO3)2 2.5 16.70± 0.53 4.62± 0.61

10 6.0 NaNO3 0 27.4 ± 0.4 7.83± 0.79
6.0 Na2SO4 0 4.00± 0.04 4.64± 0.19
7.0 NaNO3 0 5.63± 0.09 3.01± 0.14
7.9 NaNO3 0 1.18± 0.03 2.26± 0.12

Synthesized 0 ∼ 5.7 CaCl2 0 13.9 ± 6.0 ND
8 ∼ 5.7 CaCl2 0 8.2 ± 0.1 ND
10 ∼ 5.7 CaCl2 0 0.64± 0.04 ND

a NaCl was used for high ionic strength experiments due to availability of stock solutions.
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3.3.2.1 Effect of ligand presence

The set of synthesized ITO particles were all capped by PAA-PEO polymer in

the same fashion. Ligand-stripped particles were added dropwise to DMF containing a

dissolved PAA-PEO polymer and the polymer allowed to associate on the particle surface.

The DMF was then added dropwise into excess water buffered at pH = 9 with borate

and stirred for 48 h, at which point the capped ITO was concentrated and purified by

spin dialysis. Ligands can have a huge effect on aggregation behavior, and large polymer

capping agents can effectively screen all electrostatic interaction of the nanoparticle with

the solution while sterically inhibiting particle aggregation.

To investigate the effect of the PAA-PEO polymer cap on nanoparticle stability,

particle aggregation kinetics were monitored after addition of an aliquot of synthesized

ITO stock to a solution containing CaCl2 at pH ≈ 5.7. Experiments using NaCl showed

high particle stability even at high (∼1 mol L−1) ionic strength and are not included here.

Figure 3.6 compares the stability of synthesized ITO nanocrystals by comparing the

hydrodynamic radius for all the data collected up to ttrunc = 500 s. The right plateau of

each curve signifies diffusion-limited aggregation, and the inflection point is the estimated

CCC for ttrunc. Clearly, the 10 % ITO reached diffusion-limited aggregation at a lower

ionic strength than the 8 % ITO, with 0 % ITO exhibiting the highest stability.

Plots of the estimated CCC as a function of the choice of ttrunc showed a time-

dependence of the estimated CCC (not shown). The intercept of a 4th-order polynomial

regression of CCC vs. ttrunc was taken to be an estimate of the CCC at short time

periods, and these values are given in Table 3.2 along with estimates of the uncertainty.

The estimates for CCCt=0 show the same trend seen in Figure 3.6, with incorporation

of Sn resulting in lower particle stabilities. This trend was also seen in the ZP data

presented in Figure 3.5.
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Figure 3.6: Fits of Equation 3.1 (lines) to fitted hydrodynamic radii for ttrunc = 500 s. All
points correspond to a single aggregation history carried out at ambient pH ≈ 5.7 and
addition of ionic strength as CaCl2. Particle concentrations were 120 mg L−1, 60 mg L−1,
and 67 mg L−1 for 0 %, 8 %, and 10 % ITO, and were chosen to get adequate photon
counts while not having too rapid of aggregation.
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Electrostatic destabilization of particles in solution by addition of electrolyte is

more effective for low surface charges, since fewer ions are needed to effectively screen the

particle charge. Since the particles exhibiting lower ZP are the least stable, it appears the

destabilization mechanism of these particles is electrostatic — no evidence of substantial

steric hindrance to particle aggregation was observed. A lower ZP with increased Sn

content could mean two things (1) The polymer did not fully screen the particle surface

charge and the (positive) surface trend comes through, or (2) the surface charge difference

of the bare particles resulted in different amounts or orientations of the adsorbed capping

polymer. In either scenario, the change in particle surface charge ultimately dictated the

aqueous stability of the particles, with lower magnitudes of surface charge correlating to

increased tin and lower particle stability.

3.3.2.2 Effect of pH and Sn level

To further investigate the effect of Sn, aggregation of bare commercial ITO was

monitored at different pHs in the presence of electrolyte. As discussed in the previous

section, the expected particle stability should be lowest near pHIEP and increase in either

direction as the surface gains positive (at lower pHs) or negative (at higher pHs) surface

charge. The values for pHIEP for the commercial ITO powders were in the range of 8 to

9.5. Thus, in the absence of NOM, the expected particle stability, as expressed in terms

of the CCC, would be CCCpH=6 > CCCpH=7 > CCCpH=7.9.

Figure 3.7 compares the stability of the commercial ITO powders at pH = 6.0

(Fig. 3.7a), pH = 7.0 (Fig. 3.7b), and pH = 7.9 (Fig. 3.7c), buffered with 0.1 mmol L−1

to 1.0 mmol L−1 MES, MOPSO, and HEPES buffer, respectively. Note that the 5 %

ITO was unstable with addition of only 0.1 mmol L−1 HEPES buffer. At concentrations

below this amount, the carbonate species present in solution became significant, causing
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the HEPES to lose buffering capacity. Thus, a full curve to find CCCpH=7.9 could not

collected, and CCCpH=7.9 < 7.3× 10−5 mol L−1 as I for 5 % ITO is assumed. Estimated

CCC values using the TAA-logistic method are summarized in Table 3.2.

For each particle type, the stability trended as CCCpH=6 > CCCpH=7 > CCCpH=7.9,

as expected from estimates of pHIEP from EPM measurements. At each pH, the particle

stability followed 0 % > 10 % > 5 %, which also mirrored the estimated trend in EPM

measurements at pH = 6.0 at various ionic strengths, as shown in Figure 3.4. Thus,

it appears the change in surface charge with Sn dopant level is the major factor that

contributes to differences in particle stability and overcomes any concomitant increase in

Hamaker constant.

3.3.2.3 Effect of counterion - Schulze Hardy rule

All of the aggregation experiments in Figure 3.7 were conducted in buffered sus-

pensions with adjustment of ionic strength with NaNO3. Since ITO is positively charged

at near-neutral pH, divalent anions, such as SO4
2– or CO3

2– should be more effective

in compressing the electric double layer than monovalent anions, such as NO3
– , due to

higher charge densities. Both SO4
2– and CO3

2– can be found as minor or major con-

stituents in surface waters, so they may be more important anions for ITO stability in

aqueous environmental systems than other major anions, such as Cl– .

Aggregation kinetics experiments were carried out using Na2SO4 as the electrolyte

and compared to those with NaNO3 to confirm the efficacy of SO4
2– in destabilizing ITO

nanoparticles. Figure 3.8 depicts the hydrodynamic radii at 425 s of aggregation as

determined by cubic fits of 950 s of aggregation histories of 10 % ITO at pH = 6.0 in

both NaNO3 and Na2SO4 electrolyte. The 10 % ITO particles were clearly less stable in

Na2SO4 electrolyte, as evidenced by the shift of the curve to lower ionic strengths. This
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Figure 3.7: Fits of Equation 3.1 (lines) to fitted hydrodynamic radii for ttrunc = 950 s
(points) for the following conditions: (a) pH = 6.0, NaNO3 electrolyte; (b) pH = 7.0,
NaNO3 electrolyte; (c) pH = 7.9, NaNO3 electrolyte. The 5 % ITO was unstable with
addition of only 0.1 mmol L−1 HEPES buffer; therefore, a full curve to determine the
CCC could not be collected at pH = 7.9.
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confirms the greater efficacy of SO4
2– in compression of the electric double layer than

NO3
– .

The Schulze-Hardy rule states that, for high surface charge, CCCz:z/CCC1:1 ∝

z−6, where z is the valency of electrolyte. Thus, for a 2:2 electrolyte, such as CaSO4,

one would expect a CCC that is 1/64 of that for a 1:1 electrolyte, such as NaNO3. Fur-

ther mathematical treatment of the Poisson-Boltzmann equation found that, for high

surface charge, CCC2:1/CCC1:1 ≈ 1/42, and for a diminishingly low surface charge,

CCC2:1/CCC1:1 ≈ 1/3.5.95 Noting that [Na2SO4] = 1 mmol L−1 is equivalent to I =

1/2
∑

i ciz
2
i = 3 mmol L−1, the Schulze-Hardy rule for a 2:1 electrolyte in units of ionic

strength translates to CCC2:1/CCC1:1 ≈ 1/14 for high surface charge and CCC2:1/CCC1:1 ≈

1/1.17 for low surface charge. From Figure 3.8 and Table 3.2,

CCCNa2SO4/CCCNaNO3 ≈ (4.5 mmol L−1)/(30 mmol L−1) = 1/6.66

which is intermediate of the two extremes and would be expected for an intermediate

surface charge. Thus, it’s likely the ITO system obeys the Schulze-Hardy rule, since the

EPM (a proxy for surface charge) at pH = 6 is moderate.

3.3.2.4 Effect of NOM

Previous studies have shown that the presence of NOM can either stabilize or

destabilize nanoparticles depending on nanoparticle characteristics and solution chem-

istry.48,75 To investigate the effect of NOM on ITO particle stability, aliquots of 5 % ITO

stock were added to solutions of Suwanee River NOM and selected electrolyte to simulate

a release of ITO nanoparticles to natural surface water. The concentration of NOM was

CNOM = 2.5 mg L−1 unless otherwise noted. Efforts were focused on 5 % ITO since it ex-

hibited the lowest stability in the absence of NOM, and it was hypothesized NOM would

stabilize ITO through surface adsorption, subsequent charge reversal, and electrostatic

57



Figure 3.8: Fits of Equation 3.1 (lines) to fitted hydrodynamic radii for ttrunc = 950 s at
pH = 6.0 in NaNO3 (right, solid) and Na2SO4 (left, dashed). CITO ≈ 25 mg L−1 10 %
ITO was used for all points.
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and steric stabilization at near-neutral pHs.96 Thus, if the NOM stabilized the 5 % ITO,

which had the lowest EPM (and thus surface charge) at pH = 6.0, it would stabilize the

more positively-charged 10 % and 0 % ITO as well.

Figure 3.9 depicts the effect of addition of 2.5 mg L−1 NOM on the stability of

25 mg L−1 5 % ITO under various conditions. All points are hydrodynamic radii at

ttrunc/2 = 425 s from least-squares cubic fits of the aggregation histories. The lines

are best fits of Equation 3.1 to the associated grey points, and the inflection point of

each line corresponds to the estimated CCC. The grey data points and lines correspond

to pH = 7.9, a pH at which 5 % ITO was unstable in the absence of NOM with addition

of even small amounts of buffer, i.e., CCC < 0.073 mmol L−1 as I. In the presence of

NOM and NaNO3 at pH = 7.9 (right set of points), CCC1:1 ≈ 230 mmol L−1 as I, clearly

demonstrating that the presence of NOM stabilized the ITO in suspension. Furthermore,

some aggregation experiments were carried out at pH = 6.0 with the same NOM concen-

tration as the pH = 7.9 experiments. These points, which are unlabeled orange points,

fell closely in line with the pH = 7.9 points, indicating pH had little effect on particle

stability in the presence of NOM at near-neutral pH.

As shown in Figure 3.4, bare ITO particles exhibited a positive surface charge in

the pH range investigated in this study, whereas NOM carries a strong negative charge

in the same pH range.96 Thus, a likely mechanism for ITO stabilization by NOM is ad-

sorption of NOM to the ITO surface, switching the positive ITO charge to an overall

large negative charge capable of electrostatically stabilizing the ITO/NOM particle. A

suspension of 5 % ITO at pH = 6.0 containing CITO ≈ 25 mg L−1, CMES = 1.0 mmol L−1,

and CNaNO3 = 10.0 mmol L−1 exhibited a ζ-potential (from EPM and Smoluchowski equa-

tion) of (17.6± 2.5) mV while an identical suspension containing an additional CNOM =

2.5 mg L−1 exhibited a ζ-potential of (−44.4± 1.4) mV. Thus, NOM appeared to lead to

59



Figure 3.9: Fits of Equation 3.1 (lines) to fitted hydrodynamic radii for ttrunc = 950 s at
pH = 7.9 (grey) and pH = 6.0 (orange) in NaNO3 and NaCl (right line) and Ca(NO3)2

(left line). For all points, CITO ≈ 25 mg L−1. NaCl was used at higher ionic strengths
due to immediate availability of stock solutions. Also shown are points where NOM
concentrations were adjusted at a given pH and electrolyte concentration (points labeled
with NOM concentration in mg L−1). CNOM = 2.5 mg L−1 for all other points.
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a charge reversal from adsorption onto the ITO surface.

To further investigate the mechanism of stabilization of ITO by NOM, aggregation

of 5 % ITO in the presence of NOM was monitored following addition of Ca(NO3)2 at

pH = 7.9. The particle stability decreased relative to that when NaNO3 or NaCl were

used as electrolyte as evidenced by the shift of the curve in Figure 3.9 to lower ionic

strengths, but was more stable than bare ITO at the same pH. Recall that, for a 2:1

electrolyte and high surface charge, CCC2:1/CCC1:1 ≈ 1/14 in terms of ionic strength.

From the data shown in Figure 3.9,

CCCCa(NO3)2/CCCNaNO3 ≈ (16.7 mmol L−1)/(230 mmol L−1) = 1/13.8

which is very close to the theoretical limit suggested by the Schulze-Hardy rule. Thus,

the stabilization of ITO by NOM is most likely largely electrostatic in nature.

Some studies have observed aggregation rates of nanoparticles in excess of the

diffusion-limited rate in the presence of NOM or other organic polymers for Ca2+ con-

centrations higher than the CCC.75,97 In Figure 3.9, this would mean the samples would

not plateau at higher concentrations, but rather continue increasing. Such behavior has

been attributed to bridging between both adsorbed and free NOM by Ca2+ ions, causing

the collision cross-section of an aggregate to increase. Such behavior was not observed

with ITO and the NOM used in this study. The orange point labeled “0” in Figure

3.9 was an experiment run on the same day as the Ca(NO3)2 experiments, i.e., from

the identical particle stock, with NaNO3 as the electrolyte and in absence of NOM at

pH = 6. The aggregation rate of this point is diffusion-limited, i.e., the ionic strength

is well above the associated CCC5 %ITO ≈ 20 mmol L−1 shown in Figure 3.7a and Table

3.2. The aggregation experiments with Ca(NO3)2 as electrolyte in Figure 3.9 show aggre-

gation rates approaching, but not exceeding, this diffusion-limited rate. Thus, calcium

bridging had minimal effect on particle stability in this system.
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Lastly, the effect of NOM concentration on aggregation kinetics was investigated.

Aliquots of 5 % ITO were added to 100 mmol L−1 NaNO3 solutions at pH = 6.0 that con-

tained 0 mg L−1, 0.5 mg L−1, 1.4 mg L−1, and 2.3 mg L−1 NOM, shown as orange squares

labeled with the NOM concentration in Figure 3.9. As the NOM concentration de-

creases from 2.3 mg L−1 to 0 mg L−1, the radius at time ttrunc/2 increases, indicating rel-

atively less stable particles. Each point can also be imagined as a sampling of the right

curve as it is shifted left, i.e., as the particle stability decreases. Thus, the point with

CNOM = 1.4 mg L−1 has a CCC about 20 mmol L−1 less than that of CNOM = 2.5 mg L−1,

and the CNOM = 0.5 mg L−1 has a CCC roughly 100 mmol L−1 less. From Figure 3.9, it

is quite clear that addition of even a small amount of NOM resulted in large increases of

particle stability.

3.3.3 Environmental implications

Releases of nanoparticles and other ENMs to the environment inevitably get trans-

ported to surface waters, whether it be from direct discharge or precipitation and runoff.

Indium tin oxide is an industrially-produced ENM, and the Sn content of ITO can be

adjusted to arrive at desired optoelectronic behaviors. Although ITO is an industrial-

relevant ENM, little study of aquatic behavior of ITO has been done. The results

of this study indicate that the stability of ITO nanoparticles trends with the surface

charge of ITO in solution, which is in turn dependent on the Sn level within ITO. For

polymer-capped ITO nanocrystals synthesized in this study, the stability trended as

0 % > 8 % > 10 %, and the trend likely mirrored that of the native surface charge of the

particles. For the commercial particles used in this study, the surface charge and stability

trended as 0 % > 10 % > 5 % at near-neutral pH. Previous studies on homogeneous solid

solutions would suggest a surface charge and stability trend of 0 % > 5 % > 10 % ITO at

near-neutral pH, indicating the commercial ITO did not behave as expected. Thus, for
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ITO and likely for other mixed metal oxides, other factors, such as point defects near the

surface of the lattice, may play an important in aggregation behavior in electrolyte so-

lutions. Nevertheless, NOM was shown to electrostatically stabilize ITO at near-neutral

pHs, likely shielding any differences in particle stability due to differences in Sn levels

exhibited by bare ITO particles.
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Chapter 4

Effect of tin dopant level on dissolution behavior and

photogeneration of hydroxyl radicals by indium tin

oxide nanoparticles

4.1 Introduction

Metal oxide-based nanomaterials are an important class of engineered nanomate-

rials (ENMs) that are increasingly utilized in a number of industries for various appli-

cations.1,2 One reason for the widespread use of metal oxide nanomaterials is the wide

range of beneficial uses owing to the unique behaviors associated with the numerous

possible metal oxide combinations. For example, TiO2 is used in a wide variety of ap-

plications, such as pigments and photocatalysis, because of its interaction with light and

low solubility.98–100 In medicine, magnetic Fe3O4 particles are used for MRI imaging101

and targeted drug delivery.102 Metal oxide nanomaterials can be formed from a single

metal, such the binary metal oxides ZnO, TiO2, and Al2O3, or two or more metals, which

are called bimetallic or polymetallic oxides, doped metal oxides (in the case the dopant

is also a metal), or mixed metal oxides. Doped metal oxides often exhibit unique char-

acteristics, especially regarding behavior of electrons. As such, they are often used in

electronic or catalytic capacities.9 Furthermore, impurities in metal oxide structure, such

as O vacancies or N substitution for O, can be introduced to alter the behavior.103,104

The multitude of unique compositions of metal oxide nanoparticles also results

in a wide range of environmental fate and transport of these particles. Because metal

oxide nanoparticles are increasingly prevalent, many studies have investigated the en-
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vironmental transport,43 transformation,105,106 and toxicity13,14 of binary metal oxide

nanoparticles. For binary metal oxide nanoparticles, numerous modes of toxicity in both

mammalian cells and E. coli highly correlated with two main characteristics: aqueous

solubility and the energy level of the conduction band minimum, ECBM.13,14 Metal oxide

nanoparticles with relatively higher aqueous solubilities were able to leach potentially-

toxic metal ions, such as Cu2+ or Zn2+, whereas particles with −4.12 eV > ECBM >

−4.84 eV with respect to vacuum were able to disrupt cellular redox processes by accept-

ing or donating electrons. Toxicity of metal oxide nanoparticles has also been correlated

to ability of the nanoparticle to generate reactive oxygen species (ROS), such as OH•,

O2
•– , or 1O2, upon illumination, which can subsequently react with and disrupt cell

membranes.15 Thus, both the solubility and electronic band structure of metal oxide

nanoparticles are important indicators of potential toxicity.

Fewer studies have investigated the routes of toxicity of doped metal oxides, but

the body of literature is growing. Stankic et al. recently compiled a review of antibacterial

properties of metal oxides, including doped metal oxides.107 Doped metal oxides exhibit

not only different overall cytotoxic potentials, but also different routes of toxicity than

the end-member metal oxides. For example, numerous studies have demonstrated that

doping of ZnO nanoparticles with Fe reduces the rate of Zn2+ leaching and associated

toxicity from that of pure ZnO.17,18,108 However, introduction of Fe into ZnO also increases

the photocatalytic activity toward ROS production, increasing cytotoxic effects through

that route.109

One doped metal oxide with a large existing market is indium tin oxide (ITO),

which is used in LCD displays and other optoelectronic applications. Approximately

700 t of indium is produced annually,24 the majority of which for manufacture of ITO

thin films,79 placing it among the top 10 produced ENMs on a mass basis.1 Although ITO
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is currently produced as a thin film at a doping level of 90:10 wt%:wt% In2O3:SnO2, cur-

rent research direction points toward production of thin films composed of small (<10 nm)

nanoparticles with variable Sn content based on the desired optical and electronic be-

havior.110–113 Dissolution of ITO has been studied extensively, but usually in regards to

acid etching to form electrical contacts or indium recovery from spent electronics.27,114,115

Only two studies have investigated ITO dissolution at pH > 4,26,29 with one finding pref-

erential dissolution of In at near-neutral conditions.29 Toxicity of ITO to microorganisms

or aquatic species has been demonstrated,35–37 but the effect of Sn dopant level on routes

of toxicity has not yet been studied.

This study uses ITO as an example doped metal oxide to investigate how two

major predictors of metal oxide toxicity, metal ion release and energetic band structure,

are affected by incorporation of a minor cation (Sn4+) into a metal oxide crystal (In2O3).

Specifically, dissolution of nanoparticulate In2O3 and ITO with two different Sn-levels

was investigated in controlled batch experiments and a flow-through atomic force micro-

scope (AFM) setup to elucidate the effect of Sn level on thermodynamics and kinetics

of ITO dissolution. The electronic band structure of the ITO powders were also interro-

gated with ultraviolet photoelectron spectroscopy (UPS) and diffuse-reflectance UV-Vis

spectroscopy, while a hydyroxyl radical probe was used to investigate if aqueous ITO sus-

pensions could produce ROS under UV irradiation at environmentally-relevant pHs. The

objective of this study was to determine whether trends in particle dissolution rates and

photogeneration of reactive oxygen species (ROS) in aqueous systems can be correlated

to the amount of SnO2 in ITO.
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4.2 Materials and methods

4.2.1 Materials

Indium tin oxide (ITO) nanopowders with primary particle size of a ≈ 50 nm and

3 different tin levels, i.e., 100:0, 95:5, and 90:10 wt%:wt% In2O3:SnO2 were procured

from a commercial vendor (MKnano, Canada).

The following chemicals were used as received: NaClO4 (98.0 %-102.0 %, Alfa Ae-

sar), HClO4 (99.9985 %, Alfa Aesar), NaCl (99.998 %, Alfa Aesar), NaNO3 (ACS grade,

≥ 99.0 %, Sigma-Aldrich), HNO3 (TraceMetal grade, Fisher Scientific), MES hydrate

(≥ 99.4 %, Sigma-Aldrich), 2 N NaOH (Baker Analyzed grade, J.T. Baker), and tereph-

thalic acid (TPA) (98 %, Sigma-Aldrich).

Salts were dried at 105 ◦C overnight before use. All solutions were prepared in

Type 1 reagent grade water (18 MΩ cm) from a Millipore Elix Essential followed by

Synergy UV High Flow system. Solutions were generally stored in amber HDPE bottles

or PP centrifuge tubes that were soaked in 10 % HNO3 overnight and rinsed with copious

amounts of deionized water followed by a reagent water rinse.

Determinations of pH of solutions and suspensions were done after a standard

3-point calibration with either a Sensorex S900C or Orion Ross Ultra 8103BNUWP pH

probe and Orion Star A211 pH meter.

4.2.2 ITO dispersion preparation

A bath-sonication method was used to prepare suspensions of ITO due to evidence

of release of negatively-charged tip particles from a probe sonicator.81 Approximately

10 mg of ITO nanoparticles was added to 5 mL reagent water in a acid- and base-washed

15 mL polypropylene (PP) centrifuge tube. The tube was then clamped vertically to a

ringstand and the bottom of the vial placed near the base of the sonication bath (Branson
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CPX2800, Branson Ultrasonics, USA). The tube cap was screwed on loosely to allow for

better cavitation within the suspension. Ice was added to the bath to keep the bath

below or near ambient temperature. The sonicator was run continuously at a setting of

HI for 45 min.

For batch dissolution experiments, the sonicated dispersion was used as is. For

other experiments requiring ITO in suspension, 7 mL of reagent water was added and

the dispersion centrifuged with a swinging bucket rotor at 2000 RCF for 7 min to 10 min

with acceleration and deceleration ramp settings of 0 (Eppendorf 5804 with A-4-44 rotor,

Germany). For flow-through AFM experiments, 1 mL of supernatant was retained for

sample preparation. For the TPA hydroxyl probe test, 7 mL of supernatant was retained

in an amber, base-leached, HDPE bottle to select the smallest aggregate sizes for fu-

ture study. This process was repeated with subsequent 10 min sonication times until an

adequate volume of supernatant was retained for the experiments.

4.2.3 Dissolution experiments

4.2.3.1 Batch dissolution experiment

Reagent water was boiled the day prior to the start of the batch dissolution exper-

iment. After about 15 min of a rolling boil, the water was quickly poured into borosilicate

Nalgene bottles which were immediately capped and allowed to cool. The water-filled

bottles were then transferred to a glovebox containing N2 (Labconco Protector Glove Box

Model 50700, USA) and the water poured into FEP bottles, which were left uncapped

overnight to allow residual dissolved CO2 and O2 to escape into the N2 atmosphere.

The suspensions of ITO prepared for the batch dissolution experiments were not

centrifuged after sonication, but instead immediately capped and brought into the anaer-

obic glovebox. Each ITO suspension was split into two FEP bottles that contained
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degassed reagent water and enough dried NaClO4 to result in a final concentration of

5 mmol L−1 NaClO4. The mass concentration of ITO in each of these stock solutions

was about 50 mg L−1. The pH of one stock suspension was adjusted to pH = 4.0 and the

other to pH = 6.0 with 0.1 mol L−1 and 1× 10−3 mol L−1 HClO4, respectively. Each stock

solution was split into acid-washed FEP and PP centrifuge vials, the caps screwed on

tightly, and Parafilm applied around the caps. The vials were then sealed in two Ziploc

bags, brought out of the N2 chamber, put on a rotary shaker table, and covered with two

black plastic bags to ensure dark conditions.

To determine aqueous In and Sn concentrations at a given time interval, a method

detailed in Rai et al. was used. Briefly, a set of batch vials, i.e., 0 %, 5 %, and 10 % ITO

at pH = 4 and pH = 6, were centrifuged at 2000 RCF for 25 min and then moved into the

N2 atmosphere. From each vial, 1 mL of supernatant was placed into a 3 kDa centrifugal

filter (Amicon) and centrifuged at 4000 RCF for 30 min. The centrifuge filter was then

brought back into the N2 atmosphere and the filtrate removed and discarded. Then,

5 mL of supernatant was added to the filter and centrifuged at 4000 RCF for 30 min.

This filtrate was added to pre-prepared 15 mL PP centrifuge tubes containing a solution

of reagent water and HNO3 to result in 10 mL of solution acidified to 2 % v/v HNO3 for

analysis on ICP-MS.

In and Sn concentrations were determined using an Agilent 7500ce ICP-MS at the

University of Texas at Austin (Dept. of Geological Sciences). The instrument was opti-

mized for sensitivity across the AMU range, while minimizing oxide production (1.5 %)).

Internal standards, mixed into unknowns via in-run pumping, were used to compensate

for instrumental drift and internal standard sensitivity variations were well within QA

tolerances (±50 %). Limits of detection (LODs), were determined from a population of

blank (2 % HNO3) analyses interspersed throughout the analytical sequence. Analyte

69



recoveries obtained for replicates (n = 4) of an independent quality control standards (5

ppb) were typically within 2 % (In) and 8 % (Sn) of certified values, with mean standard

deviations of 0.11 (In) and 0.12 (Sn). Relative standard deviations were computed from

triplicate injections of each QA standard and unknown.

4.2.3.2 Flow-through AFM dissolution experiment

Muscovite mica sheets (12 mm V-1 grade, Electron Microscopy Sciences) were at-

tached to magnetic sample pucks with Devcon 5-ton epoxy. The mica were then cleaved

using Scotch
TM

tape in reagent water and dried in a stream of high-purity N2. Mus-

covite mica116 has a point of zero charge (p.z.c.) of pHp.z.c. < 3 while ITO has a p.z.c.

around 8 to 9 as shown in Figure 3.4b. Thus, suspended ITO particles would be able to

electrostatically adsorb or deposit on a mica surface. To adsorb ITO to mica, 40µL of

centrifuged ITO suspension was drop-cast onto the freshly-cleaved mica and allowed to

sit quiescently for 1 h. The excess ITO suspension was then rinsed off with reagent water

and the sample discs dried in a gentle stream of N2.117,118

For AFM imaging, a DNP-10 “A” cantilever was used (nominal spring constant

k = 0.35 N m−1) in a fluid cell on a Bruker MultiMode 8 AFM with Nanoscope V con-

troller and “J” scanner. Prior to imaging, the cantilever was exposed to a UV-ozone

treatment (UVP HL-2000 HybriLinker) for 5 min and 120 mJ cm−2 to remove adsorbed

organics. An ITO-laden sample puck was placed on the scanner and the tip brought into

close proximity to the sample to ensure a good seal between the fluid cell and sample.

Fluid was pulled through the cell at a rate of 0.5 mL min−1 with a peristaltic pump from

an HDPE Mariotte bottle with the head level set about 2 cm above the fluid cell in order

to keep the mica wetted. The fluid was 10 mmol L−1 NaNO3, and pH was adjusted to

pH = 4 with concentrated HNO3 or pH = 6 with addition of 2.0 mol L−1 NaOH and MES
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powder with a final concentration of 0.1 mmol L−1 MES. The AFM was allowed to warm

up for 1 h prior to imaging to reduce piezo drift, and flow was paused during all imaging.

The tip was offset by 50 µm during imaging to reduce tip shielding effects.105

All images were acquired in ScanAsyst or PeakForce Quantitative Nanomechanical

Property Mapping (PeakForce QNM) mode, and at least three images were taken during

each imaging event. An initial image with a scan size of 20 µm and scan rate of 0.5 Hz

was acquired in order to find particles previously imaged in higher resolution. A 6.6 µm

image and a 2.2 µm image of previously-imaged particles were acquired at a scan rate of

1.0 Hz. The PeakForce Setpoint was set at 0.03 V for each image to minimize movement

of particles by tip-particle interaction. All images had a resolution of 512 samples/line,

resulting in point-to-point distances of 39 nm, 13 nm, and 4.3 nm for 20µm, 6.6 µm, and

2.2 µm images, respectively.

AFM images were analyzed using freely-available Gwyddion software, version

2.51.119 The particle height was used as the metric for comparison of particle size among

images, since tip convolution resulted in lateral stretching of the particles. Images were

first leveled using a revolving arc in both directions with a real radius of half of the image

width, as this leveling technique has been shown to be superior to other flattening tech-

niques in analyzing nanoparticle heights.120 Particles were then identified with a grain

height threshold of roughly 10 nm, and this threshold was adjusted to ensure neighboring

particles were counted as distinct. Then, maximum heights of each grain (i.e., particle)

were determined using grain distributions.
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4.2.4 Electronic band structure

4.2.4.1 X-ray and ultraviolet photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive interrogation tech-

nique that gives binding energies of core electrons — information useful when quantifying

relative amounts of surface atoms or distinguishing bond types among the same atom,

e.g., a relative amounts of C–C and C–O bonds. Ultraviolet photoelectron spectroscopy

(UPS) is similar to XPS, but uses lower energy UV-radiation to interrogate the surface,

giving information about less-tightly bound valence electrons. For semiconducting mate-

rials, UPS can yield information such as the work function, φ, and ionization potential,

Ip, which can be used to find the valence band maximum, EVBM = Ip − φ.9 Thus, a

combination XPS/UPS analysis can result in characterization of surface concentrations

of atoms of interest and determination of EVBM and the Fermi level, EF = Evac−φ. Both

are typically performed under ultrahigh vacuum conditions on dry samples, as was done

in this study.

Sample preparation. A piece of double-sided conductive carbon tape (Ted Pella, Inc.)

was adhered to 316 stainless steel XPS sample bar. Approximately 10 mg of each ITO

nanopowder was pressed into the tape with a stainless steel microspatula. The sample

bar was then gently tapped to remove any ITO powder not adhered to the sample tape.

To provide a Fermi-level reference, a gold-sputtered silicon plate was placed on the sam-

ple bar and screwed into place with a copper clamp to ensure conductivity between the

gold film and the sample bar.

XPS operating conditions. The photoelectron spectrometer used in this study was

the Kratos Axis Ultra DLD with a hemispherical analyzer capable of ultrahigh vacuum x-
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ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), and

low-energy ion scattering spectroscopy. The prepared sample bar was loaded into the sam-

ple transfer chamber and allowed to pump down overnight (about 17 h) to 7× 10−9 Torr.

The bar was then loaded into the sample analysis chamber, which had a pressure of

3× 10−9 Torr during XPS experiments.

Low-resolution XPS survey spectra of the gold reference and ITO samples were

collected to determine proper sample locations, verify chemical composition of the sam-

ples, and to ensure adequate surface cleaning from Ar+ ion sputtering by reduction of

the adventitious C 1s peak. The photoelectron analyzer was operated in spectrum mode

with a slot aperture and the kinetic energy was scanned from 286.69 eV to 1486.69 eV

with a step size of 1.0 eV, a dwell time of 300 ms, and a pass energy of 80 eV. The x-ray

source was monochromatic Al Kα emission with an energy of 1486.69 eV.

An XPS survey spectrum was collected for each sample and the reference. The

gold reference was then sputtered for 1 min with Ar+ ions accelerated toward the refer-

ence at 4 kV to remove adventitious carbon on the surface due to previous exposure to

ambient air. The gold reference was then rescanned to verify removal of the adventitious

carbon.

UPS operating conditions. After the initial XPS scans, the Kratos was switched over

to differential-pump UPS mode using a He I emission line with an energy of 21.21 eV

as the photon source. The pressure in the sample analysis chamber was increased to

4× 10−8 Torr during UPS experiments. The photoelectron analyzer was operated in

spectrum mode with a 110µm aperture and the kinetic energy was scanned from 5.00 eV

to 35.00 eV with a step size of 0.05 eV, dwell time of 500 ms, and a pass energy of 5.00 eV.

The sample bar was biased at −10 V to ensure electrons at the secondary electron cutoff
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would have enough kinetic energy for determination of the work functions of the samples.

UPS spectra were collected in triplicate. Additionally, a spectrum of the carbon tape

was collected to confirm uniqueness of the ITO spectra. The values for EF for the Au

reference and ITO samples were determined by taking the midpoint of the spectra at the

secondary electron cutoff, and the values of EF − EVBM for ITO were determined from

the onset of the valence electrons relative to the EF of the gold reference.

4.2.4.2 Diffuse reflectance UV-vis spectroscopy

A Cary 5000 UV-Vis-NIR spectrophotometer with integrating sphere diffuse re-

flectance accessory was used to determine the apparent optical band gap, Eg,opt, of

nanopowders. Each ITO nanopowder was pressed into a carbon tape and placed onto

a black sample holder, which was placed at the rear of the integrating sphere cham-

ber. Total reflectance spectra were collected at wavelengths of 200 nm to 600 nm with a

resolution of 1 nm. Specular reflectance was negligible, likely due to the small particle

size, so the total reflectance spectra was taken to be that of diffuse reflectance. The

resulting spectra were analyzed using the Kubelka-Munk transformation in a Tauc plot

to determine Eg,opt of the ITO powders.121 The reflectance data were transformed using

Equation 4.1

F (R) =
(1−R)2

2R
(4.1)

where R is the wavelength-dependent reflectance. The Kubelka-Munk transformation

was used as α in Equation 4.2, known as a Tauc plot,

F (R) = α ∝ (hν − Eg,opt)γ

hν
(4.2)
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where hν is the energy of radiation (eV), and γ = 0.5 or γ = 2 for a direct-allowed or

indirect-allowed optical band gap material, respectively.121,122 A recent study suggested

an alternative method for determining Eg,opt of bulk, degenerate, polycrystalline semi-

conductors such as ITO.123 However, the current study focuses on ITO nanoparticles,

which would exhibit localized energy states, a condition more appropriate for the Tauc

plot method.123

Estimates for Eg,opt from Equation 4.2 were determined by first plotting (F (R)hν)2

vs hν. Then, an algorithm was implemented in R to minimize the uncertainty of the

intercept of the line with the abscissa, which also minimized the uncertainty in the

estimate of Eg,opt. At least 15 points were required in each regression to avoid identifying a

portion of the lower-energy tail as the linear portion of the curve, and most regressed lines

included more than 15 points. The estimate was bounded by 3.0 eV < Eg,opt < 4.3 eV

based on visual inspection of the [F (R)]2 curves.

4.2.5 Terephthalate hydroxyl probe test

Terephthalate (TP) has been shown to be a selective probe molecule for detection

and quantification of hydroxyl radicals in aqueous solutions.124,125 TP does not exhibit

significant fluorescence, and reaction of a hydroxyl radical with the aromatic ring of

TP results in only one molecule with significant fluorescence, 2-hydroxyterephthalate

(TPOH), resulting in sensitive detection of the fluorescent product. Terephthalate has

also been shown to be resistant to direct oxidation by surface-bound holes, making it

superior to other fluorescent hydroxyl probes that are susceptible to hole oxidation.126

However, while TP exhibits minimal adsorption at λ > 310 nm, TPOH has an absorption

peak at 275 nm to 350 nm and has been shown to degrade by direct photolysis.127 Since

this study was comparing relative hydroxyl production rates among ITO types for fixed
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wavelengths and intensities, photolysis of TPOH was not taken into account.

A stock solution of terephthalate was prepared by dissolving terephthalic acid

(TPA) in 0.02 mol L−1 NaOH, which was then adjusted to pH ≈ 6.1 with 0.1 mol L−1

HCl. Suspensions of ITO nanopowders were prepared as discussed above. Mixtures of

ITO suspension, TPA stock solution, 1.0 mol L−1 NaCl solution, and reagent water were

prepared in an amber HDPE bottle to result in desired final concentrations of ITO, TPA,

and NaCl. Adjustments to pH of the final mixture were done by addition of 0.1 mol L−1

NaOH solution.

The ITO/TPA/NaCl mixture was then split into 1.2 mL plastic vials (1.00 mL of

mixture in each), loaded into a plastic tray, and placed underneath a narrowband 9 W

UVB lamp with peak emission at 311 nm (Philips PL-S 9W/01/2P). A box was placed

over the bulb and sample tray to reduce ambient light exposure. All experiments were

conducted with the tray the same distance from the bulb.

At set times after commencement of UVB irradiation, triplicate sample vials were

removed and the mixture placed into 1.5 mL polypropylene microcentrifuge tubes, which

were kept in the dark. At the termination of UVB exposure, the samples were centrifuged

at 10 000 RCF for 5 min to remove the ITO nanoparticles from suspension. From the

supernatant of each vial, 200 µL was pipetted into a black 96-well plate. The fluores-

cence of the product TPOH in the supernatant was determined with a Biotek Synergy

HT microplate reader, with 360/40 excitation filter and 460/40 emission filter. Although

these filters are not centered on the peak excitation and emission wavelengths for TPOH

of 312 nm and 426 nm, respectively, enough fluorescence was detected to differentiate the

behaviors of the different ITO types. Following fluorescence measurements, the super-

natants were removed from the 96-well plates, added to a 10 mm quartz cuvette, and

[TPA] determined on an Agilent 8454 UV-Vis spectrophotometer. No significant changes
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in [TPA] were observed in any experiments.

4.3 Results and discussion

4.3.1 Batch dissolution

The batch dissolution experiment was run for a total of 36 d. Figure 4.1 depicts

the aqueous concentration of Sn(IV) (solid line) in equilibrium with crystalline SnO2(c)

(cassiterite) as determined by Rai et al. 118 in addition to the limits of detection (LOD) for

the ICP-MS analyses (dot-dash lines) and ITO samples with dissolved Sn concentrations

above the LOD (points) in this study. It is important to note that an estimate for the

true value of the hydrolysis constant that dictates the horizontal portion of the solubility

curve in Figure 4.1 has yet to be determined — the value of the hydrolysis constant for

Sn4+ + 4 H2O −−⇀↽−− Sn(OH)4(aq) + 4 H+ was reported as log10K
0
h14 ≤ −0.62 in Rai et al.

due to the LODs of Sn determination with ICP-MS (log10 Sn = −9.0, −8.0, and −8.9).118

Similar LODs were attained in this study (log10 Sn = −9.0 and −9.3).

Of the 18 samples analyzed for Sn, 14 were below the LOD. Although a handful

of samples had detectable Sn, the concentrations were within about 2×LOD in all cases.

Regardless of whether the detections were real, they all occurred near the proposed limit

of solubility of SnO2(c), which suggests that SnO2(c) is likely the equilibrium-determining

solid Sn phase for ITO. Thus, Sn in ITO appeared to behave similar to pure phase SnO2(c)

when exposed to aqueous solutions, but detection limits precluded differentiation of the

relationship between solid Sn level and aqueous Sn concentrations.

To see whether the systems had achieved equilibrium, the concentration of aqueous

In was plotted versus time for pHi = 4 and pHi = 6, as shown in Figures 4.2a and 4.2b,

respectively. Figure 4.2a clearly shows the system had not reached, but was approaching,

equilibrium for all ITO types at pHi = 4 at 35 d, whereas the system may have reached
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Figure 4.1: Sn concentrations in filtrates (points) that were greater than the LOD (dot-
dashed lines; grey (top): 3 d samples, orange (bottom): 6 d samples). No 35 d samples
had a detectable Sn concentration. The solid black line represents total dissolved Sn(IV)
concentration in equilibrium with bulk crystalline SnO2 (cassiterite) and is the summation
of the Sn(OH)m

4–m concentrations. Note the Sn(OH)4(aq) line is concurrent with the 3 d
LOD line.
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equilibrium at pHi = 6, as evidenced by the more linear nature of concentrations in

Figure 4.2b. Although the systems were possibly not yet at equilibrium, the behaviors

over time were consistent, enabling subsequent comparisons among Sn doping levels.

Kinetics of batch dissolution of solid phase particles that approach equilibrium

are often modeled by the Noyes-Whitney equation:106

C(t) = Csat(1− e−kt) k =
AsurfD

Vsolutionδ
(4.3)

where Csat is the saturation concentration, Asurf is the exposed surface area of the

particle, D is the diffusivity of the dissolving species, Vsolution is the solution volume,

and δ is the diffusion layer thickness. In this study, δ, Vsolution and D are all constant

for a given pH. Further models, such as the shrinking sphere model, have been used in

the differential form of Equation 4.3 to incorporate the effect of the change of Asurf as

dissolution proceeds. To assess whether the differences in concentrations among the ITO

types in Figure 4.2 are from differences in surface area, the initial rates of dissolution were

estimated as a line from the origin to the first points and normalized by the BET surface

area. The BET surface areas for the 0 %, 5 %, and 10 % ITO were 10 m2 g−1, 11 m2 g−1,

and 9 m2 g−1 as discussed in Chapter 3. Normalization of the initial rates at pHi = 4 by

the BET surface areas gives ri = 5.2× 10−8 mol g L−1 m−2, 7.6× 10−8 mol g L−1 m−2, and

6.9× 10−8 mol g L−1 m−2 for 0 %, 5 %, and 10 % ITO, respectively. Normalization would

bring the 5 % and 10 % ITO closer together in Figure 4.2a, both substantially higher than

the 0 %.

Figure 4.3 depicts the dissolved In concentrations from the 35 d samples for all

ITO types. The two dashed lines represent the aqueous In(III) concentration in equi-

librium with In2O3(s) and In(OH)3(s) using suggested solubility and hydrolysis constants

from Brown and Ekberg 128 and Wood and Samson,129 respectively. Values below the
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Figure 4.2: Concentration of dissolved In over time at (left) pHi = 4 and (right) pHi = 6.
Note the difference in ordinate scale. Error bars represent relative standard deviation
of triplicate injections of the same sample on ICP-MS and are obscured by the point in
most cases.
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line are undersaturated with respect to the solid phase (i.e., solid dissolution is ther-

modynamically favorable), and values above are oversaturated (i.e., thermodynamically

favorable to precipitate).

In2O3 solubility
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Figure 4.3: Dissolved In concentrations of batch dissolution experiment plotted against
the final pH of the suspension at sampling time. Dashed lines represent the concentration
of In that would be in equilibrium with In2O3 (blue) and In(OH)3 (red). Error bars are
the relative standard deviation from triplicate injections of the same solution into the
ICP-MS and are obscured by the point in most cases.

Several observations can be made with respect to the data in Figures 4.2 and

4.3. First, at pHi = 6, the In2O3 (0 % ITO) and the 5 % and 10 % ITO nanoparticles

investigated in this study appear to be less soluble than In(OH)3. This result may be due

to uncertainty in the estimates for (log∗10Ks10 = 5.06± 0.10)128 or log10Kh13 = −12.4

(no uncertainty given),129 or the approach to equilibrium is slow at this pH. Second,

the aqueous concentration of In for all ITO types at pH = 4 were slightly higher than
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would be expected in equilibrium with In(OH)(s), which could again be due to uncertainty

in the estimates for the hydrolysis constants. Moreover, both groups of points indicate

equilibrium aqueous In concentrations are likely dictated by the solubility of lesser soluble

In(OH)3(s), not In2O3(s). Lastly, both 5 % and 10 % ITO exhibit markedly lower aqueous

In concentrations than 0 % ITO at pHi = 6, while 5 % ITO showed greater solubility

than 0 % and 10 % ITO at pHi = 4.

It is clear from the last point above that inclusion of Sn in the In2O3 crystal to form

ITO changes the solubility from that of pure In2O3. However, the difference in behavior

between pH = 6 and pH = 4 is an interesting result. If one assumes Sn is isomorphously

and fairly homogeneously substituted for In, one would assume the associated aqueous

solubility of In and Sn in ITO may follow that of an ideal solid solution of In2O3(s)

and SnO2(s). If this were the case, the minor constituent (Sn) would exhibit markedly

decreased aqueous solubility, while only a minor decrease in solubility would be observed

for the major constituent (In).130 This hypothesis could partially explain the decreased

aqueous In concentrations observed at pHi = 6, but one would expect a concomitant

decrease in In concentrations at pHi = 4. Thus, the data from this study suggest ITO

does not behave like an ideal solid solution in regards to aqueous solubility.

Preferential leaching from mixed metal oxides, also known as incongruent dissolu-

tion, definitely occurred at all time points at pHi = 4, since [In]/[Sn] > CIn,solid/CSn,solid.

The LOD limitations for Sn make an assessment of whether incongruent dissolution also

occurred at pHi = 6 difficult. For 5 % and 10 % ITO, [In] = 2× 10−8 mol L−1 and

[In] = 1× 10−8 mol L−1, respectively, would be the dissolved concentration for congruent

dissolution if [Sn] = 1× 10−9 mol L−1 (the LOD), but the aqueous concentrations of In

for 5 % and 10 % were <5× 10−9 mol L−1. Thus, the ICP/MS LOD for Sn prohibits

determination of the congruency of dissolution at pHi = 6.
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Slight restructuring of bond lengths upon Sn doping131 and dissociative chemisorp-

tion of O2 and H2O has been shown through first-principal calculations.132 Hydroxylation

of clean In2O3 or ITO surfaces after exposure to water vapor or aqueous systems has also

been shown experimentally.133–137 Increased dissolution of In from ITO at pH = 4 and

decreased dissolution at pH = 6 relative to In(OH)3(s) and In2O3(s) possibly suggests

different In–O bond energies or abilities of protons to approach the surface for proton-

promoted dissolution. The p.z.c. of SnO2 occurs at about pH = 4,94 so the majority of

surface Sn atoms may be hydroxylated and hold a neutral charge. This may enable pro-

ton adsorption to sites near the terminal –SnOH group or cause a weakening of nearby

In–O bonds that would be more susceptible to proton-promoted attack and subsequent

In release.138 At pH = 6, surface Sn are likely oxygen terminated and hold a negative

charge, –SnO– . The difference in charge of surface Sn groups could possibly strengthen

nearby In–O bonds, making them more resistant to proton-promoted dissolution, or

weaken the ability of proton-promoted dissolution at nearby sites due to favorable in-

teraction between –SnO– and –InOH2
+. Whatever the mechanism may be, this study

shows prediction of ITO dissolution behavior is not a straightforward weighted average

of dissolution behavior of the mole fraction of the binary end-members SnO2 and In2O3

as would be the case in an ideal solid solution.

4.3.2 Dissolution monitored by flow-through AFM

Monitoring of the dissolution of 5 % ITO at pH = 4 was the focus of the AFM

study, as this condition showed the highest dissolution rate in the batch study. A fluid

flow rate of 0.5 mL min−1 was maintained through the flow cell for 6 d except during

imaging events to ensure a strong gradient for dissolution. The volume of the flow

cell is roughly 100 µL, which corresponds to replenishment of the fluid in the cell every

12 s. Figure 4.4 shows 2.2 µm × 2.2 µm images of the same particles at the start of the
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experiment (Day 0, Fig. 4.4a) and at 6 d (Fig. 4.4b). The experiment continued for an

additional 8 d, but degraded image quality made these images too difficult to analyze

with confidence. As a result, the experiment was terminated after 8 d, as image quality

was unlikely to improve with additional time.

A B

Figure 4.4: Topographical height images of 5 percent ITO on mica in 10 mmol L−1 NaNO3

at pH = 4 at (a) the start of the flow-through experiment and (b) after 6 d of 0.5 mL min−1

flow through the fluid cell. Images were acquired with a Bruker DNP-10 “A” cantilever
using PeakForce QNM at a scan rate of 1.0 Hz with 512 samples/line and a PeakForce
Setpoint of 0.3 V

Several differences between the 0 d and 6 d images are worthy of note. First

6 d image clearly had more artifacts (e.g., lines) due to diminishing tip cleanliness and

entrapment of small air bubbles behind the cantilever. Image artifacts made automatic

processing of images difficult without further adjustments to the image, which may result

in changes to the extracted particle heights. Thus, particles were manually identified

and matched among images. Second, smaller particles appeared after the first day of

the experiment. For example, the small particle at (1.75µm, 0.25 µm) in Figure 4.4b

first appeared in the 1 d image and had a maximum height of about 35 nm. These

particles may be particles from the fluid source or may be primary ITO particles that
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were dislodged and transported to their locations when the flow was pulsed to remove

air bubbles from the flow cell. However, since the source of these particles could not be

positively known, they were not used in analyses of ITO dissolution kinetics. The final

difference of note between Figures 4.4a and 4.4b is the roughness of the mica surface.

The 0 d image exhibited a root mean square (RMS) surface roughness of about 0.60 nm,

while subsequent images, starting at 1 d, had RMS roughnesses of 0.85 nm to 1.0 nm. The

RMS roughness of the mica surface was used as an estimate of uncertainty in particle

height measurements.

A low PeakForce Setpoint was used to reduce the force of tip-sample interaction

to prevent the tip from moving or picking up particles while scanning. The low set-

ting for PeakForce Setpoint also made the nanoparticle clusters appear “fluffy,” making

identification of individual particles within clusters difficult. Thus, the maximum height

of each cluster instead of individual particles was used to monitor dissolution. Figure

4.5 depicts the change in particle heights for the five particles in Figure 4.4a from the

initial particle height measured at 0 d. The slope of the linear regression was found to be

(−0.24± 0.16) nm d−1 with a p-value of 0.149, indicating it was not significantly different

than 0 nm d−1. Thus, the kinetics of 5 % ITO dissolution at pH = 4 in inert electrolyte

were too slow to be quantified using flow-through AFM imaging in the 6 d time period

investigated, corroborating the findings from the batch experiments. Images collected at

longer time points showed poor image quality likely due to reduced tip cleanliness and

bubble entrapment behind the cantilever. These images required further image cleaning,

causing peak height determinations to be less reliable, and were therefore not used in the

present analysis. However, this method may be useful to investigate the effects of vari-

ous capping or aqueous ligands on mixed-metal oxide dissolution rates in future studies,

similar to a recent study on capping effects on nano-Ag dissolution.12
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Figure 4.5: Difference of particle height, zmax, from initial height as measured at 0 d,
zmax,0, for 5 % ITO in 10 mmol L−1 at pH = 4. The five particles in Figure 4.4a were used
and are each represented by a unique combination of shape and color. Note one particle
was not included in the 6 d sampling due to interference of image artifacts in determining
zmax for that particle.
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4.3.3 Apparent optical band gap

The reflectance spectra of the ITO nanopowders and associated Kubelka-Munk

determinations of Eg,opt are shown in Figure 4.6. The values determined for Eg,opt, rep-

resented by a vertical black line in the figure, were 3.64 eV, 3.70 eV, and 3.74 eV for 0 %,

5 %, and 10 % ITO, respectively. These values match well with those found in literature

for thin film and nanoparticulate ITO139 and In2O3.140

For all ITO types, Eg,opt < 3.99 eV, which is the peak intensity of the UVB

lamp used in hydoxyl radical photogeneration experiments. Thus, each type of ITO

would be able to absorb UVB photons to make photogenerated e−-h+ pairs. However,

UVA photons, usually considered to have energies of 3.94 eV to 3.26 eV and are far more

abundant in ambient sunlight, would only be absorbed if hνUVA > Eg,b. Thus, absorption

of ambient sunlight and subsequent photogeneration of reactive oxygen species by bare

ITO nanoparticles is unlikely in environmental aqueous conditions.

4.3.4 Dry particle electron band energetics

Work functions, φ = Evac − EF, of φ0 = 4.05 eV, φ5 = 4.33 eV, and φ10 = 4.33 eV

for 0 %, 5 %, and 10 % ITO, respectively, were determined from the half height of the

secondary electron cutoff of the UPS spectra. The value of the energy difference between

the Fermi level and the valence band maximum (VBM), EF−EVBM, was estimated from

the intersection of a linear extrapolation of the valence band onset to the baseline. For

all particle types, EF − EVBM ≈ 3.0 eV.

In an intrinsic semiconductor, the fundamental band gap is given by Eg0 = ECBM−

EVBM, where CBM refers to conduction band minimum, and EF lies somewhere between

ECBM and EVBM. Typically, the optical band gap of intrinsic semiconductors matches

that of the fundamental band gap, Eg,opt = Eg0. In a degenerate semiconductor such
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Figure 4.6: Total reflectance (top panel) and Kubelka-Munk transformations (bottom
panel) of UV-Vis reflectance spectra. The vertical black lines are the Eg,opt determined
as intercepts with the abscissa on the bottom panel. The vertical blue dot dash lines
is the wavelength of peak intensity of the UVB lamp used in experiments to determine
photocatalytic generation of hydroxyl radicals.
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as ITO, enough dopants are in the crystal to cause the Fermi level to rise to an energy

level above that of ECBM , causing population of the conduction band with electrons

between EF and ECBM.9 Thus, the minimum energy required to promote an electron

from the valence band to the conduction band is hν > EF − EVBM > ECBM − EVBM. In

the case of In2O3 and ITO, however, experimental and modeling results have indicated

that the fundamental band gap is about Eg0 ≈ 2.9 eV, significantly less than the optical

band gap of Eg,opt ≈ 3.6 eV. Reasons for this difference are parity-forbidden transitions

at the VBM at the Γ point141 and possible Fermi-level pinning and associated surface

band-bending.140 Electrons from roughly 0.8 eV below the VBM are associated with the

onset of strong photon absorption, both in pure In2O3 and ITO.141 Thus, photogenerated

holes would have an energy roughly 0.8 eV more negative (with respect to vacuum), or

more oxidizing, than EVBM, resulting in energetics more favorable to hydroyxl radical

production. At the same time, it means photons need 0.8 eV more energy to promote an

electron, making photon absorption from ambient sunlight much less likely.

Figure 4.7 combines the Eg,opt estimated from diffuse reflectance data with the

estimated Ip and φ for 0 %, 5 %, and 10 % ITO in relation to possible pathways for

nanoparticle-associated toxicity. In a study of 24 single metal oxides, Zhang et al. found

that a calculated CBM energy of −4.84 eV < ECBM < −4.12 eV (grey rectangle in Fig.

4.7) correlated to inflammation and oxidative stress of pulmonary cells due to disruption

of the electron-transport systems within the cell.13 The same research group found similar

results for toxicity in E. coli ,14 and other researchers correlated antibacterial activity

of metal oxide nanoparticles to production rates of reactive oxygen species (ROS), the

redox potentials of which are included as dashed lines in Figure 4.7 for aerated water

at pH = 5.6. As dry nanopowders, it would appear all ITO nanoparticles investigated

could lead to CBM-related toxicity, since the CBM of each particle is likely within the
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cellular redox window. Additionally, each nanoparticle has the thermodynamic capability

to oxidize water to produce hydroxyl radicals (OH•) since EVBM < EH2O/OH• with respect

to Evac.

Figure 4.7: Estimated band structure of 0 %, 5 %, and 10 % ITO from UV-Vis diffuse
reflectance spectroscopy and UPS measurements. The values for ECBM are approximate
— each assumes a 0.8 eV offset from EVBM for the onset of significant absorption. The
arrows indicate promotion of valence band electrons through absorption of a photon of
energy hν = Eg,opt, the dotted lines are the EF of the particles, and the solid lines are
the VBM and CBM. The grey box indicates the cellular redox window,13 and the dashed
lines represent redox potentials at pH = 5.6 for ROS species of interest.15

4.3.5 Hydroxyl radical production

The band structure proposed in Figure 4.7 suggests that 0 %, 5 %, and 10 % ITO

are all thermodynamically capable of producing OH• under UVB irradiation in contact

with water. To test whether thermodynamics were the controlling factor in photogener-
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ation of OH•, i.e., whether one can rely solely on band energetics for prediction of ROS

production, an assay utilizing the TPA fluoresence probe was used.

The concentration of TPA required to measure the hydroxyl radical production

rate was determined by adjusting the final concentration of TPA in the mixture irradiated

with UVB. Figure 4.8 depicts the fluorescence of the supernatant after 20 min of UVB

irradiation as a function of the total concentration of TPA ([TPA]T = [H2TP]+[HTP]−+

[TP]2−). The pH of solution during UVB irradiation and fluorescence measurements

of these samples was pH = 6.2± 0.1 and CITO = 25 mg L−1. Since pKa2 = 4.81 for

terephthalic acid, [TP2−] = 0.93[TPA]T at pH = 6.0 and [TP2−] = 0.99[TPA]T at pH =

6.8, meaning nearly all TPA was present as the active divalent anion terephthalate (TP)

during these experiments.

From the results shown in Figure 4.8, a TPA concentration of 0.5 mmol L−1

was chosen for subsequent experiments. Under the pseudo steady-state assumption for

[OH•], the plateau in fluorescence at larger concentrations of TPA indicates the rate

of hydroxylation of TPA is limited by the rate of production of hydroxyl radicals, e.g.,

r = k′ = k[OH•], whereas the large difference in fluorescence at lower TPA concentra-

tions indicates the hydroxylation reaction rate is also dependent on the concentration of

TP, e.g., r = k′[PA]2− = k[OH•][PA]2−.125 The fluorescence at [TPA]T = 0.5 mmol L−1

was within 5 % of that observed at [TPA]T = 1.0 mmol L−1 for 10 % ITO at a given

vial location. The fluorescence of 0 % and 5 % ITO were significantly lower, but similar

plateau behavior was also observed by [TPA]T = 0.4 mmol L−1. A difference in fluores-

cence between the middle vial location along the centerline of the UVB bulb and vials

on either side of the centerline was observed. The discrepancy is due to differences in

incident intensity, so subsequent discussion will focus on comparisons of vials in the same

position. i.e., same incident light intensities.
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Figure 4.8: Relative fluorescence of supernatant after 20 min UVB irradiation as a func-
tion of total terephthalic acid concentration. Error bars represent the standard deviation
of fluorescence from triplicate aliquots from a single irradiated vial. Each point had
[NaCl] = 10 mmol L−1 and CITO = 25 mg L−1 during UVB irradiation. Vial location
refers to relative location of the irradiated vial to the centerline of the UVB bulb when
viewed from above: L is to the left, M is on the centerline, and R is to the right.
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Since [TPA]T was chosen such that the rate of hydroxyl radical production was

the limiting step (i.e., pseudo-first order conditions), direct comparison of fluorescence

measurements could be made to compare relative hydroxyl production rates among ex-

perimental conditions, according to Equation 4.4, where k′ is the slope of the fluorescence

vs. time plot. The relative rates of hydroyxl radical production among ITO are shown

in Figure 4.9 and summarized in Figure 4.10.

dTPOH

dt
= k[OH•]α(aq)[TP2−]β ≈ k[OH•](aq),ss = k′ (4.4)

Figure 4.9 depicts the fluorescence response at approximate initial pHs of 6 (Fig.

4.9a) and 9 (Fig. 4.9b) as a function of UVB irradiation time for all ITO suspensions

investigated. pH 6 was chosen to investigate the ROS production behavior at an environ-

mentally relevant pH where the ITO particles were stable in the background electrolyte

(10 mmol L−1 NaCl). On the other hand, pH 9 was near the isoelectric point of the ITO

particles, so the particles were likely to aggregate during the experiment. A previous

study showed that diffusion-limited aggregate structure, like that which would be formed

near pH = 9 for ITO particles, did not decrease the generation rate of free OH•, likely

due to the ability of photogenerated OH• to diffuse out of the open structure.142 Thus,

the free OH• generation rate would not be significantly inhibited by mass transfer at

pH = 9 in this study, enabling elucidation of the affect of pH on photogeneration rate.

Theoretically, two main differences between pH = 6 and pH = 9 as it relates to OH•

production exist: (1) The higher pH could lead to more adsorbed OH– on the particle

surface, increasing the rate of OH–
ads + h+ −−→ OH•ads, and (2) the Fermi level of the

surface states becomes less negative with respect to vacuum, causing the thermodynamic

drive for hole production to decrease.

From Figure 4.10, 10 % ITO clearly exhibits significantly higher photogeneration

93



A B

Figure 4.9: Fluorescence of supernatant following UVB irradiation of dispersions con-
taining CITO = 25 mg L−1, [TPA]T = 0.5 mmol L−1, and [NaCl] = 10 mmol L−1 at (a)
pHi = 6 and (b) pHi = 9. All points were from the centerline under the UVB lamp
(position M).
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rates of hydroxyl radicals than 0 % or 5 % ITO at both pHi = 6 and pHi = 9. Fur-

thermore, 0 % and 5 % ITO do not have significantly different hydroxyl photogeneration

rates for the same experimental conditions. Lastly, only 0 % ITO showed a significant

difference (increase) in hydroxyl production rate at pHi = 9 when compared to pHi = 6.

If one were to predict hydroxyl production capabilities solely based on EVBM, all three

ITO types would have had similar rates, since all had thermodynamically favorable en-

ergetics. However, these results indicate the energy level of the VBM and CBM do not

adequately explain the photocatalytic activity of the different ITO nanoparticles to pro-

duce hydroxyl radicals — band-bending or specificity of surface sites for hole transfer to

OH– or H2O must also play an important role, as evidenced in the significantly different

production rates exhibited by the 10 % ITO.

4.3.6 Environmental implications

This study demonstrated that dissolution behavior, the energy level of the con-

duction band, and photocatalytic ability for hydroxyl radical production for different

levels of Sn doping in ITO nanoparticles cannot be predicted from the two binary oxide

end members, In2O3 and SnO2. Over a 35 d period, indium was leached from ITO at

concentrations greater than solubility at pH = 4, but less than solubility at pH = 6,

behavior that does not fit well within established theories on dissolution of solid solu-

tions. Furthermore, from the electronic band structures determined for dry nanopowders,

photocatalytic production of hydroxyl radicals was thermodynamically favorable for 0 %,

5 %, and 10 % ITO. However, 10 % ITO produced hydroxyl radicals at a significantly

higher rate.

The inability to predict the behaviors of mixed metal oxides based on the binary

metal oxide end-members presents a unique challenge when attempting to predict the
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Figure 4.10: Slopes of ordinary least squares linear fit of fluorescence versus UVB irradi-
ation time. Error bars signify a 95 % CI on the slope regression parameter. The values
L, M, and R refer to relative location of the irradiated vial to the centerline of the UVB
bulb when viewed from above: L is to the left, M is on the centerline, and R is to the
right.
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fate and toxicity of these ENMs. Comprehensive studies have found metal release and the

positions of electronic bands as significant predictors of cellular toxicity13–15 for binary

metal oxide nanoparticles. However, this study showed that ITO, and thus other mixed

metal oxides, may not behave as expected, and further study of more mixed metal oxides

is needed to determine if or when environmental toxicity can be predicted from end

member binary metal oxides.

97



Chapter 5

Conclusions and recommendations

5.1 Conclusions

The electronic band structure, aqueous suspension stability, dissolution behavior,

and ability to photocatalytically produce ROS was investigated for ITO nanoparticles

with varying Sn content to elucidate the role doping level plays in transport, transfor-

mation, and potential toxicity of ITO in aqueous environmental matrices. The major

findings of this research are summarized below in relation to the research objective and

tasks outlined in Chapter 1.

Effect of Sn level on electrolyte-induced homoaggregation

A novel method, the TAA-logistic method, for more accurate and precise es-

timation of the CCC from particle aggregation as monitored by DLS was developed to

enable improved comparison of particle stability. Electrolyte-induced aggregation of ITO

nanoparticles at near-neutral pH was monitored while changing the capping ligand, elec-

trolyte type, and concentration of NOM to elucidate the effect doping level of Sn had

on particle stability. Inclusion of Sn reduced particle stability from that of un-doped

In2O3, and the changes were primarily due to changes in surface charge. However, sur-

face charge, and thus particle stability, was not a weighted combination of the binary

ITO end-members, indicating the distribution of Sn within ITO crystals was also an

important factor.
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Effect of Sn level on aqueous dissolution in inert electrolyte

Batch dissolution experiments confirmed the low solubility of ITO at pH = 4 and

pH = 6 in the presence of 5 mmol L−1 NaClO4. Slow kinetics were also confirmed using

flow-through AFM dissolution experiments. At pH = 6, inclusion of Sn in In2O3 reduced

the solubility of In relative to In2O3, but inclusion of Sn appeared to increase solubility

of In over than of In2O3 at pH = 4. This behavior cannot be explained by ideal solid

solution aqueous solution theory, which may suggest lattice distortions near the surface

of ITO crystals can lead to more energetically favorable proton-promoted dissolution of

In from the crystal surface. Thus, ITO dissolution cannot be predicted using simple

theories on dissolution of solid solutions.

Modulation of band gap energetics

The estimated band structure of nanoparticulate ITO was constructed using UPS

and UV-Vis diffuse reflectance spectra. From the estimated band energies, both ITO

and In2O3 may exhibit toxicity through disruption of cellular processes, as ECBM fell

within the estimated cellular redox window. Furthermore, both Sn-doped and un-doped

In2O3 would thermodynamically be able to produce hydroxyl radicals upon illumination

with UVB, but not UVA, light through oxidation of water by photogenerated holes.

However, a hydroxyl radical assay utilizing terephthalate as a hydroxyl scavenger showed

significantly higher hydroxyl radical photogeneration rates under UVB illumination for

10 % Sn ITO than 5 % Sn ITO and un-doped In2O3. Since the electronic band energetics

determined for 0 I, 5 I, and 10 ITO would suggest all three Sn doping levels would produce

hydroxyl radicals upon UVB illumination, ROS production rates cannot be predicted

solely from estimated electronic band structure — other factors, such as band bending

and surface specificity for hole transfer, may play an important role in both photocatalysis
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and toxicity pathways.

5.2 Environmental implications

None of the investigated properties related to environmental fate and transport of

ITO could be predicted by considering ITO as an ideal homogeneous mixture of the two

end-members, In2O3 and SnO2. Non-ideal or non-predictable behavior was observed in

particle stability, solubility, and band energetics and associated routes of toxicity when

these characteristics were investigated for various levels of Sn doping in ITO. Thus, other

factors, such as crystal structure and strain, are likely important to the aqueous behav-

ior of ITO nanoparticles. Since these material properties are not often considered when

investigating the environmental fate, transport and toxicity of ENMs but are important

for doped metal oxides, the associated environmental risk of doped metal oxides would

be difficult to predict within the existing framework. Thus, more research on the aqueous

behavior of ITO and other doped metal oxides is needed to help identify important ma-

terial properties unique to doped metal oxides and expand the modeling and framework

to include this class of ENMs.

5.3 Recommendations for future work

To expand upon the findings of this research, the following studies could be per-

formed:

Effect of ligand type and/or length on ITO particle stability

The current study considered the effect of one type of capping ligand on stability

of ITO nanoparticles in electrolyte solutions. It was clear the amount of tin was an

important factor for the trend of particle stability. Another set of ligand-capped ITO
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nanoparticles synthesized for this study was stable in electrolyte solution even at concen-

trations of [CaCl2] > 1 mol L−1 regardless of Sn content. For this set of stable particles,

the influence of Sn, and likely the entire ITO nanoparticle, was lost. This would indicate

a core-shell type situation, where properties of the ligand (shell) can mask the properties

of the nanoparticle (core). Investigation of the properties that cause shielding of the core,

such as ligand length or charge density, could inform optimization of ligand type for both

utility of the nanoparticle for the intended purpose while reducing possible environmental

impacts.

Study of ligand-promoted dissolution of ITO

This research studied the solubility and dissolution kinetics of ITO in NaClO4, an

indifferent electrolyte. Natural waters and internal environments of organisms contain

other ions and molecules that could act as ligands or otherwise promote ITO dissolu-

tion. While some research has investigated ITO etching and dissolution in small organic

acids, such as oxalic acid, little study has been done to quantify stability constants of

In-ligand and Sn-ligand complexes of non-halide ligands. Recent research has shown in-

creased solubility of ITO in some biological media, but the ligands causing the increase

in dissolution were not investigated. Investigation of possible interactions of ITO with

biologically-relevant ligands could inform future toxicity studies on cellular environments

that may have increased risk of adverse affects from ITO exposure and dissolution.

Investigation of other industrially-relevant doped metal oxides

ITO was chosen in this study because it is a doped metal oxide that is already

produced on a large scale. However, many other doped metal oxides have industrial

potential. The results of this study indicated that behavior of ITO nanoparticles in

aqueous media was unpredictable — predictability should also be assessed for other
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doped metal oxides. Only one recent study has considered particle stability, dissolution,

and toxicity for a doped metal oxide,16 and while many characteristics seemed to be

a function of the relative amount of end-members, some unique behaviors were also

observed. Thus, more study is needed on a more extensive set of doped metal oxides to

see if trends in predictability emerge.
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Appendix A

Appendix for Chapter 2

A.1 Discussion of W relating to DLS measurements

Experimental determination of W from DLS data relies on estimating kfast and

kobs from aggregation histories of a given experimental condition. It is important to note

that Fuchs originally developed the concept of W by calculation of particle number fluxes

in a diffusive force field. Thus, in the purest state, W is a measure of relative rates of

particle number aggregation as monitored by changes in particle number. Dynamic light

scattering monitors the increase in the intensity-averaged, apparent hydrodynamic radius

(R̄DLS) over time. This value is often larger than the real hydrodynamic radius and is a

complex function of primary particle size, optical parameters, as well as aggregate size

and morphology. Conversion of an intensity-averaged, apparent hydrodynamic radius

to volume- or number-average hydrodynamic radius requires knowledge of particle and

cluster morphology, along with optical properties of the material; intensity-averaged data

are usually used in analysis to avoid possibly erroneous assumptions.

As noted in the manuscript, the scaling method of determining W requires as-

sumption of a functional form of R̄DLS(t,W ) and adjustment of W for each aggregation

curve such that all curves align on a single master curve.58,64 The functional forms have

typically been determined from simulations and numerical solutions to the Smoluchowski

population balance equation assuming various aggregation kernels. Studies have found

that in the diffusion-limited regime, R̄DLS ∝ (1 + t/tp)
z/df , where tp = 3ηW/(4kBTN0) is

the characteristic time of aggregation, z ≈ 1, η is the fluid viscosity, kB is the Boltzmann
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constant, T is temperature, and df is the fractal dimension of the aggregate cluster, usu-

ally taken to be df ≈ 1.85 for diffusion-limited aggregation.51,58,64 In the reaction-limited

regime, R̄DLS ∝ exp(t/tp), so if t � tp, which is typical in reaction-limited aggregation

studies, R̄DLS ∝ t/tp and the aggregation appears linear. Although this method has

shown promise in determining W that match well with the linear-fitting method, some

disagreement exists regarding the range of W in which each range applies. This paper

seeks to develop a method that makes few assumptions during the data analysis process,

and since the scaling method requires application of either a diffusion- or reaction-limited

equation for R̄DLS to data that may not exhibit such behavior, it was not be explored in

this study.

A.2 Discussion of CCC

The aggregation process can be viewed as being controlled by two processes, mass

transfer and reaction, or sticking. Equation A.1 describes the observed aggregation rate

as two resistances in series.

1

kobs
=

1

kr
+

1

kmt
(A.1)

Multiplying Equation A.1 by kmt and using the definition of W provided in Equa-

tion 2.1a, one arrives at Equation A.2. When kmt = kr, or when aggregation is equally

limited by mass transfer and reaction, it follows that W = 2. In this paper, the CCC

is defined as the point when kr = kmt = kr,CCC, or W = 2, which gives the rightmost

expression for W in Equation A.2. Thus, one can find an analytical or approximate
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expression for W by assuming a functional form for kr(Cs)

W =
kmt
kobs

=
kmt
kr

+ 1 =
kr,CCC

kr
+ 1 (A.2)

If one assumes a functional form of kr = C1C
β
s , as originally posited by Reerink

and Overbeek, substitution of kr = C1C
β
s and kr,CCC = C1CCCβ into Equation A.2 results

in Equation 2.3a. This equation was used by Grolimund et al. to empirically fit W (Cs)

to find the CCC, but appeared to not have been used much subsequent studies.63 This

article demonstrates Equation 2.3a has a theoretical basis in DLVO theory. Furthermore,

rearrangement and transformation of Equation 2.3a results in Equations A.3a and A.3b.

W−1 =
1

1 + CCCβ exp(−β lnCs)
(A.3a)

logW−1 = log
[
1 + (CCC/Cs)

β
]

(A.3b)

Equation A.3a is a logistic function, with an inflection point atW−1 = 0.5 and Cs = CCC,

with β affecting the sharpness of the curve around the inflection point. Equation A.3b

exhibits linear behavior for both Cs � CCC and Cs � CCC, which matches the current

practice of the tangent method.

Equation A.2 can be used with any functional form of kr. For example, one could

use a form of kr often assumed in collision theory, which takes the Arrhenius-like form

kr = A exp(−Ea/kBT ). If this is plugged Equation A.2, the result is Equation A.4

W = 1 + exp

(
Ea − Ea,CCC

kBT

)
(A.4)

which is also a logistic function when inverted. Regardless of the choice for the

form of kr, W = 2 at Cs = CCC holds in this framework, which is desirable when

estimating a CCC from experimental W data.
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Figure A.1: Determination of the CCC from stability ratio data reported in Kim and
Berg using the tangent method (solid blue and red straight lines) and fitting of W =
Wmin[1 + (CCC/Cs)

β] (black solid). The rightmost 5 points were used for fitting the fast
aggregation line (red), and the leftmost 5 points were used to fit the reaction-limited line
(blue), as was done in the original study. The dashed lines around the linear fits and
the ribbon around the non-linear fit are 95 % confidence bands. The horizontal dashed
line signifies W/Wmin = 2, which is the location of the CCC. Dropped dotted lines (for
non-linear) and dropped dash-dot line (tangent method) to the axis indicate the range of
CCC estimates within the confidence bands. The upper bound for the tangent method
is located out of the plotting bounds (i.e. > 1.2 mol L−1). The value of CCC reported in
the original study was 0.16 mol L−1.
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