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ABSTRACT

Nanomaterials in the environment occupy a wide variety of roles in the environment due to their
unique, size-dependent reactivity. Abundant, natural nanomaterials influence a wide variety of
geochemical processes such the global transport of micronutrients through aeolian dust or the
bioavailability of metal ions in aqueous systems. Furthermore, the expansion of human activity has
caused newer, incidental and engineered nanomaterials to enter the environment in increasing
concentrations with unknown effects. Characterization of these environmental nanomaterials is essential
to understanding natural geochemical cycles and the effects that anthropogenic activity have upon them.

Single Particle Inductively Coupled Plasma Mass Spectrometry (spICP-MS) is a technique of
growing importance in the analysis of environmental materials. Nanoparticles are ablated, ionized and
detected through this technique revealing their elemental content and size. Although in widespread use,
environmentally sampled nanomaterials can confound this technique due to their broad and continuous
distributions of particles of sizes ranging in orders of magnitude. The three chapters of original research
presented herein attempt to lay out guideposts for the analysis of these environmental nanomaterials. The
first chapter combines simple techniques such as settling and filtration to increase the depth of
information obtained from a simple spICP-MS analysis and presents the results of combining spICP-MS
with a time-of-flight detector for particle-specific, multi-element characterization. The second chapter
lays out a method of modeling spICP-MS analysis using a power law model which provides a more
accurate measurement of particle size and number concentration than a simple analysis of mean particle
size and detected number. Lastly, we apply the lessons of the previous chapter to study the UV
degradation of nanoplastics, a difficult to analyze and dangerous environmental contaminant. The lessons
in spICP-MS data analysis and experimental design presented in this thesis will hopefully be of use to

future environmental researchers.
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CHAPTER1 INTRODUCTION

1.1 Anthropogenic Nanomaterials in the Environment.

Nanomaterials, defined as having one dimension 1-100nm in length, have long been recognized as
ubiquitous in the natural environment and possessing unique properties unlike those of their constituent
molecules or macroscopic counterparts[1], [2] . These size-dependent properties allow them to have an
outsized influence on many geochemical cycles and processes compared to their relative abundance. High
surface-area to mass ratios allow them to be particularly good substrates for adsorption which can directly
control the speciation and bioavailability of dissolved organic molecules[3] and metal ions[4]. Their
nanoscale dimensions allows them to interact with electromagnetic radiation in unique ways allowing for
their participation in a variety of photochemical reactions[5, p. 201].

Many of the unique properties of nanomaterials are tunable by size, and thus engineered nanomaterials
for a particular function have become more and more integrated in commercial and industrial products[6].
Titanium dioxide (TiO2) nanoparticles are widely incorporated in a wide variety of commercial products
such as toothpaste, sunscreen, paint and dyes as well as foods as a white colorant due to its low cost and
perceived inertness[7], [8]. Nanomaterials have been used to give additional functionality to construction
materials[6] such as self-cleaning concrete[9] and copper nanoparticle-treated wood[10], increasing the
lifespan of these materials. The use of nanomaterials for the photocatalytic breakdown of
pharmaceuticals[11] and other organic molecules[12] in wastewater treatment is a growing field of study.
Nano-agriculture is another burgeoning field demonstrating that crop yields and health can be improved
through nano-encapsulation of vital micronutrients and pesticides[13].

On the other side of the coin, increased use of engineered nanomaterials results in increased
environmental release of these materials as commercial products age or are discarded[14]. However, the
amount of engineered nanomaterials entering the environment is dwarfed by anthropogenic, incidental
nanoparticles which are unintentionally released as a byproduct of human activity. Fine and ultrafine
particulate containing a wide variety of heavy metals are a concerning byproduct of internal
combustion[15]. Automobiles themselves release a variety of incidental nanomaterials through emissions
and the wear of automotive parts and tire wear particles[16], [17]. Tire wear particle toxicity in the
environment has been recognized as particularly worrying, and the source of summer mass fish die-offs in
urban areas[18]. Outside of aerosol emissions, plastic particles, -micro (<5mm in one dimension) or nano-
(<lum), may be the next most abundant incidental nanomaterial in the environment. Yearly global
production of plastics has risen to 391 million tons as of 2021[19] and the vast majority of this plastic

remains in use or discarded into landfills or directly released into the environment with little
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recycling[20]. Macroplastic debris in the environment are abiotically weathered through a combination of
mechanical[21] and photodegradation[22] into microplastics. At smaller sizes, these particles can be
degraded biologically by macro[23] and microorganisms[24]. Nanoplastics themselves have been
recognized as distinct class of pollutant with characteristics wholly different than microplastics[25].
Nanoplastics act as a vector for pollutant transport[26] but may also release plasticizers and other toxic
compounds[27], [28, p. 202].

1.2  Detection/Characterization of Anthropogenic Nanomaterials: Mass, Number and Size

As engineered and incidental nanomaterials become more common in the environment, our need to
characterize them grows[2], [29]. However, this is no simple matter due to a variety of factors; a simple
guestion like “how much is there?” is complicated by several factors. Detecting these materials in the
environment is often difficult given that they share chemical composition with natural nanomaterials that
may be orders of magnitude more abundant[2]. For example, naturally formed carbon nanoparticles from
the decay of organic matter are abundant in the environment, masking the presence of anthropogenic
plastic and tire particles[30]. Although titanium dioxide is one of the most widely used engineered
nanomaterials, titanium is the ninth most abundant element in the earth’s crust[31] which results in a high
natural, titanium particle background. Identification of anthropogenic particles against this background
requires knowledge of particle composition. In the case of titanium particles, anthropogenic particles lack
the elements associated with mineral-derived, natural titanium particles and thus the two can be
discriminated using mass spectrometry[32], [33]. In addition to mass, knowledge of number concentration
is essential. Standards for water quality based on mass concentration, such as those set by the EPA[34],
may be inadequate in describing potential health and ecological hazards of a nanomaterial. For example, a
milligram of total mass would equate to 10°x more particles with a radius of 10nm than with a radius of
1um. Nanomaterial (NM) dosage for toxicology is better described as a function of size and particle
number than it is by mass in many cases[35].

Apart from determining number concentration and mass of a nanomaterial, size is perhaps the most
essential measurement given that the unique reactivity of nanomaterials depends upon it. Many of the
reactions that nanomaterials participate in, such as adsorption or catalysis, critically depend on surface
area. Additive release from nanoplastics, tire wear particles and other anthropogenic nanomaterials is
expedited by higher surface area to mass ratios. Size is also essential to estimating the overall mobility of
colloidal materials both airborne and in aqueous environments. Lastly, size is one of the prime
determinants of particle toxicity as smaller particles have higher biological uptake and their mechanism of

action may depend on their size[36], [37].
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1.3 Techniques for Nanomaterial Characterization

ﬂ SQ . m. l Single Particle
e® 4 Optical
.0 O ‘ ® Spectroscopy

L - Mass-based

[ e . . <p-ICP-MS SPOS
8.® (TS, Solution Depletion) P i (spos)
Light Scattering
(SLS, DLS, MALS) “Single
Bulk Particle” t
Methods Q@ -{ I
Aerodynamic Sizing
., (L ae @ (APS)
o-® ;‘)E’EO% S e®
*
Chromatography -
(HDC, SEC) . )
Fractionation,

Coulter Counting

Colloid
Characterization

¥ o @ O
_ ‘% vJ @ o
r s tion Field . 'LU [rervem
_ - — - Electron Microscopy

> . o eee n Nanoparticle Tracking (SEM, TEM)
; Analysis [NTA)

Centrifugation
(Analytical/CPS Disc)

Field Flow Fractionation

Figure 1-1 Overview of analytical methodologies for nanomaterial characterization.

Figure 1.1 shows many of the techniques[38] used for the characterization of the particle mass,
number concentration and size. Single particle methods are defined as those in which particles are
detected and sized individually, and aggregate measurements of colloidal properties such as mass,
mean/median size are statistics of the particle population. In contrast with single particle methods,
ensemble techniques[39] directly measure the average characteristics of the entire particle population.

Ensemble Techniques. When characterizing colloidal species, ensemble techniques where the
properties of the entire colloidal population are measured in aggregate are the easiest place to start. Total
suspended solids (TSS) is a classic ensemble technique where colloids are filtered from aqueous
suspension and the resulting mass on the filter is weighed. Dynamic Light Scattering (DLS)[40], useful
for estimating aggregate particle size, can be employed alone, on-line with a fractionation process or on
post-fractionated samples. In this technique, polarized light is shined on a particle suspension and the
particles will scatter this light destructively or constructively creating intensity fluctuations. The Brownian
motion of the particles will cause an intensity pattern over a given amount of time that contains
information about the diffusion coefficient of the particles in suspension. This intensity is fit with an
autocorrelation function and information about particle size can be extracted.

Separations. Although DLS, TSS and other ensemble techniques including inductively coupled plasma
mass spectroscopy (ICP-MS) provide bulk characterization of a colloid, these techniques can be
confounded in the presence of polydisperse samples with a range of particle sizes requiring the use of a

separation technique in tandem. For example, Field Flow Fractionation (FFF)[41] is a separation
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technique where sample is injected into a flow channel and separation is achieved through the application
of a force field perpendicular to the direction of flow. This field can be one of a variety of different forces
including hydraulic, centrifugal, electric or thermal causing separation of particles on the basis of size,
density, charge or thermophoretic mobility, respectively. Asymmetric field flow fractionation (AF4)[42]
is the most common variation of the technique, where a cross flow is applied perpendicular to the laminar
flow which propels the sample. The hydraulic force from the crossflow presses particles to the bottom of
the separation channel where diffusion allows them to move back towards the center of the channel. The
ability of the particle to move towards the center of the channel thus depends on their diffusion constant
i.e. their size. Particles of different sizes will reside at different heights in the channel and thus the laminar
flow parallel to the channel will propel them at different velocities, achieving separation. This technique
has been successfully combined with a variety of detection techniques such as ICP-MS allowing for the
measurement of elemental mass per size[43], [44]. Other common fractionation techniques include
chromatography (hydrodynamic[45], size exclusion[46]) and centrifugation (analytical
ultracentrifugation[47], differential centrifugal separation[48]). The combination of separation methods
and ensemble measurement techniques allows for a more granular characterization of colloidal
populations based on size or other physical characteristics.

However, separation techniques are not a panacea for characterizing polydisperse nanoparticle
suspensions. Many of these techniques require high sample concentrations as there will be loss during the
separation process itself, and the detection techniques used in combination might have low sensitivity e.g.,
DLS. Irregularly shaped particles can confound size-based separation methods e.g., FFF and samples
containing a wide variety of sizes may challenge the resolution of many fractionation techniques.

Single Particle Methods. Although simple to employ, bulk techniques coupled with fractionation
cannot always provide the required information to successfully characterize the mass concentration,
number concentration and size of particles present in a nanoparticle suspension. To fill this gap, single
particle techniques, where particles are individually detected, counted and sized, were developed.
Although there are a multitude of techniques available, electron microscopy, nanoparticle tracking
analysis and single particle ICP-MS (spICP-MS) are briefly described here.

Electron Microscopy (EM). Conventional optical microscopy, although convenient and inexpensive, is
only useful for imaging materials >200nm in dimension beyond which a new illumination source is
needed. Electron microscopy[49], [50] at its most basic involves illuminating an immobilized sample
under vacuum with an electron beam. The electrons of the beam will pass through the solid (if it is
sufficiently thin, <100nm in depth) or interact with the solid both elastically (backscattered electrons) and
inelastically (secondary electrons, X-rays). Scanning electron microscopy (SEM), the most common EM
technique for colloid analysis, involves detecting the elastically backscattered and/or secondary electrons

emitted from the sample providing 3D morphology of the sample typically at a resolution of 10-20nm.
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Transmission electron microscopy (TEM) relies on detecting the electrons that completely pass through
the solid which can provide 2D imaging of the particle’s internal morphology down to sub-nanometer
resolutions.

The value of both techniques is that particles can be imaged and sized directly, with particle volume
directly measured and not based on an assumed e.g., spherical shape. However, there are some noticeable
disadvantages to using SEM/TEM, the first of which is that a large number of images are required to
accurately measure the particle size distribution across a population of particles. For example, guidelines
suggest that about 500 particle detections[51] are needed for accuracy, which can require 50-200
individual images depending on the concentration of particles immobilized to the SEM grid. Although
there are automated methods for particle detection and counting such as ParticleSizer, a script for the
ImageJ software (National Institutes of Health, Bethesda, MD), this process can still be laborious. It also
difficult to estimate the particle number concentration in the original sample on the basis of TEM/SEM
images.

Sample preparation for SEM/TEM can also be problematic as aqueous suspensions must be dried
down on a solid surface or immobilized on a filter. Drying can lead to a “coffee ring effect” which cause
non-homogenous distributions of particles across the surface. Sample aggregation is also possible during
sample preparation, leading to artificial distortion of the measured particle size distributions. Non-
conductive samples, including most polymers and minerals, require a conductive coating of sputtered
metal to reduce charging during sample illumination with the electron beam. This coating is generally
thin, but a thick coating can obscure sample features. Although some elemental information may be
obtained by analyzing the emitted X-Rays during EM analysis (X-Ray Fluorescence), particle identity in
an SEM image can only be inferred from morphology and not chemical composition. Dust, metal particles
introduced during the coating and other contaminating particles are difficult to discriminate from the
sample itself.

Nanoparticle Tracking Analysis (NTA). Nanoparticle tracking analysis[52]-[54] is based on
observations of the Brownian motion of particles in an aqueous suspension. In the absence of a
concentration gradient or other hydrodynamic/thermal forces, small particles will move randomly in all
directions which is known as diffusion. On long timescales, these movements cancel each other out giving
a net result of no movement, but on short timescales, these motions can be observed. During NTA
analysis, particles in an agueous suspension are visualized and detected through their scattering of
incident laser light in combination with imaging using a CCD camera. Particle motion is captured through
the CCD camera images over small, time intervals (30ms) which can be analyzed to quantitate particle
motion in two dimensions. The observed mean displacement, (x, y)2, can then be related back to particle

diameter, d, using the Stokes-Einstein Equation:
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Where kpis the Boltzmann Constant, T is temperature and 1) is the viscosity of the medium.

As particle detection is based on the scattered intensity of the particle, the minimum detectable size
can vary depending on the refractive index of the particle material. For strongly scattering particles such
as Au nanoparticles, the minimum detectable diameter is ~10nm whereas weakly scattering biological
nanoparticles can only be detected to a size of =50nm. Given that the technique is based on light
scattering, there are a number of possible artifacts that can occur in NTA analysis. Larger particles or
aggregates will produce greater scattered intensity than smaller particles and can mask these smaller
particles, biasing the measured particle mean size[55]. Furthermore, due to the shape of the incident laser
beam, particles with larger size or higher refractive index will be more successfully detected at the edge of
the beam, leading to bias in the counting of these particles[54]. Sample particle number concentration may
also be underestimated due to the aforementioned factors[56] and to the limitations of the CCD
camera[53], [54].

Single Particle Inductively Coupled Mass Spectroscopy (spICP-MS). spICP-MS[57] utilizes the
element specificity and low mass detection limits[58] of the ICP-MS to count and size individual, metal-
containing particles. Particles are introduced singly into the plasma where they are converted to ions
which register as a pulse of signal that can be distinguished from background. Background may consist of
a combination of instrument noise or signal resulting from dissolved species. The use of 50usec — 2 msec
dwell times[59], [60] for the analysis results in the minimization of background noise. In this manner, the
mass of element per particle can be determined, which can then be converted to a particle size with an
assumed shape and elemental composition.

The two major advantages of this technique, the outstanding sensitivity and the ability to selectively
detect only particles containing a certain element, has been leveraged to study anthropogenic materials in
a wide variety of environmental settings[61]. However, there are some notable analytical challenges still
facing the technique. High dissolved backgrounds that mask particle signals can be resolved using a
fractionation technique such as FFF[62] or HDC[63], but these techniques can lead to sample loss. Many
light elements (N, C, P and other p-block elements) are inefficiently converted to ions by the plasma, due
to their high first ionization energies resulting in high detection limits. Carbon detection is particularly
difficult as it is inefficiently ionized by the plasma and most aqueous samples contain a high amount of
dissolved carbon species limiting the detectable *3C particle size by spICP-MS to particles >1um in
diameter [64]. Larger particles can be more difficult to characterize by spICP-MS due to the difficulty in
transporting larger particles into the plasma and the uncertainty that these larger particles are fully
converted into ions[64]-[66].
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Lastly, although one can use spICP-MS to only detect particles containing an element of choice, this
may not be enough to validate the particle’s identity. For example, ZnO, is an engineered nanoparticle
prevalent in a wide range of consumer goods from tires to sunscreens. However, ZnO or Zn itself is
present in many different mineral particles making it difficult to speciate Zn-containing particles into
anthropogenic and natural classifications[67]. Some of these problems are ameliorated by use of a time-
of-flight detector instead a quadrupole detector for spICP-MS analysis, allowing for the quantitation of
multiple elements per particle[32], [68]. For example, natural and anthropogenic titanium particles may be
differentiated based on titanium’s co-occurrence with other elements such as Nb. However, differences in
detection limits between the different elements and the higher variability in particle composition on the
nanoscale complicate these efforts[69].

Other Single Particle Techniques. Single particle optical sizing (SPOS)[70] is a technique that counts
and sizes particles in aqueous suspension either through the scattering or obscuration of an incident laser
beam. The amount of scattered (particles 0.5-2um in diameter) or obscured (2-400um) light produces a
signal that is proportional to the volume of the particle. Coulter particle counters[71, p. 200], [72] are
another single particle technique that sizes particles based on changes in electrical resistance as particles
traverse a microchannel. Particles 0.4um-1600um in size can be sized based on the area of this pulse in
the solution’s electrical resistance. Both are simple techniques to use excepting that Coulter counting
requires the particles to be in an electrolyte solution. However, both techniques are prone to particle
coincidence[73], [74], i.e. where two particles enter the measurement zone and are counted as one
particle. This practically limits their use to only dilute particle suspensions which is a limitation shared by
SpICP-MS.

1.4  Continuous and Polydisperse Distributions Frustrate Environmental Colloid Analysis

Comparison studies between different analytical techniques often use standard reference materials as a
basis of comparison. In general, these reference samples are monodisperse[56], [75, p. 201], [76], i.e. they
have particle number size distributions that are normally distributed about the mean size. In the case
where the analysis of polydisperse samples by different techniques is compared[29], [77], the
polydisperse test samples are a mix of monodisperse standards of different mean size. However, these
monodisperse and polydisperse standards do not accurately represent the majority of sampled

environmental colloids[78, p. 20].
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Figure 1-2 spICP-MS Analysis of a mix of Au Nanoparticle Standards (Blue) and an Al colloid
(Orange)sampled from Cherry Creek, Denver, CO (Chapter 3). Particle numbers have been normalized
and particle size for the Al particles was calculated converting the detected Al mass into an equivalently
sized metal Al particle. Monodisperse Au nanoparticle standards with mean diameters of 30, 60 and 80nm
were mixed to create the Au NP mix.

Figure 1.2 shows a particle size distribution (PSD) measured by spICP-MS of a mix of three Au
nanoparticle standards (blue line, mean diameters of 30, 60 and 80nm) and an Al colloid sampled from
Cherry Creek, CO (See Chapter 3 for sampling/analysis details). Although the mix of Au nanoparticle
standards is polydisperse, the PSD has distinct features at the mean of each Au NP mix component. In
contrast, the Al colloid has particles ranging across the 30-160nm measured size range. Further, the
distribution of particle numbers across the measured size range is discontinuous for the Au NP mix
compared to the Al colloid.

The relationship between particle number and size demonstrated by this Al colloid is common across

many environmental samples and often follow Pareto’s Law (power law)[79]-[81]:

AN < D, >‘B (1.2)
—_— = —
AD, AD,
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This equation describes the change in particle number with size (AN/ADy), as function of a constant a,
multiplied by the particle diameter divided by bin size (D,/ADy) which is raised to the constant -B. AD, is
the width of the measurement bin size. The constants a and B are related to the total particle concentration
and the slope of the particle number-particle size relationship, respectively.

To illustrate the analytical challenges associated with environmental colloids, let us consider the
sampled Al colloid from figure 2.1. This colloid likely contains a multitude of different Al-bearing
particles, some natural (clays, minerals, etc.) and some anthropogenic (car wear particles, emission-
derived, etc.), all with differing chemical composition. On top of the variety in chemical composition, the
complex mélange of biological, chemical and physical forces creating and transforming these particles
will lead to a diversity of shapes and sizes. Thus, a continuous distribution of particle sizes akin to figure
2.1. is obtained for many environmental colloid samples.

All facets of this colloid present challenges to accurate analysis. At high particle number
concentrations, the high ratio of small particles to large particles can distort measured particle size
distributions by causing particle coincidence, the erroneous counting of multiple particles as one particle.
In technigues such as spICP-MS, SPOS or Coulter counting, this effect particularly worrisome as it can
unequally distort the particle size distribution across the measured range. The presence of a mix of larger
and smaller particles presents a challenge for light scattering techniques, as the larger particles will scatter
more light, biasing any measurements towards them. Variations in particle shape and density combined
with the continuous distribution of particle numbers by size can frustrate efforts to separate particles using
techniques such as FFF or centrifugation. Further, variations in particle composition (clay, mineral, etc.)
also makes it difficult to accurately assess particle size from particle mass measured through a technique
like spICP-MS.

Outside of their characterization, the polydisperse nature of these real, environmental colloids frustrate
attempts to study the wide variety of environmental transformations and reactions that these particles
participate in. Changes in size-specific segments of this data can be difficult to discern, which frustrates
efforts to study differences in colloidal populations after major environmental events such as a storm or
due to exposure to solar radiation. Many environmental colloids contain such a wide diversity in particle
types, any environmental transformation is bound to affect only one segment of the total colloid. New
methodology is necessary if these types of commonly encountered environmental colloids and the size-

dependent reactions are to be successfully characterized and quantified.

1.5 Thesis Objectives.

The principal goal of this thesis is to develop methodology enabling for the accurate detection and
guantification of anthropogenic nanomaterials for the purposes of both quantifying their impact on the

environment and studying the reactions in which they participate. The identification and quantitation of
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anthropogenic nanomaterials in the environment is complicated by a background of natural particles with
similar compositions and the polydisperse nature of sampled colloids themselves. Single particle ICP-MS
(spICP-MS) was chosen as the analytical technique of choice for this thesis due to its outstanding
elemental sensitivity coupled with its ability to discriminate between particles based on elemental
composition.

Chapter 2 of the thesis is focused on the question of identifying anthropogenic particles against a
natural particle background[67]. To this end, Zn speciation was studied pre- and post-storm in the surface
waters of the urban South Platte watershed (Denver, CO) using spICP-MS. The principal hypothesis was
that the elemental specificity of the spICP-MS could be combined with pre-analysis filtration or settling to
discriminate between natural and anthropogenic materials. Analysis was conducted using both a
quadrupole detector (sp-ICP-Q-MS) for the detection of a single element (%*Zn) and a time-of-flight (sp-
ICP-TOF-MS) detector for the detection of a broad range of elements (Al, Si, Fe, Cu, Ti, Zn, Pb, Cd, Cu,
Nd, Ni, and Au). Additional sample processing, 0.02um filtration and settling, were used to further
fractionate samples for sp-ICP-Q-MS analysis. The highlights of this work included the ability of
filtration combined with splCP-Q-MS to speciate the total Zn into particulate fractions and identify larger
particles with only a small mass fraction of Zn. Multi-element spICP-TOF-MS results were used to
speciate Zn-containing particles, revealing the possible presence of anthropogenic particles in the form of
particles only containing Zn.

Chapter 3 presents a study designed to improve our ability to use single particle ICP-MS to
analyze polydisperse nanomaterials. Polydispersity of environmental colloids is an under-researched
topic, and the possible power-law distribution of particle number by particle size can have detrimental
effects on their quantitation. A manufactured, polydisperse, Ta-tagged nanoplastic suspension with a
power-law particle size distribution was used to demonstrate the presence of a particle-based background
in spICP-MS analysis. Prior work focused on spICP-MS background signal generally focused on
instrument noise or dissolved background, and the likelihood of a particle-based background at high
particle concentrations is often underreported. Data from multiple dilutions combined with a power law
model was shown to successfully resolve this particle background and provide quantitation across a range
of sizes impossible with only a single dilution. Further, the application of this methodology to an
environmental system was demonstrated through the analysis of Al-bearing colloids in an urban stream
pre- and post- storm. This new spICP-MS methodology was compared to traditional, single dilution
spICP-MS to highlight the data distortions inherent in using a single dilution. This project highlighted the
presence of particle-based backgrounds in spICP-MS measurements and demonstrated a novel
methodology to resolve these backgrounds.

Chapter 4 focuses on using the lessons from the previous two chapters to study the UVB

photodegradation of tantalum-labeled, polymethylmethacrylate (PM) nanoplastic. Although spICP-MS
23



has been used in the past to study environmental transformations such as the dissolution of Ag
nanoparticles[82] and the UVC photodegradation of PS microplastics[83], this technique has not been
applied to a more environmentally relevant, polydisperse starting material such as this PM nanoplastic.
Through quantification of nanoplastic mass via the homogenously distributed tantalum tag, this study
demonstrated that the UVB photodegradation of PM proceeds in a “conveyor belt” manner, where
irradiated particles become smaller and smaller over time. Furthermore, the presence of particles made
fragile by UVB irradiation is demonstrated through sample sonication, revealing another facet of the
overall photodegradation process. Lastly, the ability of spICP-MS to follow the release of nanoplastics
generated from the photodegradation of macroplastic and the increasing fragility of the macroplastic with
UVB irradiation is demonstrated. This study demonstrates that splCP-MS can be used to answer lingering
guestions about the environmental transformation of nanoplastic and other incidental nanomaterials.
Lastly, Chapter 5 briefly summarizes the work presented in this thesis and offers avenues of future

inquiry.
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CHAPTER 2 QUANTIFICATION AND CHARACTERIZATION OF NANOPARTICULATE ZINC
IN AN URBAN WATERSHED

Adapted from S. Bevers, M. D. Montano, L. Rybicki, T. Hofmann, F. von der Kammer, J. F. Ranville.
“Quantification and Characterization of Nanoparticulate Zinc in an Urban Watershed.” Frontiers in
Environmental Science: Biogeochemical Dynamics, 8:84 (2020).

2.1 Introduction

The combination of increasing global human populations, combined with rising urbanization have
placed stress on urban watersheds through the direct influx of anthropogenic contaminants and other
man-made influences[6], [84, p. 20]. The concurrent rise of impermeable surfaces in an urban
environment results in greater stormwater run-off into these water bodies[85], carrying a variety of
contaminants ranging from automotive fluids and resuspended particulate emissions[86], dissolved
metals[87], and suspended solids[88], all of which having possible deleterious effects on human and
ecological health[89].

The increasing development of nano-enabled consumer and industrial products has resulted in a
number of potential release pathways for engineered nanoparticles (ENPS) during use and disposal[90]—
[92]. In addition to intentionally ENPs, urban centers serve as a source of incidental nanoparticles (INPs)
that are unintentionally produced from human-driven processes such as vehicle emissions[93], tire
wear[94], and road dust[95]. These man-made particles infiltrate urban streams via storm water, adding to
the naturally occurring nanoparticulates (NNP) load present from bio- and geogenic sources[2], [96].

One nanomaterial of particular interest is zinc oxide (ZnO). As an ENP, it is used in large quantities
(10,000 tons annually circa 2012)[97] in tire manufacture[98], sunscreens[99], [100] and paints[101] with
the potential to leach into the environment after use. There are several sources of Zn INPs as well,
primarily generated from tire wear[102] and the resuspension of road dust[103]. While not highly toxic,
zing’s effect on aquatic species has led to EPA establishing hardness-dependent water quality criteria in
the few tens to hundreds ug/L range[104]. In order to protect our urban watersheds, it is necessary to
develop risk managements strategies that can effectively mitigate the influx of these potential
contaminants. However, the complexity of nano-scale zinc in the environment requires the development
of new sophisticated means of detection, quantification, and differentiation of the different sources of
particulate zinc.

Single particle ICP-MS (spICP-MS) has a widely demonstrated utility in the analysis of natural waters
for ENPs[105], [106] and NNPs[32], [107]. In a study examining TiO, ENP release from sunscreens,
spICP-MS was utilized to demonstrate an increase in particulate Ti from anthropogenic activity[108, p.

201]. Hadioui et al. used ICP-quadrupole-MS coupled with ion exchange chromatography to measure
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ZnO nanoparticles in the presence of high dissolved Zn backgrounds[109]. Expanding upon this work,
Fréchette-Viens et al. employed a high-resolution, ICP-sector-field-MS instrument to push the size
detection limits of ZnO nanoparticles in surface waters while noting the presence of larger
heteroaggregate particles containing small amount of Zn[63]. Nevertheless, these studies also highlight a
fundamental weakness of quadrupole mass analyzers in their inability to monitor multiple ions
simultaneously. Though some studies have shown the potential to monitor two or more elements in a
given particle event[110], [111], to accurately characterize the source of nanoparticulate Zn requires a
means of analyzing multiple elements simultaneously. In recent years, commercially available ICP-time-
of-flight-mass spectrometry (ICP-TOFMS) has shown the potential to significantly augment the utility of
single particle analysis. The intrinsic nature of time-of-flight mass analysis permits the quasi-simultaneous
detection of a wide mass range on microsecond time scales, the duration being bound to the extraction
frequency. Typical acquisition times (33-46us)[112]-[114] are on the same order as the nanoparticle
detection events (500us)[115]. Recent studies have demonstrated its utility in characterizing a variety of
nanomaterials ranging from simple core-shell ENPs[68] and multi-element steel NPs[116] to more
complex atmospheric nanoparticulates[117]. Given this capability, ascertaining the sources of NPs may be
possible by monitoring the respective elemental or isotopic ratios on a particle-by-particle basis[32],
[118].

In this study we demonstrate a multi-method approach for detecting and quantifying Zn NPs in the
portion of the South Platte Watershed that encompasses Denver, CO (USA). Water samples were taken
from multiple tributaries and the main stem of the South Platte River in mid-July 2018 within 2 days of a
large storm event that significantly increased stream flow. Settling and filtration were used to separate
different size fractions of particulate zinc, which were then quantified by spICP-QMS. Analysis by spICP-
TOFMS provided particle-by-particle elemental associations of zinc to investigate the sources of Zn NPs

across the watershed.

2.2  Materials and Methods
2.2.1 Study Location

The urban reaches of the South Platte River, the primary water source for Denver (CO, USA), as well
as several of its tributaries were examined (Figure 2.1). The South Platter River enters the metro area from
the southwest corner and exits north of the city. Major tributaries that feed the South Platte River within
the Denver metro area include Clear Creek (CIC), Cherry Creek (CC) and Sand Creek (SC). Streamflow
throughout the basin is low during fall and winter months. Flow increases beginning in April and peaks in
the months of June and July as a result of mountain snow melt. Annual precipitation in the metro area

ranges between 180 -380 mm per year, which mostly falls during April to September. Notably, much of
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the summer precipitation occurs as brief-duration thunderstorms, resulting in short-term elevated stream

flow. Sampling was timed to capture urban runoff following one such event in 2018.
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Figure 2-1 Map of the urban South Platte watershed and sampling locations for July 16th and 17th,
2018.

2.2.2 Field Sampling

Sampling was performed on July 16" and 17™, 2018 following a rainfall event on July 14%-15%
Rainfall was not uniform across the basin and resulted in streamflow increases that varied among the
sampling locations (hydrographs provided in supporting information Figure 2.10). On July 16" five sites
were sampled (Figure 2.1); three sites examined the confluence between the South Platte River
downstream Denver (flow to the north), Clear Creek (flow from the west) and Sand Creek (flow from the
east). Two samples were also taken from the South Platte River at points approximately 500 m upstream
and downstream of the Robert W. Hite wastewater treatment plant, the largest such facility in Denver.
Locations are labeled as: WSC (West Sand Creek), ECIC (East Clear Creek), NSP (North South Platte),
AWTTP (South Platte above the wastewater treatment plant), and BWTTP (South Platte below the
wastewater treatment plant). To examine tributary inputs from outside the central urban area, sampling on
July 17" occurred at locations labeled ESC (East Sand Creek), WCIC (West Clear Creek), SSP (South
South Platte) and CC (Cherry Creek). Both ECIC and NSP were also resampled on this date (Figure 2.1).

Grab samples were collected by submerging polyethylene bottles (1 L) approximately 10 cm or more
below the surface, at a point at least 0.5 meter from the streambank. Bottles were filled and emptied three

times to rinse the virgin bottles prior to collecting the sample. Subsamples were taken for chemical
27



analysis in the laboratory at Colorado School of Mines. The remaining sample was stored at 4°C until

further processing and single particle ICP-MS analysis.

2.2.3 Laboratory Analysis/Preparation

Subsamples (10 ml) were subjected to a modification of the EPA Total Recoverable Method, EPA
200.2[119]. To accommodate our small-footprint digestion equipment, the method was modified by
reducing the sample and acid volumes by a factor of 10. All other aspects of EPA 200.2 remained
unchanged. All samples were shaken prior to subsampling. Cation concentrations were determined by
ICP-OES (PerkinElmer Optima 7300 DV), the operational details and QA procedures being provided in
ESI. Major anions (Cl and SO.) were measured by ion chromatography (Dionex: ThermoFisher, ICS-
900). Turbidity measurements were made using a Hach DR 890 meter (HACH Method 8237), and results
reported in formazin absorbance units (FAU). Results for metals, anions and turbidity are reported in
Table 2.1.

2.2.4 Single Element, spICP-QMS Analysis

Single particle (spICP-QMS) analysis was performed using an ICP-quadrupole mass spectrometer
(NexION 300 D, Perkin Elmer). For single particle analysis, the transport efficiency (TE) was determined
using the mass-based method as described by Pace et al[120]. A 60 nm Au nanoparticle (NIST SRM
8013, citrate-stabilized, mean size of 56.0 £ 0.5 nm by TEM) was used as a known mass standard.
Dissolved standards of 0 to 100 ppb Au (SPEX CertiPrep in 2% (v/v) hydrochloric acid) and Zn (SPEX
CertiPrep in 2% (v/v) nitric acid) were prepared using nitric acid (Fisher Scientific, Optima grade, 32-
35%) and were diluted in Milli-Q water (18.2 MQ-cm, Barnstead International) on the day of each
analysis. All unfiltered samples and Au NP standards were sonicated in a sonic bath for 5 minutes prior to
analysis. °’Au or **Zn were analyzed using a dwell time of 100 ps, no settling time, sample flow rate =
0.3 ml/min, a total data collection time of 60 s, and a very short detector dead time (35 ns) between
readings. Data acquisition and data processing were performed using the Syngistix™ Nano Application
Module (PerkinElmer). TE determination is built into the software and is calculated in order to determine
NP mass (from which size is computed) and the number concentration. Particle events were identified as
ICP-MS responses that were deemed to above the threshold intensity, which was determined in real-time
using the average background plus 36[120]. The particle number concentration is computed from the
number of NP events detected after adjustment for the sample flow rate and TE. In addition to particle
analysis, data collected by spICP-QMS was integrated over the entire 60 second analysis and, through use

of the calibration curves, the mass concentration of Zn (ug/L) was determined.

28



2.2.5 Additional Sampling Processing for splCP-QMS

Samples were also filtered through a 0.02 um filter (Whatman Anotop) prior to spICP-QMS analysis
to obtain an estimate of the dissolved elemental concentration (ug/L). Filtered samples also provided a
means of evaluating the spICP-QMS baseline obtained for non-filtered samples. This is often assumed to
represent the dissolved element mass concentration (ug/L). A crucial parameter in sizing nanomaterials
by spICP-MS is the selection of particle composition (i.e. element mass fraction and density), and
geometry. As a quadrupole mass analyzer is only capable of selecting for one mass-to-charge ratio at a
time, it is necessary to utilize other means to approximate the values needed for particle sizing. To provide
this additional information on the Zn-containing particles, each non-filtered sample was gently agitated
and then subjected to settling in a 15ml centrifuge tube (VWR, Falcon brand). Sampling from the upper 2
cm after 70 min provided a size separation at approximately 4.5 um, assuming a spherical particle with a
density of 2.5 g/cm?, typical of sediment minerals. Using ZnO density (5.61) gives an approximate size
cutoff of 2.5 um. Comparison of the observed changes in NP mass (size) and integrated concentration
(number/ml and pg/L), to that predicted assuming the Zn was present as either ZnO or associated with
sediment particles, provides insight into Zn form/mineralogy.

2.2.6  Multi-Element, spICP-TOFMS Analysis

Unfiltered samples were examined by multi-element analysis using single particle ICP- time-of-flight
mass spectrometry (splCP-TOFMS) at the University of Vienna. Data were collected using an icpTOF
2R (TOFWERK AG, Thun, Switzerland). The ICP-TOF has a mass-resolving power of 6000 FWHM and
a TOF extraction efficiency of 46 kHz, measuring a majority of the atomic mass range (7-250 m/z*). The
operation of the ICP-TOF utilizes a notch filter, which allows for the attenuation of up to four chosen
masses, typically chosen for their abundance, which can lead to signal suppression of ions of interest. In
this case, °Ar*, 180,", *CI*, and H* were chosen. To improve the signal-to-noise of *Fe* and 2Si*, both
of which have isobaric interferences in “°Ar*O* and *4N," respectively, a 7% H»/He mixture was used for
a collision gas. The flow parameters of this gas were optimized before analysis for maximum sensitivity.
Dissolved calibration solutions were prepared from ESI stock solution of dissolved metals (Al, Si, Fe, Cu,
Ti, Zn, Pb, Cd, Cu, Nd, Ni, Au), analyzed prior to each sample run, with a continuing check verification
standard (CCV) every 10 samples to account for any drift in instrument sensitivity. Additional and typical
operating parameters are listed in supporting information (SI Table 2.3). A 100nm gold nanoparticle (BBI
solution) was used as a known mass standard for obtaining TE. Due to limitations on data transfer from
the data acquisition system to the laboratory computer, a 3 ms dwell time was used, despite the much
shorter mass sweep time. To avoid particle coincidence for this long dwell time, a 1000 X dilution of the

samples was required. This was not required for the spICP-QMS analysis.
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The raw mass spectrum data were initially processed using TofWare (TOFWERK AG, Thun,
Switzerland) which allowed for peak integration after initial subtraction of the spectral baseline. The
resulting data was then processed via a custom Python script which performed calibration and spectral
correction of the data. The script also then processed the single particle data according to the previously
established methodology[59], [120], [121], which was similar to that used for spICP-QMS analysis. The
subsequent data output resulted in a compiled list of particle events with time and their associated masses,
which can then be converted into mass and size according to single particle theory.

2.3 Results

2.3.1 Bulk Water Chemistry

Table 2-1 Bulk water chemistry data for sample sites used in this study.
Sampling |Turbidity Total recoverable metals Anions spI\I/ICSP-
date (FAU) (mg/L) (mg/L) (ug/L)
16-Jul Al Si | Fe | Mn Zn Cl SO4 Zn % recovery
NSP 50 139 |7.01|157| 0.20 | 0.043 | 60 77 115 27
WSC 170 7.57 20.64/6.86| 0.38 | 0.068 | 65 171 13.9 20
ECIC 31 1.03 [5.721.33] 0.19 | 0.049 | 49 61 13.3 27
BWWTP 27 1.20 [6.541.25] 0.15 | 0.032 | 69 81 9.2 29
AWWTP 32 1.27 |6.54(131| 0.16 | 0.026 | 61 69 6.3 24
17-Jul
NSP 29 1.00 [ 6.870.99| 0.20 | 0.050 | 93 151 13.7 27
ESC 258 10.67 [27.88/9.03| 0.35 | 0.072 | 42 196 19.9 28
ECIC 13 0.16 14.10]0.31| 0.19 |0.022 | 75 86 8.4 38
WCIC 7 0.17 13.20(0.34| 0.05 | 0.061 | 14 35 23.2 38
SSP 19 0.61 13.7910.62| 0.40 | 0.009 | 67 73 1.8 20
CcC 7 0.46 [9.29|0.41| 0.27 | 0.004 | 189 177 1.2 29

Total recoverable (TR) mass concentrations (ug/L) for those elements that were also examined by
spICP-MS are given in Table 2.1, with major cation concentrations provided in SI. Although TR
aggressively digests suspended sediments, in most cases particulate matter remained after the digestion
and was removed by filtration (0.45um, nylon, GEI). Samples from Sand Creek contained considerably
more suspended sediment than those from other sites. Chloride and sulfate were the major anions
measured (Table 2.1). Alkalinity, representing another possible major anion, was not measured.

Turbidity (Table 2.1) was used as a surrogate for suspended sediment concentration.
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2.3.2 Single Element, spICP-QMS Results

Table 2-2 Zn particulate and dissolved quantification at the various samples sites used in this study
. Particle conc. Average Diameter Background dissolved Zn
Sampling date
piing (#/L) (ZnO eq.) (ppb)
0.02
16-Jul Raw Settled Raw Settled Raw Settled filtered
NSP 7.6E+03 1.4E+05 67 96 11.2 8.4 3.9
WSC 2.2E+03 2.4E+05 124 95 13.9 7.2 0.9
ECIC 1.7E+05 1.2E+05 115 102 13.3 10.1 4.0
BWWTP 1.2E+05 4.5E+04 97 91 9.2 7.9 5.2
AWWTP 1.3E+05 8.6E+04 98 86 6.3 4.6 1.7
17-Jul
NSP 6.4E+04 1.4E+05 106 96 13.7 8.2 1.6
ESC 2.0E+05 1.9E+05 118 107 199 135 0.3
ECIC 1.7E+05 1.5E+05 95 90 8.4 6.6 5.2
WCIC 6.0E+05 3.8E+04 135 132 23.2 18.6 1.9
SSP 1.3E+05 1.1E+05 73 66 18 0.3 0.2
CcC 1.2E+05 1.0E+05 63 62 1.2 0.8 0.4
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Figure 2-2 spICP-Q-MS Results. (a) Number of Zn particles detected in a 60 second total acquisition

time at each site, (b) Average Zn mass per particle.

Data collected for the unfiltered sample using spICP-QMS was integrated over the entire 60 s analysis

to determine the mass concentration of Zn (Table 2.1). The number of particles measured in the raw

samples (60 s analysis time) were, with one exception, always greater than 1000, and in most cases

greater than 2000 (Figure 2.2a). Accounting for flow rate and transport efficiency resulted in calculated

particle number concentrations for most samples of between 7500 and 170,000 particles mL* (Table 2.2).

Integration of the particle-generated ®Zn pulses yields a range of 0.5 to 9 femtograms for the number-

weighted, geometric mean of the Zn mass contained in each particle (Figure 2.2b).
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Figure 2-3 spICP-Q-MS Results. (a) Raw spICP-MS spectrum of unfiltered Zn particles for
sampling site above the wastewater treatment plant, (b) Raw spICP-MS spectrum of 0.02 um filtered
sample collected from the South Platte River above the wastewater treatment plant.

Analysis of unfiltered samples by spICP-QMS resulted in a series of pulses (representing NPs) over an
elevated background (Figure 2.3a). We have applied a methodology that defines the Zn distribution as
being composed of resolved, unresolved, and dissolved fractions. Resolved nanoparticulate Zn (RP)
represents particles that have sufficient Zn content to be discriminated from the baseline signal when
using the Syngistix software. In spICP-MS analysis, the baseline elemental signal is often considered to
approximate the dissolved metal concentration[110]. Analysis of the 0.02 um membrane-filtered sample
gives a more direct approximation of dissolved Zn (Figure 2.3b) by removing a majority of particulate Zn,
although smaller NPs could be present in this fraction. This pore size is well below the size detection
limit of the spICP-QMS (approximately 50 nm as ZnO)[58] and thus would not contain observable
individual NPs. In this study, we also define an unresolved nanoparticle fraction (URNP) as the difference

between the Zn baseline concentration in the raw sample minus the 0.02 um filtered sample.

[Zn]URNP (Hg/L) = [Zn] Raw,Diss.Baseline — [Zn]0.02um,Diss.Baseline (2-1)
For the example shown, the baseline in the raw and the 0.02 um filtered samples give “dissolved” Zn
concentrations of 6.1 pg/L and of 0.8 pg/L, respectively. Subsequently the difference of these two values

give the URNP Zn concentration of 5.3 pg/L. The distribution in the Zn mass concentration of these three

fractions across the watershed is shown in Figure 2.4 (Sl Table 2.5).
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Distribution of resolved, dissolved, and non-resolved zinc species at the various sampling
locations. Bolded numbers represent total zinc concentrations in pg/L.

Settling experiments were an attempt to examine Zn that might be present as ZnO (density = 5.61

g/cm?®) and as zinc-associated with mineral matter (density = 2.65 g/cm?®). Integration of Zn counts

obtained by spICP-QMS for the settling experiments provided the mass concentrations of Zn (ug/L) in

each of three fractions that were defined as particulate (i.e. subject to settling), colloidal (i.e. non-

settleable) and dissolved (0.02um filtrate). Subtraction of the integrated Zn counts measured after settling

from that of the raw sample was used to compute the particulate fraction. Likewise, subtraction of the

integrated Zn counts for the 0.02 um filtered sample from the counts for the sample after settling yields a

colloidal fraction.
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Figure 2-5 (2) Distribution of zinc species in West sand creek (7/16/2018) , concentrations in ppb,
(b) Size distribution of raw vs. settled detected zinc events computed using ZnO density = 5.61 and a
spherical geometry.

Figure 2.5a provides an example of this categorization for the mass concentration (ug/L) as well as the
effect on the mean particle size determination, details provided in subsequent discussion of particle
characterization. The distribution of these fractions across the watershed is shown in Figure 2.6 (SI Table
2.5).
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Figure 2-6 Distribution of zinc speciation obtained by settling and 0.02 mm filtration across the
watershed.

2.3.3  Multiple Element, spICP-TOFMS Results

Results of the spICP-TOFMS analysis of samples collected from across the basin are presented as pie
charts (Figure 2.7) with orange to represent particles that contained no detectable element other than Zn
and blue as particles containing elements in addition to Zn, with Fe, Mn, Al and Si being the other
detected elements. The numerical values of detected events of 54Zn in these two classes are also displayed

in Figure 2.7.
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Figure 2-8 (a) Number of particles detected defined by mass percent zinc, (b) Spherical diameters as

related to the mass percent of zinc, computed by summing of all elements converted to oxides.

Zn nanoparticles detected across all sites are represented in Figure 2.8a by the percent mass of Zn of
which they are composed. Particles were detected primarily in two categories: those composed of high
(>95%) and very low (<5%) proportions of Zn mass. With ICP-TOFMS we can use the observed
elemental associations to make better estimates of overall particle size. Although the mineralogy is not
known, it is a reasonable assumption that the Zn-only particles (> 95%) present in fully oxygenated

surface waters are ZnO. To approximate the size of the particles containing multiple elements (< 5 % and
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5-95%) we converted the elements to their oxides (i.e. Al,O3, SiO2, MnO2, Fe;03, Zn0), calculated a
volume for each oxide from the mass and density, summed the volumes of all oxides present in the
particle and computed an average spherical size (Figure 2.8b). To examine spatial differences, the average
and variation (box and whiskers plots) of particle diameters from each sample location were computed
(Figure 2.9). Diameters were calculated assuming all Zn is present as ZnO (Figure 2.9a), as would be
done for single element spICP-MS, and using the sum of the metal oxide mass, obtained by spICP-
TOFMS (Figure 2.9h).
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Figure 2-9 (a) Particle diameters of zinc-containing particles at different sites if only ZnO is
considered, (b) Particle diameters at different sites if all elements measured by spICP-TOFMS are
considered and converted to oxides.

2.4  Discussion
2.4.1 General Water Chemistry

Total Recoverable metals and turbidity across watershed. The total recoverable (TR) metals
concentrations (Table 2.1) varied little across the watershed, but for two notable exceptions. Elevated
levels of Si, Al and Fe (2-5x) were found in samples from both Sand Creek sites as compared to all other
sampling sites. This observation correlated with a higher turbidity measured at these two sites (East, 258
FAU; West, 170 FAU), suggesting that these elements are present largely as part of the total suspended
sediments. TR concentrations of each metal show strong correlations (0.94 < R?) with turbidity (SI Fig
2.11), consistent with their abundance in earth materials and their low solubility in neutral waters. Total
recoverable Zn shows a weaker relationship to turbidity, but there are several observations that bear
further examination. The West Clear Creek site has a high total recoverable Zn concentration (0.068
mg/L) but a low turbidity (7 FAU), which could be attributed to dissolved Zn from mining inputs
upstream of the watershed. Most of the urban waters have a moderate correlation (R?= 0.66) between
these two parameters, if both sand creek sites are also excluded. These two sites show a combination of
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high total recoverable Zn and turbidity, but the ratio of these two parameters is lower than for the other
urban sites. This observation suggests that the high total suspended solids in Sand creek contains some
amount of Zn, but not at the level seen in the other urban waters. The severe rainfall event on July 15™,
2018 (ESI Figure 2.11), which was more evident on the east side of the urban area, most likely mobilized
sediment leading to the high measured turbidity. Although not investigated, we note that the central urban
sites appear to have the higher levels of both sulfate and chloride, likely indicating generally poorer water
quality than WCIC, a less urbanized upstream site.

Settling Results for mass concentrations (particulate, colloidal, dissolved). A comparison of
background dissolved Zn concentrations measured by spICP-MS is presented for the raw, settled and 0.02
pm filtered samples (Table 2.2). The 0.02um sample approximates the truly dissolved fraction of Zn, as
filtration removes all but the smallest of particulates. Differences in the Zn baseline between the raw and
settled samples suggest that particles with low Zn mass (Figure 2.2b) are being removed by settling (Table
2.2). The total amount of Zn present in the settleable fraction (Figure 2.6, SI Table 2.5) varied anywhere
from 15-83% of the total Zn across the watershed. The highest absolute particulate mass concentrations
were found in Sand Creek (ESC, 6.4 pg/L; WSC, 6.7 pg/L). Sand creek also had the highest turbidity
values and high total recoverable Zn, suggesting that Zn may be present adsorbed to larger sediment
particles. This is corroborated by the high concentrations of settleable Zn. As noted previously the ratio
of Zn to turbidity is lowest for Sand Creek, perhaps reflecting the transport of sediment from the less-
urbanized eastern side of the watershed.

The colloidal portion of the total Zn (Figure 2.6) varied greatly across the watershed from 5-72% with
the highest concentrations in West Clear Creek and East Sand Creek (WCIC, 16.62 pg/L; ESC 13.15
pg/L). Although the particulate and colloidal fractions form a higher proportion of the total Zn contributed
by southern tributaries (SSP, CC), the higher absolute values of total Zn from the western and eastern
inputs (WCIC, WSC/ESC) makes these the significant sources of particulate Zn.

2.4.2 Particle Analysis (spICP-QMS)

Integrated Zn mass concentration across watershed (recovery compared to TR). The percent recovery
of Zn, defined as the total concentration measured by spICP-MS divided by the total recoverable (TR)
concentration measured by ICP-AES, varied from 20-38% with a mean of 28% across the watershed
(Table 2.1). The low percent recovery measured for the spICP-MS could be attributed to Zn contained in
particles larger than what can be measured by the ICP-MS. The maximum size limit for the sp-ICP-MS is
based on both the need to avoid clogging of the nebulizer and the maximum-sized particle that can be
completely transported through the spray chamber and ablated by the plasma. A study of silica
nanoparticles in spICP-MS suggests that the maximum ablation size is upwards of 1200nm[59], [115].

Analysis of TR metal requires sample acidification, which liberates an indeterminate amount of the Zn
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contained in these larger particles, resulting in the higher TR Zn concentrations. As was previously noted,
settled sediments were observed after acid digestion in some cases, especially the Sand Creek samples.
Since the focus of this study is the nanoparticulate fraction, the low recovery is not of great concern but
highlights that larger sediments need consideration if particulate-associated metal transport is of concern.

Resolved vs unresolved mass concentration. Additional fractionation was performed to gain more
insights into the speciation of colloidal/NP Zn. One such analysis was to measure the dissolved Zn
concentration in 0.02 pum filtered samples. It was hypothesized that the Zn baseline “dissolved” signal,
obtained for raw samples, contained a large fraction of colloidal Zn that was not massive enough to
exceed the size detection limit required to be registered as a particle. Filtration was chosen over dilution
for examining this size fraction, as dilution may cause dissolution and/or disaggregation of particles,
resulting in artificial changes to the mass distributions[122]. Although the amount of “dissolved” Zn (i.e.
baseline concentration of raw samples) was greatly reduced through filtration, the 0.02 um filtered
samples still had particles roughly 50-60nm in mean diameter suggesting that some particles can still pass.
This may also be a consequence of non-spherical shapes passing through the filter. Moreover, these
particle detections may also be false positives due to their proximity to the size detection limit
(45nm)[58]. Though particle information (i.e. size and number) cannot be obtained for the URNP fraction
in this approach, it does provide insight into the mass concentration. Characterization of this URNP of Zn
is important as these small particles may possess nano-characteristics (high specific surface area,
bioavailability) different than their ionic and particulate counterparts[123], [124]. Across the watershed
these unresolved fractions represent greater than 50 % of the Zn mass concentration (Figure 2.4),
highlighting the importance of the smaller size fraction of NPs. Based on these results, more studies
comparing filtration and dilution as fractionation techniques to better resolve the smallest NPs might
provide a deeper understanding of nanomaterial transport and potential ecotoxicological risk.

Particle number, particle mass concentration, and particle mass (size) distributions. Across the South
Platte Watershed, the number concentrations of Zn-containing particles measured by spICP-QMS were all
within an order of magnitude (~60,000-220,000 particles/mL) with no higher particle numbers measured
in the South Platte as compared to its tributaries (Figure 2.2a). Included in the data is a number
concentration recorded for the NSP sample collected on 7/16/18 that is not in agreement with the sample
collected on 7/18/18 or consistent with the value for the total Zn in the 7/16/18 sample. This result is
considered an error particle counting but does not affect the integrated mass concentrations (i.e. Zn
counts). The highest number concentration was observed in the Sand Creek samples, consistent with the
high turbidity measured for these samples. Mean particle Zn mass (Figure 2.2b) across all sites was within
an order of magnitude (1-10pg Zn/particle). Overall, the lack of increase in the NP number concentration

or variation in NP Zn mass as the South Platte flows through the urban corridor suggests either no
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substantial anthropogenic contribution of resolvable Zn NPs or that these measures are insensitive to
urban impacts.

One notable trend is that the total Zn mass concentrations (Figure 2.4) were lower in the southern
inputs to the South Platte (CC and SSP) compared to the urban sites downstream (AWWTP, BWTTP,
NSP). The higher Zn mass concentrations in all three fractions (dissolved, unresolved, and resolved
particles) in the downstream sites suggest that the urban environment is contributing Zn to the watershed.
Among potential INPs, tire wear particles[16, p. 2], [17] and brake dust[125] are two likely sources of Zn
particles in an urban watershed; as their presence in areas adjacent to roadways has been well-documented
in soil, air and stormwater[6]. The Sand Creek site produced two samples with high Zn mass
concentrations, which were principally contained in the resolved and unresolved particle fractions.
Examination of the hydrographs around the watershed (Figure S2.1) shows that the rain event on July
15, 2018 had considerable impact on Sand Creek. Flow increased by seven-fold from the event and this
was the largest increase in flow of any South Platte tributary proportional to base flow. The increase in Zn
particles, both resolved and non-resolved (Figure 2.4), could possibly thus be attributed to the rainfall
pattern and the high volume of rainwater washing particles into Sand Creek and resuspending bed
sediment. West Clear Creek is another tributary where high amounts of resolved and non-resolved Zn
particles were observed (Figure 2.4) and these particles may be the result of widespread abandoned metal
sulfide mines in the upper Clear Creek watershed[126].

Although the study focuses on the variation in concentration (mass and number) and chemical
characteristics of Zn-containing particles within the urban watershed, it is useful to examine other
information obtained by spICP-QMS, namely the particle mass (i.e. size) distributions (SI Figure 2.12).
The lack of particles detected at small sizes (Figure 2.5b, computed for this example using a density of
Zn0, 5.61 g/cm3), despite the limit of detection being an ample distance below the mean measured size,
resulted in size distributions that appear approximately gaussian. With high dissolved Zn backgrounds,
smaller particles that register close to the average background can be obscured. However, in these data
sets the dissolved background does not fully account for the absence of smaller NPs. For example, based
on the instrumental noise and the dissolved background, for East Sand Creek, the limit of detection is
estimated to be 55nm, well below the leading edge of the particle distribution at roughly 77nm (Figure
2.5b). Whether the measured particle size distributions are abnormal for this type of analysis is an open
question. Pareto’s law suggests that particle distributions in the environment should follow a power law
relationship between size and number, namely as particles get smaller, their number should exponentially
increase[127]. Numerous studies have found that observed particle distributions can follow this law[128],
display a Poisson distribution[17], [109] or even be bimodal[129]. These studies highlight many possible
causes to explain distributions not following Pareto’s law include influence of the type of sample

(sediment vs. aqueous) or particle source (road wear vs. atmospheric). Thus, the lack of an observed
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monotonically decreasing number-based size distribution may arise from real effects or from analytical
artifacts. ENP may not behave according to Pareto’s law in that they are manufactured and perhaps
introduced into the environment with a more defined size distribution. Natural processes such as
weathering, that produce NP, could adhere to the law more closely as nanoparticles are not the starting
material but a product of a bulk transformation. Another analytical explanation for the observed particle
size distributions is that although NPs may be present in the “gap” between the DL and the maximum of
the distribution, random variation in NP-generated signal results in their partial undercounting when close
to the background noise level (i.e. some particle generate counts below the 3o size DL). Regardless of
cause, for very polydisperse natural samples, the counting statistics obtained in this study may not be
sufficient to draw a conclusion regarding the distribution shape. Previous studies[130] have suggested that
10° particles counted are necessary for a firm conclusion about particle size and have found a 3-10%
variation in measured sizes. These are valid concerns that must be addressed in future field-based studies
of NP size distributions.

Settling particle results (number, size, background/dissolved). In addition to filtration, settling
experiments were a means of discerning more about the speciation of Zn particles present in the resolved
and unresolved particulate fractions. Figure 2.5a compares the distribution of particle masses for the
settled and raw samples of West Sand Creek (7/16/18). Both raw and settled samples had approximately
the same number of particles (Raw, 4482 particles; Settled, 4820 particles) but their mean diameter was
different (Raw, 134nm; Settled, 103nm). In the time-frame used, the 100 -200 nm particle distribution
(Figure 2.5b) should not have been affected if particles were zinc metal or ZnO. Background Zn
concentrations for the raw and settled samples were 13.90 and 7.19ppb, respectively, with a dissolved Zn
concentration for the site (0.02 um filtered sample) was 0.91 ppb. It is apparent from the decrease in mean
particle diameter and background Zn concentration in the settled sample, that settling removed Zn from
solution even though the resolved Zn particles in the raw sample had a size distribution well below the
calculated settleable size. A likely explanation is that part of the Zn measured in the raw sample is
associated (either adsorbed or as a minor component) of larger minerals and hetero-aggregates. These
larger particles containing low amounts of Zn could avoid detection as a resolvable Zn particle by the
spICP-QMS. Thus, their absence from solution would be noted by a decrease in the background Zn
concentration. This approach allows one to use spICP-QMS to gather more indirect evidence on the

nature of metal-containing NPs but also leads direct to the obvious need for multi-element NP analysis.

2.4.3 Particle Analysis (spICP-TOFMS)

Given the varying morphologies and speciation of Zn, spICP-TOFMS was employed to quantify
multiple elements within each particle. (Figure 2.7). One inherent advantage of the ICP-TOFMS is the

ability to distinguish between particles composed only of Zn (as the cation) and those that contain
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additional elements (excluding O, S, and other non-ionizable elements). This distinction is important in
attempting to separate particles of anthropogenic origin from those of natural origin. Anthropogenic
particles (i.e. tire wear, ENPs) are more likely to contain Zn as the only or primary metallic element. NNP
with adsorbed Zn would contain other elements at amounts above that of Zn. Similarly, mineral NPs
containing Zn within their lattice and hetero-aggregates of Zn-NPs and NNPs would also have some
proportion of Zn but are likely to be principally composed of other elements.

It is important to note that fewer particles were counted by spICP-TOFMS, amounting to 10-20% that
of the quadrupole instrument (Figure 2.7). Due to the difference in dwell times between the quadrupole
and TOF instruments, 0.1 and 3msec, respectively, considerable dilution for the TOF experiments was
necessary to avoid coincidence of particles within one dwell time. The 1:1000 dilution used in these
experiments for the TOF measurements is the most likely cause of the low particle numbers detected by
the TOF, however instrument sensitivity differences are also a possible cause. Data acquisition over a
longer time period could be used to offset dilution differences and thus generate a comparable number of
particles for both techniques.

Across all sites, similar average masses of Zn per particle were found in the Zn-only particles.
Converting these masses to diameters, and assuming all the Zn is present as spherical ZnO NPs (Figure
2.9a), these particles were roughly 80 nm in diameter, most values falling within 20nm of this average
value. We obtained a similar result for all Zn-containing NP when using an ICP-QMS, which provides
only a single element analysis, concluding that the measured Zn NPs are relatively similar in size and
composition across the South Platte watershed. However, with a TOF detector we can consider the other
elements present in each particle, in this case Fe, Mn, Al and Si, which imply a more complex mineralogy
for the Zn-containing particles. Mineral particles can promote adsorption, particularly the common metal
oxides (Fe, Mn)[131] and aluminosilicate clays (Al, Si)[132]. Converting the mass of each element to an
oxide (Fe;03, MnO,, SiO,, Al,O3), assuming a density and spherical geometry, and combining them with
mass of ZnO from the previous figure, we can approximate a more likely size of the particles (Figure
2.9b). Plotting all particles by total oxide equivalent spherical size versus %m Zn (Figure 2.8b), we find a
clear relationship with low % zinc being uniformly large (200-1000 nm) and high % zinc being uniformly
small (60-100 nm).

The disconnect between the ZnO-only particle size and the particle size where all five elements are
considered allows us to tease out differences in Zn particle speciation. Zn-containing particles where the
Zn is adsorbed or hetero-agglomerated should show a large deviation between the particle radii calculated
when considering ZnO only versus all five elements. It is expected that the Zn-adsorbed/aggregated
particles would primarily be composed of other elements besides Zn and thus have only a small
proportion of the total mass as Zn. This bears out for the size distributions of sampling sites such as Sand
Creek, East Clear Creek and North South Platte (7/16/18), where the ZnO-only radius is much smaller
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than the radius of particles where all elements were considered (Figure 2.9a, b). For Sand Creek, the
higher proportion of Zn possibly contained as an adsorbate also supports the settling experiments utilizing
the ICP-QMS. A high proportion of the Zn particles present in the Sand Creek samples could thus be
classified as sediment particles with adsorbed Zn. Conversely, the small difference between Zn-only and
multi-element particle size (Figure 2.9a, b) suggest that NPs primarily composed of Zn dominated other
locations along the South Platte such as the wastewater treatment plant sites (AWTTP, BWTTP). This
may be some indication of a greater anthropogenic contribution.

Separating particles based on the percentage of their % Zn mass also allowed for better speciation of
the particulate-associated Zn in a sample. The different chemical properties of nanoparticulate Zn as
compared to dissolved metal ions or adsorbed Zn is well known. ZnO and other metal oxide nanoparticles
are potent reactive oxygen species generators and have ecotoxicity characteristics distinct from the
dissolved forms of the metals[133]. Adsorption of heavy metals to nanoparticles is an important
component of many biogeochemical cycles and identifying the prevalence of adsorbed metal can be a
boon to modeling and environmental remediation[4].

Dissolution studies have shown ZnO can be soluble (7-16mg/mL)[134]-[137] at the pH values
expected for these surface waters (pH 7-8). However, ZnO dissolution can be affected by inorganic
factors including water hardness[135] and pH[136], [138] or organic species such as fulvic acids,
NOM[136] or protein[139]. Also, ZnO may compose up to 1% by weight of the total tire mass[98] and
ZnO particles from tire wear may be embedded in rubber, protecting them from solubilization. ZnO may
also be protected from dissolution by being coated by a less soluble Zn mineral such as ZnCO3[135].
Based on the host of factors that can affect ZnO particle dissolution, it seems highly possible that ZnO NP
could be present in natural waters.

Future studies might be improved by including transmission electron microscopy (TEM) or scanning
electron microscopy (SEM) to identify the chemical speciation of Zn particles be they ZnO, ZnS, ZnCO3
or a more exotic metal compound. However, the ppb levels, which results in low particle numbers, make
observing these particles by EM very difficult. The identification of the exact Zn particle mineralogy
would aid in determination of their origin and determining a truer particle size. Similarly, Fe, Mn, Al and
Si were assumed to be oxides for the purposes of calculating a particle size. This assumption was made
for simplicity sake but does not reflect the probability that these elements are most likely present as a
variety of aluminosilicate minerals. More detailed analysis of the mineralogy present in these samples
would allow for more accurate representations of particle size where these elements are considered,
although determining the association of Zn with the observed minerals is problematic at the low (< 5%)

Zn contents observed in these waters.
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2.5 Conclusion

By utilizing sp-1CP-MS, using both a quadrupole and a time-of-flight detector, the nanoparticulate
populations present in an urban watershed could be more fully characterized. The unique use of settling
and filtration experiments combined with an ICP-QMS provided further speciation of metal-containing
particles using single element data. ICP-TOFMS analysis provided invaluable insights into the elemental
abundances (i.e. mineralogy) present on a particle-by-particle basis. The totality of these analyses allows
for the further speciation of metal-containing particles into particles composed completely of a given
metal, and those with the metal adsorbed to, or incorporated within, colloidal mineral matter. This survey
of the South Platte watershed found that Zn-only particles were more abundant in the central, more
urbanized parts of the watershed, suggesting, but not confirming, anthropogenic origin. ZnO nanoparticles
from tire wear particles were hypothesized, but not investigated, as the most likely source. If regulation is
in the future for nanomaterial emissions, the ability to distinguish between particulate types will be
invaluable. Most significantly, the study demonstrates that multi-elemental information, provided by an
ICP-TOFMS, may form the future basis for developing the field of particle-by-particle geology, utilizing
each particles elemental composition. Furthermore, a variety of different information about metal
speciation can be derived from the application of settling and filtration as fractionation tools prior to ICP-
QMS analysis.
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2.7  Supporting Information
Table 2-3 Typical running instrument conditions for ICP-MS.
ICP-QMS (NexION 300D ICP-MS)
Instrument Parameter Value
Nebulizer Gas Flow 0.86 — 0.98 ml/min
Sample Flow Rate 0.3 ml/min
Spray Chamber Quartz cyclonic
ICP RF Power 1600 W
Dwell time 100 ps
Transport efficiency 6-10%
Analytes Y7AU, %4Zn
Analysis Time 60s
Sample Flow Rate 0.3 ml/min
ICP-TOFMS (icpTOF-2R)
Instrument Parameter Value
Nebulizer Gas Flow 0.85— 1.0 ml/min
Sample Flow Rate 0.28 ml/min
Spray Chamber Quartz cylconic
ICP RF Power 1550 W
Dwell time 3ms
Transport efficiency 7-15%
27A|, 288i, 48Ti, 55Mn, SGFE, 57Fe, 58Ni, GONi, GSCU,
Analytes 64Zn, 55Cu, 82Zn, 58zn, 119Cd, 1Cd, 12Cd, 13Cd,
114Cd, 197Au, zoapb, 2°7Pb, 208pp
Analysis Time 60s
Sample Flow Rate 0.3 ml/min

Table 2-4 Total metal data from ICP-AES and anion data from IC (concentrations in mg/L).
Sampling Date 7/16/2018 7/17/2018

Analyte Dete;‘"’" DL Mode AWWTP BWWTP  WSC Ecic NSP wele Ecic 5P cc ESC NSP
Al 396.153 0.001 Axial 0.564 0.517 1.238 0.453 0.549 0.059 0.082 0.095 0.198 1.463 0.207
si 251.611 0.103 Axial 4339 4489 5539 4009  4.620 3066 4141 2111 8813  7.075  4.979
Fe 238.204 0.002 Axial 0.613 0.607 1.794 0.667 0.730 0.117 0.214 0.104 0.170 1.437 0.287
Mn 257.61 0.000 Axial 0162 0171 0377 0206  0.227 0040 0203 0310 0266 0224  0.205
Zn 213.857 0.002 Axial 0029 0036 0061 0059  0.048 0061 0027 0006 0011 0032 0038
in 206.2 0.002 Axial 0023 0031 0053 0052  0.042 0055 0021 0002 0005 0026 0031
Ca 317.933 0.025 Axial 40943 42,902 66,295 30.891 38.506  19.472 44587 53.310 95358 68.099  61.374
Mg 279.077 0.020Radial 8075  9.206 11.259  9.363  9.655 4390 13,089 12.863 21.442 11,636  13.267
K 766.49 0.108Radial 5209 7.126 4718 5690  5.937 1541 9381 4036  7.887  5.688 10.706
Na 589,592 0.019Radial 41.990 50.837 59.818 35.968 45.168 8.127 62.080 39.066 113.478 53.868 79.251
s 180.6690.0072 Axial 25319  30.308 58.621 22.016 28.140  13.22378 32.46591 27.55753 63.50382 68.09999 54.87529
P 213,617 0.013 Axial 0.311 0.583 0.232 0.137 0.225 0.000 0.164 0.064 0.134 0.158 0.789

IC Data

10.000
Cl 0 61.077 68.745 64.570 49,337 60.092 13.990581 74.97037 66.93854 188.9172 41.52354 92.65663
Na 19000 V2
504 0 68.753 821.198 171.445 60.745 76.719 35.473524 85.78212 729656 177.1821 196.1048 151.1534
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Table 2-5

Concentrations of Zn (ug/L) per Fraction for sp-ICP-Q-MS settling experiments.

Fraction
Site Dissolved |Colloidal Particulate |[Total
Cherry Creek 0.42 0.36 0.39 1.17
E. Clear Creek (7/16) 3.95 6.16 3.19 13.29
E. Clear Creek (7/17) 5.21 1.42 1.77 8.40
N. South Platte (7/16) 3.86 4.49 2.80 11.15
N. South Platte (7/17) 1.55 6.61 5.56 13.72
AWWTP 1.74 2.81 1.78 6.33
BWWTP 5.18 2.69 1.34 9.21
E. Sand Creek 0.33 13.15 6.41 19.88
W. Sand Creek 0.91 6.28 6.71 13.90
S. South Platte 0.23 0.08 1.52 1.83
'W. Clear Creek 1.93 16.62 4.63 23.19

Table 2-6 Concentrations of Zn (ug/L) per Fraction for sp-ICP-QMS filtration experiments.
Fraction
Site Dissolved ﬁgﬁg;geticulate ﬁgr:f)sp?a:\lficclulate Total
Cherry Creek 0.42 0.10 0.65 1.17
E. Clear Creek (7/16) 3.95 0.90 8.45 13.29
E. Clear Creek (7/17) 5.21 0.50 2.69 8.40
N. South Platte (7/16) 3.86 0.01 7.28 11.15
N. South Platte (7/17) 1.55 0.26 11.91 13.72
AWTTP 1.74 0.42 4.17 6.33
BWTTP 5.18 0.40 3.63 9.21
W. Sand Creek 0.33 1.05 18.51 19.88
E. Sand Creek 0.91 141 11.58 13.90
W. Clear Creek 1.93 0.52 20.74 23.19
S. South Platte 0.23 0.17 1.43 1.83
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Figure 2-10 Hydrographs for selected sampling locations A) West Clear Creek, B) West Sand Creek,
C) South South Platte, D) Cherry Creek at Denver, CO, E) North South Platte, F) Cherry Creek below
Cherry Creek Lake.
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Figure 2-11

Turbidity plotted against various metal concentrations. A) Turbidity plotted against
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Figure 2-12  Size Histograms for sp-ICP-QMS measurements of raw samples. Panels correspond to
sites: A. AWWTP; B. BWWTP; C. WCIC; D. SSP; E. NSP (7/16); F. ECIC (7/16); G. WSC; H. ESC; I.
CC. Histograms for ECIC (7/17) and NSP (7/17) not shown. Diameter calculated by conversion of
detected particle mass to a spherical metal Zn particle (p = 7.14g/cm?).
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CHAPTER3 NOVEL METHODOLOGY FOR THE ANALYSIS OF POLYDSIPERSE
ENGINEERED AND NATURAL COLLOIDS BY SINGLE PARTICLE INDUCTIVELY
COUPLED PLASMA SPECTRSOCOPY (SPICP-MS)

A paper to be submitted to Environmental Science: Nano (Royal Society of Chemistry)
Bevers Shaun, Casey Smith, Howard Fairbrother and James F. Ranville.

3.1 Introduction

Nanomaterials (NMs) are operationally defined by their size (1-100nm in one dimension), and display
unique sized-based properties that collectively govern the reactions in which they participate and to what
degree[1]. The enhanced reactivity of NMs, as compared to their macroscopic counterparts, has led to the
rapidly expanding field of nanotechnology, although some NMs (e.g. gold) have been used for
millennia[140]. Nanomedicine utilizes NMs with defined size and surface functionality to target specific
cells/tissues for imaging[141, p. 200] or drug-delivery[142]. Nanoencapsulation of nutrients and
pesticides to control release rates increases crop productivity compared to application of their dissolved
counterparts, creating the burgeoning field of nano-agriculture[13]. Natural NMs and incidental NMs
(generated as a byproduct of human activity) are ubiquitous in the natural world[2]. The size-based
reactivity of NMs makes them potent substrates in a wide variety of environmental processes despite their
low mass concentrations relative to their macroscale and dissolved counterparts[2].

The size-dependent reactivity of engineered, incidental and natural NMs can lead to undesired
environmental consequences. The oxidation state and speciation of both inorganic and organic dissolved
species can be tied to the high specific surface area of NMs, which is a function of size[3], [143]. Smaller,
more mobile NMs can facilitate the environmental transport of both organic and inorganic
contaminants[143, p. 2], [144], [145], and micronutrients|[146]. Nanoplastics (NPs: 1-1000nm), generated
from weathering of microplastics (< 5 mm), are a distinct and newly recognized class of incidental
NM[25] that have greater environmental mobility and higher bioavailability than microplastics[26].
Additionally, as a consequence of their high specific surface area, colloidal particles up to several microns
are also a key component of environmental particle populations. Thus, to fully understand particle-
mediated environmental processes, it is critical that accurate particle analysis and quantification be able to
span orders of magnitude (nm — pm).

Particle toxicology[147] is intimately tied to size, which is the principal determinant of particle
ingestion[148] and cellular uptake[142]. Ultrafine aerosol particles (PM 0.1) are more toxic and persistent
in human cells than their coarser counterparts (PM 2.5)[35], [37]. As a consequence of how reactive

surface area scales with size, mass-based regulatory standards (mass/volume) for chemical exposures,
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which are generally applied for the preservation of aquatic life and aerosol particle exposure[34], are
inadequate when describing the dosage of NMs. Rather, particle number or surface area may be better
descriptors of dose. Indeed, measurements of mass concentration can equate to vastly different particle
number concentrations (PNC) depending on their size and polydispersity[35]. For these reasons, accurate
measurement of PNC and particle size distribution (PSD) is essential to fully understand the ecological
hazards and human health risks of NM exposure.

For monodisperse NMs, which often have a Gaussian size distribution of particle numbers,
determination of PSD and PNC is relatively trivial using techniques such as dynamic light scattering[40],
analytical ultracentrifugation[47], field flow fractionation[41], or single-particle techniques such as
nanoparticle tracking analysis (NTA)[149] and single particle optical sizing (SPOS)[150, p. 200].
However, both natural and incidental NMs, as well as colloids, are generated through a wide variety of
physiochemical reactions that typically produce broad, continuous PSDs that range over orders of
magnitude[2]. Environmental particles have been shown to demonstrate size-dependent particle number

distributions that often follow Pareto’s Law (power law)[79]-[81]:

AN < D, >‘ﬁ (3-1)
—_—=q| —
AD, 4D,

where AN/ADy, is the change in particle number with size, a and 3 are constants, and Dy/ADy is particle
diameter divided by the width of the size bin (ADy). The constant a is a reflection of the magnitude of
particle concentration and 3 describes the proportion of small to large particles (i.e. the PSD), and has
been found to vary and reflect the mechanical, chemical and biological processes responsible for particle
formation[81], [151]. Many of the aforementioned techniques are suitable for monodisperse particles but
struggle to accurately size and/or count particles present in these continuous, polydisperse size
distributions. Consequently, there is a need to develop new robust analytical approaches capable of
accurately determining PSDs and PNCs for environmentally relevant NMs and polydisperse NPs.

Single particle inductively coupled plasma mass spectroscopy (spICP-MS) has seen increasing usage
as a tool to characterize the PSD and PNC of metal-containing NMs and colloids[57], [65], [120], [152].
This technique takes advantage of the high elemental sensitivity and specificity of ICP-MS combined with
a spray chamber that allows for the introduction of intact, individual particles into the plasma. Instrument
response is continuously monitored, with 100usec dwell times (i.e., integration time) commonly being
employed. Particles are ionized, and the resulting ion clouds register as discrete bursts of signal on the MS
detector, which when resolved from the constant background signal, enable the counting and sizing of
individual, submicron particles. However, discrimination between background and particle signals is not
simple and involves setting a threshold value, with signals above this value being counted and sized as

particles. Threshold values are generally set as the mean (u) plus a multiple of the standard deviation (o)
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for all measured signals. A threshold of p + 30 is widely used[120] and implemented in commercial
analysis software, but other methods involving a variation of u + xc[76], [153] or modeling of
background signal as a Poisson distribution have also been suggested[60], [154].

The smallest detectable mass of the element of interest is fundamentally determined by instrument
sensitivity and the threshold. Conversion of this minimum mass to particle size requires assumptions
about the mass fraction of the element in the individual particle, the particle density, and its shape[58].
High background signal, arising from dissolved elemental species, isobaric/polyatomic interference, or
instrumental noise, increases the particle detection threshold, raising the lower limit of detectable particle
size[63].

The upper limit of measurable particle mass fundamentally depends on two factors, ablation efficiency
(AE), the ability of the plasma to completely ionize the particle, and transport efficiency (TE), the ability
of the spray chamber to successfully aerosolize and transport the particle into the plasma. Both parameters
decrease as a function of increasing particle size and density, leading to approximate upper limits of about
500nm for dense, recalcitrant silica particles[59] and 5um for low density microplastic particles[64].

Possible analytical artifacts in spICP-MS arise from particle coincidence and aggregation[60], [155],
[156], both of which lead to overestimates of particle size and underestimates of PNC. Coincidence arises
when two or more individual particles are introduced in the plasma within the same dwell times, whereas
aggregation represents the physical association of multiple particles. Both are related to total particle
concentration, and thus increasing dilution directly reduces the probability of coincidence while also
making aggregation less favorable.

Despite the increasing number of applications of spICP-MS for NM characterization, polydisperse
samples by their nature remain difficult to characterize by spICP-MS. Given a possible power law
distribution of particle numbers by particle size, there can be exponentially more small particles for every
large particle present. High concentrations of the very smallest particles can form a high background of
coincident particles, with the consequence that the detection threshold is increased, effectively obscuring
the smaller size range of the PSD. Addressing the challenge of accurate PNC and PSD measurement for
polydisperse samples in the presence of a particle-based background is the central focus of this work. We
propose an approach of analyzing polydisperse samples using spICP-MS, where PSDs from multiple
dilutions are compared to determine particle size ranges that contain analyzable data in which artifacts due
to coincidence are absent. As our results demonstrate, data from coincidence-free regions can be
combined across a series of dilutions to model the entire, broad PSD using a power law. The results
generated by power law modeling of the PSDs using this new serial dilution approach are contrasted with
a commonly used, single dilution spICP-MS data analysis[61], [67], [157]-[159]. To illustrate the benefits

of this approach, we analyzed two types of environmentally relevant NMs: polydisperse, metal-doped NPs
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which were used for method development; and Al-bearing NMs and colloids (i.e., silicate minerals)

sampled during a storm event in the Denver Metro Area, CO USA.

3.2 Materials and Methods
3.2.1 Nanoplastic Synthesis.

We have prepared a broad library of metal-tagged model NPs for use in experiments to probe the
effect of size on environmental behavior of NPs (C. Smith et al., JHU manuscript in prep). We have
utilized two NPs from this library to develop the spICP-MS methodology reported herein. Polydisperse,
model NPs composed of polyvinylpyrrolidone (PVP) or polymethylmethacrylate (PMMA) containing =
0.1 and 1% Ta by mass were manufactured for quantification by spICP-MS. To create these metal-doped
NPs, neat polymer and organometallic additive (e.g. Ta(OC;Hs)s) were dissolved in an organic co-solvent
(Methanol and Toluene for PVP and PMMA, respectively) to create a solution which was cast in an
aluminum dish. The organic solvent was then evaporated, leaving a metal-tagged composite. MicroXRF
(Bruker M4), performed in the Minerals and Materials Characterization facility (MMC) at the Colorado
School of Mines demonstrated that this approach leads to a uniform distribution of metal within the
composite (C. Smith et al., manuscript in prep). This uniformity enables the metal signal in spICP-MS to
be used to compute the size of NPs produced by cryo-milling the composites (details in SI). Aqueous
suspensions of NPs were prepared through addition of dry powder to nano-pure water; the suspensions

were sonicated and then sieved (<35 pum), producing stock solutions of polydisperse metal-tagged MPs.

3.2.2 Environmental NMs (Colloids).

Cherry Creek, a tributary of the South Platte River, originates southeast of Denver near Castlewood
Canyon, CO, and is impounded in Cherry Creek Reservoir. Daily grab sampling (5/19/22-5/23/22) of
Cherry Creek surface water was performed to capture a major precipitation event (5/20/22-5/22/22). The
sampling site in Denver CO was roughly equidistant from the confluence with the South Platte River and
Cherry Creek Reservoir (39°41'43.7"N 104°55'14.3"W). Continuous discharge data (Q, cubic feet per
second, S| Figure 3.8) was obtained from the USGS (Gauge: USGS 06713500 CHERRY CREEK AT
DENVER, CO). Further details can be found in SI.

3.2.3 Nano-analysis

Model NPs were imaged by scanning electron microscopy (TESCAN MIRA3 LMH Schottky field
emission-scanning electron microscope (FE-SEM)) in the Minerals and Materials Characterization facility
(MMC) at the Colorado School of Mines. Both model NPs and environmental NMs and colloids were
analyzed by quadrupole spICP-MS (Perkin Elmer NexION 300D, Waltham, MA, USA) for 1¥Ta or #’Al
content, respectively. Measurements employed 100 microsecond dwell times, and size analysis utilized
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the mass-based approach to determine transport efficiency[120]. TE was generally 5-8% throughout the
study. Particle size was computed from the mass of 18.Ta or 2’Al detected in each particle, the mass
percentage of this element in the particle, and the particle density. The 2’Al content of K-Feldspar, a
common detrital mineral, was used to estimate particle size for the river NMs and colloids. Additional
details of data collection and analysis are provided in the SI.

3.3 Results and Discussion
3.3.1 Particle-Generated Background in Polydisperse Samples

As previously noted, accurately measuring sample PSD by spICP-MS revolves around finding a
dilution that successfully minimizes particle coincidence. For monodisperse samples whose mean size is
well above the threshold, the effects of particle coincidence on experimentally determined size and
number can be easily identified across the measured PSD (see example in Sl Figure 3.9). Using
monodisperse standards as a basis, Laborda et. al.[60] has suggested that nanoparticle and colloidal
samples can be characterized at a single dilution that depends on the spICP-MS measurement conditions
(nebulization efficiency, sample flow rate, dwell time, total acquisition time). For the conditions used in
this study, this equates to ~4000 particle events counted per analysis. Such an approach works well for
relatively monodisperse (normally distributed) samples.
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Figure 3-1 PSDs of 10-fold serial dilutions of a 0.1% Ta-Ethoxide Polyvinylpyrrolidone (PVP)
suspension (Undiluted Nominal Concentration: 10.1mg/mL PVP). Threshold size (dashed line) and the
particle no. detected (bold number) for each dilution is indicated. Detected particle number was not
corrected for dilution. Particle diameters reflect a conversion of the measured mass of *8'Ta to an
equivalent diameter of a PP particle based on the (0.1 %) loading of Ta-Ethoxide and the polymer
density (1.2 gm/cm?).
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Polydisperse samples such as our model NPs and natural stream particles, with particle numbers
distributed over a broad continuum of sizes, pose a much greater challenge to accurate PSD/PNC
measurement via a single dilution. For example, PSDs measured over serial 10x dilutions (ranging from
undiluted to 10%x) for a dispersion of 0.1% (w/w) Ta-Ethoxide doped PVP plastic NPs are shown in
Figure 3.1. Clearly the reported PSD is influenced by dilution. The clearest indication of a coincidence-
induced artifact is the change in the minimum observable size of the PSD. The threshold particle size (1 +
30) of the undiluted sample was 1.32um. At the maximum dilution this is reduced to 0.21um, which also
represents the minimum possible detectable size given the 0.1% Ta-Ethoxide loading of the plastic.

PNCs are affected by dilution as well, with increasing PNC as dilution is increased. In the undiluted
and 10x dilutions, 2,390 and 1,760 particles were counted respectively, demonstrating that an additional
1,521 particles were measured over the 239 that were expected to result from the 10x dilution. Thus, total
particle number did not decrease proportionally with a 10x dilution, and subsequent dilutions follow this
same trend of showing “excess” particles at each step. Clearly not all of the particles are being counted in
the more concentrated samples. In a well-behaved system bereft of coincidence, particle numbers should
scale linearly with dilution and the PSD should remain constant. In the case of these polydisperse Ta-PVP
NPs, the reason for the non-linear scaling in particle numbers can be attributed to experimentally
determined threshold values being greater than the theoretical value of 0.21 um. This artifact is a result of
coincident small particles that elevate the thresholds. As the dilution increases, the probability of
coincidence decreases, and the threshold drops. Consequently, smaller particles become observable, and
are now counted as individual particles, causing the experimentally observed PNC to increase. Additional
evidence of an elevated background arising from coincidence is the absence of a detectable 81Ta signal
following 0.02y filtration of the undiluted sample. This observation supports the conclusion that the
thresholds greater than 0.21 um are generated by coincident nanoparticles and not a consequence of ionic
181Ta or small, undetectable NPs (< 0.02um).

The observation of increasing particle numbers and changing observable particle size as a function of
dilution-induced threshold reduction is characteristic of a particle-based background. In contrast, for a
threshold derived from dissolved ions, it should be possible to find a dilution where the background is
reduced to a point where pulses generated by the smallest particles can be resolved and quantified. For
this Ta-doped PVP suspension, proportional dilution of total particle number never occurs, as shown by
the nearly equal particle numbers (906 and 929) measured in the two highest dilutions: 102x and 10%x
respectively. This observation indicates that coincident particles smaller than the theoretical value of
0.21pum are present. Further dilution may achieve proportional dilution, but PNCs would be very low.
Numerous studies have been dedicated to the resolution of particle signals from a background composed
of dissolved ions, but few have discussed the presence of a background composed of coincident

particles[69]. Although each dilution (Figure 3.1) comfortably has <4000 events, a criterion that has been
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suggested in the past[60], [130] as necessary for avoiding coincidence in mono-dispersed samples, our
results suggest that this criterion may not extend to highly polydisperse samples.

Our results (Figure 3.1) highlight that while dilution can successfully lower the threshold, it
concurrently reduces counting statistics for the largest particles, drastically limiting the upper range of
observable particle size, particularly at the high dilutions needed to quantify the smallest particles.
Finding a single, perfect dilution that maximizes measurement range while minimizing the particle
coincidence may not be feasible in highly polydisperse samples. Techniques such as hydrodynamic
chromatography (HDC)[136, p. 201] or field flow fractionation (FFF)[62] have been used in combination
with spICP-MS to provide physical separation by particle size. Feasibly, this would allow for the
separation and quantification of any particle-based background, but in practice both techniques greatly

dilute the injected sample, resulting in insufficient particles to count during spICP-MS.

3.3.2 Making Use of Imperfect Data: Power Law Modeling

As demonstrated by Figure 3.1, coincidence is a major concentration-induced cause of PSD distortion
in spICP-MS that results in PNC undercounting and an erroneously higher PSD due to the summation of
coincident particle masses. Furthermore, these distortions are more likely to occur in the lower region of
the PSD (Figure 3.1) as the smaller particles are found at much greater concentrations in polydisperse
samples. Moreover, the effect on the measured particle mass is increased proportionately more when two

small particles are coincident than when one or more small particles are coincident with a much larger

particle.
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Figure 3-2 Dilutions of a 0.1% Ta-Ethoxide PVP suspension (nominal initial concentration of 88

mg/L PVP) (Panel A) and an Al-containing environmental colloid (Panel B) sampled from Cherry Creek,
Denver CO on May 20" 2022. Particle diameters reflect the equivalent size of PVP particles given the
loading of Ta-Ethoxide (Panel A) or the equivalent size of K-Feldspar given the percent composition of
Al (Panel B). For each dilution the particle numbers were normalized to lowest dilution (100x), denoted
by (dc: dilution corrected).
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Figure 3.2A shows the PSD of three different dilutions of a 0.1% Ta Ethoxide PVP suspension where
the particle numbers of the two higher dilutions are normalized to the lowest (102 x) dilution factor. With
each dilution, increasingly smaller particles are uncovered because the threshold decreases, showing that
the functional form of the PSD is sensitive to the dilution. Examining the PSD of the three dilutions, it is
apparent that there are, however, regions of disproportional and proportional dilution. For example,
between particle diameters of 0.9-1.5um, the dilution-corrected particle numbers of all three dilutions
agree, demonstrating that in this size regime there is proportional dilution of particle number. In contrast,
at particle diameters 0.75-0.9um, the dilution corrected particle numbers of the 10%x dilution do not agree
with those of the 102x dilution, which is attributable to the combined effects of the coincidence in the
smaller size range of the 10%x dilution PSD and the higher threshold. Agreement is seen between the 103x
and 10%*x dilutions above 0.5um, but a lower detectable size limit of about 0.4pm in the 10%x dilution is
apparent.

The dilution-corrected PSD for an Al-bearing colloid sampled from Cherry Creek, Denver CO USA
(Figure 3.2B) illustrates another facet of this type of analysis. Unlike the previous example, no portion of
the dilution-corrected PSD of the 10*x and 102 dilutions overlap with the undiluted sample, suggesting
that the entire PSD measured for the undiluted sample is coincident. This conclusion is supported by
similar effects seen in monodisperse samples at high concentrations where coincidence and aggregation
distort the entire PSD (Sl Figure 3.9). In contrast, over a range of particle sizes spanning 0.2-0.5um, the
dilution-corrected particle numbers of the 10*x and 10?x dilution of this Al-bearing colloid agree,
suggesting the absence of concentration-dependent effects within this region. In other words, these
overlapping regions between different dilutions where the dilution-corrected particle size distributions are
coincident can be considered “artifact-free” and undistorted either partially or wholly by coincidence
and/or aggregation. The identification of these regions is the essence of our new approach and is the
necessary step towards finding the “artifact-free” PSD and PNC for a polydisperse sample.

Using this approach, we can use multiple dilutions to identify regions of the PSD in each dilution
where particle numbers are proportionally diluted and thus are free of coincidence. As shown in Figures
3.1 and 3.2, this results in each dilution representing a different viewing window into the “artifact-free”
PSD. Ideally these windows can be combined into a larger picture of the “artifact-free” PSD over all
measured particle size ranges across all dilutions.

The power law model of particle number versus particle size (Equation 1) has been successfully used
in the past to model polydisperse PSDs in natural samples[79], [80]. In this model, particle number is a
function of particle diameter raised to a constant 3, which itself is related to the distribution of particle
numbers across the measured PSD (i.e. the proportion of small to large particles). The constant o is
related to the total number of particles in the sample (i.e. PNC). Although power law models have been

applied to data from other particle sizing techniques[80], [160], [161]it was only recently applied to
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modeling spICP-MS measurements of mineral dust aerosols[69]. In the current case of the metal-tagged
NPs, we use the power law to model polydisperse PSDs across a range of dilutions so that its shape and
PNC can be compared independent of particle-generated thresholds at each dilution (Figure 3.1) and
particle coincidence (Figure 3.2B).
The power law relationship (eq 1.) is linearized by log transformation, resulting in:
logN =loga + flogD (3-2)

A plot spICP-MS data as the log of particle number, N, versus the log of particle diameter, D, will
therefore have a slope of  and a y-intercept of log a. The value of a increases in response to increasing
PNC. For these spICP-MS datasets, bin size was consistently 1nm so the term AD, from Egn. 1 can

effectively be ignored.

3.3.3 Determining the “Artifact-Free” Size Distribution of Metal-Tagged NPs
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Figure 3-3 Log-log plot of PSD for 10-fold dilutions (102x — 108x) of a 0.1% Ta-Ethoxide PVP
suspension using spICP-MS (nominal undiluted concentration: 8.8g/L). Higher dilutions were normalized
to the original 10?x dilution. The model (black dashed line) is the linear regression of the power law
model of particle number vs particle diameter (see text for details).

We employed the power law analysis approach for spICP-MS data of metal tagged NPs. A log-log
plot for a dilution series of 0.1% Ta-Ethoxide PVVP suspended NPs (Figure 3.3) shows both rapid change
in particle number near the threshold as well as regions of proportional dilution, the latter being the
regions of each dilution’s PSD that is free of distortion (i.e., “artifact-free” PSD regions). The “artifact-

free” PSD regions specifically identified for dilutions of 10°x, 10%x, 10°x, and 10%x were: 0.31-0.76pum,
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0.76-1.13um,1.13-1.57um, and 1.57-2.8um, respectively. The PSDs from each of these dilutions were
combined, creating a “artifact-free” PSD spanning particle diameters of 0.31 — 2.8um. The lower limit of
PSD used from the 10°x dilution, 0.31um, was derived from the overlap in dilution corrected PSD
between the 10°x dilution and a 10%x dilution. No data from the 10®x dilution was incorporated into the
power law fit as there was no higher dilution with which to compare.

Given the fidelity of the linear relationship between particle number and size on the log-log plot for
particle sizes ranging from 0.31 — 2.8um across the dilution series (R? = 0.982), it suggests that the power
law should continue beyond 2.8um in particle diameter. However, this regime cannot be quantified by
spICP-MS because decreasing particle transport efficiency into the spICP-MS results in undercounting at
sizes >2.8um. The specific particle size at which transport efficiency begins to affect the PSD measured
by spICP-MS depends on the particle’s physical properties such as density and surface hydrophobicity.
Previously, a transport efficiency of 0.04% was reported for more hydrophobic 2.5um-diameter PS beads
using a cyclonic spray chamber[66] but in the present study the linear relationship between particle
number and diameter continues from 2.5-2.8um, suggesting somewhat efficient transport of hydrophilic
PVP particles <2.8um in diameter. It should be noted that ablation efficiency is not expected to affect the
PSD measured in this experiment as previous studies have shown complete ablation of plastic
microspheres up to 5um in diameter[64], significantly larger than any of the particles analyzed in the
present study.

Linear regression of the combined PSDs presented in Figure 3.3 resulted in values of 4.956 and -
4.5638 for log a and B, respectively, and a power law model relating particle number to particle diameter
of:

N = 10%956)—4.5638 (3.3)
Residuals of the linear regression of the log-log plot fit (SI Fig 3.10) show no systematic, size-
dependent deviation, suggesting that a log-log plot of the combined dataset is well modeled by linear
regression. The high, negative B value reflects a broad size distribution with a high proportion of small to
large NPs. Using equation 3 to replot the power law model over the original PSD data set for three
dilutions shows good agreement (SI Figure 3.11). Given these results, we believe that the power law
successfully models the relationship between particle number and particle diameter for this suspension of

mechanically generated, metal-tagged PVP NPs.

3.3.4 B Values Reflect Physical Characteristics of the Measured PSDs

A central question regarding the 3 value is whether it reflects a difference in physical properties
between two sample populations, as measured through the shape of their PSDs. Both the PVP (1% (w/w)
Ta-Ethoxide) and PMMA (0.1% (w/w) Ta-Ethoxide loading) model NPs were created through the same
casting, cryo-milling, and sieving processes, but due to their different mechanical properties, the resulting
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NPs were expected to have different PSDs[162], [163]. The results of four dilutions of a 1% Ta-Ethoxide
PVP suspension, and two dilutions of a 0.1% Ta-Ethoxide PMMA suspension are presented in Figure
3.4A and 3.4B, respectively.
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Figure 3-4 Log-log plots of (102-10°%x) dilutions of a 1% Ta-Ethoxide PVP (Panel A), and 10?x and
10%x dilutions of a 0.1% Ta-Ethoxide PMMA suspension (Panel B). For each dilution the particle
numbers were normalized to lowest dilution. SEM micrographs of the dry 1% Ta-Ethoxide PVP (Panel C)
and 0.1% Ta-Ethoxide PMMA powder (Panel D) mounted on carbon tape and sputter coated with Au.

Utilizing the overlapping PSD regions from three dilutions (10%-10%x) of the PVP suspension, linear
regression of log N versus log D yielded values of -4.06 + 0.09 and 3.45 + 0.02 for  and log a,
respectively (R?=0.974). From the overlapping PSD regions of the two PMMA dilutions, values of -1.55
+0.06 and 2.17 £ 0.02 for B and Log a, respectively, were obtained (R? = 0.916). The more negative
value of B for the PVP (-4.06) compared to the PMMA (-1.55) indicates that particle numbers increase
more rapidly with decreasing size for the PVVP suspension. This lower f (i.e. a lesser increase in the
proportion of small to large particles) for the PMMA is consistent with near complete overlap between the
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dilution corrected 103x and 10%x PSDs across the entire particle size regime. Further dilution of the
PMMA was not possible due to low overall PNC in the undiluted suspension, although the overlap
between the two dilutions suggested no further dilution was necessary. SEM micrographs qualitatively
support the inference from spICP-MS that the PVVP sample shows proportionally larger numbers of
smaller particles as compared to the PMMA sample. Thus, the average size of particles in the SEM
micrographs is clearly larger for the PMMA compared to the PVP NPs. It should be noted that the SEM
images depict particles larger than the upper measurement range of the spICP-MS, but the relative trend in
particle number as a function of particle size can reasonably be expected to extend to larger particle sizes
given the success of the power law in modelling the PSD for PVP and PMMA in the size regime
accessible to spICP-MS.

Log a values for the PVP and PMMA, 3.45 and 2.17 respectively, suggest that there are roughly 10
times the number of PVP particles in solution compared to the PMMA. This is supported by the
observation that the spICP-MS data for both the 102x and 103x dilutions of the PMMA have the minimum
threshold of 1 count (threshold size: 0.22um), suggesting that there is no particle-based background
present. In contrast, the dilutions PVP suspension has threshold sizes ranging from 0.54-0.1um that
decrease with the level of dilution, suggesting the presence of a particle-based threshold. The presence of
this particle-based background supports the observed differences in a that indicate the PVP suspension
has a higher number of particles in solution than the PMMA. Thus the “artifact-free” PNC may be
approached at the higher dilutions, but low counting statistics make the results less certain. Moreover, our
results suggest that B and a values reflect real, physical differences between these two NP samples and
may be used to compare their PSDs and PNCs.

Overall, we have shown that for these metal-tagged NPs in a series of serial dilutions, regions of
usable, non-coincident (“artifact-free) data from each concentration-dependent PSD can be identified,
combined and modeled to create a global fit of the overall PSD. In this manner, a polydisperse sample can
be analyzed, preserving information about the number distribution at larger sizes while simultaneously
using higher dilutions to reduce threshold and accurately measure the lower end of the total size
distribution. Functionally, this extends the size range of spICP-MS analysis roughly 10-fold compared to
that measured in a single dilution. Furthermore, the method produces both 3, describing the shape of the
PSD across the entire measured size range, and o representing the total particle concentration distributed

across all sizes.

3.3.5 Changes in PSD/PNC of Al-bearing Stream Particles During a Storm Event

Having demonstrated the utility of serial dilutions to determine “artifact-free” PSDs for metal-tagged
NPs, we show how this improved methodology can change our interpretation of data acquired on the

resident particle populations in stream water during a hydrological event. The power law observed in
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natural colloids[79] and our results for the metal-tagged NPs support our view that unless a careful
dilution study is made, background size cut-offs at any single dilution are likely impacted by the
coincidence created by large numbers of small particles present in natural waters. As a result of this high
concentration of small particles, coincidence effects will distort the PSD and PNC determined by spICP-
MS, which will go undetected in a more conventional, single dilution spICP-MS approach. To
demonstrate the existence of this issue, we illustrate how conclusions regarding environmental processes
in our stream study can be very different when using the comprehensive multiple dilution and single-
dilution spICP-MS[61], [67], [157]-[159] approaches. In our example, Al-containing NMs and colloids
were sampled from Cherry Creek, Denver CO USA (5/19/22 — 5/23/22) where storm discharge (Q, cfs)
increased by as much as 10-fold (Sl Fig 3.8).
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Figure 3-5 spICP-MS results for a single 10%x dilution (all dates) of Al-bearing colloids collected
from Cherry Creek, CO USA across a major storm event. The table shows the calculated threshold
particle size for each sample. Particle diameters reflect a conversion of the detected Al mass to the
diameter of an equivalently sized K-Feldspar particle.

Figure 3.5 shows spICP-MS PSD analysis of the different samples collected across this major storm
event and measured at a single dilution (10%x). Particle size detection thresholds are displayed in a table

below the figure. Two of the samples, 5/20 and 5/21, show particularly high thresholds compared to the
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other samples, suggesting the presence of a coincident particle background at this dilution (Fig 3.1). Asa
point of comparison, we also measured PSDs at different dilutions to create overlapping size-distributions
(example given in Figure 3.6), thereby generating “artifact-free” PSDs and power law models that avoid

distortion by particle coincidence.
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Figure 3-6 Example log-log plot (5/21 data) used for power law analysis of Cherry Creek storm

samples. Particle numbers are corrected for the dilution factor.

Analysis of Storm-Influenced Stream Particle Populations: Using Serial Dilutions. Log-transformed
PSDs from a dilution series of each of the five dates (Figure 3.14) were modeled to determine B and log a
values for each sample collected during the event. Data from two dilutions (5/19, 5/22 and 5/23 samples),
or three dilutions (5/20 and 5/21 samples) were combined to generate a power law model for each sample
(SI Table 3.4, Sl Figures 3.13, 3.14). An example of this analysis is shown in Figure 3.6. Only two
dilutions were used for the 5/19, 5/22 and 5/23 samples as low PNC made it impossible to dilute the
sample more than 3 orders of magnitude and still count sufficient particle numbers. Figure 3.14
demonstrates that regions of “artifact-free” PSD data were identified for each of the samples and by
regression analysis this data, we show that a power law relationship does indeed describe the PNC for all
sampling dates. Log a values (Fig 3.7a) indicate that PNC increases with storm discharge (Q, cfs), peaks
at 11 commensurate with maximum Q (119 cfs) and remained elevated post-storm (5/22, 5/23) compared
to the pre-storm (5/19) PNC value.  values (Fig 3.7b) become more negative with increasing discharge,

reaching a minimum, -3.97, at maximum Q, and remain suppressed post-storm compared to pre-storm.
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This decrease in 3 indicates that the elevated discharge during the storm is preferentially mobilizing
smaller-sized (fine) particulates as compared to those mobilized by the constant discharge pre-storm.

Taken together, these power law relationships and their associated log o and 3 values measured herein
support a simple model for how the characteristics of the particle population are driven by Q. On the
ascending limb of the hydrograph (5/19-5/21) a strong linear relationship is observed between log o and
Q. During this period B becomes more negative but the relationship is not as strongly linear. On the
descending limb (5/21-5/23) a generally opposite trend is observed but changes in o and  are not as linear
with respect to Q. In other words, storm mobilized particulates are both greater in number and included a
higher proportion of small particles compared to pre-storm, with some elevated amounts of material being
transported by the waterway post-storm.

Analysis of Storm-Influenced Stream Particle Populations: Traditional Single Dilution spICP-MS
Analysis. A traditional spICP-MS analysis typically focuses on reporting PNC and mean particle diameter
(e.g. Figure 3.6), and is often obtained from a single dilution. A potential problem with this type of
analysis may occur when particle concentration varies among different samples (e.g. acquired in our case
at different points along the storm’s progression) to the point that unequal thresholds are present. This
would result in PNC and PSD that are inconsistent within the sample set. To illustrate that this potential
issue is operative for our river study, we analyzed data from only the 102 dilution (Fig 3.5a) to determine
PNC (Fig 3.7¢) and mean particle diameter (Fig 3.7d). Reported mean particle diameter and PNC
increased with Q, peaking at 164nm and 9.5 x10° part/mL, respectively, at the second highest Q (90cfs).
PNC (Fig 3.7¢) values decreased at maximum discharge, remaining near constant post-storm (5/22),
before ending at a value lower than measured pre-storm. This pattern thus shows only a weak dependence
of PNC on Q, which is contrary to reasonable expectations given the introduction of particles from surface
runoff and sediment resuspension during the storm. Mean particle size follows a similar trend, increasing
commensurate with discharge, but with little difference during the storm (5/20 and 5/21), before falling
off as discharge returns to pre-storm levels. As discussed previously, the elevated thresholds of the 102x
dilutions of the5/20 and 5/21 likely arise from coincident small particles in these samples and cause a
distortion in the measured PSDs and PNCs in the 10%x dilutions.
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Figure 3-7 (a)Log o values and (b) B values were derived from the power law modeling of a dilution

series for each date (data in Sl). (c) PNC acquired from a single dilution (10%x) across all samples (d)
mean particle size acquired from a single dilution (102x) across all samples. Arrows show the temporal
relationships among the samples and sampling dates of each data point labeled in panels (a-d).

Comparison of PNC vs Log a. Log a values obtained from the power law analysis using serial
dilutions reflect particle number and therefore can be meaningfully compared to the PNC data acquired
using a single dilution. Comparing trends in the log a values and the PNC measured from a single
dilution, log a peaks with peak Q (117cfs), while in contrast, PNC peaks during a day earlier at the second
highest Q (90cfs). The behavior in PNC obtained from the single dilution is contrary to the expectations
of particle introduction from surface runoff and sediment resuspension accompanying the storm.
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Resuspension of bed sediments and influxes of material from neighboring terrain should be maximal at
maximum discharge. Additionally, PNC returns to a final post-storm value lower than pre-storm value
which is also unlikely to reflect the actual situation, because PNC numbers would be expected to return to
close to pre-storm levels. These differences in PNC behavior with respect to Q are likely artifactual and
can be attributed to under-counting of the smaller particles in the 10%x dilution of the 5/21 and 5/23
samples as a result of particle coincidence.

The issue with the single dilution measurements is also evidenced by the observation that the PNC
obtained by a single dilution only varies within about an order of magnitude across all dates even though
variation in log o suggests particle number concentration varies by > 4 orders of magnitude (Sl Table 3.4).
This insensitivity to PNC for the single dilution analysis can be rationalized by recognizing that as the
storm progressed, the fine particles that are being introduced lead to increased particle coincidence. As a
result, the true difference in PNC across the samples are obscured in the 10%x dilutions due to varying
levels of particle coincidence. This makes it clear that the power law modeling, which necessitates the
identification and exclusion of data distorted by particle coincidence using serial dilutions, allows for a
more accurate accounting of PNC variation in these measured samples.

Comparison of Mean Particle Size to . Mean particle diameter values obtained from single dilution
data and B values (which reflects particle size distribution) obtained from serial dilutions show opposite
trends. Thus, B values obtained from serial dilutions decrease with increasing discharge (Fig 3.5b),
revealing that the proportion of small to large particles is increasing over the course of the event and
persists post-storm. In contrast, the mean particle diameter, measured from the single 10x dilutions of
each sample (Fig 3.5d), increased with discharge before plateauing and ending at smaller value than pre-
storm. Again, the difference in trends between the two analytical approaches can be attributed to the effect
of coincidence on the particle-based backgrounds in the 5/20 and 5/21 samples. This unwanted effect
causes an erroneous undercounting of the smaller-sized particles, whose omission skews the mean particle
diameter to artificially higher values in the single dilution analysis. Using  values from serial dilution
measurements which are free of distortion due to particle coincidence provides a more accurate
assessment of the PSD as well as changes to the proportion of small to large particles between samples.
Moreover, the availability of accurate particle size and number from serial dilution experiments also
improves estimates of total colloidal mass and surface area. For example, for the 5/23 sample, using a
single dilution for spICP-MS analysis results in an underestimation of total mass in particles by 22% and
total particle surface area (assuming a spherical shape) by 23% compared to the power law model for the

same sample, acquired using the serial dilution method developed in this manuscript.
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3.4 Conclusions

Nanoparticles and colloids are important components of natural and human-impacted environments,
with size playing an influential role in their environmental reactivity, fate, and transport. Key particulate
classes include natural (e.g. clays, metal oxides), incidental (soot, tire wear, nanoplastic), and engineered
(gold, gquantum dots). The processes that generate and transport nanoparticles and colloids also result in
broad size distributions. Accurate measurement of PSD that span orders of magnitude (nm to micron) is
critical to our understanding of their behavior. Our proposed analysis methodology is advantageous in that
particle numbers and PSDs are corrected for the deleterious effects of particle coincidence, especially at
the smallest region of the PSD, by combining data from multiple dilutions.

As an illustrative example of where improved information on PSD and PNC matters, consider particle
toxicity which depends on the properties of the nanomaterial in question, but also requires an accurate
particle number for calculating dosage, and subsequently evaluating a nanomaterial in a toxicity assay.
Total particle mass, measured through filtration or other bulk means, is an incomplete measure of PNC as
a given mass could contain a wide range of particle concentrations depending on particle size. Without an
accurate measurement of particle number and thereby particle dose, the relative toxicity of nanomaterial
cannot be compared to another toxicant. For example, consider the characterization of aerosolized
ultrafine (PMO.1) particles, which are of concern to a fields as diverse as human health[37] and climate
science[35]. These particles exist transiently at high, local concentrations making particle coincidence
likely in their measurement, rendering particle number difficult to accurately to assess.

Techniques such as SPOS[164] or time-of-flight single particle mass spectrometers[165] struggle with
coincidence in a similar manner to spICP-MS leading to the exclusion of data taken at high particle
concentrations and use of high dilutions in routine analysis. As we discussed previously, these high
dilution factors lead to a degradation of particle numbers measured for lower abundance, larger particles.
The methodology proposed herein could be used similarly for data obtained using other single particle
methods in order to identify coincidence-distorted data in samples with high total particle numbers.
Furthermore, as demonstrated by the storm colloids in this manuscript, employing our methodology can
lead to more accurate determination of particle number over a wider size range for high concentration
samples.

Lastly, power law modeling has been undertaken in the past for the purposes of modeling aerosol,
freshwater and marine colloids[79], [160], [166]. Single particle ICP-MS can often detect and size
particles smaller in size than many other single particle techniques. By combining this sensitive technique
with power law modeling, we can measure size distributions that are independent of the technique itself
and can be compared to power law models derived from alternate techniques. For example, the influence
of discharge on the  and log o values determined for the storm-colloids in this study showed reasonable

agreement with those calculated for larger 2-13um particles during similar short-term, high-discharge
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events measured with by a light-blocking laser particle sizer[161]. Combining the data of a particle sizer
such as SPOS to measure larger particles with that of spICP-MS[69] can extend the characterizable size
range and enhance our understanding of the entire colloidal population.
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3.7 Supporting Information
3.7.1 Sampling Campaign

Cherry Creek originates southeast of Denver near Castlewood Canyon, CO, and is impounded in
Cherry Creek Reservoir. Flow is principally a function of release from Cherry Creek Reservoir, along
with notable spikes in discharge corresponding to major precipitation events, and cuts through urban tracts
of Denver, CO. Eventually the creek feeds into Denver’s primary water source, the South Platte River,
near downtown Denver, CO. Typical flows along Cherry Creek vary from 15-30cfs across the year with
peak flows due to mountain snowmelt coming in Mar-Jul.

Daily grab sampling (5/19/22-5/23/22) of Cherry Creek surface water was performed to capture a
major precipitation event (5/20/22-5/22/22). The sampling site in Denver CO was roughly equidistant
from the confluence with the South Platte River and Cherry Creek Reservoir (39°41'43.7"N
104°55'14.3"W). Water was collected near the center of the channel using a 2-m pole sampler (HDPE)
and transferred to 1L HDPE bottles for storage. Both the bottles and pole sampler were triple rinsed with
water from the stream prior to collection. Streamflow was obtained from the USGS gauges at the
confluence between the South Platte River and Cherry Creek (USGS Gauge ID 06713500) and the gauge
along Cherry Creek at Cherry Creek Reservoir (USGS Gauge 1D 06713000) (SI Figure 3.8). Although

streamflow increased at the confluence during the precipitation event, there was no concurrent increase at
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the inlet from the Reservoir indicating that localized stormwater was driving the increase in discharge

rather than releases from the reservoir.

3.7.2 Laboratory Analyses

Scanning Electron Microscopy. Dry powder was mounted to a glass slide using carbon tape and
imaged using a ESCAN MIRA3 LMH Schottky field emission-scanning electron microscope (FE-SEM)
at magnifications of 200-2x with a beam voltage of 5kev.

Single Particle Inductively Coupled Plasma Mass Spectroscopy (sp-1CP-MS). All spICP-MS analyses
were performed on a Nexion 300D Quadrupole ICP-MS (Perkin Elmer, Waltham, MA USA). A mass-
based method for determining transport efficiency of Pace, et al 2011 was used for all single particle
analyses. A 50nm Au nanoparticle (Fortis Life Sciences, citrate-stabilized, mean size of 50 + 4nm by
TEM) was used as a known mass standard in the method. Dissolved Au standards (0, 1, 10, 100 ug/L)
[Inorganic Ventures, MSAU-100PPM, 100ug/mL Au in 10% v/v hydrochloric acid] were prepared
through dilution with Milli-Q Water (18.2 M-ohm Barnstead International). Measured TE ranged from X
to Y over the course of the experiments. Ta (0, 0.2, 2, 20 ug/L) [ High Purity Standards, ICP-MS-68A-B,
10mg/L in 2% nitric acid + trace hydrofluoric acid] and Al (0, 1, 2, 20ug/L) (Aristar, BDH82026-120,
100mg/L in 3% nitric acid) were prepared through dilution using nitric acid (Fisher Scientific, Trace
Metal Grade, 32-35%). All standards were prepared the day of analysis. Sample containers were sonicated
for 10min, subsampled and the subsample was 10 mm-filtered (nylon, Tisch Scientific) prior to sp-ICP-
MS analysis. Microplastic suspensions of PVP and PMMA were prepared by resuspending dry powder
immediately before analysis. All sample dilutions for sp-ICP-MS analysis used MilliQ Water.

Samples were analyzed by sp-ICP-MS for *Au, 8Ta or 2’Al at a flow rate of 0.3mL/min, with 100
msec dwell times, over a total data collection time of 60 sec. No settling time was used and a very short
detector dead time of 35ns was utilized. Raw ICP-MS data was processed for single particle analysis
using Syngistix 2.3 (Perkin Elmer, Waltham MA USA) with threshold values set to the mean plus three
times the standard error (n + 36). A minimum of 1 count for the threshold value was used when the
Syngistix-derived threshold was <1 count. MATLAB Build R2021b (MathWorks, Natick MA USA) was
used for all post-processing and fitting of sp-ICP-MS data.
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MP particle sizes were calculated as a function of the detected 81 Ta mass in each particle which was

converted to a MP particle size (dpo1ymer) Using the equations:

MWagaaitive N 1g Polymer ‘p (3.4)
MWpetar — % (W/W) aqaitive polymer

3.5
3 6vpolymer ( )
dpolymer = T

Upolymer = Mmetal X

Where:

Vpolymer  VOlume of Polymer (cm?) MWy,aditive Mol. Wt. of Additive (g/mol)
Mpmetal Mass of Metal (g) MW etar Mol. Wt. of Metal (g/mol)
Ppolymer Density of Polymer (g/cm?) % (W/W) aqditive (w/w) % of Additive in Polymer

Both equations were used to convert detected 2’Al mass to an equivalently sized K-Feldspar
Orthoclase particle (9.69% (w/w) Al, p = 2.56g/cm3).
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Figure 3-8 Hydrographs for Cherry Creek at the South Platte Confluence (Panel A, UGS GAUGE
ID: 06713500) and at the mouth of Cherry Creek Reservoir along Cherry Creek (Panel B, UGS GAUGE
ID: 06713000) over the course of the study time period, May 19" — May 23" 2022. The confluence
between Cherry Creek and the South Platte River is downstream of the study site whereas Cherry Creek
Reservoir is upstream.
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Figure 3-9 sp-ICP-MS analysis of dilutions of monodisperse 50nm %’Au Nanoparticles

(Nanocomposix, San Diego, CA) with nominal concentrations of *”Au ranging from 50ppb to 50ppt. A
consistent particle detection threshold was used for all dilutions that converts to a particle diameter of
nm.

Fig 3-9 shows the typical effect of serial sample dilution on SD measured by sp-ICP-MS for a variety
of concentrations of monodisperse 1%’ Au nanoparticles. At the highest two concentrations, coincidence
and/or aggregation have caused a distortion of the SD such that particle numbers are suppressed, and the
mean particle diameter is >50nm. Through serial dilution of the sample, the mean particle diameter
reaches ~50nm at a [**’Au] of 500ppt and particle numbers scale with a further 10x dilution. Note that the
threshold is well below the mean particle diameter and doesn’t vary with dilution suggesting the absence

of a background **’Au signal.
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Figure 3-10 Residual plots for linear regression of Log N vs Log D for 0.1% (w/w) Ta-Ethoxide PVP.
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Figure 3-11 ~ Comparison of the Power Law Model derived from the combined dataset to the dilution-
corrected size distributions measured for the 0.1% Ta-Ethoxide (w/w) PVP suspension. The model line
represents the results of linear regression of the Log-Log plot (Figure 3.3) and the power law model of
particle number vs particle diameter generated from the linear regression. Particle numbers are normalized
to the lowest dilution, denoted by (dc).
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Figure 3-12 Residual plots for linear regression of Log N vs Log D for 1% (w/w) Ta-Ethoxide PVP
(Panel A) and 0.1% (w/w) Ta-Ethoxide PMMA (Panel B).
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Figure 3-13  A. Plot of Log Number vs Diameter of the combined datasets used for power law
modeling overlaid with the model line (dashed redline) for each sample. B. Residuals of power law
models for each sample.
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Figure 3-14  Log N- Log D comparisons of sp-ICP-MS PSD data measured at dilutions spanning 100x

to 10,000x for Cherry Creek Samples. Panels correspond to individual samples: a. 5/19; b. 5/20; ¢. 5/21;

d. 5/22; and e. 5/23. Particle numbers are corrected for the dilution.

74



Table 3-1 Results of Log-Log Linear Regression for the PVP and PMMA suspensions.
Polymer Dilutions use(_j for SD B Loga R?
analysis
PVP 100x, 1,000x, 10,000x -4.06 £ 0.09 3.45+0.023 0.974
PMMA 10x -1.55 + 0.06 2.17 £0.02 0.916
Table 3-2 Results from sp-ICP-MS analysis of a 100x dilution of samples taken from Cherry Creek,

CO USA. Calculated particle size assumes that the mass of Al detected is contained in K-Feldspar
(2.7g/cm?®). Discharge was measured at the Cherry Creek USGS Gauge (ID: 06713500).

Day Mean Particle Particle Conc Qherry Creek Threshold Size
Diameter (nm) (Part/mL) Discharge (cfs) (nm)
5-19 102 360,088 17 16
5-20 164 954,849 90 29
5-21 164 786,431 117 35
5-22 113 825,232 15 20
5-23 91 298,314 11 16
Table 3-3 Results from sp-1CP-MS analysis of a 100x/1,000x dilution of samples taken from Cherry

Creek, CO USA. Sample dilutions were chosen for each date such that the threshold value for particle
detection is similar. Calculated particle size assumes that the mass of Al detected is contained in K-
Feldspar (2.7g/cm®). Discharge was measured at the Cherry Creek USGS Gauge (ID: 06713500).

Day Dilution Mean Particle Particle Conc C_herry Creek | Threshold Size
Used Diameter (nm) (Part/mL) Discharge (cfs) (nm)
5-19 100x 102 360,088 17 16
5-20 1,000x 97 4,389,040 90 16
5-21 1,000x 90 5,340,620 117 16
5-22 100x 113 825,232 15 20
5-23 100x 91 298,314 11 16
Table 3-4 Power Law Model § and log a values obtained through linear regression of sp-ICP-MS

data plotted as Log N vs Log D.

Day Dilution B Log a Cherry Creek | Threshold Size
Used Discharge (cfs) (nm)

5-19 100x -3.07 -+ 0.08 8.19+0.18 17 16

5-20 1,000x 3.38+£0.08 9.89+0.17 90 16

5-21 1,000x -3.97 £ 0.09 11.12+£0.20 117 16

5-22 100x -3.35+0.07 9.26 +£0.15 15 20

5-23 100x -3.77+£0.11 9.47 £ 0.23 11 16
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CHAPTER 4 SINGLE PARTICLE INDUCTIVELY COUPLED PLASMA AS A TOOL FOR THE
STUDY OF NANOPLASTIC GENERATION AND PHOTODEGARADTION

4.1 Introduction

Plastic waste is a large and growing problem across the globe, with 4.8-12.5 x 10° tons of plastic
entering the earth’s oceans on a yearly basis[167]. Although macroscale plastic debris is worrying on its
own, a variety of environmental processes including mechanical wear, heat, UV degradation and
biological processes transform these macroplastics into microplastics (<5mm in one dimension[168]) and
eventually into nanoplastics (<1000nm)[25]. Nanoplastics themselves represent a unique class of
contaminant that is distinct from their microplastic brethren for a variety of reasons. Firstly, their
movement in aqueous systems is dominated by Brownian motion due to their size, and they are less
subject to buoyancy and sedimentation. For example, according to Stokes’ law, a 1mm Polyvinyl Chloride
sphere will settle at a rate of 22cm/s whereas a 100nm sphere will settle at a rate of 7cm/yr[25]. Thus,
independent of external forces or degradation, these nanoplastics have a much higher residence times in
aquatic systems. Furthermore, for a given mass, nanoplastics will have more surface area than
microplastics, making them more effective at adsorbing and transporting both inorganic[169] and
organic[170] pollutants. Although plastics are referred to by their principal polymer component
(polystyrene, polypropylene, etc.), commercial plastics contain a wide variety of additives for the
purposes of tuning their physical and chemical properties. However, these compounds may become toxic
when leached from their plastic matrices[27], [28] and the high surface area of nanoplastics aids this
process[28]. Lastly, particle size is the principal factor in determining biological uptake. The smaller size
of the nanoplastics makes their uptake much more likely than that of microplastics in aquatic
environments[26]. For example, ultrafine aerosols, which include airborne nanoplastics, are more adept at
penetrating biological tissue and can cause a wide variety of effects not seen from coarser
particulates[35], [37], including inflammation.

Collection, characterization and quantification of microplastics is difficult but possible utilizing
fractionation techniques such as filtration used in combination with light microscopy or IR-Raman
Spectroscopy[171]. However, nanoplastics are a more difficult substrate to characterize as their smaller
size naturally precludes using many of the analytical techniques used for microplastics. Separation
techniques such as filtration may also struggle to separate these smaller plastics from background material
and may cause sample loss. Lastly, the carbon composition and possibly low environmental
concentrations of nanoplastics make them difficult to directly detect against a background of natural or
other anthropogenic carbon-containing particles.

Single particle inductively coupled plasma mass spectrometry (spICP-MS) is a premier tool for the

analysis of environmental colloids[57]. The technique marries the high element-specific sensitivity of

76



ICP-MS with a sample introduction system that introduces single particles into the plasma allowing for
individual particles to be counted and sized. Particles entering the plasma produce a discreet burst of
signal that can be differentiated from a background of dissolved element. The dividing line between
dissolved and particle signals is a threshold value that is usually set as the mean of all measured signals
plus a multiple of the standard deviation of the mean signal (u+xc). Setting of the final threshold value
involves an iterative process where particle signals are identified through thresholding, catalogued and
removed from the signal population, and the threshold is recalculated. Commonly, a threshold of p+3c is
used[130] in commercial software. Particle quantification by spICP-MS can be superior to more
commonly employed bulk methods, as particles can be detected, sized and quantified at mass
concentrations substantially less than other methods such as bulk ICP-MS analysis.

The application of spICP-MS to the quantification of micro and nanoplastics can be divided into two
categories: Direct detection of plastic particles using their endogenous C content or detection of the
plastic particles through metal tagging of the particle. Direct detection of plastic particles was first
pioneered by Bolea-Fernandez et al.[172] who demonstrated that plastic particles with diameters of 1um
and 2.5um could be detected above background and sized using their naturally abundant *C content.
Laborda et. al.[64] took this concept a step further using *C content to detect microplastics released from
commercial products into nano-pure H,O. Lastly, Liu et al.[83] followed the photodegradation of 5um
polystyrene spheres across 24hrs of exposure to UV-C light. Although impressive technical feats, this
type of spICP-MS analysis is limited for a variety of reasons. The presence of carbonate as well as other
organic compounds in most waters creates a high background of dissolved **C signal. Additionally,
carbon is not efficiently ionized by the plasma torch with a first ionization efficiency of only 5%[173].
Both factors limit the spICP-MS **C analysis of microplastics to particles with diameters >0.8-1um. This
naturally limits the use of *C detection to mostly carbon free aqueous matrices limiting the applicability
of this method for measuring particles in natural environmental matrices. Furthermore, this type of
detection has no means to distinguish nanoplastic from other naturally occurring carbon particles or other
carbon-based anthropogenic particles such as tire wear particles.

For these reasons, metal-tagging of micro and nanoplastics through the incorporation of metal moieties
in the plastic themselves or by labeling the plastic particles with metal tags prior to spICP-MS analysis
has been pursued. The advantage of this type of labeling is two-fold. The high elemental sensitivity of the
ICP-MS allows for the detection of particles containing atto-grams of metal, Thus, doping only requires a
very small weight percentage of metal, preserving the plastic particles physical and chemical attributes.
Incorporation of a rare metal such as palladium or tantalum allows for the detection of the metal-doped
plastic particles against both a carbon and mineral particle background.

Jimenez-Lamana et al.[174] presented a method for labeling negatively charged polystyrene

microspheres with positively charged Au nanoparticles, allowing for their detection and counting by
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spICP-MS. However, this technique only allowed for the counting of plastic particles not sizing, and the
labeling method could be subject to interference if other negatively charged contaminant particles are
present. Lai et al.[175] demonstrated another labeling method where Au nanoparticles were grown on the
surface of microplastic particles using dissolved gold and NaBHa, making them detectable by spICP-MS.
For the labeling of plastic particles, they employed a mild digestion followed by cloud point extraction to
remove any background particles. Both methods highlight two major limitations with post-synthesis
labeling of microplastic particles: (a) This method of labeling only allows for particle counting not sizing
as label incorporation may not scale with particle size, and (b) background particles can be labeled as well
by the same processes, requiring a laborious, pre-labeling separation of microplastic particles.

In terms of incorporating metal tags into the plastic structure itself, one popular method is growing a
plastic shell around a metallic core[82], [176]. Mitrano et al.[82] used these Pd-cored nanoplastic particles
(100nm in diameter) to study their fate and transport in a wastewater treatment pilot plant. These were
combined with In-labeled microfibers[177] to study co-transport of both metal-labeled nanoplastic and
microfibers with natural organic matter in sewage sludge[178]. However, spICP-MS was not employed to
measure the particle number concentration for these studies and instead bulk ICP-MS was used to follow
nanoplastic degradation or transport. Although this type of tag allows for quantification of particle
number, either directly or through bulk ICP-MS, transformation studies cannot utilize them as the metal
tag is not uniformly distributed through the entire nanoplastic particle, as it is present only in the core.
Thus, particle metal content is insensitive to changes in the thickness of the plastic shell.

We have recently created model, polydisperse metal-tagged nanoplastics by introducing a metal-
containing additive homogenously into a plastic wafer which is then milled into a micro/nanoplastic
powder [Manuscript in Prep]. Metal-doped nanoplastics are an ideal substrate for studying the
photodegradation of plastics in general as it allows for their discrimination versus a background when
measured by spICP-MS. Furthermore, the presence of the metal additive throughout the structure of the
plastic allows for the spICP-MS to not only detect the particles but size them as well. Although bulk
degradation studies can utilize the metal-cored particles[82], measuring changes in size of the individual
particles themselves by spICP-MS requires using homogeneously distributed metal tags. These metal-
tagged nanoplastics used in conjunction with spICP-MS can provide both information on mass and
number simultaneously.

To demonstrate the utility of this combination of metal-tagged substrate and spICP-MS analysis, the
UV-photodegradation of polymethylmethacrylate (PM) and polystyrene (PS) nanoplastics doped with a
tantalum organo-metallic additive was monitored using spICP-MS. For the purposes of this thesis, only
PM results are presented but a future publication will incorporate both. Photodegradation through UV
radiation is one of the most important environmental processes responsible for the mineralization of

nanoplastics[179]. PM makes an ideal substrate for the study of nanoplastic photodegradation due to its
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hydrophilicity, which increases its colloidal stability in agueous media. Photodegradation of bulk PM has
been shown to proceed primarily through absorption of UV irradiation by the ester moiety where the
energy is used for scission of the main carbon chain[180]-[182]. Secondary scission of the ester side
groups can also create radical species causing further main chain scission. Given the prior research on
bulk PM, we suspected the nanoplastics would be vulnerable to UVB photodegradation as well, perhaps
more so due to its high surface area. Changes in particle number and particle size were monitored using
spICP-MS for the breakdown of PM suspensions over the course of 14d of irradiation.

The major difference between this study and what came before[83], [183]-[186] is the use of a truly
polydisperse metal-tagged nanoplastic starting material. Previous studies focused on the use of
monodisperse spheres which while analytically convenient, do not represent the size distributions of the
material moving through the earth’s critical zone. By coupling spICP-MS and Single particle optical
sizing (SPOS) together, we reveal that the particles are progressively reduced in size by irradiation in a
“conveyor belt” manner (see Research Objectives for further discussion). SPOS was used as an alternate
analysis technique for measurement of nanoplastic degradation in sizes that exceed what can be measured
on the spICP-MS. Lastly, photoinduced fragility in the particles and in a macroplastic substrate were both
analyzed by monitoring nanoplastic release using spICP-MS, establishing that this phenomenon can be
observed over multiple size regimes. This study adds new information about the photodegradation of
plastics in the environment that result in nanoplastic generation. More broadly the results demonstrate the

utility of spICP-MS to study the transformation of metal-containing polydisperse nanoscale materials.
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4.2  Research Objectives

Nanoplastics are a ubiquitous particulate pollutant that is difficult to study due to their majority carbon
composition, which renders them indistinguishable from a carbon background, and their size, which limits
the number of available techniques for their study. We propose that spICP-MS can be used in combination
with model plastics doped with a small amount of metal to study the environmental processes that result
in formation and degradation of nanoplastics (Figure 4.1). UV photodegradation will be the model
environmental process used to establish the value of our synthesis/analysis approach.

A. Macroplastic Photodegradation B. Nanoplastic Photodegradation
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Figure 4-1 Schematic describing the (a) Quantification of nanoplastic released from a macroplastic
as a function of UV photodegradation, and (b) Direct quantification of nanoplastic photodegradation

4.2.1 UV Photodegradation of Nanoplastics

We applied novel methodology using spICP-MS to follow the degradation of Ta-doped
polymethylmethacrylate (PM) nanoplastics during photodegradation with artificially generated UV-B (A:
300+£25nm). The spICP-MS method for analysis of particles 0.2-2um in diameter was presented in
Chapter 3.

We propose that UV-B irradiation of Ta-PM will cause a progressive reduction in particle size/mass
that will be quantifiable by assessing the change in Ta mass by spICP-MS. This process will be analogous
to a conveyor belt, where particles are smaller as they move along the belt (See Fig. 4.2 for a graphical

representation). We therefore propose a series of hypotheses that describe specific aspects of this process.
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Figure 4-2 The “conveyor belt” hypothesis for the photodegradation of PM and the size regimes for
which spICP-MS is applicable. spICP-MS Data broken into three different size ranges of analysis: (A)
“Dissolved”; (B) Quantifiable Particles; and (C) Non-quantifiable Particles. The particle detection
threshold (see chapter 3) has been converted to an equivalent mass of polymer assuming a 1% (w/w)
loading of Ta-Ethoxide (details in Methods).

Hypothesis 1: Photolysis is a “Conveyor Belt” that creates changes in the particle number and size

distribution within the spICP-MS Observable Size Range. The major goal of this research is to use spICP-

MS and a metal-doped plastic to study the UV photodegradation of nanoplastics directly through changes
in particle number and size. Our approach diverges from previous studies in that the particle size
distribution (PSD) of the starting material is highly polydisperse, with particle numbers distributed over a
continuum of sizes spanning orders of magnitude. This is a natural consequence of the cryo-milling
process used to generate the nanoplastics from a macroplastic and reflects a more environmentally
relevant PSD[79]. We hypothesized that UV photodegradation of the nanoplastics will proceed as a
progressive reduction in particle size/mass as a function of UV irradiation (Figure 4.2).

When studying the nanoplastics directly, one must be cognizant of the characteristics of the starting
material and how they interact with the observable range of the spICP-MS. Within the starting
nanoplastic, particles sizes span from the nano to microscale and the relationship of particle number to
size can be described as a power law which in plain terms means that there are exponentially more

particles at smaller sizes than larger sizes. As demonstrated in the preceding chapter (Chapter 3), this
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material can be fully characterized using a dilution series. With careful analysis that combines dilutions,
one can obtain PSD data on the entire range.

Figure 4.2. depicts a typical spICP-MS analysis with three different regions highlighted. Region B,
spanning from the threshold particle diameter, 0.11um in this example, to approximately 2um, represents
the size region in which particles can be both accurately counted and sized by spICP-MS. Region A exists
between the instrument’s detection limit (the smallest detectable mass) and the particle detection threshold
is referred to as the “dissolved” region. In this region, the measured signal is some combination of signal
from both dissolved species and possibly tiny particles whose mass is too small to distinguish from the
background (see chapter 3 discussion). The most nebulous region of analysis, C, consists of particles
larger than ~2um in diameter. Although particles can be detected and sized in this region, uncertainty in
the transport efficiency and/or the ablation efficiency can make splICP-MS analysis unreliable. Both
transport efficiency, the ability of the sample introduction system to transport a particle into the plasma,
and the ablation efficiency, the ability of the plasma to convert the particle completely into ions, decrease
with increasing particle size. Although it depends in the material properties of the particle (density,
surface charge, etc.), both efficiencies generally reach low values for particles over 2um[66].

Progressive mass loss in the polydisperse nanoplastic caused by UV irradiation was hypothesized to
affect spICP-MS measurements in two ways. The weathering of small particles will cause their mass to
drop below the particle detection threshold leading to their absence from particle sizing measurements.
Graphically this would be represented on Figure 4.2 by movement of particles that start in Region B, the
sweet spot for spICP-MS analysis, to Region A, the “dissolved” region where particles cannot be
detected. Secondly, larger particles which initially started out too large to be detected or quantified by the
spICP-MS (Figure 4.2, Region C) will lose sufficient mass to enter the detectable range of the spICP-MS
(Figure 4.2,Region B). Given these two trends, detectable particle number concentration was predicted to
decrease as the starting material contains a high proportion of smaller particles that would be rapidly
photodegraded. However, conversely, the mean particle diameter is predicted to rise as the larger particles
are brought into the detectable range of the spICP-MS.

SPOS, a technique effective for sizing larger particles (diameters > 2um), was used to confirm the loss

of particles larger than the quantifiable spICP-MS range over the course of the irradiation.

Hypothesis 2: NOM Influences PM Photodegradation. NOM was selected as an example of a species
present in surface waters with known effects on the photodegradation of other compounds[187]. NOM
was hypothesized to have two possible effects: (A) NOM could act as a shield for the nanoplastics,
absorbing the incoming radiation thereby reducing the speed of the photodegradation, or (B) NOM could
enhance the photodegradation of the nanoplastic through indirect photolysis, where radiation is absorbed
by the chromophores present in the NOM and the energy is passed to the nanoplastic, thus degrading it

more rapidly. If (A) occurs, the conveyor belt of UV photodegradation will be slowed and the loss in
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particle number concentration/growth in mean particle size will be slower with NOM present then
without. Conversely, if the reverse is observed than (B) is occurring and the presence of NOM in solution
aids the photodegradation. To test these hypotheses, PM suspensions with and without natural organic
matter (NOM) were subjected to UVB irradiation and changes in particle number and size were
monitored.

Hypothesis 3. Particle Fragility as a function of UV Photodegradation. UV exposure of PM

macroplastic is known to cause fracture, reductions in tensile strength and crazing[188]-[190]. It is
reasonable to assume that these same processes happen on the micro/nanoscale and that the PM particles
themselves will suffer from the same loss in structural integrity during the present photodegradation
experiment. spICP-MS can be used to assess the fragility of PM particles in combination with pre-analysis
sonication. Sonication can be considered an accelerated form of mechanical weathering[191] and particles
made fragile by photodegradation should be more susceptible to shattering than undegraded PM particles.
A higher number of particles should be observed by spICP-MS post-sonication compared to pre-
sonication for the same samples if fragile particles are present. The amount of fragile material should be

proportional to the UVB exposure time.

4.2.2 Nanoplastic Shedding and Fragility of UV Photodegraded Macroplastic

Nanoplastics are generated from macroplastic debris through a variety of different environmental
processes but due to the size and composition, these released nanoplastics remain difficult to detect and
guantify especially at low concentrations. Combining spICP-MS with metal-doped macroplastic
substrates could help bridge this gap in nanoplastic analysis. Thus, we tested two additional hypotheses.

Hypothesis 4: Nanoplastics are Released from Bulk Plastic through Photodegradation. UVB

irradiation of PM coupons imbued with a homogenously distributed Ta additive will cause surface
photodegradation proportional to irradiation time. These photodegraded surface will release nanoplastics
when immersed in water and these passively released nanoplastics will be quantifiable by spICP-MS.
Furthermore, nanoplastic release will increase as a function of UVB exposure time.

Hypothesis 5: Studying the Fragility of Macroscale Plastics through splICP-MS monitoring of

Nanoplastic Release. Much as particle fragility after photodegradation can be explored with a
combination of spICP-MS and sonication, so to can be the fragility of photodegraded surfaces. We
hypothesize that the photo degradation process makes the bulk plastic more brittle. If this hypothesis is
correct, exposing coupons to accelerated mechanical stress (i.e. sonication) will lead to additional
nanoplastic release. Sonication applied to the photodegraded plastic surfaces should induce the release of
greater numbers of particles than passive release alone (hypothesis 4), and this increase in particle number

release will be proportional to UVB exposure time. Longer UVB exposure times will create more
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sonication-vulnerable material due to expansion of the brittle, photodegraded layer at the surface of the

plastic.

4.3 Materials and Methods

Nanoplastic/Macroplastic Synthesis. 1% (w/w) Ta-ethoxide polymethylmethacrylate (PM) coupons
and nanoplastic powders were synthesized by collaborators at John Hopkins University (publication in
prep) using the same procedure detailed in chapter 3. Whole coupons were used in the PM coupon
photodegradation experiments.

Photodegradation Experiment. A Model RPR-100 Rayonet photochemical reactor equipped with 16
cylindrical, vertically oriented, low pressure mercury bulbs (Southern New England Ultraviolet Co,
Branford, CT USA) was used for all irradiation experiments. The wavelength of light delivered by the
bulbs was 300+25nm (UVB). The fluence of the reactor was 5.21 x 10 quanta/sec as determined by
actinometry[192]. The reactor was equipped with a cooling fan that kept temperatures in the reactor <
30°C during operation, and a sample carousel rotated sample tubes ensuring even irradiation. All
irradiation experiments were carried out in quartz test tubes whose tops were wrapped in parafilm and
then aluminum foil to avoid liquid sample evaporation.

Nanoplastic Suspension Experiment. Approximately 50mg of dry nanoplastics powder was
resuspended at a nominal concentration of 1mg plastic/mL and sonicated in an ice bath for 4 hours. The
resulting suspension was then sieved with a stainless steel 32um sieve to remove any unsuspended
material. The suspension was then diluted 50x with nano-pure H.O (npH20) and 8mL of the 50x
suspension was aliquoted into each of 4 quartz test tubes. For PM suspensions involving the addition of
natural organic matter, the original PM suspension was diluted 50x into a npH20 solution containing
10mg C/L Suwanee River Fulvic Acid (SRFA) (International Humic Substances Society, Product 1D:
Suwanee River FA II). Prior to the beginning of the experiments, the tubes were subsampled to establish
an initial (day 0) sample, by taking 600uL from each tube and adding it to 5.4mL of npH,O (10x dilution).
All subsequent sampling of the photolysis tubes was done in the same manner. Three tubes, labeled A, B
and C, were placed at random positions in the photoreactor sample carousel where they were continuously
irradiated with 300nm radiation for up to 13 days. One tube was foil wrapped and placed in the dark
outside the reactor to act as a dark control (labeled D). All four tubes were sampled after 1, 3, 5,7, 9, 11
and 13 days of total irradiation time.

Coupon Photolysis Experiment. Irradiation of PM coupons with UVB light was completed by Casey
Smith at John Hopkins University. Ten weighed, 1% Ta-Ethoxide (w/w) PM coupons were placed dry
into quartz test tubes, which were placed inside a similar reactor setup as was used for the PM suspension
experiments performed at CSM. Coupons were then irradiated for 0, 3, 7, 10 or 14 days with two coupons

removed from the reactor per irradiation time. Coupons were weighed, placed in clean 15mL conical
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tubes to which 10mL of npH20 was added. The coupons were then allowed to passively release for a
period of 7d, upon which the solution was removed, and the coupons were dried and stored. Solutions
from the release and the coupons themselves were then mailed to Colorado School of Mines where the
solutions were analyzed by spICP-MS to characterize particle release from the irradiation itself.

Nanoplastic Release Following Coupon Sonication. At Colorado School of Mines, the dried, irradiated
coupons were placed in fresh 15mL conical tubes containing 10mL of npH20 and allowed to sit for 1d.
This step was designed as a rinse to remove residual materials from the coupon itself, and these solutions
were removed from the coupons and analyzed by spICP-MS as a background to the sonication
experiment. A fresh 10mL of solution was added to each coupon and the coupons in solution were bath
sonicated for a period of 30min. After sonication, coupons were allowed to rest for 1d allowing for the
release of any PM particles resulting from the sonication. Solution was removed from each coupon and
analyzed by spICP-MS.

Measurement Parameters of the spICP-MS. Samples were gently vortexed and assayed for *81Ta
containing particles using a quadrupole spICP-MS instrument (PerkinElmer Nexion 300D, Waltham, MA,
USA) equipped with a cyclonic spray chamber. Each spICP-MS run was 60sec in length, where particle-
generated signals were integrated in 100 dwell times. Flowrate for the analysis was 0.3mL/min.
Transport efficiency was calculated using the size-based method of Pace et al.[120] where the instrument
signal is calibrated through the combination of a dissolved *’Au calibration curve and monodisperse
50nm Au nanospheres (NanoXact Citrate-Stabilized, NanoComposix, San Diego, CA, USA). Each
nanosphere delivers a known mass of *’Au to the instrument and through comparison to the dissolved
calibration curve, the transport efficiency can be calculated. Transport efficiency typically ranged from 5-
8%. Data collection and analysis, including particle detection, was accomplished using Syngistix ver2.3
(PerkinElmer, Waltham, MA). For spICP-MS analyses involving sample sonication, samples were
sonicated for 5, 15 or 30 total minutes using a sonication bath prior to analysis. Multiple dilutions for each
sample were measured, where the initial measurement detected >5000 particles or the threshold was 1<
count.

Data Processing for splCP-MS Data. Through the Syngistix software, the particle detection threshold
was calculated as the mean plus three times the standard deviation of all signals (i + 3c). Threshold
determination in Syngistix is an iterative process where particle signals are identified, removed, and the
threshold is recalculated until no more particles are detected. Where the calculated threshold was <1
count, it was manually set to 1 count. Given the whole number counting of the detector, 1 count is
theoretically the smallest discrete amount of mass that can be measured on the instrument.

Detected Ta mass was converted to an equivalent size of nanoplastic particle using the equations 3-4
and 3-5 from Chapter 3 of this thesis. For this experiment, MW e Was 180.948 g/mol (Tantalum),

MW adq was 406.25 g/mol (Ta(V) Ethoxide), the w/w % of additive was 1% and ppm Was 1.18 g/cm?,
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As per the methodology discussed in chapter 3, splCP-MS data from multiple dilutions for each
sample was compared to assess the possibility of data distortion due to particle coincidence. Where
appropriate, data from multiple dilutions were combined into a single data set spanning the entire range of
sizes measured across all dilutions for a single sample. All presented particle number concentrations and
measured particle masses are corrected to reflect the TE and the dilution factor. Particle mass
concentrations by particle diameter were calculated by summing all particle masses present in each size
bin and correcting for transport efficiency and dilution factor.

SPOS Measurement Parameters. SPOS (Single Particle Optical Sizer, Nicomp Accusizer 770, Particle
Sizing Systems, Santa Barbara, CA, USA) was conducted to quantify particles with 0.5-32um in
diameter. Although particles were detected larger than 32um in diameter, these detections were few in
number (< 0.01 % of the total number counted) and deemed erroneous due to the 32um sieving of the
suspensions prior to the experiment. To minimize particle coincidence, samples were diluted in npH20
aiming to measure <10,000 parts/mL. Dilutions of 20- to 100-fold were commonly used for SPOS
analysis. All presented SPOS PSD are corrected for the dilution factor.

Zeta Potential. A Malvern Zetasizer (Malvern, Malvern, UK) was used to measure surface charge for
PM suspensions with and without 10mg/mL SRFA NOM. Samples measured by Zetasizer were undiluted.

Two replicate measurements were taken of each sample.

4.4  Results and Discussion
4.4.1 Establishment of the Conveyor Belt and Influence of NOM.

Particle number (PNC) and particle mass concentration (PMC) for the PM and PM-NOM dark
controls (Figure 4.3 a, b, e, f) remained relatively constant over the irradiation course, apart from some
loss on D11-13. This indicates that the changes in the light samples (A, B and C) were driven by the
300nm irradiation and not by other factors (storage loss, dissolution, etc.), which would have affected the
dark controls as well. The average D13 particle number concentration (PNC) of the three irradiated
samples for both PM and PM-NOM were similar, 4.42+2.33 x 10® and 2.63+1.46 x 10° part/mL,
respectively. Furthermore, the particle mass concentration (PMC), i.e. the sum of mass in detected
particles per mL, was substantially higher for the PM suspension (2.02+1.07 x 10 g/mL) compared to the
NOM PM suspension (2.69+1.59 x 108 g/mL). The average mean particle diameter was larger for PM
(687+22nm) compared to the PM-NOM (582+40nm). Growth in mean particle size for irradiated PM
samples B/C (Figure 4.3c) coupled with steady PNC (Figure 4.3a) lead to an increase in PMC in both
samples (Figure 4.3e). For PM sample A, PNC declined but mean particle diameter increased leading to

PMC remaining steady over the course of the experiment. Particle diameters reflect an equivalent PM
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particle size to the 8 Ta particle mass measured by spICP-MS. All samples were sonicated 5min prior to
SpICP-MS analysis.

Sample to Sample Variance. Sample to sample variance was significant for same samples in this
analysis and bears further discussion. The difference in behavior between PM A and PM B/C suggests
that particles may be more difficult to reproducibly measure than dissolved species. When comparing
these results to other studies of nanoplastic degradation, one must be cognizant that the majority of these
studies use commercially synthesized, monodisperse plastic microspheres that lack the heterogeneity of
our PM suspensions. Furthermore, bulk measurements require the use of PNC orders of magnitude greater
than those used in this study. With our irregularly shaped, polydisperse starting material, a variety of
factors including irregular particle shape, small differences in particle size distribution and nanoscale
differences in particle structure, etc. become more significant sources of error at low PNC. Low
abundance, larger plastic particles are more likely to be heterogeneously distributed across sample
replicates at low total PNC. These larger particles can make up a majority of particle mass and are
hypothesized to act as a source of smaller particles after photodegradation. Thus, sample to sample
variability in the population of large particles may lead to irreproducible PNC and PMC results for all
particle sizes. Possible storage effects over the course of a days-long experiment causing particle loss are
more significant at low PNC and at high PNC (i.e. bulk); many of these effects can be averaged out and
storage length minimized. Future studies might incorporate more replicates to account for these effects or
further restrict the size range of particles in the starting PM suspension through filtration or centrifugation.

Photodegradation Mechanism and Process. Mean particle diameter remains relatively constant for a
period of 5-7 days in both PM and PM-NOM irradiated samples suggesting that there is some minimum
amount of photodegradation needed prior to significant weathering. This aligns with previous studies of
polystyrene MP degradation which suggest there is a lag time before particle degradation occurs[83],
[184]. Meides et al. suggests a model for plastic particle degradation that consists of a lag phase where
particles suffer radiation damage causing surface abrasion and decollation, i.e. the loss of small loosely
held materials on the particle surface. This correlates well with the 5-7d range of the irradiated PM
samples where mean particle diameter hasn’t risen significantly but PMC has increased slightly, and PNC
has increased by roughly 2x. The source of these extra particles could be from the decollation of smaller
particles from larger particles, including from those that were initially larger than observable by spICP-
MS. Finally, the model suggests that after a certain amount of time, particles have suffered enough
damage to fracture and be lost (i.e. reduced to a size below the threshold or fully mineralized). Particle
fragility will be addressed in a forthcoming section, but the growth in particle mean diameter suggests that

overall, small particles are being lost over time.
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Figure 4-3 Sample parameters measured by spICP-MS for PM suspensions without NOM (PM)
and with 10 mg /L SRFA (PM-NOM) over 13d of 300nm light irradiation: Particle Number
Concentration (A, PM; B NOM-PM), Mean Particle Diameter (C PM; D NOM-PM), and Particle
Mass Concentration (PMC) (E PM; F PM-NOM).
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The previous studies of PS microspheres differ from the current PM results in a variety of ways. Liu et
al., who used **C spICP-MS to study the degradation of monodisperse 5um diameter polystyrene spheres,
found decreasing mean particle diameter over the irradiation course. This was coupled to a 2x increase in
PNC which was followed by declining PNC through the last timepoint. PMC was not calculated in their
experiment but it can be inferred from the trend in mean particle diameter and PNC that it decreased over
the course of the experiment. This contrasts with both the PM and PM-NOM results which show a steady-
increasing PNC coupled with increases in mean particle diameter and PMC. This is where the difference
in starting materials come into play, as Liu et al started with a monodisperse population within the
observable size range of the spICP-MS, whereas the starting PM suspension in this experiment contains a
wide range of sizes, some larger than spICP-MS can detect. These larger particles in the PM suspension
are suggested to act as a reservoir of particles which are progressively weathered into spICP-MS detection
range, thereby replenishing the particles that are weathered to the point of being too small to detect. This
leads to a relatively stable PNC but increasing PMC and mean particle diameters as the replenished
particles are larger than those lost
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Figure 4-4 SPOS analysis of (a) D13 PM and (b) PM-NOM Suspensions. Particle numbers
corrected for any dilution made prior to SPOS analysis. Although particles <2um were measured by
SPOS, analysis was focused on larger sizes which are practically invisible to the spICP-MS.

Single particle optical sizing, a technique that can reliably count and size particles larger than possible
by the spICP-MS, was used to show changes accompanying irradiation in population of particles larger
than 2um in diameter. This size of particle may not be effectively measured by spICP-MS. SPOS analysis
of the D13 PM samples shows a depletion of larger particles in the three irradiated samples (A, B and C)
compared to the dark control (Figure 4.4a). This suggests that the source of larger particles and particle
mass seen by spICP-MS are the larger spICP-MS invisible particles, which are being UV weathered into
spICP-MS visibility. This supports our conveyor belt hypotheses and that there is progressive UV
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photodegradation of particles occurring in the irradiated samples, bringing them into and out of the
observable range of the spICP-MS.

Influence of NOM. On average, D13 PNC was similar between the irradiated PM and PM-NOM
samples, but mean particle diameter and PMC were substantially larger for the PM samples compared to
PM-NOM (Figure 4.3). These results suggest that NOM was inhibiting photodegradation in the irradiated
PM-NOM samples preserving the smaller particles and preventing the weathering of larger particles into
the spICP-MS observable range. The protective effect of NOM is confirmed by the SPOS results as the
irradiated samples (A, B and C) of the PM-NOM suspension (Figure 4.4b) still retain large numbers of
2um-+ particles compared to the dark control supporting the conclusion that the NOM is protective from
UV degradation. Measured particle numbers in the dark control are higher in the PM-NOM sample than
the PM sample most likely due to the increased colloidal stability of the PM-NOM particles as indicated
by the zeta potential measurements. Zeta potential measurements of the PM suspensions showed a more
negative value in the presence of NOM (-29.5mV) compared to without NOM (-17.2mV).

The most likely cause of this protective effect is that the NOM is absorbing the incoming radiation,
shielding the PM particles from the harmful radiation. UV absorbance spectra (200-500nm, Figure S.2) of
the NOM controls shows a clear photobleaching of the NOM over the course of 13d of irradiation. These
pieces of data together suggest that the NOM adsorbs to the PM particles creating a UV protective layer
that is photobleached over the course of 300nm irradiation. Unlike many other plastics such as
polypropylene and polyethylene which lack a chromophore in their chemical structure, PM can directly
absorb UV radiation <320nm in wavelength through its ester moiety[181]. Thus, the absorbance of light
by the NOM layer interferes with the direct photolysis of the PM thereby slowing the conveyor belt of PM
degradation.

As to the possibility of indirect photodegradation, enhancement of polypropylene photodegradation in
the presence of polystyrene-derived organic matter[193] and NOM[194] suggests possible mechanisms of
indirect photolysis for microplastics. However, the mechanism postulated for the enhancement effect was
increased reactive oxygen species (ROS) generation by the organic matter. These ROS were necessary for
degrading the polypropylene as it contains no chromophore of its own unlike the PM used in this
experiment[22]. In these results, the direct absorption of UV is the process driving PM photodegradation,
so the shielding effect of NOM is more significant than any possible indirect photodegradation catalyzed
by the NOM. The effect of NOM character, specifically its ability to absorb UV radiation, is one possible
interesting area of future research as NOM character can vary greatly and different NOM may have
different protective capacities for PM.

“Conveyor Belt” Conclusions. SpICP-MS analysis of the UVB photodegradation of a metal-tagged
nanoplastic demonstrates that this process largely conforms to the proposed “conveyor belt” hypothesis.

NOM was found to directly affect the photodegradation of PM by acting as a UV-absorbing shield that
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delayed PM photodegradation. The major accomplishment of this initial experiment was to demonstrate
that a combination of metal tagged nanoplastic substrate, spICP-MS, and SPOS can be used to quantitate
and characterize the degradation of a nano-sized material in the presence of environmental matrices like
NOM. Bulk studies of microplastic degradation are generally qualitative, using techniques such as FTIR
and/or Raman spectroscopy or electron microscopy to follow bulk chemical and morphological
changes[186], [195], [196]. Bulk measurements such as mass concentration[82], [177], [178] can be used
to follow nanoplastic removal and mineralization, but reveals little about the mechanism of the process
itself. PNC and PMC provided by spICP-MS show transformations on a nanoscale and in this study, back
up many of the observations made for the photodegradation of larger plastic types. We hope that this
analysis framework can be extended to other environmental processes, increasing our understanding about

the ways in which nanoplastics are transformed in the environment.

4.4.2 Particle Fragility

One aspect of the measured spICP-MS data that doesn’t conform to the hypothesis are the particle
number concentrations (Figure 4.3a/b) measured over the course of the experiment. The original PM
suspension used for the irradiation experiment contained a power law relationship of particle number to
particle size (SI Figure 4.13), showing a higher proportion of small particles to large particles. As
demonstrated in Figure 4.2, splCP-MS detected particles until they weathered below the limit of
detection; likewise, larger particles initially invisible to the spICP-MS should weather into the detectable
size range, but their numbers should not be completely replenished due to the low starting proportion of
large particles. However, the observed PNC remains constant for the irradiated samples, suggesting a

mechanism for particle number replenishment outside of the progressive UV weathering.
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Figure 4-5 (A) PSD for PM dark control day 7 where blue and red lines represent spICP-MS analysis
with and without sonication prior to analysis, respectively. (B) PSD for the day 7, irradiated PM samples
A, B and C 7 where dashed and solid lines represent spICP-MS analysis with 0 or 5min sonication prior to
analysis, respectively. Particle Diameters reflect an equivalent PM particle size to the 181Ta particle mass
measured by spICP-MS.
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Serendipitously, an error in sample preparation led to an interesting observation about the nature of the
PM particles after photodegradation. It was general practice prior to D7 of this experiment to sonicate all
PM samples for 5min prior to analysis to resuspend any material adsorbed during storage. However,
initially the day 7 samples were measured by spICP-MS without sonication. Upon discovery of the error,
samples were sonicated for 5min and analyzed again. Although the particle number concentration (PNC)
measured for the dark control (Figure 4.5a) remained similar with no sonication (NS) and after sonication
(SN), there was a substantial growth in PNC post-sonication for the three irradiated samples (Figure 4.5b).
The appearance of additional particles after sonication suggests that the sonication may have broken apart
material creating extra particles. That this happened only in the irradiated samples suggests that
photodegradation may create “fragile” particles that can be shattered by the application of mechanical
force. Given this observation was made late into this irradiation experiment, only timepoints after D7
could be assayed for the presence of these “fragile” particles (Figure 4.6) and some timepoints do not

have complete data sets (i.e. sonicated/non-sonicated data for all four samples).
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A comparison of PNC and particle mass concentration (PMC) measured for sonicated (SN) and non-
sonicated (NS) samples for D7, D9 and D11 samples of both the PM and PM-NOM suspensions is shown
in Figure 4.6. In general, where additional particles were observed by spICP-MS (PNC Ratio >1),
additional mass in solution (PMC ratio >1) was observed as well. The increase in observed mass suggests
that the additional particles may have been brought into the spICP-MS observable size range through the
shattering of fragile large particles outside this size range. Nanovoids formed by UV-induced chain
scission[195] become propagation sites for larger cracks that are widened by further UV irradiation or
other forces (mechanical, thermal, etc.)[189]. This process has been investigated on the macroscale in PM
airplane cockpit canopies[189] and in PM-ZnO composites[195]. Our results broadly suggest that this
process is happening on the nanoscale as well.

Mild mechanical force (stirring) was shown to fracture severely degraded microplastic particles after

3200hr of solar simulator exposure[184] or 12hr of 254nm irradiation[83]. Similar to our results, Liu et al
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reported increases in PNC concurrent with the detection of smaller particles, which suggesting that the
larger particles are fragmenting into larger numbers of smaller particles. In our experiments, sonication is
shown here to be effective in fragmenting photo-weakened material, but not strong enough to disrupt
pristine material.

The degree to which sonication caused increases in PNC and PMC varied from day to day and sample
to sample. For both PM and PM-NOM, D9 samples showed little evidence of fragile material compared to
the day preceding (D7) and following (D11). However, one possibility is that the particles undergo cycles
of being weakened by photodegradation and shattering, repeated ad nauseum until complete
mineralization. Brandon et al.[186] saw a similar cycling in their microplastic UV degradation study as
the ratio of oxygen-containing functional groups, a measure of photo-oxidized material, was cyclical over
the course of irradiation. They speculated that as photo-oxidation can only occur to a surface depth
commensurate with O infiltration, that there were cycles of surface material being weakened until
fragmentation. This fragmentation exposes virgin plastic to UV photooxidation, thereby beginning the
cycle over again. In our experiment, we postulate that particle fragmentation follows a similar cycle of
larger particles being weakened before ultimately fragmenting into smaller particles with virgin surfaces.
Thus, the cycling of PNC increases post-sonication reflects this cycle of photodegradation followed by

particle fragmentation.
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Figure 4-7 Normalized PNC for PM D7 5min Sonicated (solid lines) and No Sonication (dotted
lines) samples (non-normalized data shown in Figure 5b).
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There were notably a few samples that saw significant mass loss after sonication (Figure 4.6D, PM-
NOM D9 L-B and L-C) but not a commensurate decrease in PNC, indicating that the fragile particles
existed within the observable size range of the spICP-MS. Sonication then shattered these particles
replenishing the PNC but reducing PMC by making their masses too small for the spICP-MS to detect.

The growth in PNC and PMC post-sonication for many samples was disproportionate (not 1:1) and in
general PNC grew at a faster rate than PMC suggesting that most of the particles revealed by sonication
were smaller sized. Figure 4.7 shows the normalized PNC for PM D7 samples A and B, demonstrating
that PNC grows for smaller particles and drops for larger particles after sonication. Furthermore, both
PNC and PMC for the PM suspension increased after sonication more than the PM-NOM suspension. For
example, the PNC and PMC ratios of 32.7 and 3.22, respectively, measured post sonication for D11 C
PM, compared to 7.19 and 2.15, respectively for D11 C PM-NOM. This finding suggests that more fragile
particles exist in the PM sample than in the PM-NOM sample consistent with the observation that NOM
decreases PM degradation rate. It would follow that any reduction in photodegradation rate would in turn
reduce the amount of photoinduced fragile material in the PM-NOM samples.

These results also shed some explanation to the spikes in observed PNC for PM on D7 and D11
(Figure 4.3a), as well as PM-NOM on D11 (Figure 4.3b). Given the spICP-MS results measured for the
non-sonicated/sonicated PM and PM-NOM samples (Figure 4.6), these spikes are now suspected to result

from the presence of fragile material that was shattered into a larger number of particles.

4.4.3 Variable Sonication Time: Examination of the Magnitude of Photoinduced Fragility.

A repeat experiment was conducted with triplicate PM suspensions irradiated with 300nm wavelength
light for 13 days. No PM-NOM suspensions were included in this repeat experiment. Analysis with
spICP-MS was conducted immediately after sampling (no sonication), and then after 5min sonication.
Additional measurements were made for later samples after 15min (D9, D11, D13) and 30min total
sonication time (D13). Similar to the previous experiment, the non-sonicated (NS) particle number
concentration (PNC) remained stable for 2 of 3 irradiated samples and the dark control (Figure 4.8a). PNC
declined in sample C alone over the course of the irradiation. The constant PNC measured in the dark
sample suggests that the PM suspension is colloidally stable, so the loss in sample C PNC most likely
resulted from the irradiation alone, and may reflect sampling difficulties at low total PNC (see previous

discussion).

95



00

—&— Lightid) B
i Lighti)
800 - LightiC)
—&— Dark
/ H
= T00 -
¥ B e
= @
3 g /
24 \ 2 o i e
= b = A P i
o o L 7, e
it ‘ £ 500 P e
&
— : )
== Light{&} + 3 P
2 [ | i Lightt{i} 400
Light{C} o
—— Dark -
o 1 k] 5 T L] 1" 13 09 o 1 3 5 T a9 1 13
Day Day
22 ™ 4000 ¢
=G LightiA} = Dlark
2 -5— Light{E} E Lightiay
E zs00
LightiC) e D Lightig)
- e} | —o—pak a | Lighti)
= = 3000
E m
8"t £
: ]
£ 14 g
H g
=
w12 £ 2000
= g
= & 1500
3 4l
= z
106 -
2 £ |
= |
£ soof ||
=
o
. . . . . . 0 \" - - ———
0.z o 5 10 15 20 25

Dy PM Diamater [m)

Figure 4-8 Non-Sonicated (NS) (a) Particle Number Concentration (part/mL), (b) Particle Mean
Diameter, and (c) Particle Mass Concentration (PMC) as function of irradiation time measured by
splCP-MS. Particle Diameters reflect an equivalent PM particle size to the 181Ta particle mass
measured by spICP-MS. (d) Particle Number Concentration (PNC) as measured by SPOS on D13 for
the three irradiated samples. PNC is corrected for the dilution factor and volume measured during the
SPOS experiment.

In contrast to PNC, the NS mean particle diameter increases for all three irradiated samples (Light A,
B, C; Figure 4.8b) and remains relatively constant for the dark control, consistent with previous results.
Similarly, the particle mass concentration (PMC) (Figure 4.2a) of all three irradiated samples increased
with irradiation time, while in the dark control remained constant. Furthermore, SPOS analysis of
particles >2um in diameter on D13 showed a decrease in measured particle numbers for the irradiated
samples compared to the dark control. As with previous results, this demonstrates the progressive
weathering of larger particles over the irradiation course. These results together suggest that the UV
degradation of the PM samples is occurring in the same manner as the previous experiment, where
material is progressively weathered into the highest range of the spICP-MS observable size range and lost
at the lowest range.

Comparing the ratio of sonicated (SN) to non-sonicated (NS) PNC (SI Figure 4.15a) and PMC (Sl
Figure 4.15b), only two of the irradiated samples (D9 A and D13 C) showed ratios >1 suggesting the
presence of fragile particles. Ratios exceeding 1 indicate that higher particle numbers and/or particle mass

were measured post-sonication compared to without sonication which is hallmark of the existence of
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fragile photodegraded material. The absence of PNC and PMC growth after sonication for most

timepoints suggested that photodegradation had not sufficiently weakened the particles such that they

could be fragments by a 5min sonication.

Ratio of sonicated (15min) to no sonication PNC (Panel A) and PMC (Panel B) measured
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However, extending the pre-analysis sonication time to 15min for the D9, D11 and D13 samples

caused increases in observed PNC and PMC ratios (Figure 4.9). In contrast to 5min of pre-spICP-MS

sonication time, spICP-MS measurement after 15min sonication (ESN) showed PNC and PMC ratios >1
for most of the irradiated samples. Furthermore, in the few samples that saw an increase in PNC and PMC
ratios after 5Smin sonication, additional sonication resulted in even larger changes. Importantly, observed

PMC and PNC stayed relatively constant in the dark control (0.8-1.2) after 15min sonication, suggesting

that the sonication itself is not creating fragile particles.
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By applying different levels of force, i.e., different sonication times, the degree of fragility in the
photodegraded PM samples can be assessed. Figure 10 shows effect of variable sonication (5, 15 and
30min) on spICP-MS measurements of D13 samples where PNC and PMC are ratioed to NS. PNC and
PMC ratios for the dark control were approximately 1, again suggesting that the PM material itself is not
fragile without UV photodegradation. The three irradiated samples showed varying degrees of
susceptibility to sonication. Sample A had relatively similar PNC and PMC ratios between 15 and 30min
sonication suggesting that 15min sonication was sufficient to fully fragment any fragile material. In
contrast, samples B and C showed increasing fragmentation with increasing sonication time.

Furthermore, extending this analysis to SPOS, we can see a similar effect (Figure 4.11). A 5min
sonication prior to SPOS analysis increases the observed number of particles in all irradiated samples but
not in the dark control, continuing trends seen with the spICP-MS measurements. Slightly more particles
are measured in the dark control after 5min sonication and 30min sonication that may be attributable to

resuspension of adsorbed materials.

I 5min SN
30min SN

Part No Ratio

Figure 4-11 Ratio of Sonicated (5min or 30min) particle number to Non-Sonicated Particle no
measured by SPOS.

The increase in particle numbers post-sonication of any length of time for the irradiated samples
suggest that the hypothesized fragile material exists in this larger size range as well. Interestingly, a 30min
sonication causes a reduction in particle numbers compared to the 5min sonication. This trend may
represent the shattering of particles that exist in the sizable range of the SPOS (>0.5um) such that they fall
below the SPOS measurement range (=~1-2um). This is supported by the spICP-MS, which measures
particles >0.1pm in diameter and shows increasing particle numbers after a 30min sonication for the same

D13 samples.
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Sonication is presented as an accelerated weathering process akin to the mechanical forces
experienced by plastic particles in many different environments[185], [197], [198]. This mechanical
abrasion is an important step in the weathering process, accelerating the rate of plastic decay where
photodegraded material is fragmented and lost, exposing new surface for photodegradation[21]. In this
study, variable sonication times pre-analysis provides an additional information that allows the fragility of
the nanoplastics to be interrogated in more detail. Using the growth in PMC post-sonication as a proxy for
the amount of fragile material disturbed, by applying different amounts of force through varying
sonication time, we can assess the fragility of each PM sample. For example, the largest growth in PMC
after 5min sonication comes in sample C whereas samples A and B show no growth in PMC. This
suggests that sample C is perhaps the most fragile of the three as it is the easiest to fragment with the
lowest amount of force. Sample B has the lowest growth in PMC after 15min (ESN) sonication, leading to
the samples being ranked C > A > B from most fragile to least fragile. Interestingly, the PMC growth for
the three samples after 30min (ExSN) of sonication is relatively similar with the ratio of EXSN PMC/NS
PMC being within 6-7. This finding suggests that the three samples may have similar, total amounts of
photodegraded material, but different susceptibility to sonication-induced fragmentation.

Through a combination of spICP-MS and SPOS we demonstrated the existence of particles made
fragile by photodegradation and physically broken up through the pre-analysis application of mechanical
force via sonication. The process of using different sonication times to probe the fragility of the particles
is envisioned as a means of correlating qualitative observations about morphological or chemical changes
into quantitative information. Sonication time could be calibrated to represent the amount of energy
delivered by different environmental processes such as friction from wave motion[199, p. 20] or abrasion
by mineral particles on beaches[198]. Metal-tagged nanoplastics exposed to UV degradation or other
degradation processes could be studied through variable sonication times to judge their ability to fragment
under these different environmental processes, or with other mechanical processes, such as freeze-thaw

cycles.
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4.4.4 Macroplastic Fragility Analysis by spICP-MS
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Figure 4-12 (A) Particle size distributions of nanoplastic released post-sonication for coupons UV
irradiated for 0-14d. Each irradiation time has duplicates but only one PSD for each irradiation time is
shown. (B) Average total PM particle mass released post sonication. Average value of two coupons per
irradiation time.

In addition to studying the photodegradation and fragility of particles, spICP-MS can be a useful tool
for the study of the same phenomena in macroplastics. Ta-PM particles for the nanoplastic
photodegradation experiment were produced through cryo-milling of tantalum-doped PM coupon.
However, the coupon itself can be used as a substrate for photodegradation experiments as any particles
that are shed during the degradation process will contain tantalum and thus will be detectable by spICP-
MS.

PM coupons were irradiated in quartz tubes under 300nm light for variable amounts of time (0, 3, 7,
10 and 14 days), upon which time they were removed and immersed in np-H,O for a period of 7 days to
allow for passive particle release. After the initial release time, the coupons were removed and dried.
Coupons were then rinsed in np-H,O for 1D after which this rinse solution was removed. Afterwards,
each coupon was immersed in a fresh aliquot of np-H.O and sonicated for 30min in bath sonicator.
Coupons were then allowed to passively release for 1D. The samples from the 7D post-irradiation soak
(no sonication), 1D rinse and the post-30min sonication samples were then analyzed by spICP-MS.

PM particle release post irradiation over the 7D soak (pre-sonication) was negligible for all coupons,
ranging from 0.611 to 1.77 x 10° g of PM particle mass released per coupon. The 1D rinse prior to
sonication showed similar, negligible released amounts for all coupons ranging from 0.142-1.68 x 10°g
released per coupon. PM particle release was amplified by sonication (Figure 4.12a) with larger amounts

of particles and larger sizes of particles released with increasing irradiation time. Particle release for the
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14D coupons (Figure 4.12b) averaged 2.1 x 10-°g/coupon which was roughly 42x that released by the dark
control (4.9 x 108 g/coupon) and 1200x what was released by the 14D coupon (1.77 x 10° g) in the pre-
sonication 7D soak.

These results replicate previous studies in which photodegradation creates nano to millimeter sized
mechanical deficiencies (voids) in the material[195] that can be exploited by mechanical force to
fragment into micro(nano)plastics[183], [199], [200]. Mechanical force is one of the driving forces for
plastic degradation[21], [197] and understanding its role in the progressive weathering of large plastic
debris is essential to predicting nanoplastic release. This experimental framework could be extended to
include both qualitative measurements of the macroplastic surface before and after degradation to
correlate these measurements quantitatively to nanoplastic release. For example, the amount of PM mass
released for the 3D and 7D coupons was comparable to the dark control, suggesting that a minimum
amount of surface photodegradation is needed before the surface is fragile enough to be disrupted by
sonication. The state of the surface could be confirmed using electron microscopy or the degree of
photooxidation through techniques sensitive to changes in chemical groups such as FTIR. Lastly, the
variable sonication used in the previous section to assess the possibility of particle fragmentation under
mechanical stress could be extended here to examine surface fragility and how it relates to nanoplastic
release in a quantitative way.

spICP-MS in combination with a metal doped substrate provides significant advantages as technique
for measuring nanoplastic release in both sensitivity and particle counting. The detectable concentration
of nanoplastic by spICP-MS in this study is order of magnitudes lower than other methods using weight
loss[200] or total organic carbon (TOC) analysis[193] to follow the mass of nanoplastic released. The
highest total measured mass of nanoplastic, 2.1 x 10 g, in this experiment would be exceptionally
difficult to detect through mass loss of the original coupon or through TOC. However, the addition of 1%
(w/w) of Ta-Ethoxide to this mass of polymer equates to 4.71 x 108 g of embedded Ta, which is easily
detected by the spICP-MS. Furthermore, spICP-MS allows for the counting and sizing of particles at sizes
smaller than optical microscopy[183] but larger than other nanosized single particle techniques such as
NTA[200]. This enhanced size range plus the ability to rapidly count large numbers of particles makes

this technique a standout analytical technique for the evaluation of nanoplastic release.

445 Overall Conclusions.

These results establish a basic framework for evaluating the photodegradation of metal-doped
polymers using the spICP-MS. Photodegradation of PM was shown to generally conform to the conveyor
belt hypothesis with smaller particles being eliminated from, and large particles being weathered into, the
spICP-MS observable size range. Furthermore, NOM was demonstrated to be protective of PM particles

against photodegradation as shown by the slower increase in observable mass and mean particle diameter
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in irradiated PM-NOM samples compared to PM alone. Nanoplastic release from a macroplastic substrate
was also measured using a similar framework, and that sonication, a stand-in for mechanical weathering,

released greater amounts of nanoplastic dependent on the UV degradation of the surface.

4.5 Supporting Information.
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Figure 4-13  spICP-MS PSD of DO PM Suspension. Particle number concentration corrected for

transport efficiency and dilution factor. Particle diameters reflects an equivalently sized PM particle to the
amount of *1Ta mass detected by the spICP-MS.
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CHAPTERS5 CONCLUSIONS AND FUTURE DIREACTIONS

51 Summary of Results and Implications

Expanding use of engineered nanomaterials in consumer products and the increased generation of
incidental nanomaterials has concerningly increased the environmental concentrations of nanomaterials.
Although there are numerous studies documenting the existence of engineered and incidental
nanomaterials in the environment, they remain difficult to truly identify, characterize and quantify.
Naturally occurring nanomaterials mask their presence, and their heterogeneity in size, chemical
composition and shape confound efforts to successfully characterize them. Outside of their
characterization, many questions remain about the fate of engineered and incidental nanomaterials in the
environment and the ecological risks that they pose. Improvements in instrumentation and methodology
have not necessarily translated to the ability to study the reactions that these materials participate in. The
work in this thesis attempts to address the problems inherent in anthropogenic nanomaterials identification
and quantitation, but also uses this knowledge to extend our ability to study their interactions with the
environment.

Chapter 2 deals primarily with the question of identification, namely, how do we identify
anthropogenic materials against a natural particle background that shares a chemical composition? For
this example, zinc was chosen as the element of interest due to its incorporation in natural (minerals,
hetero aggregates, etc.), incidental (tire wear, brake, emissions, etc.) and engineered (sunscreen, plastic
additive, etc.) nanomaterials. The urban portion of the South Platte watershed in Denver, Colorado (USA)
was sampled for zinc to identify and quantify different nanomaterial sources. Single particle ICP-QMS
was employed, to provide single elemental (Zn) signals arising from particle detection events. Coupling
this technique to sample pre-fractionation (sedimentation, filtration) provided additional information on
the Zn speciation. Filtration demonstrated that the background concentration Zn comprised of both
dissolved Zn species and particles with masses too small to be resolved by the spICP-QMS. The presence
of larger particles containing only a small amount of Zn was demonstrated by sedimentation pre-spICP-
MS analysis. Multi-element particle content was examined on a particle-by-particle basis using Single
particle ICP-TOFMS (spICP-TOFMS), allowing for a more detailed speciation of the Zn particles
discriminating between possibly anthropogenic and geogenic Zn-containing particles. Anthropogenic
particles were hypothesized to have elemental compositions that were mostly Zn, representing the ZnO
incorporated into many consumer goods (tires, sunscreens, etc.). Multi-metal particles, although possibly
anthropogenic, were hypothesized to be geogenic in origin if Zn forms a minority of the total elemental
content. Different sites in the South Platte watershed showed different proportions of these particles
largely agreeing with the spICP-QMS results. The commonly utilized spICP-QMS and methodology used

by environmental scientists demonstrates how careful application of pre-fractionation can provide
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additional information about particle speciation. Although more widely known, spICP-TOFMS was in its
infancy when this study was published in 2020, and this article is one of the first demonstrating its utility
in speciating between anthropogenic and natural nanomaterials in a single sample.

With some insight into identification, Chapter 3 turns its focus to the issue of quantitation. Sampled
nanomaterials can have broad, continuous, polydisperse particle size distributions that create analytical
difficulties for many single particle techniques, including spICP-MS. Many of the standards used for
spICP-MS methodological development are monodisperse and present few of the same analytical
challenges. Employing environmentally relevant, metal-tagged nanoplastics, as well as environmental Al-
bearing stream colloid samples, we demonstrate the deleterious effects of particle-based backgrounds
caused by coincident small particles on spICP-MS analysis of particle number concentration (PNC) and
particle size distribution (PSD). Novel methodology is proposed which can successfully minimize the
effects of particle coincidence using serial dilutions to identify distortion-free segments of the PSD, which
are combined and modeled using the power law. The physical relevance of the parameters derived from
power law modeling are demonstrated using suspensions of two different nanoplastics. Finally, this new
methodology is compared to a single dilution splICP-MS analysis of Al-bearing colloids sampled during a
storm event to highlight the possible distortions in a single dilution analysis and demonstrates the value of
our proposed methodology for environmental nanomaterial analysis. More accurate accounting of
environmental colloid size distributions and mass could have beneficial effects in a wide variety of areas
including more accurate chemical speciation calculation in the presence of colloids or calculation of
nanomaterial dosage in particle toxicology.

Lastly, lessons from the previous two chapters were applied to study of the environmental processes
that shape these polydisperse environmental colloids. UV photodegradation is one of the primary means
of plastic weathering in the environment, and study of this process in nanoplastics has been hampered by
the analytical difficulties posed by their size and carbon composition. Utilizing the same metal-tagged
nanoplastic substrate from the previous chapter, we measured the UV photodegradation of
polymethylmethacrylate (PM) nanoplastics. Unlike previous studies, the starting material contained an
environmentally relevant, continuous polydisperse particle size distribution allowing for unique
observations about the photodegradation process. A combination of spICP-MS and single particle optical
sizing (SPOS) demonstrated that photolysis of PM plastic is a “conveyor belt”, where particles are
progressively weathered to smaller and smaller sizes. The utility of this analytical approach was
demonstrated through the addition of NOM which was shown to directly interact with the PM plastic and
protect it from UV degradation. Notably, the novel use of Ta-tagged PM allowed for the study of the
photodegradation process in the presence of a carbon background presented by the NOM. This
methodology opens a new area of inquiry as nanoplastic research is regularly hampered by carbon

backgrounds and this combination of metal-tagging and spICP-MS circumvents this particular problem.
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Pre-analysis sonication of the photodegraded PM particles was shown to catalyze their fragmentation,
unlike particles with no UV exposure. By varying the sonication time, different levels of particle fragility
were demonstrated, providing the basis for estimating their propensity for the generation of additional
particles through fracture. Finally, nanoplastic release from macroplastic coupons doped with Ta-additive
was demonstrated, showing advantages in particle identification and sensitivity compared to other studies.
Pre-analysis sonication was extended to these coupons demonstrating how a combination of UV
photodegradation and mechanical force can be used to evaluate the potential for nanoplastic release. The
possible applications of the methodology presented in this study are many, but a few will be discussed in

more detail in future directions.

5.2 Future Avenues of Inquiry

Environmental colloids, a synthesis of particles of varied origin and chemical composition,
present challenges in speciation, quantitation and characterization that are unlikely to be easily solved.
The methodology presented in this thesis hopefully lays some guideposts to the identification of
anthropogenic particles against a natural particle background (Chapter 2), the accurate quantification of
broad polydisperse colloidal samples (Chapter 3) and the study of these polydisperse samples as they
undergo environmental transformation (Chapter 4).

Power law distributions or particle number by particle size have been demonstrated as ubiquitous
in the natural environment and deserve further examination. In chapter 3, a single power law model was
used to fit the Al-colloid spICP-MS data with a degree of success. However, environmental colloids are
an integration of particles from different sources, and each of these sources could create a particle
population adhering to different power law or other particle number to size relationships. Therefore, a
more accurate model might integrate multiple power laws each describing a different constituent of the
colloid. Model substrates from different sources but similar elemental composition, such as ground
minerals or particles from tire wear, could be individually characterized by spICP-MS and data fit with a
unique model describing each particle size distribution. These model materials could be combined into the
same sample, measured by spICP-MS and a mix of the individual models could be used to fit the data.
The accuracy of a mix of models could be assessed, and if successful, this process could be extended to a
sampled environmental colloid. In addition to spICP-MS, this sampled colloid could be examined with an
orthogonal single particle technique such as Automated Mineralogy (SEM/EDX) or spICP-TOF-MS,
which would be used for speciation. With some information on speciation in hand, a mix of power law
models could be adapted to fit the spICP-MS data to increase its accuracy. As mentioned previously, more
accurate estimates of particle size and number will lead to more accurate assessment of colloidal surface

area or mass, which are essential in modeling their participation in adsorption or transport reactions.
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One can imagine a seemingly infinite number of variations on the experimental methodology
using a combination of metal-tagged plastics and spICP-MS presented in chapter 5. Plastic type has been
already explored to some degree with polystyrene (PS) (results not presented here but likely included in a
future publication), but metal tag incorporation in other plastic types, polyethylene, polypropylene, etc., is
an easy expansion of this study. Furthermore, photodegradation under other wavelengths of light (UVC,
UVA, solar spectrum) and other methods of nanoplastic degradation/generation (thermal, mechanical)
could be studied. However, the principal advantage in this technique is that it allows for the identification
of nanoplastic against a background. PM photodegradation in the presence of NOM was demonstrated in
chapter 5, but this could be easily extended to other environmental matrices with complex composition.
Photodegradation in surface waters sampled from marine environments, estuaries or other environments
suffering from plastic pollution could be studied giving direct insight into the fate of nanoplastics in each
of these environments. Different types of nanoplastic combined with NOM of different composition could
be studied in tandem to look for both direct and indirect mechanisms of photolysis. Finally, as hinted by
another publication studying the degradation of one nanoplastic in the presence of the other, mixes of
nanoplastics could be studied in the same experiment with each type nanoplastic containing a different
metal tag. The study of the environmental degradation in the presence of other organic species is perhaps

the most timely and novel future application of this research.
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