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ABSTRACT

Incorporation of silver nanoparticles (AgNPs) into an increasing number of consumer
products has led to concern over the potential ecological impacts of their unintended release to
the environment. Dissolution is an important environmental transformation that affects the form
and concentration of AgNPs in natural waters; however, studies on AgNP dissolution kinetics are
complicated by nanoparticle aggregation. Herein, nanosphere lithography (NSL) was used to
fabricate uniform arrays of AgNPs immobilized on glass substrates. Nanoparticle immobilization
enabled controlled evaluation of AgNP dissolution in an air-saturated phosphate buffer (pH 7, 25
°C) under variable NaCl concentrations in the absence of aggregation. Atomic force microscopy
(AFM) was used to monitor changes in particle morphology and dissolution. Over the first day of
exposure to >10 mM NacCl, the in-plane AgNP shape changed from triangular to circular, the
sidewalls steepened, and the height increased by 6-12 nm. Subsequently, particle height and in-
plane radius decreased at a constant rate over a 2-week period. Dissolution rates varied linearly
from 0.4 to 2.2 nm/d over the 10-550 mM NaCl concentration range tested. NaCl-catalyzed
dissolution of AgNPs may play an important role in AgNP fate in saline waters and biological
media. This study demonstrates the utility of NSL and AFM for the direct investigation of un-

aggregated AgNP dissolution.
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1 Introduction

1.1 OVERVIEW

Silver nanoparticles (AgNPs) are an emerging contaminant that are of concern because of
their potential ecotoxicity.> To mitigate the risks of AgNP release, their environmental
transformations must be understood. Dissolution is one of the key processes that will impact the
fate of AgNPs in the environment. Size, shape, surface coating, aggregation state, and solution
chemistry could all influence how AgNPs dissolve. Previous studies on the dissolution Kinetics
of AgNPs have left aggregation uncontrolled, so the confounding effects of aggregation leave a
gap in our understanding of AgNP dissolution kinetics.*® The goal of the research presented in
this thesis was to enable the controlled evaluation of AgNP dissolution rates in the absence of
aggregation. Nanosphere lithography (NSL) was chosen to fabricate regular arrays of
immobilized AgNPs, and atomic force microscopy (AFM) was used as the primary method to
monitor AgNP dissolution. The primary objective of this thesis was to demonstrate that NSL and
AFM could be used to obtain meaningful information about the effect of solution chemistry on
AgNP dissolution kinetics. Sodium chloride concentration was chosen as the solution chemistry
variable since NaCl is present over a broad range of concentrations in natural waters and its
influence on AgNP dissolution kinetics had not been studied previously.

Three chapters follow this introductory chapter. Chapter 2 reviews research on the
toxicity, fate, and transport of AgNPs in the environment, with emphasis on AgNP dissolution,
and describes aspects of NSL and AFM that are important to the present work. Chapter 3
presents original research using NSL and AFM to study the effects of NaCl concentration on
AgNP dissolution without aggregation. The final chapter summarizes the engineering

significance of the work performed for this thesis.
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2 Literature Review

2.1 ENGINEERED NANOMATERIALS IN THE ENVIRONMENT

Nanomaterials have been operationally defined as materials with at least one
characteristic dimension less than 100 nm.! In this size range, materials often develop useful
attributes that are distinct from the properties of the bulk material. These unique properties have
been exploited by incorporating nanomaterials into a wide variety of commercial products, such
as textiles, cosmetics, electronics, pharmaceuticals, sensors, and biomedical equipment. As
research on nanomaterials continues its accelerated progress, the number of available consumer
goods containing nanomaterials is also expected to grow at an increasing rate.

With the rapid advance of nanomaterials into the marketplace, some concern has arisen
over the impact these materials might have on public health and the environment.*
Nanomaterials are expected to be released into the environment during each stage of their life
cycle, including production, use, and disposal.® For example, nanomaterials included in car tires
may be released as the tires wear, or nanomaterials present in textiles may partition into leachate
after the textiles have been disposed of in a landfill. The recognition that engineered
nanomaterials will enter the environment in potentially large quantities raises questions about
how their novel properties will affect the way they behave in the environment and interact with
living organisms.*® Although research on the environmental impacts of nanomaterials has lagged
behind other fields of nanomaterial research, this area is beginning to gain momentum as more
studies are investigating the environmental fate, transport, and toxicity of a variety of
nanomaterials.

One nanomaterial that is used in a broad range of merchandise is silver nanoparticles

(AgNPs). Although they have many useful optical, physical, and chemical properties, it is largely



due to their biocidal effects that AgNPs are included in a variety of commercial products,
including such common items as textiles, plastics, soaps, metal products, and pastes.® Because
AgNPs are included in a large number of everyday items and the number is expected to increase,
they have been seen as one of the nanomaterials with high potential for release into the
environment at elevated levels. In order to adequately assess and mitigate the risks of AgNPs to
public health and the environment, toxicity of and exposure to AgNPs and AgNP transformation
products must be quantified.
2.2 TOXICITY OF SILVER NANOPARTICLES

A growing body of research has demonstrated the toxic effects of a variety of forms of
nanosilver to several species of vertebrates, invertebrates, and prokaryotic and eukaryotic
microorganisms, as well as some mammalian cell lines and viruses.®” Many studies have
attempted to elucidate the mechanisms of AgNP toxicity and distinguish between the effects of
silver ions (Ag") and the nanoparticles themselves, but these questions are still not fully
answered because of a number of confounding factors that are difficult to control.® Nevertheless,
it is clear that factors such as dissolution, size, shape, aggregation state, surface coatings, and
solution chemistry can all influence the toxicity of AgNPs.®’
2.2.1 Effects of dissolution on AgNP toxicity

The toxicity of Ag™ is well known, and researchers often attribute the observed toxicity of
AgNPs to the release of Ag™ by oxidative dissolution. Indeed, it has been suggested that AgNPs
are similar to a drug delivery system in which the AgNPs transport and deliver the biologically
active compound, Ag*, to a biological target.” It has been shown that partially oxidized AgNPs
exhibit more pronounced toxic effects than un-oxidized AgNPs.'**2 Silver ions released from

13,14

AgNPs can be re-adsorbed to the particle surface,” " and Lok et al. described how this



phenomenon can lead to toxic levels of Ag™ localized at the surface of partially oxidized
AgNPs.™ Navarro et al. observed that inhibition of photosynthesis in algae by AgNPs could not
be explained solely based on the concentration of Ag” released by AgNPs into solution;
however, they only measured solution-phase Ag™ and did not account for heightened levels of
Ag" adsorbed on AgNP surfaces.™
2.2.2 Effects of size and shape on AgNP toxicity

Several studies have documented the increase of AgNP toxicity with decreased size, with
AgNPs in the size range of about 1-10 nm being the most toxic.*****® At least part of the
increased toxicity may be explained by the enhanced Ag” release from smaller particles due to
the increased surface area,” but other size effects probably play a role as well. For example,
Morones et al. observed that smaller particles preferentially adsorbed to the cell membrane and
penetrated into the cell interior of microorganisms.'” Others have confirmed the ability of AgNPs
to attach to microbial surfaces and accumulate within bacterial cells.****? Another study showed
that AgNPs in the size range 5-46 nm were small enough to diffuse through chorion pore canals
of zebrafish embryos, which may lead to a stronger toxic effect than what would be observed for
particles that are too large to enter the embryos in a similar manner.?* Furthermore, polystyrene
particles in the nanometer size range have been shown to have a longer retention time in the gut
of two suspension-feeding bivalves than micron-sized particles, suggesting that smaller particles
may have more potential to bioaccumulate than larger particles.?? Also, the shape of the particle
may be important, as triangular nanoplates have shown greater inhibition of Escherichia coli
than spherical or rod-shaped AgNPs or Ag*.® This shape effect was attributed to the higher
number of reactive, high-atom-density {111} facets on the triangular nanoplates as compared to

the spheres and the rods.!"?®



2.2.3 Effects of aggregation on AgNP toxicity

Since smaller sizes and specific shapes appear to enhance AgNP toxicity, it seems
reasonable to believe that particle aggregation will diminish toxicity by reducing or eliminating
size and shape effects. Indeed, in most cases a decrease in nanoparticle toxicity has been
observed as the result of aggregation.** Some possible explanations of this aggregation effect
are that the aggregates do not interact with living organisms in the way smaller, individual
particles do; aggregation reduces surface area and thus reduces the amount of toxic Ag” released
or the potential for surface-bound Ag” to interact with living organisms; or aggregates settle out
of suspension and are no longer bioavailable. In contrast, it has been observed that aggregation
actually enhanced nanoparticle uptake by suspension feeding bivalves, showing that in some
cases aggregation may increase bioaccumulation and trophic transfer.??
2.2.4 Effects of surface coatings on AgNP toxicity

The role of surface coatings is closely related to aggregation and dissolution. Surface
coatings are typically used to prevent aggregation. It has been shown that surface coatings can
lead to greater AgNP toxicity by decreasing aggregation.** However, Kvitek et al. found that
surface coatings with comparable stabilizing capacities could affect AgNP toxicity differently,
indicating that the nature of the nanoparticle/stabilizer interaction can influence toxicity.?* In
some cases, the stabilizing agent may induce toxic effects beyond those exerted by the
nanoparticle itself, as has been shown for Cg fullerenes treated with THF.% Others have
observed that a stabilizing layer decreased toxic effects.'? Lok et al. found that bovine serum
albumin (BSA) initially increased stability and allowed AgNPs to exert bactericidal effects, but
an excess of BSA in solution blocked the AgNPs’ biocidal action.** Another study showed that

the presence of natural organic matter (NOM), which can potentially coat AgNPs in the



environment, led to a decrease in observed toxic effects.?® The authors noted that the presence of
NOM also decreased the total silver concentration of filtered samples, suggesting that less free
Ag" was in solution, which may explain the decrease in toxicity. This result agrees with
investigations by Liu and Hurt that showed less dissolution of AgNPs in the presence of NOM."?
2.2.5 Effects of solution chemistry on AgNP toxicity

Solution chemistry must also be considered when studying the toxicity of AgNPs because
of its dominant role in determining the ultimate form of silver that organisms will encounter in
the environment. For example, AgNPs are more likely to be found as aggregates in high ionic
strength media.»#% Also, NOM and ligands present in solution may chelate free Ag",
chemically reduce Ag* to Ag®, cause Ag" to precipitate in one of its many insoluble complexed
forms (such as AgCl or Ag,S), or alter the reactivity of AgNPs by adsorbing to their
surfaces.”¥1131>% Often it is assumed that ligand bound metal ions are not bioavailable, but it
has been demonstrated that Ag” bound by cysteine and glutathione are bioavailable and more
toxic than free Ag” when reproductive effects to Ceriodaphnia dubia are considered rather than
mortality.”’

2.3 EXPOSURE TO SILVER NANOPARTICLES

The results considered in the previous section indicate that AgNPs are toxic to a number
of organisms, and heightened release of AgNPs to the environment has potential for negative
ecological impacts. It was also emphasized that dissolution, aggregation, and adsorption are all
key processes that affect the toxicity of AgNPs. Assessing the potential risk of the release of
AgNPs to the environment requires that exposure be accounted for in addition to toxicity.>?® Not
only must realistic concentrations of AgNPs be predicted for various environmental

compartments, but the most likely forms of nanosilver in those compartments must also be



determined. In order to fully account for exposure risks, much more data is needed about the
release, transport, and fate of AgNPs in the environment. 324
2.3.1 Release of AgNPs to the environment

Studies aimed at quantifying AgNP release during washing of textiles have revealed that
significant amounts of silver are released from commercially available fabrics both in the ionic
and particulate form, with the specific amount of silver released varying with the manufacturing
process and the washing conditions.**? These investigations found that AgNP release is largely
due to mechanical stress, but the addition of bleaches can also enhance the release of Ag” into
the wash water because of greater oxidation potential. Silver released from textiles during
washing will typically be transported to a wastewater treatment plant (WWTP). Full-scale and
bench-scale studies have shown that silver was removed by about 90% in WWTPs, with a small
but significant fraction, partially in the form of AgNPs, remaining in the WWTP effluent while
the majority partitioned into the sludge.***3* Although most of the silver was removed, WWTP
effluent still had silver concentrations several orders of magnitude higher than typical river
water, and it is expected that AgNPs will be relatively concentrated in WWTP effluents.?*034
The results from these studies also suggest that areas where sludge is land applied will have
higher than average concentrations of AgNPs in the soil. In fact, Gottschalk et al. predicted that
sludge-treated soil would have an annual increase in AgNP concentration that is up to two orders
of magnitude higher than what would be expected for other soil.?°
2.3.2 Effects of aggregation and adsorption on AgNP fate and transport

Once AgNPs have entered the aquatic environment, dissolution and aggregation will both

occur to some extent.?®3>% Aggregation can influence dissolution, and vice versa.®’ For

example, Zhang et al. showed that the oxidation of AgNPs can change their aggregation



kinetics.* Dissolution is the focus of this work and will be considered in more detail later. At
ionic strengths typical of natural waters, nanoparticle aggregation is expected to occur
rapidly.?>?®3® Aggregates may consist solely of AgNPs, but as Klaine et al. point out, it is more
likely that nanoparticles will form aggregates with existing natural colloids, which exist in
natural waters at much higher concentrations than the predicted concentrations of AgNPs.*
Aggregation will typically lead to sedimentation, so it is frequently predicted that sediments will
be a major sink for AgNPs,?**° but turbulence and nanoparticle uptake by aquatic organisms that
feed in the sediments may lead to mobilization and resuspension of nanoparticles.*

Stabilizing layers may prevent AgNP aggregation and enable them to remain suspended
in the water column. AgNPs are usually stabilized by a charged surface coating, such as citrate,
that creates an electrostatic barrier to aggregation. According to classic Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory, high ion concentrations shield particles from the repulsive
electrostatic force and lead to aggregation as attractive van der Waals interactions promote
attachment between particles; however, some surface coatings, such as BSA, lead to an
additional repulsive term due to a steric mechanism.*” Some evidence that BSA provides steric
stabilization was given in studies that showed that BSA-coated nanoparticles were stable in high
ionic strength media and at the isoelectric point of the particles.****“° One study showed that 10
and 35-nm gold particles coated with BSA were completely stable in a 10% NaCl solution, but
larger gold nanoparticles coated with BSA were not.*’ This observation was explained using
DLVO theory, which predicts that increased particle size can lead to the formation of a
“secondary minimum” (i.e., a Second potential energy well) due to attractive forces that extend
further into the solution than repulsive forces. In the case of AgNPs, this result means that the

smallest and most toxic particles may also be the most stable, even in saline waters. Even if
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AgNPs are not intentionally coated with a steric stabilization layer, proteins and other
macromolecules could be adsorbed to the nanoparticle surface in natural aquatic systems and
provide additional stability.***?

Although adsorption of NOM and biomolecules could enhance colloidal stability of
AgNPs in the environment, the opposite could also be true. Some proteins and amino acids have
been observed to induce nanoparticle aggregation.“®*® Extracellular proteins and intracellular
substances that have been released from microbes have also been implicated in nanoparticle
aggregation.®** Also, the presence of NOM has actually been observed to lead to enhanced
aggregation of nanoparticles under certain solution conditions, particularly when divalent cation
concentrations are high.***® Furthermore, the composition and source of NOM have been shown
to affect the degree of stabilization imparted by NOM.*® Whether stability is enhanced or
diminished by NOM, recent results suggest that adsorption of NOM will play an even more
critical role in the aggregation kinetics of nanoparticles than the capping agents used in
nanomaterial synthesis and preparation.*

2.3.3 Concentrations of AgNPs in the environment

Several attempts have been made at risk assessments for AgNPs based on the limited data
available. The assumptions in these risk assessments vary greatly. Work by Blaser et al. assumed
that silver released from AgNP-containing products was entirely in the form of Ag*, and that all
the silver in the environment would be found either in the ionic form or as silver sulfide
complexes.® They essentially treated the rise of nanosilver as growth of the existing silver
industry (e.g., electroplating, photo laboratories, film production, circuit board production),
predicting that nanosilver would account for 15% of the silver released in the European Union by

2010; they did not account for any unique risks associated with AgNPs. Modeling efforts by
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Nowack and coworkers, on the other hand, only considered nanosilver in their risk assessments,
either neglecting silver dissolution or assuming that dissolved silver was eliminated from the
system.?®#* Mueller and Nowack ignored all environmental transformations, including
dissolution, aggregation, and sedimentation.?® Gottschalk et al. attempted to account for the
effects of dissolution and sedimentation on AgNP fate, but they disregarded any other
environmental transformations.?® The authors admitted that they were forced to make these
assumptions due to the lack of reliable data, which highlights the need for studies on the
environmental transformations of AgNPs. Predicted environmental concentrations in surface
waters and WWTP effluents from the modeling efforts discussed here are summarized in Table
2-1. Two of the three studies concluded that realistic predicted environmental concentration to
predicted no effect concentration ratios (PEC/PNEC) greater than one are possible for
nanosilver, indicating a need for further investigation of the effects of nanosilver in the
environment.?*%
2.4 SILVER NANOPARTICLE DISSOLUTION

As mentioned previously, dissolution can have tremendous effects on the toxicity, fate,
and transport of AgNPs. A fundamental understanding of how AgNPs will dissolve once they
have been released from commercial products into natural waters is crucial for determining the
impact of AgNPs on public health and the environment. Thermodynamic calculations based on
the properties of bulk silver suggest that complete dissolution of AgNPs will be favored at
environmentally relevant concentrations in oxygenated waters.™* Although the thermodynamic

47,48
l,

properties of nanoparticles differ from those of the bulk materia the conclusions based on

thermodynamic calculations are still valid since silver metal becomes less thermodynamically
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stable as its size decreases.****° Thus, the question of AgNP dissolution becomes one of
chemical kinetics.

The conversion of particulate Ag° to aqueous Ag* requires an oxidation reaction. It has
been observed numerous times that AgNPs are highly sensitive to air and apparently form a
surface silver oxide or silver carbonate layer when exposed to air or aerated water, which may
make dissolved oxygen the most relevant oxidant for AgNPs in the environment.***4°*>* Indeed,
a steep decrease in the Ag” release kinetics of AgNPs has been observed under anaerobic

conditions.™® The overall oxidation reaction for oxidation of Ag® by oxygen is***°

Ag,(s)+0,(aq)+4H" <> Ag,_,(s)+4Ag" +2H,0 (2-1)

There is some evidence suggesting that the oxidation shown in Equation 2-1 is actually a
multi-step process.”*® It was proposed that in the first step of the reaction, which was also
concluded to be the rate-limiting step, oxygen reacts with silver to form reactive oxygen
intermediates that rapidly react with silver in subsequent steps. The overall reaction suggests that
pH and the concentrations of dissolved oxygen and AgNPs will all influence the reaction rate.

Although the importance of oxygen as the primary environmental oxidant of AgNPs is
stressed here, hydrogen peroxide and other oxidants may be important as well. Dissolution
kinetics of AgNPs are much faster in the presence of H,O, than in the presence of oxygen
alone.**2%° Some living organisms, such as algae and macrophages, can release H,O, and other
reactive oxygen species into solution; thus, interactions between AgNPs and organisms may
cause more rapid Ag" release than would be predicted based on kinetic models for the oxidation
AgNPs by oxygen.** In fact, one study claimed that algae caused AgNPs to release more Ag",
which increased the observed toxic effects of AgNPs on the algae.'> AgNPs may also come into

contact with strong oxidants in washing machines.? Also, since strong oxidants are frequently
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used to disinfect wastewater, AgQNPs may encounter high concentrations of oxidants other than
oxygen as they pass through WWTPs.

Several groups have researched AgNP reaction rates, and attempts have been made to
develop rate laws to predict AgNP dissolution in terms of pH, temperature, AgQNP concentration,
oxidant availability, and particle size.’%**3>° All of these attempts have arrived at rate laws that
are pseudo-first-order in silver concentration. Results from Liu and Hurt suggested that AgNPs
may persist in the environment in their colloidal form for only weeks to months.™® Mass-based
dissolution rate constants found in the literature range from 0.01 to 1.5 d* under various
conditions.'0*3%

Although these studies are a necessary and good first step to understanding AgNP
dissolution, most of the experiments were performed in environmentally irrelevant solutions,
such as deionized water, or at environmentally unrealistic concentrations (e.g., on the order of
Mg/L to mg/L instead of the predicted ng/L concentrations given in Table 2-1). Also, the possible
confounding effects of aggregation were uncontrolled in all cases. In order to arrive at a more
complete view of how AgNP dissolution will occur in the environment, an experimental setup
that allows precise control over nanoparticle size, shape, and aggregation as well as
environmental factors (such as pH and ionic strength) is needed.

2.4.1 Effects of size, shape, and crystallinity on AgNP dissolution

Numerous studies have shown that smaller AgNPs dissolve more rapidly than large
ones.®?%>°4>> This result is partially explained by the larger surface area of smaller particles on
an equivalent mass basis; if more surface atoms are exposed, then more reaction sites are
available for oxidation and subsequent dissolution.” However, normalizing dissolution rates by

surface area cannot fully account for the size-dependent dissolution of nanoparticles.>®>°
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Theoretical and experimental work has shown that as particle size decreases, redox potential
becomes more negative, which means that small particles will be more readily oxidized and will
be less thermodynamically stable than larger particles of the same material.***%*" This decrease
in redox potential has been related to the increase in surface free energy that occurs as surface
area increases.*’*" The enhanced reactivity of nanomaterials can also be attributed to their large
number of edges, corners, and high energy surface defects.'®***° Nanoparticles also tend to
present a higher number of reactive {111} facets than larger particles.*”*

Shape and crystallinity may also affect AgNP dissolution rates. For example, it may be
predicted that triangular silver nanoplates will dissolve more rapidly than silver nanospheres or
nanorods because of their allegedly higher concentration of exposed {111} facets, which may
partially explain their enhanced toxicity.”® Additionally, nonspherical AgNPs have been
observed to dissolve preferentially at locations with a small radius of curvature;*® therefore,
AgNPs with shapes containing numerous sharp edges and corners are expected to release Ag”
more rapidly than smoother particles. Studies have also provided evidence that polycrystalline
AgNPs will dissolve more rapidly than single-crystalline AgNPs.>*® The proposed explanation
for this behavior is that polycrystalline particles contain high-energy defects at grain boundaries
that provide active sites for oxidation and dissolution.

2.4.2 Effects of pH, temperature, and ionic strength on AgNP dissolution

From Equation 2-1, AgNPs would be expected to dissolve more rapidly at low pH.
Proposed kinetic models also predict that lower pH will lead to faster dissolution kinetics.*>*
These predictions agree with experimental data that showed an approximately six-fold increase

of one-day Ag" release when pH was decreased from 8 to 4.'* On the other hand, dissolution

rates increased with increasing pH in a study where hydrogen peroxide was used as the primary
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oxidant instead of oxygen.> This observation is probably due to the dissociation of H,O, at high
pH to form the hydroperoxide anion, HO,', which is expected to have a stronger interaction with
the silver surface since it is a stronger nucleophile than the undissociated form.®? This result may
be important for conditions that are relevant to textile washing where pH may be high and H,0,

may be present in bleach.*

Kinetic models for AgNP dissolution that include temperature effects predict that the
reaction will proceed more rapidly at elevated temperatures.** Again, experimental data have
confirmed this trend.'®**** Kittler et al. observed that during a 200-h period, dissolution of 0.1
g/L 50-nm PVP-coated AgNPs as percent of the initial silver mass varied from about 5% at 5 °C
to about 50% at 25 °C to about 90% at 37 °C.*° The proposed kinetic models do not include ionic
strength, but ionic strength could affect the dissolution rate of AgNPs by reducing the solubility
of oxygen or by causing aggregation.® Specific ions that contribute to ionic strength, such as
chloride, may also have a strong influence on AgNP dissolution kinetics. In the case of hydrogen
peroxide, ionic strength did not appear to have any effect on AgNP dissolution. It is evident
from data presented by Liu and Hurt that ionic strength had some influence on the reaction
kinetics, probably mostly due to aggregation, but the authors dismissed this effect as minor
compared to the influence of pH.*

2.4.3 Effects of ligands and surface coating on AgNP dissolution

A number of researchers have observed that ligands catalyzed the oxidation of AgNPs,
and this effect was more pronounced for stronger nucleophiles.*®=3°960368 Henglein and
coworkers, who pioneered work on the interactions between ligands and AgNPs, explained this
observation by postulating that a “pre-complexation” or “pre-oxidation” occurred when

nucleophiles adsorbed to the nanoparticle surface.®®" According to their hypothesis, the
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coordination of a nucleophile to a surface silver atom results in the partial oxidation of that atom.
The excess electron density is accepted by the particle interior and imparts a more negative redox
potential to the AgNP, and thus lowers the free energy barrier to oxidation. The presence of an
electron acceptor, such as O,, drives the oxidation to completion by removing the excess electron
density from the particle interior and releasing the silver-ligand complex into solution.

Not only did Henglein and coworkers observe that stronger nucleophiles caused more
rapid dissolution of AgNPs than weak ones, they also observed that ligands that interact more
strongly with silver will displace ligands that experience weaker interactions with silver.®>%
This result indicates that stabilizing agents that are weakly complexed to AgNP surfaces, such as
citrate, may be rapidly displaced by ligands in the natural environment. In fact, Levard et al.
observed that aqueous sulfides would displace PVP surface coatings from AgNPs.” It may also
be inferred from this result that strong nucleophiles will play a dominant role in AgNP
dissolution rates in the environment. Inorganic and organic sulfides form stronger bonds with
silver than perhaps any other ligand that AgNPs will commonly encounter in the
environment.®>"%2 Somewhat counterintuitively, inorganic and organic sulfides have been
measured in a number of oxic waters.”*"® Even though sulfides might be expected to be rapidly
oxidized in freshwater, some of the concentrations measured are actually about two orders of
magnitude higher than measured silver concentrations in oxygenated waters.”® Therefore,
sulfides are expected to largely control dissolution of AgNPs in freshwater environments. This
conclusion is corroborated by a study that identified Ag,S nanoparticles in the effluent of full-
scale WWTPs.”® In marine environments, chloride may be the principal ligand influencing AgNP

dissolution.
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Although ligands can accelerate AgNP dissolution, they will not necessarily promote the
release of Ag"” into aqueous solutions. In fact, the opposite has been observed in several
cases.”™"" If the ligand-Ag* complex is insoluble, then a precipitate may form. For example,
Henglein et al. spectrophotometrically measured the formation of Ag,S colloids upon dissolution
of AgNPs in the presence of HS™ and O,.% The precipitate can also form a passivating layer on
AgNP surfaces and prevent further dissolution. This phenomenon has been observed or
implicated for sulfide, bromide, and chloride.”?*>>™ For AgNPs in contact with air, corrosion
induced by atmospheric sulfides caused an Ag.S shell to form on the nanoparticles.®* Levard et
al. found that sulfidation of AgNPs in solution led to the formation of Ag,S bridges between
nanoparticles by a dissolution/precipitation mechanism.” They also observed that the amount of
AQ,S present on AgNPs increased as the S/Ag ratio increased. For S/Ag > 1, metallic silver was
no longer detectable by X-ray diffraction. In their study, the presence of Ag,S on the AgNPs
decreased the amount of detectable dissolved silver species.

Cysteine, other thiol-containing compounds, and NOM have also been observed to
decrease soluble silver concentrations, even when cysteine is added to Ag” solutions rather than
AgNP suspensions.®****?>"" Some silver-thiol complexes, including silver cysteinate, are
sparingly soluble, so precipitation could partially explain these results.”® Even when such
complexes are soluble, they have been observed to exist in solution as aggregates, so in some
cases they may be removed by filtration steps preceding soluble silver measurements.’® Also,
one study provided evidence for the removal of Ag* from solution by the reduction of Ag” to
metallic silver by cysteine and thiosulfate.”” Another commonly employed explanation is that
surface-bound ligands compete with O, for surface sites and thus decrease the rate of oxidation.

Liu et al. provided evidence for this mechanism by demonstrating that Ag” release from AgNPs
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was diminished as citrate surface coatings became more densely-packed.’ In a control
experiment, they demonstrated that the observed effect was not due to reduction of Ag* to
metallic silver by citrate. Differences in surface coverage may explain why Kittler et al. observed
more rapid dissolution for PVVP-coated AgNPs than citrate-coated AgNPs whereas Ho et al.
observed a decrease in the dissolution rates of citrate-coated AgNPs when PVP was added.'*°
Finally, if reactive oxygen intermediates are formed during the oxidation of AgNPs, then
dissolution may be hindered by scavenging of these reactive intermediates by organic
compounds, such as NOM.**3
2.4.4 Effects of aggregation on AgNP dissolution

Because dissolution and aggregation of AgNPs occur simultaneously, almost every study
that discusses one of these processes of necessity addresses the other as well.*3263>36479 The
influence of aggregation on nanomaterial reactivity has been observed in several cases.*’
Experimental evidence indicates that aggregation quenches dissolution rates of goethite nanorods
and galena nanoparticles by an order of magnitude or more.***° Production of reactive oxygen
species (ROS) by Cqo fullerenes can also be diminished by particle aggregation.*# Oxidation of
nanoparticulate magnetite by carbon tetrachloride has been demonstrated to decrease in
conditions that favor aggregation.®® Aggregation has also been implicated in reduced reactivity
of amorphous ferric oxyhydroxides.®* Zhang et al. found that aggregation reduced the correlation
between a pseudo-first-order kinetic model and experimental results as time elapsed.*®

The observed decrease in nanomaterial reactivity with aggregation in most of these cases
can probably be explained by two mechanisms. First, as particles attach to each other during
aggregation the total surface area exposed to the solution will decrease, so the number of sites

available for reaction will also decrease. Also, constrained aggregate structures can lead to
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decreased rates of mass transfer, so reactants will be transported to reaction sites more slowly
than they would if the nanomaterials were well dispersed.”®*® In the case of Cg fullerenes,
decreased photochemical ROS production may have been due to self-quenching resulting from
the close particle contact conditions that exist within a tight aggregate structure.*” A model
developed by Hotze et al. predicts that nanoparticle reactivity will decrease, possibly by orders of
magnitude, as aggregates grow larger and as their structure becomes more closed.®? Since
solution chemistry, particle shape, particle size, and surface functionalization can all play a large
role in the size and structure of aggregates,®” conclusions about the effects any of these factors
may have on AgNP dissolution can be confounded by particle aggregation. Clearly, arriving at a
correct understanding of how a variety of parameters affect AGNP dissolution requires that
experiments be performed in the absence of the confounding effects of aggregation.

2.5 CONTROLLED SILVER NANOPARTICLE DISSOLUTION EXPERIMENTS

Several researchers have recognized the effects aggregation can have on reactivity and

have attempted to experimentally separate the influence of aggregation. One common approach
to resolve this problem is to vary experimental conditions in a manner that attempts to
distinguish between the influence of the solution chemistry and aggregation.”®®® The difficulty
with this method is that the influence of aggregation is never actually uncoupled from the
specific solution conditions under which aggregation occurs. Another technique is to attach
nanoparticles to a substrate.®*°°" In this case, aggregation cannot occur because the particles are
immobilized. Studies using this method have focused on attaching pre-formed colloidal particles
to substrates.>®>! Using lithographic techniques that allow nanostructures to be fabricated

directly on substrates would provide an additional level of control.
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A variety of lithographic techniques are available to precisely control shape and size at
the nanoscale. In the most extreme case, atom-by-atom or molecule-by-molecule construction is
possible for some materials using scanning probe technology.®*®* In spite of the unprecedented
control offered by scanning probe techniques, they are inherently low-throughput, which limits
their applicability.?® Electron- and ion-beam lithography offer high resolution control of features,
but these methods are also low-throughput and expensive.®® Photolithography is a high-
throughput and relatively inexpensive method that allows the controlled fabrication of patterned
structures, but objects that are created by photolithography can be no smaller than the diffraction
limit of the optical device used during the exposure step.®® Efforts to overcome this restraint
include reaching further into the ultraviolet light range or using X-ray lithography.®”#° For the
purposes of this study, nanosphere lithography (NSL) has been chosen since it is a versatile,
inexpensive, and high-throughput lithographic technique.®
2.5.1 Nanosphere lithography

The key feature of NSL is the self-assembly of a patterned mask of colloidal particles on
a substrate followed by the deposition of a material over the mask to produce a periodic particle
array.®® The self-assembly is accomplished simply by depositing a colloidal suspension on a
substrate and allowing the solvent to evaporate. In this step, suspensions of latex spheres may be
deposited by a number of simple methods, including drop-casting,” spin-coating,®* or convective
self-assembly.%? As the solvent evaporates, the suspended spheres are pulled together by
capillary forces to form a hexagonally close-packed monolayer or bilayer.® In order for the self-
assembly step to occur spontaneously, the colloids must have the same charge as the substrate so
that they do not attach to the substrate in a random fashion, and the substrate must be

hydrophilic.%® The final mask fabricated in this way always includes a number of crystal defects;
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however, colloidal masks can be assembled using other similar techniques, such as dip-coating,
that reduce defect concentrations, but these alternate strategies are rarely as fast or simple as the
process described here.”*% Once the mask is ready, a material, usually a metal, is deposited onto
the substrate through the mask. Thermal evaporation is the most common method for this
deposition step.?® Finally, the colloidal mask is removed to reveal the resultant periodic particle
array.

Fischer and Zingsheim were the first to employ this technique.*® They deposited the
colloidal mask simply by drop-casting a suspension of latex spheres onto the substrate. Platinum
was vacuum deposited on top of the mask to create a pattern that was further processed and used
for contact imaging. Deckman and co-workers researched this process more in-depth and coined
the term “natural lithography” to highlight the self-assembly of the spherical colloids into a
crystalline mask.”**%" Rather than drop-casting the suspension onto a substrate, they deposited
the latex spheres by spin-coating, which allowed them to cover larger areas with the mask. They
also enumerated possible applications for this lithographic technique, including surface enhanced
Raman scattering, photovoltaics, and formation of optical elements. Van Duyne and co-workers
changed the name of natural lithography to nanosphere lithography and further extended its use
by exploring new options for controlling and characterizing the size, shape, and interparticle
spacing of the periodic particle arrays produced by NSL.* Their work has demonstrated the
control and versatility offered by NSL and the utility of NSL for fundamental studies of
nanomaterial properties.®*%

NSL provides control over nanoparticle size, shape, and interparticle spacing. Particle
height is adjusted by varying the duration of the metal evaporation while lateral dimensions and

interparticle spacing are controlled by varying the size of the colloidal particles used for creating
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the mask.” A simple monolayer mask will yield particles with a truncated tetrahedral shape and
a bilayer mask will result in hexagonal particles.** Even more control over lateral dimensions,
interparticle spacing, and particle shape can be achieved by varying the angle of the substrate
relative to the direction of the material deposition beam.®**® Particle morphology can also be
controlled by additional processing of the particle array. For example, truncated tetrahedral
particles have been converted into hemispherical particles by electrochemical and thermal
processing.”®'® Alternatively, the mask itself can be etched to produce a variety of complex
shapes and patterns.®***

Another advantage of NSL is that it is considered to be a materials-general lithographic
technique. In their initial work, Hulteen and VVan Duyne showed that several different substrates
(e.g., mica, glass, silicon, gold, copper) and deposition materials (e.g., silver, gold, chromium,
calcium fluoride, cobalt phthalocyanine) could be used for NSL.* Since a variety of substrates
can be used, nanomaterial properties can be tested on several different substrates to test how the
substrate itself might affect the properties that are being evaluated.'? Furthermore, NSL has
been used to create templates for the directed growth or attachment of other materials. For

103 aligned carbon nanotubes,'®* and aligned zinc oxide

example, periodic arrays of quantum dots,
nanorods™® have all been produced using templates fabricated by NSL. Thus, numerous
nanomaterials may be precisely fabricated by NSL for controlled studies of their unique
properties. In particular, NSL can be used by environmental engineers and scientists as a tool for

fundamental evaluations of how nanomaterial morphology will influence nanomaterial behavior

during important environmental processes, such as dissolution, oxidation, and adsorption.
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2.5.2 Measuring dissolution by atomic force microscopy

Atomic force microscopy (AFM) is an obvious choice for characterizing dissolutive
changes in the size and shape of NSL-produced AgNPs since it can resolve sample topography
with sub-nanometer precision. By taking before-and-after AFM micrographs, Zhang et al. were
able to demonstrate that the truncated tetrahedral AgNPs produced by NSL were preferentially
oxidized along their edges during an electrochemical process.”® Hasse and Scholz used AFM to
observe the electrochemical conversion of an individual silver sulfide particle to silver metal and
to measure the associated volume reduction.'®® Another advantage of AFM is that it can be used
with a fluid cell, with or without flow, to track morphologic changes of particles in situ. This
technique has been successfully employed to study the development of pit morphologies during
calcite dissolution, 071

Although AFM is capable of performing high-resolution topographic scans in situ, it
suffers from tip-induced artifacts. Because AFM relies on a probe with a definite size and shape
for measurements, AFM images represent a convolution of the sample and tip geometries.
Particle height information is unaffected by this convolution, but measured lateral particle
dimensions are always greater than the true sample dimensions. This effect is more pronounced
when particle dimensions are comparable to the radius of curvature of the AFM tip. Moreover,
the fixed aspect ratio of AFM probes prevents the correct interpretation of steep sample features.
For example, if an AFM probe has a 45° sidewall angle, then all sample features steeper than 45°
will appear to have a 45° incline. Hence, obtaining quantitative information about lateral
dimensions from AFM data requires a deconvolution procedure.

To appropriately perform a deconvolution of AFM data, something must be known about

the tip geometry or the sample geometry. A common practice is to assume that the AFM tip is a
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sphere, a parabola, or another simple geometric shape.’****® Once such an assumption has been
made, geometric parameters, such as the radius of curvature, must be measured or estimated.
Authors will frequently assume a radius of curvature based on nominal values.*****2 The radius
of curvature can be measured indirectly by using latex spheres or gold nanoparticles as a
calibration standard.***!** After the geometric description of the probe is complete, a
mathematical treatment of the data, typically using Legendre transforms, is performed to
reconstruct the sample geometry. %% Alternatively, a numerical approach proposed by
Markiewicz and Goh can be used to reconstruct the tip geometry from a known sample geometry
or to reconstruct the sample geometry from known tip geometry.**® Their procedure utilizes the
fact that each data point represents the position of the probe’s apex. A facsimile of the probe is
placed at each data point, and surrounding data points that are in conflict with the tip geometry
are altered so that their new height is no longer in conflict with the tip geometry. On the other
hand, if a known sample geometry is placed at each point, then this deconvolution procedure will
yield a description of the tip geometry.

While the deconvolution methods described here can reduce errors caused by tip effects,
they cannot give information about areas that are inaccessible to the AFM probe.%*> Also, any
assumptions made about tip geometry will result in inaccuracies in the reconstructed sample
data. Furthermore, even if the tip geometry is measured carefully, the geometry can change
during a scan if the tip becomes contaminated or dull, and using calibration standards to measure
the tip radius every time the AFM probe is replaced can be tedious or impractical. Thus,
comparison with other techniques, such as scanning or transmission electron microscopy, is
necessary to arrive at a more accurate description of the true sample geometry. UV-Vis

absorption data can be correlated with morphological changes of AgNPs measured by AFM.®
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As has been done in the case of calcite, agueous-phase methods can also complement dissolution
information obtained by AFM.**"1% For example, inductively coupled plasma mass spectrometry
(ICP-MS) can be used as a sensitive technique for measuring Ag* concentrations in solutions that
have been used for AFM-based AgNP dissolution experiments. Spectroscopic methods, such as
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and energy dispersive
spectroscopy (EDS), can provide additional information about chemical changes that occur in
AgNPs during the dissolution process.

2.6  CONCLUSION

As the number of commercial products containing AgNPs increases, the level of AgNPs
in the environment will increase as well. In order to evaluate how AgNPs will affect human
health and the environment, the toxicity of and potential for exposure to these nanomaterials
must be well understood. A growing body of research has demonstrated that AgNPs can exert
toxic effects on a variety of living organisms and that these toxic effects depend on numerous
variables, including particle size, shape, surface coating, and aggregation state. Also, initial risk
assessment efforts indicate that AgNPs may enter the environment at concentrations that will
have negative ecological impacts, but information about the environmental transformations of
AgNPs is still lacking.

Dissolution and aggregation are both important processes affecting the toxicity, fate, and
transport of AgNPs. These two processes occur simultaneously, and they can each influence how
the other proceeds. Gaining a fundamental understanding of how particle properties (e.g., size,
shape, surface coating) and solution chemistry impact dissolution and aggregation requires that
each process be studied independently of the other. If AgNPs are firmly attached to a substrate,

then they will not be able to aggregate, so their dissolution behavior may be studied directly.
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Regular arrays of AgNPs with controlled shape and size can be fabricated directly on substrates
by NSL. Changes in the size and shape of the AgNPs produced by NSL can be characterized by
AFM and correlated with other complementary techniques. In this manner, a detailed view of
AgNP dissolution as a function of particle size, shape, surface coating, and solution chemistry
can be obtained, which will lead to a greater understanding of how AgNPs will be transformed
once they enter aquatic environments. This understanding is essential for the success of future

efforts to assess and mitigate risks related to the release of AgNPs into the environment.
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2.8 TABLES AND FIGURES

Table 2-1: Modeled Concentrations of Silver in the Environment

European Union USA Switzerland
Gottschalk  Blaser | Gottschalk | Gottschalk  Mueller &
Compartment etal®® etal®®®| etal®® | etal®*  Nowack®®® | Unit
Surface water 0.764 140 0.116 0.717 0.03 ng/L
WWTP effluent 42.5 9000 21 38.7 ng/L

(a) Probability-based mode for nanosilver. (b) “Intermediate scenario” for total silver (not just
nanosilver). (c) “Realistic scenario” for nanosilver.
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3 Controlled Evaluation of the Effects of NaCl on Silver

Nanoparticle Dissolution

Reproduced in part with permission from Environmental Science and Technology, submitted for

publication. Unpublished work copyright 2011 American Chemical Society.

3.1 INTRODUCTION

As a result of their biocidal properties, silver nanoparticles (AgNPs) have been
incorporated into a wide range of consumer products, including textiles, plastics, cosmetics,
household sprays, and paints with the total number of applications rapidly increasing.l'3 There is
significant potential for release of AgNPs from these products into the environment,>*” and this
discharge into aquatic systems could have unintended detrimental ecological impacts.'

AgNP toxicity has been demonstrated for several species of vertebrates, invertebrates,
and prokaryotic and eukaryotic microorganisms, as well as some mammalian cell lines and

11,12

viruses."® Studies have shown that size,7'9 shape,10 surface coating, and solution

1% a1l influence AgNP toxicity. The toxicity of the free silver ion, Ag”, and its

chemistry
complexes has been well documented, but there is ongoing debate over whether the observed
toxicity of AgNPs is due to the release of Ag" alone, or if the nanoparticles themselves exert a
direct toxic effect.'*'® Some researchers have suggested that AgNPs are similar to a drug
delivery system in which the AgNPs transport and deliver biologically active Ag" to a biological
target.'” Under this paradigm, the biological activity of AgNPs is controlled by Ag” release rates,
which, in turn, are controlled by size, shape, surface coating, and so forth."”

Even if Ag" is only partially responsible for the observed toxic effects of AgNPs,

dissolution may still be an important environmental transformation that dictates the

concentration and form of silver that aquatic organisms are exposed to. For this reason, several
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studies have explored the dissolution kinetics of AgNPs under a variety of conditions;' "'

however, particle aggregation was uncontrolled in each of these studies and the potential effects
of aggregation on nanoparticle dissolution rates were given little to no attention. Recently,
however, studies performed with magnetite”* and galena® nanoparticles, goethite nanorods*,
and nCg suspensions® 2 have demonstrated that aggregation decreases nanomaterial reactivity
by an order of magnitude or more. This decreased reactivity is explained in part by diminished
particle surface area in contact with the solution phase and hindered mass transport to reactive
sites within dense aggregate structures.”>*

The objective of this work was to use nanosphere lithography (NSL) to fabricate uniform
arrays of AgNPs immobilized on glass substrates to enable the evaluation of AgNP dissolution
under highly controlled conditions in the absence of aggregation. NSL is a versatile, inexpensive,
and high-throughput lithographic technique that enables creation of periodic nano- and
microparticle arrays.”” NSL facilitates control over size, shape, and interparticle spacing for a

number of different materials and substrates.”®!

In this study, the dissolution rates of NSL-
produced AgNPs were quantified by atomic force microscopy (AFM), which gave a detailed
description of changes in particle size and shape as a function of time and NaCl concentration.
This work demonstrates the utility of NSL for future studies examining nanomaterial fate in the
environment.
3.2 MATERIALS AND METHODS

Dissolution experiments were conducted in phosphate buffers produced by dissolving 1

mM NaH,;PO4 and 1 mM Na,HPOyj in air-saturated deionized (DI) water (18.2 MQ cm,

Barnstead). Aliquots of 5 M NaCl were added to the buffer to achieve variable NaCl

concentrations (10-550 mM) and the solution pH was adjusted to 7.0 + 0.1 using 0.1 N NaOH.
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The highest NaCl concentration used is characteristic of seawater, while the lowest is
approximately representative of cytoplasm.'’ All dissolution experiments were conducted at
room temperature (25 °C) in the dark. Glass substrates (60 x 24 x (.15 mm microscope cover
glass, Fisher Scientific) were cleaned by immersion in a solution of 4% NH4sOH/16% H,0O, at 75
°C for 10 min, followed by an additional 10 min in 14% HCI1/14% H,0, at 75 °C. The substrates
were rinsed thoroughly with DI water after each cleaning step and dried using filtered air after
the final rinse. Glassware used for substrate production was cleaned similarly, and glassware
used for acid digestion was cleaned by soaking overnight in 14% HNO; and was then rinsed with
DI water.
3.21 Substrate Production

After cleaning, the glass substrates were thiolated by immersing them in 5% (3-
mercaptopropyl)trimethoxysilane (Sigma-Aldrich) dissolved in spectrophotometric grade
methanol (Alfa Aesar) overnight.*” Thiol groups have a strong affinity for soft-metals such as
silver, and preliminary experiments indicated that the AgNPs were highly mobile on the
substrate if the glass was not thiolated prior to use. Following thiolation, glass substrates were
rinsed with and stored in methanol until use.

Convective self-assembly (CSA), as described by Chen et al.,*

was used to deposit a
monolayer of 450-nm diameter carboxylated latex spheres (4% w/v, Invitrogen) onto the
thiolated substrates. Briefly, the substrates were held horizontally on a motion stage (Thor Labs)
approximately 10-200 um below an angled plate. This CSA assembly was enclosed in an airtight
container. Prior to surface application, centrifugation was used to concentrate the latex colloid

suspension fivefold. A drop of this concentrated latex colloid suspension was placed between the

substrate and the angled plate. The substrate was then moved at a constant velocity relative to the
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plate, causing the colloidal suspension to be spread over the substrate. Solvent evaporation
induces the latex spheres to crystallize into a hexagonally close-packed monolayer.

Following CSA, silver was vacuum deposited onto the substrates by electron beam
evaporation (3-kW electron gun, Thermionics).** Prepared substrates were stored in sealed glass
jars for periods up to several months until use. Immediately prior to use, substrates were cut into
approximate 2 x 2 mm specimens and attached to 15-mm AFM specimen discs (Ted Pella) using
wax. The latex spheres were then removed by sonication in ethanol for 1 min. Each specimen
was rinsed in DI water for 1 min and dried with filtered air. ImageJ (NIH) was used to estimate
the total area of each specimen based upon digital images.

The total amount of silver deposited was determined for five prepared specimens by
placing each sample in 10 mL of 5% trace metal grade HNO; (Fisher Scientific)/3% H,O, at 120
°C on a hot plate for 1 h followed by analysis of the supernatant via inductively coupled plasma-
mass spectrometry (ICP-MS, Agilent 7500C). The solution volume was restored to 10 mL using
DI water prior to ICP-MS analysis. A LEO (Zeiss) 1550 Schottky field-emission scanning
electron microscope (SEM) equipped with an Oxford INCA Energy E2H X-ray energy
dispersive spectrometer (EDS) system with silicon drift detector was used for SEM and EDS
measurements. Samples were sputter coated with gold-palladium for 30 s prior to SEM imaging.
SEM images were analyzed using ImagelJ. X-ray photoelectron spectroscopy (XPS) was
performed using a PHI Quantera XPS microprobe.

3.2.2 Nanoparticle Dissolution Experiments

After initial characterization by AFM, prepared specimens were submerged in 10 mL

aqueous samples of variable NaCl concentrations in 15-mL polystyrene sample tubes (Fisher

Scientific), sealed, and then placed in the dark. Each specimen was periodically removed from
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solution for AFM characterization. Upon completion of the predetermined incubation period, the
supernatant was acidified with 200 pL of 67-70% HNO; and analyzed by ICP-MS to determine
the dissolved silver concentration.

A Nanoscope Illa Multimode AFM (Digital Instruments) equipped with a J scanner and
silicon probes (TESP, spring constant of 20-80 N/m, Bruker) was used to obtain all AFM data.
All images were collected in tapping mode in air using a 256 x 256 pixel resolution at a scan rate
0f 0.5-1.0 Hz. Mean particle heights and radii were determined from 5 x 5 um and 3 x 3 pm
AFM images, where radius is defined as the radius of a circle of equivalent area, as described in
Appendix A. The average number of particles measured to determine the mean particle height
and radius at each time point was 142 with a minimum number of 42. High resolution AFM
images (300 x 300 nm) were used for numerical volume integrations and the deconvolution
procedure described below. The “Particle Analysis” extension of the NanoScope software was
used with a threshold height of 10 nm for analysis of AFM data. Irregular particles resulting
from defects in the latex colloid mask were excluded from analysis.

3.2.3 Data Analysis

A deconvolution algorithm developed by Markiewicz and Goh®® was performed to
estimate the correction factors used to account for distortions in lateral particle dimensions by the
AFM probe. In essence, the algorithm places a facsimile of the known or assumed AFM probe
shape, in this case a spherical tip with an 8-nm radius, at each data point and compares the
geometry of the probe with the surrounding data points. Data points that conflict with the probe
geometry have their height decreased to the highest point at which there is no conflict. Based on
results from this technique, a radius correction factor of 6 nm was estimated for the initial time

point, and a correction factor of 7 nm was used for subsequent time points in all instances except
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for the case where no NaCl was added to the phosphate buffer; under the latter conditions no
significant change in the particle shape was observed during the timeframe of the experiment.

To convert AFM mean height and corrected mean radius measurements to average
particle volumes, a mathematical description of the corroded particle shape was formulated. High
resolution AFM images of individual AgNPs were deconvoluted according to the method
described in the preceding paragraph and then a numerical integration was performed to estimate
the volume of individual particles. Several geometric shapes were assumed, using particle height
and corrected radius as shape descriptors, and their volumes were compared with the integrated
volumes. Additional details on this procedure are included in Appendix A. The shape whose

calculated volume most closely predicted the integrated volumes is described by Equation 3-1.

y= h{l—(éﬂ (3-1)

where /4 is the measured particle height (nm),  is the corrected particle radius (nm), and x is the
horizontal distance from the particle center (nm). Equation 3-1 is defined for 0 <x <r, and the 3-
dimensional shape is obtained by revolving this function 27 radians about the y-axis. Equation 3-
2 was determined by integration and gives the volume, ¥, (nm”), of the particle described by
Equation 3-1.

V, = %’Thr2 (3-2)

Changes in average particle volume between time points were converted into a predicted
aqueous silver concentration, C (ug/L ~ ppb), using Equation 3-3.

o _ PUAV,NA
Vv

S

(3-

3)
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where p is the density of bulk silver (1.05 x 107" pg/nm?*), N is the number of particles per unit
substrate area assuming that the substrates are completely homogeneous (10 particles/ umz), A1is
the total area of the specimen (um?), and Vs is the solution volume (0.01 L). We emphasize that
given that the substrates produced by CSA are not homogeneous, the predicted concentration of
silver in suspension obtained using Equation 3-3 is a highly conservative estimate, as discussed
fully in the Results and Discussion.
3.3 RESULTS AND DISCUSSION

3.3.1 Substrate Characterization

A representative SEM micrograph of a finished AgNP array is shown in Figure 3-1a.
Defect-free domains spanned several pmz and both point and line defects are evident. Initial
characterization by AFM revealed that the NSL-produced AgNPs had a truncated tetrahedral
shape as expected based upon past reports.”’ " The nanoparticle heights were normally
distributed with a mean value of 53.4 nm and a standard deviation of 2.5 nm (Figure 3-1b). AFM
measurements, corrected as detailed in the Materials and Methods, gave a mean particle radius of
56.0 nm, which qualitatively agrees with the mean radius of 55.0 nm determined by SEM. The
particle radius distribution was positively skewed with a standard deviation of 4 nm (Figure 3-
1c). Numerical integration of high-resolution AFM data yielded an average volume of 3.1 x 10°
nm’/particle, which leads to a predicted silver mass for a hypothetical completely homogeneous
substrate of 33 mg/m”. The total silver determined by ICP-MS was 106 + 24 mg/m”. As
expected, the value measured by ICP-MS was higher than the value predicted for a homogeneous
substrate since the defects shown in Figure 3-1a contribute more mass per unit area than the
individual particles. Numerous attempts to produce defect free substrates were unsuccessful —

presumably due to surface heterogeneities in the glass substrates.
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3.3.2 Change in Silver Nanoparticle Shape

During the first day of exposure to solutions of >10 mM NaCl, the in-plane AgNP shape
changed from triangular to circular, the sidewalls steepened, and the height increased by 6-12 nm
(Figure 3-2). Similar changes were observed for | mM NaCl, but the particles maintained their
triangular in-plane shape. Changes in AgNP shape induced by chloride are often ascribed to a
dissolution-recrystallization mechanism;***” however, previous studies invariably involve a
reductant and a surfactant, so these previous results are not directly comparable to those
presented here and several other explanations had to be considered. SEM images (Appendix B,
Figure B-1) indicated that highly irregular aggregates formed in NaCl solutions to some extent in
spite of the thiolation procedure; however, these aggregates were entirely excluded from the
AFM analysis, so an aggregation-based mechanism was immediately rejected. The possibility
that the formation of a precipitate led to the observed height increase was evaluated theoretically
and experimentally. Equilibrium calculations performed using Visual MINTEQ 2.53 predicted
that no precipitate (AgCl, Ag;POy, or Ag,CO3) would form under the experimental conditions of
this study. In samples where a height change was observed, XPS did not detect Cl 2p and Cl 2s
peaks near 200 and 270 eV, respectively, and EDS did not detect Cl K, and Kg peaks near 2.6
and 2.8 keV, indicating that an AgCl precipitate was not present. Based on this evidence, we can
safely conclude that the measured change in height was not due to precipitation.

Upon careful examination of the literature, a hypothesis was qualitatively formulated that
involves a redox potential gradient within each individual NSL-produced AgNP. Zhang et al.
reported that NSL-produced AgNPs dissolve at the bottom edges first, then at the triangular
corners, and finally at the out-of-plane height during electrochemical processing, thus suggesting

that a redox potential gradient exists within an individual nanoparticle.’® They attributed this
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result to the sharp radius of curvature along the particles’ bottom edges and corners. Surface free
energy contributes substantially to the total free energy for features that exhibit sharp radii of
curvature, and this excess surface energy can lead to a more negative redox potential at these

. + . . . . 12.1
sites.””* Ag’ is known to exist on AgNP surfaces in air-saturated water, = 8

and we hypothesize
that oxidation of Ag” to Ag" occurred at the bottom edges and corners of the AgNPs (the anode),
while reduction of Ag" to Ag® occurred at their tops (the cathode). This process formed a Ag”
concentration gradient that favored a net flow of silver from the bottom of a nanoparticle to the
top until the internal redox potential gradient was eliminated. This hypothesis is consistent with
the observed initial increase in AgNP height with a concomitant steepening of the sidewalls and
dissolution at the corners.

This process was only apparent in NaCl solutions and did not occur in the phosphate
buffer alone, thus suggesting a catalytic or reactive role for NaCl. Chloride has been observed in

36,37,41,42

our study and others to catalyze oxidation of AgNPs, which may be explained by the

“pre-oxidation” or “pre-complexation” mechanism proposed by Henglein and coworkers. ***
They postulated that nucleophiles coordinated to an AgNP surface would force excess negative
charge into the AgNP interior; thus, chloride apparently helps overcome the energy barrier to
oxidation by promoting electron transfer through the AgNP interior. Additional experimentation,
which was outside the scope of the present effort focused on nanoparticle dissolution, is required
to fully evaluate the hypothesis that internal redox potential gradients were responsible for the

initial change in height. To date we are unaware of any previous studies that have illustrated this

important short-term change in particle morphology.
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3.3.3 Dissolution Rates

After the first day, both the mean particle height and radius decreased linearly with time
(Figure 3-3). The dissolution rates (i.e., the slopes of the linear regressions) were significant (p <
0.05) for all the data shown except for the case where no NaCl was added. As shown in Figure 3-
3c, there is a strong linear correlation between the AgNP dissolution rate and the concentration
of NaCl (R* = 0.999) and the measured dissolution rates were the same, within error, for both
particle height and radius measurements. Empirical formulas for predicting AgNP dissolution
rates as a function of NaCl concentration in units of nm/d and mg/m?/d are included in Appendix
C, but the applicability of these formulas is limited to the experimental conditions of this study
(e.g., pH 7, 25 °C, phosphate buffer). If the regression lines are extrapolated to the low NaCl
concentrations expected in freshwater (0.1-1 mM), then the effect of NaCl is minimal (i.e., the
dissolution rate is predicted to increase by only 0.03 nm/d over the range of 0-10 mM NaCl). On
the other hand, the dissolution rate is predicted to increase nearly 6x at NaCl concentrations
typical of seawater (i.e., 2.2 nm/d for 550 mM NaCl compared with ~0.4 nm/d for <10 mM
NaCl).

Because hydrogen ions and oxygen are consumed during the dissolution reaction,
changes in pH and the dissolved oxygen concentration can influence the observed dissolution
rates.'™'” Since the solutions used in this study were air saturated (0.20-0.26 mM O,), the
dissolved oxygen levels were approximately three orders of magnitude larger than the highest
silver concentration (~0.0003 mM Ag"); therefore, the dissolved oxygen concentration can be
considered constant. Furthermore, the pH of the solutions was well buffered, with the pH in three

550 mM NaCl solutions stable at 7.0 = 0.1 at the end of a 2-week dissolution period.
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By using the regression equations from Figure 3-3 in conjunction with Equations 3-2 and
3-3, the dissolved silver concentration was calculated as a function of time and compared with
ICP-MS measurements. Standards and controls indicated that the NaCl matrix caused the ICP-
MS analysis to underestimate the actual silver concentration by as much as 40%. Despite the low
recoveries, the predicted values were of the same order of magnitude as the actual silver
concentrations assuming that the raw measured value and the measured value after adjustment
for a 40% error are the lower and upper bounds, respectively (Figure 3-4). The predicted silver
concentration was clearly lower than the real values for NaCl concentrations >300 mM because
the calculation underestimates the total silver available for dissolution, as noted previously.
Thus, the ICP-MS analysis, while not truly quantitative, agrees with the AFM results.

The predicted concentrations obtained from the AFM results were fit with a pseudo-first-
order kinetic model to approximate mass-based first-order rate constants for comparison with
values found in the literature (see Appendix D for details). The rate constants increased linearly
between 0.01 and 0.10 d”' over the 10-550 mM NaCl range. These first-order rate constants are
lower than rate constants reported in previous studies on AgNP dissolution, which is contrary to
expectations because the catalytic effect of NaCl is absent from the previous studies;'*°
however, mass-based rate constants are not always comparable for surface-mediated reactions.
For example, one study showed that three mass-based silver dissolution rate constants that varied
by five orders of magnitude were all consistent with a surface area normalized rate constant of 2
nm/d."” Thus, reporting mass-based rate constants for AgNP dissolution may have little practical
value. Interestingly, the 2 nm/d dissolution rate reported was for a pH 4 acetate buffer,'” which is

the same dissolution rate observed in this study for pH 7 and 550 mM NacCl. Given the
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accelerated dissolution of AgNPs at low pH,'® this surface area normalized comparison is
consistent with the observation that NaCl enhances AgNP dissolution rates.

Although our results and others indicate that chloride will catalyze AgNP dissolution, Liu
and Hurt observed a slight inhibition of AgNP dissolution in seawater.'® AgCl precipitation
could have diminished Ag" release, but the authors’ equilibrium calculations predicted that
nearly 100% of dissolved silver would be present as soluble chloride complexes in their system.
Their seawater matrix may have hindered their Ag" measurements, similar to what occurred with
the ICP-MS analysis in this study, but the authors did not give any indication that such
interference occurred. Another possibility is that some component of the seawater prevented
NaCl-enhanced corrosion of the AgNPs. Importantly, Liu and Hurt observed that AgNPs
aggregated in the seawater, but they concluded that neither ionic strength nor aggregation had a
strong influence on the dissolution kinetics.'® In this study, we have clearly demonstrated that
NaCl enhances AgNP dissolution, and it is thus reasonable to conclude that AgNP aggregation in
the samples studied by Liu and Hurt may have had a quenching effect similar in magnitude to the
catalyzing influence of the high NaCl concentration in seawater. Past studies with iron oxides
and galena have indicated the importance of aggregation state on nanomaterial dissolution
rates.”>**

To further explore the hypothesis that aggregation impedes AgNP dissolution we offer
alternate interpretations of previous results. Kittler et al. observed that poly(vinylpyrrolidone)
(PVP)-coated AgNPs dissolved more rapidly than citrate-coated AgNPs, but no explanation for
this result was given.”” PVP stabilizes AgNPs against aggregation more effectively than citrate,**
so the increased dissolution rate of PVP-coated AgNPs could be due to decreased aggregation. It

has also been reported that AgNPs achieve a pseudo-equilibrium that is dependent on the initial
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AgNP concentration and size, a hypothesis explained by citing the size-dependent

thermodynamic properties of AgNPs,""°

and that mass-based AgNP dissolution rate constants
decreased as the concentration of AgNPs increased.'®!"” Both these phenomena could be caused
by the depletion of molecular oxygen and hydrogen ions;'®*” however, this possibility does not
appear to hold in at least one case where these trends are apparent.'® Another interpretation is
that aggregation and dissolution act as competing processes, both of which depend on initial
nanoparticle concentration and size. At higher AgNP concentrations, more inter-particle
collisions lead to more rapid aggregation causing dissolution rate constants to decline. The
pseudo-equilibrium could be a function of how much Ag" was released before aggregation
almost completely quenched the dissolution reaction.
3.3.4 Environmental Implications

Because NaCl is ubiquitous in natural waters, it will potentially have a strong influence
on the environmental dissolution kinetics of AgNPs, particularly in saline waters and biological
media. Laboratory investigations are often confounded by precipitation of AgCl at the high
AgNP concentrations used in many studies.*""* Recognizing the possibility of AgCl
precipitation, one research group excluded CI from an otherwise realistic aqueous medium. "
Thus, many laboratory studies may underestimate realistic AgNP dissolution rates. The
experimental technique employed herein overcomes this dilemma by eliminating the potentially
confounding use of high AgNP concentrations.

As discussed, aggregation may quench AgNP dissolution. High ionic strength can lead to
rapid AgNP aggregation, but polymer coatings and adsorbed humic substances can provide

added stability by an electrosteric mechanism.** AgNPs that are electrosterically stabilized may

experience only slight aggregation in high ionic strength waters, so dissolution may govern
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AgNP fate in this scenario. Future efforts will focus on using NSL to investigate the effects of
surface coating, size, and shape on AgNP dissolution under various environmental conditions in
the absence of aggregation. Information obtained from these experiments is essential to
understanding the interplay between dissolution and aggregation processes and the ultimate fate

of AgNPs in the environment.
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Figure 3-1. A) SEM micrograph of a typical NSL-produced AgNP array. B) Height (N =3051)
and C) radius (N = 620) distributions measured by AFM and SEM, respectively, for the AgNP

arrays used in this study.
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Figure 3-2. Deconvoluted AFM micrographs and height profiles for NSL-produced AgNP arrays
(a) prior to initiation of a dissolution experiment and after (b) 1 d, (¢) 7 d, and (d) 15 d of
immersion in a 550 mM NaCl phosphate buffer at pH 7 and 25 °C. The four images were
acquired at four different locations.
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Figure 3-3. Results of AFM measurements for AgNP dissolution experiments. Variation of
mean AgNP A) height and B) radius with time at different NaCl concentrations. Error bars,
where shown, represent the standard deviation between mean heights or radii determined by
AFM for experiments performed in triplicate. Three mean radius measurements were excluded
because assumptions about the tip shape were obviously violated. C) Slopes of the regression
lines for AgNP height and radius as a function of NaCl concentration. Standard errors are
indicated by the error bars.
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Figure 3-4. Predicted and measured dissolved silver in solutions of varying NaCl concentrations
after approximately 2 weeks of NSL-produced AgNP dissolution. The predicted values are based
on linear regression of AFM data (Figure 3-3) in conjunction with Equations 3-2 and 3-3. ICP-
MS was used for the measured values, but quality controls indicated that the measured values
underestimated the true values by up to 40%. The adjusted ICP-MS data corrects for a 40%
underestimate (i.e., measured value/0.6) and represents an upper bound of the true Ag"
concentration. Error bars for the calculated concentrations represent predicted standard
deviations based on variations in the total specimen area and the incubation time, error bars for
the measured concentrations represent the standard deviation of experiments performed in
triplicate, and error bars for the adjusted concentrations are the standard deviation of the adjusted
triplicate samples.
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4 Engineering Significance

It was demonstrated herein that nanosphere lithography (NSL) and atomic force
microscopy (AFM) could be used together to study silver nanoparticle (AgNP) dissolution
without the confounding influence of aggregation. Not only was this experimental technique
successful at measuring dissolution rates, but it also gave a detailed description of changes in
AgNP morphology during the dissolution process. Uncoupling nanoparticle aggregation from
dissolution opens the way to isolating the effects of size, shape, surface coating, and solution
chemistry on AgNP dissolution. Once the influence of each of these factors is well characterized
individually, then greater insight into the interplay between AgNP aggregation and dissolution
can be developed, which will lead to a better understanding of how AgNPs will behave in the
environment. This understanding can assist in managing and mitigating the potential risks of
AgNP release into natural aquatic systems. The experimental technique employed in this work
also has the potential to be extended to other nanomaterials that are of concern to the
environment.

In addition to demonstrating a unique method for investigating AgNP dissolution, this
study also showed how NaCl can accelerate AgNP dissolution rates. The results suggest that the
high levels of NaCl present in biological media and saline waters have the potential to
significantly enhance the release of Ag” from AgNPs. Since NaCl is ubiquitous in the
environment, future research on AgNP dissolution Kinetics should include NaCl if the results are
to be considered environmentally relevant; otherwise, the measured dissolution rates may
underestimate what can really be expected in the environment. Since NaCl can complicate AgNP

studies by AgCl precipitation, it is also important that future studies be carried out at AQNP
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concentrations that approach the levels expected in the environment where AgClI precipitation is

less likely to occur.
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Appendix A: Mathematical Description of Silver Nanoparticle

Shape

A mathematical description of the corroded AgNP shape was necessary for prediction of
the aqueous silver ion concentrations. Shape descriptors for the particle shapes were the

measured particle height, 2 (nm), and radius, » (nm), where r is defined by Equation A-1.

AP
r= 7 (A-l)

where 4,, (nm?) is the area of the 2-dimensional projection of a particle’s in-plane shape

measured by AFM or SEM. The mathematical form for describing the corroded AgNPs is given

(]

where x (nm) is the horizontal distance from the particle center, y (nm) is the particle height as a

in Equation A-2.

function of x, and # is a positive integer. Equation A-2 is defined for 0 < x <r, and the 3-
dimensional shape is obtained by revolving this function 27 radians about the y-axis. The
volume, V, (nm), and surface area, o (nmz), of an individual particle can be obtained by
integrating Equation A-2, yielding Equations A-3 and A-4.

r 2
a:2njx‘/1+(n—:]x”‘lj dx (A-4)
r
0

Equation A-4 is evaluated numerically. Note that for n = 4, Equation A-3 gives the volume of a

half spheroid. The fitting parameter n was estimated by comparing volumes predicted by
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Equation A-3 with the volume of individual AgNPs calculated by direct numerical integration of

deconvoluted AFM data, Varm (nrn3 ), where Vapm was calculated by Equation A-5.

Ve = Z Ah (A-5)
where A; (nm) is the measured height at pixel 7, and 4; (nm?) is the area of a single pixel. Pixels
were only included in the calculation if 4; > 10 nm. For the 300 x 300 nm images with 256 x 256
pixel resolution used for the integration, 4; = 1.373 nm’. A comparison of Vxpm and V, for
different values of the model parameter » is shown in Table A-1. The value that most frequently
gave the best fit was n = 6. In Figure A-1, a deconvoluted AFM image of an individual AgNP

and a modeled AgNP are shown.
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Table A-1. Comparison of AgNP Volumes from Deconvoluted AFM Data and Equation A-3

Measured ~ Measured Volume from _ _ 3
Height, h Radius, r AFM Data, Vary Predicted Volume from Equation A-3, V, (nm°)*

(hm) (hm) (nm?) n=4 n=5 n=6 n=7 n=8

58.6 48.3 3.16E+05 2.87E+05 3.07E+05 3.23E+05 3.34E+05 3.44E+05
69.1 43.3 3.09E+05 2.71E+05 2.90E+05 3.05E+05 3.16E+05 3.25E+05
61.7 42.8 2.62E+05 2.37E+05 2.53E+05 2.66E+05 2.76E+05 2.84E+05
60.9 40.0 2.05E+05 2.04E+05 2.18E+05 2.29E+05 2.37E+05 2.44E+05
52.5 46.2 2.49E+05 2.35E+05 2.52E+05 2.64E+05 2.74E+05 2.82E+05
57.6 38.1 1.97E+05 1.75E+05 1.88E+05 1.97E+05 2.04E+05 2.10E+05
53.0 42.3 2.31E+05 1.98E+05 2.12E+05 2.23E+05 2.31E+05 2.38E+05
66.4 48.3 3.59E+05 3.25E+05 3.48E+05 3.65E+05 3.79E+05 3.90E+05
69.9 41.6 2.74E+05 2.53E+05 2.72E+05 2.85E+05 2.96E+05 3.04E+05
58.9 38.6 2.18E+05 1.84E+05 1.97E+05 2.07E+05 2.15E+05 2.21E+05
53.6 38.7 1.88E+05 1.68E+05 1.80E+05 1.89E+05 1.96E+05 2.02E+05
53.2 45.6 2.72E+05 2.31E+05 2.48E+05 2.60E+05 2.70E+05 2.77E+05
54.8 39.8 2.00E+05 1.81E+05 1.94E+05 2.04E+05 2.12E+05 2.18E+05
46.8 39.3 1.78E+05 1.51E+05 1.62E+05 1.70E+05 1.76E+05 1.81E+05
49.3 39.4 1.89E+05 1.60E+05 1.71E+05 1.80E+05 1.87E+05 1.92E+05
46.1 33.2 1.16E+05 1.06E+05 1.14E+05 1.19E+05 1.24E+05 1.27E+05
46.9 32.0 1.14E+05 1.01E+05 1.08E+05 1.13E+05 1.17E+05 1.21E+05
41.5 32.0 1.02E+05 8.90E+04 9.54E+04 1.00E+05 1.04E+05 1.07E+05
44.6 32.8 1.16E+05 1.00E+05 1.08E+05 1.13E+05 1.17E+05 1.21E+05
39.4 34.3 1.18E+05 9.68E+04 1.04E+05 1.09E+05 1.13E+05 1.16E+05
40.7 325 1.05E+05 8.98E+04 9.62E+04 1.01E+05 1.05E+05 1.08E+05
37.2 324 9.56E+04 8.15E+04 8.74E+04 9.17E+04 9.51E+04 9.78E+04
38.7 35.4 1.21E+05 1.02E+05 1.09E+05 1.14E+05 1.19E+05 1.22E+05
51.0 40.7 2.01E+05 1.77E+05 1.89E+05 1.99E+05 2.06E+05 2.12E+05
36.1 31.2 9.01E+04 7.36E+04 7.89E+04 8.28E+04 8.59E+04 8.83E+04
39.3 30.2 8.43E+04 7.51E+04 8.04E+04 8.44E+04 8.76E+04 9.01E+04
325 27.5 5.89E+04 5.15E+04 552E+04 5.79E+04 6.01E+04 6.18E+04
27.9 24.9 4.34E+04 3.61E+04 3.87E+04 4.06E+04 4.21E+04 4.33E+04
30.6 23.0 3.98E+04 3.39E+04 3.63E+04 3.81E+04 3.96E+04 4.07E+04

*The value that most closely matches Varym is in bold and underlined.
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Figure A-1. Deconvoluted AFM A) raster image and B) height profile for an AgNP after 14 d of
dissolution in 300 mM NaCl. Modeled C) raster image and D) height profile of the AgNP shown
in A) and B) using Equation A-2 with n = 6.
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Appendix B: Aggregation

In Figure B-1, it is evident that aggregation of NSL-produced AgNPs occurred upon
exposure to NaCl. Aggregation was observed to occur in as little as 2 h in 10 mM NaCl. The
aggregation process cannot be explained entirely by classic DLVO theory because no
aggregation was observed after 1 d of exposure to 10 mM MgSO4. We also note that the
aggregation almost exclusively involved the large irregular particles caused by defects in the
latex colloid mask. Although mean AgNP height increased under the conditions shown in Figure

B-1, aggregation does not appear to have played a role in this increase.
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Figure B-1. SEM images of NSL-produced AgNPs after 9 d of exposure to 1 mM NaCl. A)
Evidence of aggregation. B) High magnification image showing that the isolated regular particles
used for the AFM analysis were apparently unaffected by the aggregation process. AFM
measurements did indicate an increase in the mean particle height of these isolated regular
AgNPs.

64



Appendix C: Dissolution Rates

Equation C-1 is based on AFM height measurements and gives the AgNP dissolution
rate, R, in units of nm/d as a function of NaCl (mol/L).

R = 3.3029 NaCl] +0.3563 (C-1)

Dissolution rates, R, in units of mg/m*/d were calculated by Equation C-2.

R, =M (C-2)
o. At

ave

where AM is the change in mass during the time interval Az (d) and is calculated by multiplying
Equation 3-3 by the solution volume, Vs (L), and converting from pug to mg. o,y is the average of
the surface areas, calculated by Equation A-4 and converted to m>, at the beginning and end of
the time interval. R is constant for a given NaCl concentration. Equation C-3 gives R; as a
function of NaCl (mol/L).

R_ =33.932[NaCl] + 2.9705 (C-3)
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Appendix D: Predicted Concentrations

Regression equations for height and radius as a function of time (Figure 3-3) were used
with Equations 3-2 and 3-3 to predict dissolved silver concentration as a function of time.
Equation D-1 was fit to the predicted concentrations to obtain a pseudo-first-order kinetic model.

C=C,(1-¢e™) (D-1)
where C (ng/L) is the concentration at time ¢ (d), Cy (ng/L) is the concentration for complete
dissolution, and & (d™") is the mass-based first-order rate constant. Fitting parameters for this
model are given in Table D-1. C decreased as the NaCl concentration increased because the
intercepts of both the height and radius regression lines were higher, in general, at lower NaCl
concentrations (Figure 3-3), which led to a larger initial particle volume predicted for the low

concentrations. Plots of the predicted concentrations for a 4 mm? substrate are shown in Figure

D-1.
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Table D-1. Mass-based First-order Kinetic Parameters for AgNP Dissolution

NaCl (mM) k(d?) Co(ug/L)

10 0.0114  30.5044
100 0.0231  27.6638
300 0.0499  24.7305
400 0.0649  20.3630
550 0.0987  18.6029
16 A
550 mM
14 - 400 mM NacCl
300 mM NacCl

100 mM NacCl
10 mM NacCl

12

1

10

Concentration (ng/L)

Time (d)

Figure D-1. Modeled dissolved silver concentrations for a 4 mm?” substrate.

67



