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Nano Impact Statement

Understanding how nanoparticles interact with other particulate material in aqueous systems is essential

to assess the fate of nanoparticles because these interactions directly or indirectly affect nanoparticle form,
concentration, and aggregation. Clays are one of the dominant naturally occurring particle classes in
aqueous system. Thus, in this study we investigated the heteroaggregation of silver nanoparticles with

two clay minerals in neutral pH solutions. Our results suggest the binary clay-nanosilver systems behave
nearly the same as the clay-only systems under the experimental conditions studied. Thus, to account for
the influence of native particles, such as clays, on the fate of silver nanoparticles in aqueous system may

simply require the understanding of the aggregation behavior of the clay minerals.
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Abstract

In this study, we investigated the heteroaggregation of silver nanoparticles with clay minerals in neutral
pH solutions as a function of electrolyte type and concentration. Bare nanoparticles with a nominal
diameter of 60.9 £+ 0.5 nm were synthesized and their aggregation behavior with illite (IMt-2) and
montmorillonite (SWy-2), pretreated to obtain monocationic (Na-clay) and dicationic (Ca-clay)
suspensions, was studied. Aggregation was monitored as a function of electrolyte concentration in both
homo- and heteroaggregation scenarios by measuring the change in hydrodynamic diameter as a function
of time using dynamic light scattering. Our results did not show significant differences in the stability of
binary component systems of bare silver nanoparticle and clays at pH 7 when compared to the single
particle systems of clay or silver at the same pH. In each case, high electrolyte concentrations were
needed to overcome the energy barrier to form aggregates, which we attribute to weakly charged or
negatively charged clay edges, negatively charged silver nanoparticles, as well as the permanently
negatively charged basal plane surfaces of the clays at pH 7. The results suggest that a binary system of
clay (either montmorillonite or illite) and bare silver nanoparticles can be treated as a single component
system of the respective clay under the experimental conditions studied, and the fate of silver
nanoparticles in aqueous system may be controlled by their heteroaggregation with native particles, such

as clays.
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Introduction

Engineered nanoparticles are intentionally produced particles with a size less than 100 nm. Owing to this
small size, the particles’ properties are drastically different from those for the bulk material of the same
composition'. As the application of nanotechnology has increased, many engineered nanoparticles have
been introduced to products used in our daily lives. Due to this fact, questions arise about nanoparticle
release to the environment during product use or disposal as well as the potential of these released
particles to cause adverse effects to the environment and human health" >. Routes of entry to the
environment may originate from point sources such as factories, or from non-point sources such as wet
deposition, storm water runoff, and the degradation or disposal of discarded nanomaterial-containing
products’. In aqueous systems, the fate of engineered nanoparticles is controlled by physical transport
(e.g., advection or sedimentation), chemical or biological transformation (e.g., oxidation-reduction or
dissolution) and particle interaction (e.g., heteroaggregation) processes’. These processes can act
independently or mutually and their role in determining the fate of nanoparticles remains poorly
understood™ *. An accurate determination of fate is critical to determining the risk of nanoparticles to
humans, organisms, and the environment’.

Among metallic nanoparticles currently being produced and utilized, silver nanoparticles (AgNPs) are
unique in their widespread and extensive use in commercial products’. This reflects their utility as non-
specific antibiotics and thus they are utilized in products (e.g., clothing, food containers, wound dressings,
etc.) that exploit this effect for beneficial purposes’. When used, however, these products release
nanoparticles and these nanoparticles can be discharged into the environment’. The properties that make
AgNPs useful in commercial products could produce unforeseen adverse effects on aquatic biota and thus
there is considerable interest in determining the mechanisms and processes responsible for dictating
AgNP fate in different settings, such as aquatic environments’. One of the dominant processes affecting
the fate of AgNPs in aquatic systems is aggregation and recent research provides insight into the effects
of electrolyte type, ionic strength, coating layer and organic matter on the aggregation of AgNPs*'’. For

example, NaCl, NaNO;, and CaCl, produce “dissolution-accompanied” aggregation of silver

1
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nanoparticles, meaning the particles simultancously aggregate and dissolve'’. More dissolution occurred
in chloride-containing AgNPs suspensions and the aggregates formed had smooth continuous surfaces,
while discrete aggregates were formed in nitrate-containing suspensions'’. Aggregation of AgNPs is a
function of the capping layer, with AgNPs coated with large organic molecules such as the surfactant
Tween resisting aggregation more than those coated with smaller organic molecules, such as citrate or
sodium dodecyl sulfate’.

While these and similar studies provide insight into the environmental fate of AgNPs, they do so
based on the analyses of model systems that do not necessarily correspond well with natural systems. For
example, these studies do not account for interactions that may arise between silver nanoparticles
introduced into a system and native particles that are already present in a system, a process termed
heteroaggregation. Heteroaggregates form between two or more dissimilar particles and
heteroaggregation is thus used to describe the stability of particle suspensions that contain more than one
type of particle which may differ in size, shape, surface charge, etc.''. One of the more dominant native
particle types in aquatic systems are clay minerals'> and thus an initial attempt to study the influence of
heteroaggregation on AgNPs should naturally start by characterizing interactions between AgNPs and
clay minerals.

Heteroaggregation has been researched for years and several studies have evaluated nanoparticles.
Yates et al.”’, for example, determined that adding nano-sized silica particles (4.3-285 nm) to stable
alumina dispersions produced large aggregates that readily settled out. Cerbelaud et al.'* also found
heteroaggregates formed between submicrometer Al,O; particles and SiO, nanoparticles as silica
nanoparticles depositing on the alumina particles produced attractive interactions between the now silica-
coated alumina particles. Since the two particles were oppositely charged, the resulting process was
conceptualized by the following two steps: 1) deposition of the silica nanoparticles on alumina particles
and 2) aggregation of the silica-covered alumina particles'*. Comparable studies with AgNPs are limited
and have only recently been studied. In studying interactions between AgNPs and hematite Huynh et al."
observed rapid heteroaggregation that far exceeded that for the single-particle systems. This result was

2
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1."? and is a reflection of the attractive

similar to that observed by Yates et al.'' and Cerbelaud et a
electrostatic interactions between the two particles in these systems. Zhou et al.'> report similar results in
their study of the heteroaggregation of AgNPs with montmorillonite at pH 4 where the edge sites of the
clay carry a positive charge. However, at pH 8 they report that mixed montmorillonite-Ag system
aggregation behavior was little changed compared to those for the single-particle systems. They attribute
this observation to the repulsive electrostatics that exist between the AgNPs and the clay face and edge
sites observed faster aggregation in a binary system of AgNPs and montmorillonite.

In this study, two common clay minerals, montmorillonite and illite, were chosen to evaluate their
effects on the heteroaggregation of AgNPs. These minerals are both 2:1 type clays, with one octahedral
alumina sheet sharing oxygen atoms with two tetrahedral silica sheets'®'®. Montmorillonite is distinct
from illite in its ability to expand when it contacts water due to it lacking strongly held potassium ions in
the interlayer region and thus its ratio of edge to basal plane sites is greater than illite'*. The basal planes
of clay lamella carry a permanent negative charge due to isomorphic substitution of Si- and Al-ions for
ions of lower valence, while the charge of the lamella edge is pH-dependent because of pH-dependence in
the exposed >Al-OH and >Si-OH surface groups'®. The edge is positively charged when the pH is below
the point of zero charge (PZC) of the exposed functional groups and negatively charged when the pH is
above the PZC'® '*?!. Extensive experimentation on the aggregation of clay minerals (see Table S1)
shows their behavior follows expected trends and depends upon pH, electrolyte solutions, ionic strength,
and saturating cations'® """, In the case of montmorillonite and illite, the greater proportion of illite edge
sites to basal plane sites results in it exhibiting aggregation tendencies that vary with the nature of the
saturating cation'®. Although the heteroaggregation of clay particles with other nanoparticles has been
studied”” », except for the study of Zhou et al.' the aggregation of clay minerals with AgNPs remains
little understood.

The overall goal of our research is to elucidate the fundamental processes that control the fate of
silver nanoparticles in natural aquatic environments, with the specific objective of this study being to

evaluate the influence of heteroaggregation. We focus our attention in this paper on expanding progress

3

Page 6 of 39



Page 7 of 39

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111

112

113

114
115

116
117
118
119

120

Environmental Science: Nano

made toward understanding the heteroaggregation of silver nanoparticles with clay minerals presented by
Zhou et al."?, by comparing results with two clay minerals (montmorillonite and illite) as a function of
saturating cation (Na” and Ca") and electrolyte (NaCl, NaNO; or CaCl,). Although montmorillonite and
illite are structurally similar, the non-expanding nature of illite produces aggregation behavior with
greater dependence on solution composition than that for montmorillonite (see Table S1). Thus, we
hypothesize that illite interactions with AgNPs will exhibit a greater dependence on solution composition
(e.g., saturating cation) than will montmorillonite. To facilitate comparisons to the conditions in this study
were the same as those previously used to evaluate the homoaggregation of silver nanoparticles'®. Our
results did not show significant differences in the stability, as defined by the critical coagulation
concentration (CCC), of binary systems of silver nanoparticle and clays when compared to the single
component systems under the same conditions. They also did not exhibit much dependence on the clay
mineral or saturating cation, which was counter to our original hypothesis. Instead, the broader
aggregation behavior of the binary systems closely mimicked that for the clay minerals and thus we
propose under conditions present in natural systems (e.g., circumneutral pH and excess concentration of
natural particles) that the aggregation kinetics of binary systems with AgNPs and natural particles, such as

clays, can be approximated based upon knowledge of just the single component clay systems.

Experimental Details

Materials

AgNO; (=99.8%) and D-maltose monohydrate (99%) were purchased from Sigma-Aldrich and used as
received. Ammonium hydroxide (20-22% as NHj;, trace metal grade) was bought from Fisher Scientific.
All other reagents were analytical grade or higher. All experiments used deionized water (Millipore Milli-
Q) with a resistivity of 18.2 MQ-cm. The electrolyte solutions (NaCl, NaNQO;, and CaCl,), buffer solution
(NaHCOs), and solutions employed in silver nanoparticle synthesis were filtered through 0.1 um cellulose

ester membranes (Millipore) before use. All labware and glassware were thoroughly cleaned and soaked
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in 5% nitric acid for at least one day before use, followed by a thorough rinse with deionized water and

oven-drying. The labware was immediately used or stored in a dust-free environment prior to use.

Clay Preparation
Montmorillonite (SWy-2) and illite (IMt-2) were obtained from the Clay Minerals Society and prepared
as monocationic suspensions following established protocols®” **. To begin, 5g of each clay in 250mL
deionized water was rapidly mixed for 45 min. The less than 2 pm size fraction was isolated into the
supernatant by overnight gravity sedimentation. The supernatant was decanted and the electrolyte
concentration was adjusted to be 1M NaCl. For montmorillonite, this step was followed by a rapid 15
minute mix, whereas for illite the suspension was adjusted to pH 3 with 10% HCI and stirred for two
hours. The clays were separated from their respective suspensions through centrifugation at 3600 rpm for
30 min. The supernatant was decanted and fresh 0.01M NaCl was added. The clay suspensions were
vigorously shaken to re-suspend the clay particles and subsequently centrifuged once again at 3600 rpm
for 30min. This washing procedure was repeated 5 times. The suspensions were dialyzed against 0.01M
NaCl. The solution was changed daily until the conductivity of the clay suspension was the same as the
0.01M NaCl.

Calcium-saturated clay samples were prepared following the methods previously described with the
exception that NaCl was replaced with CaCl,. All of the clays were stored as concentrated suspensions in

the dark at 4 °C.

Silver Nanoparticle Synthesis

Monodisperse suspensions of silver nanoparticles were synthesized following Li et al.'’. In short, 2 mL of
0.01M AgNO; was pipetted into a 50 mL glass beaker followed by 10 mL of 0.02M ammonium
hydroxide. The solution was stirred using a small Teflon-coated magnetic stir bar. The solution pH was
adjusted to ca. 11.5 through the addition of 250 uL of 0.1M NaOH, after which 8 mL of 0.025M D-

maltose was introduced to reduce the Ag[(NHs),]" complex to form metallic silver nanoparticles. After
5
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the addition of all reagents, the suspension was equilibrated for 30 min in the dark at room temperature
(20 £ 1 °C).

The freshly synthesized silver nanoparticles were dialyzed against deionized water using a cellulose
ester membrane (Spectra/Por, 8-10k MWCO) over a period of 24 hours. The deionized water was
changed a minimum of 4 times, which Li. et al.'’ report is sufficient time to remove residual ions. Six
such batches of silver nanoparticles were synthesized and combined to form the stock suspension which
was stored in a polypropylene bottle in the dark at 4 °C. The concentration of the stock suspension,
determined using an inductively coupled plasma optical emission spectrometer (Varian Vista AX), was 60

mg-Ag/L which corresponds to an approximate yield of 55% of the initial Ag.

Particle Characterization
The hydrodynamic diameter and UV-vis spectrum of the silver nanoparticles was determined on a sample
that was diluted by 25 times in a sodium bicarbonate — sodium chloride buffer solution that maintained
the pH at 7.0 £ 0.3 and ionic strength at ImM. The hydrodynamic diameter was measured by dynamic
light scattering (DLS) (90Plus, Brookhaven Instruments Corp., Holtsville, NY). The UV-vis spectrum
was collected over the wavelength range of 200 — 700 nm using a Shimadzu UV-4201PC UV-vis
spectrophotometer.

The morphology and size of the dispersed silver nanoparticles and clays were imaged using a Technai
G2 Spirit Transmission Electron Microscope (TEM) with a 120 kV electron beam. Samples were
prepared by placing one drop of the working suspension on a 100 mesh copper grid that was dried under
nitrogen. Samples of dispersed silver nanoparticles and clays were prepared using concentrated stock
suspensions which were sonicated before use. The morphology of the heteroaggregates was also
evaluated using the TEM, where one drop of the suspension generated from the heteroaggregation
experiments was used instead.

The electrophoretic mobility of Na-/Ca-montmorillonite and illite was measured by a Brookhaven

Instrument Corp. ZetaPALS instrument. The Smoluchowski equation was used to calculate the zeta

6
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173  potential from the corresponding mobility values for a particle of arbitrary shape with a nominal diameter
174 that is much larger than the thickness of the electrical double-layer®. The measurements were conducted
175  at a temperature of 22 &+ 0.5 °C across the pH range of 4.0 - 10.0 in ImM NaCl solutions. The samples
176  were equilibrated for 5 min and for each pH value the data comprised ten individual measurements
177  collected and averaged for three separate samples. The effects of NaCl (0.1mM — 10mM) and CaCl,
178  (ImM — 500mM) on the electrophoretic mobility of the clay minerals were evaluated as well at pH 7.

179  Aggregation Kinetics

180  Aggregation kinetics for both the homoaggregate and heteroaggregate systems was determined by
181  measuring the initial time rate of change in the average hydrodynamic radius of the particle suspensions
182  wusing DLS. The instrument was equipped with a 678 nm laser with a detection angle of 90 degrees and
183  the experiments were conducted at a temperature of 22 = 0.5 °C.

184 All working suspensions were prepared by diluting stock suspensions in a 0.05 mM sodium
185  Dbicarbonate buffer at pH 7.0 £ 0.3. Individual particle concentrations were kept the same for both the
186  homoaggregation and heteroaggregation experiments. This entailed diluting the stock particle suspensions
187  when preparing the working suspensions for the heteroaggregation experiments with a particle
188  concentration twice that for the homoaggregation experiments (see Table S2). All working suspensions
189  were briefly sonicated in an ultrasonic water bath before each experiment.

190 For the homoaggregation experiments, 3 mL of the particle suspension of interest was pipetted into a
191  disposable acrylic cuvette. The cuvette was prepared before use by washing using 5% HNO; followed by
192  a thorough rinse with deionized water. Predetermined amounts of electrolyte and buffer solutions were
193  added to the cuvette to obtain the desired ionic strength, while maintaining the total volume at 4 mL. The
194  cuvette was covered with a plastic lid, quickly hand-shaken and inserted into the DLS sample holder. The
195  heteroaggregation experiments were the same except that 1.5 mL of silver nanoparticles and 1.5 mL of
196  the clay suspensions of interest were used. In either case, measurements begun immediately upon

197  inserting the cuvette into the DLS. For silver nanoparticle systems, measurements were collected over a
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period of 15 min with 90s intervals between measurements, while single clay and binary component
systems were measured over a period of 5 min with 30s intervals between measurements.

The stability of the suspensions was analyzed by comparing variations in the inverse stability ratio
(1/W) with ionic strength where 1/W is defined as the ratio of the experimental aggregation rate constant
(kexp) to that determined for rapid aggregation (kupiq), or diffusion-limited aggregation, as shown in the

following expressions”’:

1 ar
kexp - aNrOE (1)
1 kexp
— — _"exp 2
w krapid ( )

where N is the initial particle concentration, ry is the initial particle radius, and a is an optical factor. The
kexp value was calculated by conducting a linear least-squares regression analysis on the time-rate of
change of the hydrodynamic radius (dr/df), while the k.4 value was determined as the average value of
the k., values under diffusion-limited aggregation conditions. This latter value was specific to each
homoaggregation or heteroaggregation system and electrolyte. The relationship between 1/W and ionic
strength was used to identify the critical coagulation concentration (CCC) for each system and it was
determined as the intersection point of two straight lines that represent the change of 1/W as a function of

ionic strength in the reaction and diffusion-limited aggregation regimes, respectively™.

Results and Discussions

Silver Nanoparticle Characterization

The hydrodynamic diameter of the silver nanoparticles determined by DLS was 60.9 = 0.5 nm. TEM
images show the silver nanoparticles’ morphology as smooth and roughly spherical with a diameter
similar to that measured by DLS (Figure Sla). Based on this size, the concentration of the stock
suspension (60 mg Ag L"), and the density of metallic silver (10.5 g cm™), we calculated a particle

concentration for the stock suspension of 5 x 10" particles mL™. Based on the dilutions used to prepare
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222 working solutions (see Table S2), the silver nanoparticle concentration used in aggregation experiments
223 was 1.5 x 10’ particles mL™.

224 The UV-vis spectrum (Figure S1b) of freshly synthesized silver nanoparticles showed a maximum
225  absorption peak at a wavelength of 433 nm, which was consistent with the reported location of the surface
226  plasmon absorption band of silver nanoparticles synthesized using this method®®. The observed red-shift
227  in the position of the absorption peak compared to that for monodispersed silver nanoparticles with a
228  diameter below 100 nm with no adsorbed or oxidized layer, as well as the broadening of the absorption
229  band provide evidence for the existence of an oxidized layer on the particle surface'’.

230 According to Li. et al.', the silver nanoparticles synthesized with this method have a negative zeta
231  potential across the pH range of 4.0 to 10.0 that remains relatively unchanged at -45.8 £ 0.9 mV in 1 mM
232 NaCl. Li et al."” rationalize the measured negatively charged surfaces may reflect the existence of an
233 oxide surface layer and the adsorption of anions during synthesis. Increasing the electrolyte concentration
234 or valence of the electrolyte cation decreased the magnitude of the zeta potential', reflecting the increase
235  in charge screening under these conditions.

236

237  Clay Mineral Characterization

238  Characterization of Montmorillonite

239  The diameter of dispersed montmorillonite lamellae ranged from 200 nm to 700 nm (Figure S2a),
240 consistent with the method of preparation24. From the DLS measurement of the suspensions, however,
241  the most predominant hydrated particle size for both forms of montmorillonite was ca. 200 nm. This size
242 reflects the implied assumption that the particles were spherical as DLS determines the rotationally
243 averaged particle size. Particle sizes determined using DLS are more sensitive to the major dimension of
244  the particle than they are to the minor dimension and thus we were not able to discern any differences in
245  thickness of the clay lamella for Na- or Ca-montmorillonite. According to Schramm and Kwak ** these
246  differences are on the order of ca. 5, with Ca-forms of the clay being thicker. The concentrations of the

247  Na- and Ca-montmorillonite (Na-MONT and Ca-MONT) stock suspensions were determined by
9
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gravimetric analysis as 25 g L and 41 g L', respectively. Using the spherical size determined from DLS
for these particles of 200nm and a density of 2.35 g cm™ we estimated particle concentrations in our stock
clay suspensions of ca. 3 x 10" particles mL" for Na-MONT and 4 x 10" particles mL" for Ca-MONT.
The assumption of a spherical dimension may result in a lower particle concentration since it does not
represent the true particle size or morphology. Based upon the dilutions used (see Table S1), the
concentration of Na-MONT in the aggregation experiments was 7.6 x 10° particles/mL and that for Ca-
MONT was 6.3 x 10° particles/mL.

The zeta potential of the sodium- and calcium-forms of the montmorillonite in 1 mM NaCl remained
unchanged at -46.5 £ 7.14 mV and -22.6 = 2.88 mV, respectively, across the pH range 4.0 to 10.0 (Figure
1). These results were consistent with those published for this montmorillonite suspended in NaCl'> .
Under the experimental conditions studied, the zeta potential of Ca-montmorillonite was less negative
than that for Na-montmorillonite. Montmorillonite has a higher affinity for Ca®" than Na" and the bound
Ca2+ can suppress the negative charge of the basal planes *”*' Given time, the bound Ca®*" could be
displaced when Ca-montmorillonite was dispersed in NaCl, but since the electrolyte concentration (1mM)
was too low and the time during sample preparation (less than 30 min) was too short such ion exchange
was not fully completed™.

The zeta potential of both forms of montmorillonite were measured across the NaCl and CaCl,
concentrations corresponding to those studied in the aggregation experiments (Figure 2a). At low
electrolyte concentration, the zeta potential for Ca-montmorillonite was less negative than that for Na-
montmorillonite. As the electrolyte concentration increased, however, the zeta potential for both forms of
the clay converged to similar values. The same trend existed for both CaCl, and NaCl. It was more
pronounced for NaCl, however, as the zeta potential of Na-montmorillonite became less negative as NaCl
increased from 30mM to 500mM. Likely, this just reflects compression of the electrical double layer at
elevated electrolyte concentration®®. Below 30 mM NaCl, the absolute value of the zeta potential of Na-
montmorillonite increased from ca. 40mV to ca. 65mV. According to Delgado et al.* this reflects
montmorillonite can undergo rapid hydrolysis at circumneutral pH, whereby H, exchanged for bound

10
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274  Na', induces the release of AP’ and Mg®" from montmorillonite which could produce the observed
275  increase in the magnitude of the zeta potential. Hydrolysis is distinct from mineral dissolution, which
276 occurs slowly (e.g., Metz et al.*), and is partially driven by the accumulation of H' at the clay interface
277  needed to satisfy electroneutrality in the system™*. Delgado et al.’” described this hydrolysis as two steps:
278 (1) a rapid exchange of hydrogen ions in the solution with Na" originally attached to the montmorillonite
279  and (2) a slow penetration of the exchanged H' into the sheets of montmorillonite. The penetrating
280  hydrogen ions induce the release of AI'" and Mg®" from montmorillonite into the solution. The released
281  multivalent cations could also compress the electrical double layer which would reduce the magnitude of
282  zeta potential. At the same time, however, the loss of these cations would decrease the zeta potential of
283  montmorillonite. The determination of the electrophoretic mobility, hence zeta potential, is also
284  influenced by the high surface conductivity of montmorillonite which is reported to also produce low
285  absolute values under dilute electrolyte conditions®*. Thus, the observed decrease of zeta potential of clay
286  was likely the net result of these combined actions. The hydrolysis process is kinetically hindered at
287  elevated electrolyte concentrations and thus it tends to be observed at electrolyte concentrations less than
288 107 M’**>*_ (Callaghan and Ottewill’” and Rossi et al.*® observed different trends in the zeta potential
289  that entailed a decrease (increase in the magnitude) at NaCl concentrations above 10> M. Rossi et al.”®
290  attribute this to particle dissolution and ion release. Finally, aggregation of the montmorillonite during
291  the five minute equilibration time prior to the zeta potential determinations was possible, particularly at
292 electrolytes equal to or greater than 30 mM, and it could also have influenced these measurements.
293  Considering the obvious sensitivity of clay surfaces to methods of preparation and storage®, our results
294  were similar in magnitude to those previously reported.

295 When Ca-montmorillonite was suspended in 1 to 30 mM NaCl, a similar trend of decreasing zeta
296  potential with increasing NaCl concentration resulted. However, in this case the origin of the trend not
297  only reflects hydrolysis and surface conductance, but also the exchange of Ca®" bound to the clay with
298  Na' ions in the solution. This net loss of bound cation charge could produce a lower zeta potential. The
299  time needed for complete replacement of Ca>” by Na' is reported to be around 24 h*® and presumably

11
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given sufficient time the two data sets would converge. Since the equilibration time was much less than
24 hours, Ca-montmorillonite had a consistently higher (less negative) zeta potential than did Na-
montmorillonite.

In systems with CaCl,, the zeta potential for Na-montmorillonite increased as the electrolyte
concentration increased (Figure 2a). This reflects both the exchange of bound Na" with solution phase
Ca”" and the enhanced compression of the electrical double layer induced by the divalent calcium cations.
However, except for an increase in the standard error of the zeta potential with increasing electrolyte, no
significant change in the zeta potential of Ca-montmorillonite was observed in the range of 10 to 10> M
CaCl, (Figure 2a). While the reason for this result was not known with certainty, it was similar to results
presented in the literature’® and may reflect the influence of particle aggregation during the preparation of

the samples prior to these measurements .

llite Characterization

The illite flakes ranged in size from roughly 50 to 200 nm and differed from montmorillonite in that illite
had irregular and curved outlines (Figure S2b). In some locations, individual illite lamella appeared to
orient perpendicular to the imaging plane, and the resulting cluster of illite flakes formed a wheel-like
formation. This wheel-like structure indicates an edge-to-face orientation of illite which allows small
angles between each flake (sub-parallel orientation). Similar images exist for illite in both distilled and
saline water™. Except for these mostly isolated wheel-like formations, it appeared that the majority of the
illite was oriented face-to-face. The concentrations of Na- and Ca-illite in the respective stock
suspensions were 1.2 g L and 3.6 g L. Following the approach used for montmorillonite, a density of
2.75 g cm® and diameters measured from DLS of 135 nm for Na-illite and 270 nm for Ca-illite we
estimated particle concentrations in our stock clay suspensions of ca. 3 x 10" particles mL" and 1 x 10"
particles mL™", respectively. Based upon the noted dilutions (see Table S1), the concentration of Na-illite

in the aggregation experiments was 5.1 x 10° particles/mL and that for Ca-illite was 3.6 x 10°
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particles/mL. As previously noted, the assumption of a spherical particle likely resulted in an

underestimate of the illite particle concentration.

Page 16 of 39

At pH 7, the zeta-potential of Na-illite was -44 £ 4mV while for Ca-illite it was -21 = 2mV (Figure 1).

Similar trends were found for the zeta-potential of illite in the pH range 4 to 10 as was measured for
montmorillonite. This was expected considering both clay minerals had the same basic structure. As was
observed for montmorillonite, the calcium-form of illite had a less negative zeta potential than did the Na
form, reflecting the presence of the bound divalent cations.

The zeta potential for both Na- and Ca-illite generally increased (trend to a less negative value) as the
NaCl concentration increased from 1mM to 500mM (Figure 2b). Unlike what was observed for Na-
montmorillonite, however, no significant decrease in the zeta potential occurred for Na-illite below 30
mM NaCl. Illite is a nonexpanding clay’' and although the 2:1 layer structure is similar to that for

montmorillonite, the cation exchange capacity (CEC) of illite is lower than that of montmorillonite®. The

1 24 125

CEC of the montmorillonite in this study is 1040 mmol kg™ “*, while that for illite is 231 mmol kg— =,
reflecting the smaller amount of internal cations (i.e., potassium ions) available for release from illite than
montmorillonite”. Thus, the decrease in the magnitude of the negative zeta potential as NaCl was
increased from 1 mM to 500 mM likely reflects compression of the electrical double layer induced by the
increasing electrolyte. Similar to Ca-montmorillonite, the exchange of clay-bound Ca®" associated with
Ca-illite with solution-phase Na'" remains possible and if it occurred it could have produced the reduction
in the magnitude of the zeta potential at NaCl below 30 mM.

The effect of CaCl, on the zeta potentials of both Na- and Ca-illite (Figure 2b) reveals illite has a
higher affinity for Ca*" than Na”. Since illite is a nonexpanding clay, suspending Na-illite in CaCl, was

assumed to lead to more rapid and complete exchange of Na” with Ca®* than that for Na-montmorillonite.

As a result, the zeta potential of Na-illite was very close to that for Ca-illite from 1mM to 10mM CacCl,.

Homoaggregation of Single Component Systems

Homoaggregation of Silver Nanoparticles

13
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The aggregation behavior for the silver nanoparticles exhibited trends consistent with that previously
observed®™ to indicate coincident particle dissolution and particle aggregation (Figures 3a and 3b). In the
monovalent electrolyte solutions, the initial particle diameter decreased as the electrolyte concentration
increased from 10mM to 200mM. However, since the dissolution of silver nanoparticles was
accompanied by aggregation, this initial decrease in size was soon followed by an overall increase with
time as aggregation of the particles proceeded. Li. et al.'” reported the size decrease to be the result of the
dissolution of an oxidized surface layer evident in the absorption spectrum (see Figure S1b). According to
Li et al.', this reaction is influenced by the concentration and type of electrolyte. When the electrolyte is
NaCl, AgCl, precipitates on the nanosilver particle surface, resulting in a modification of the silver
nanoparticles morphology'’. NaNO,, however, did not produce a precipitate nor did it change aggregate
morphology'®. Regardless, the aggregation of nanosilver in these two electrolytes was similar (Figures 3a
and 3b) and was consistent with other data presented in the literature'™*****. In our experiments, the CCC
of silver nanoparticles in NaCl was ca. 40mM, while it was ca. 35mM in NaNOs. These results were

consistent with those presented by Li. et al.'®**

indicating the AgNPs synthesized in these experiments
behaved similarly to those in previous studies.

When the electrolyte was CaCl, the CCC of silver nanoparticles was much lower (ca. 2mM) than that
in NaCl/NaNQj; (Figure 4). According to the Schulze-Hardy rulezé, CCCna/ CCCcq) equals 2° for particles
with a large zeta potential (|&| > 50mV), and z* for those with a low zeta potential (|&| < 50mV), where z is
the counterion charge (i.e., z = 2 in the case of Ca”"). In our experiments, the ratio of CCCpy,; and CCCc,;
was approximately proportional to z*. This intermediate value between the two predicted by the Schulze-

Hardy rule (i.e., z%) is consistent with previous measurements, and according to Li et al.”'® indicates the

modification of surface charge due to the adsorption of cations on the surface of the silver nanoparticles.

Homoaggregation of Montmorillonite
Although the trends in zeta potential for sodium-saturated montmorillonite did not exhibit typical trends

(Figure 2a), the aggregation kinetics did approximate Derjaguin-Landau-Verwey-Overbeek (DLVO) type
14
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377  aggregation kinetics (Figure 5a). DLVO-type aggregation refers to aggregation controlled by the
378  combined influence of electrostatics and van der Waals interactions™ . At low electrolyte
379  concentrations (e.g., 1 - 50 mM NaCl or 0.5 - 1 mM CaCl,), an increase in the electrolyte concentration
380 led to a corresponding increase in the aggregation rate (Figure 5a). Above these electrolyte concentrations,
381 the aggregation rate reached a maximum value that did not significantly vary as the electrolyte
382  concentrations increased. For a monovalent electrolyte, similar CCC values of ca. 50 mM were
383  determined for Na-montmorillonite in NaCl and NaNO; (Figure 5a). This CCC value was comparable to
384  those reported by Tombécz et al., of ca. 25, 50, and 100 mM NaCl at pH 4, 6.5, and 8, respectively'”. The
385  pH of 6.5 approximates the PZC of clay edges'* where the edge transitions between positive and negative
386  charged states'’. When the pH is below the PZC of the edge, the clay edge is positively charged and its
387 interaction with the negatively charged clay face becomes significant and decreases the stability of the
388  montmorillonite suspension. When the pH is above the PZC of the edge, both the edge and basal plane of
389  the clays are negatively charged edge-face interactions are limited resulting in an increase in the stability
390  of the suspension. Thus, our montmorillonite CCC at pH ~ 7 was similar to that reported in the literature
391  atasimilar pH value, which is near the PZC of the clay edge.

392 In CaCl,, the CCC value of Na-montmorillonite was estimated at 1.5 mM (Figure 5a). The ratio of the
393 CCCna/CCCcq) Was 33:1, proportional to z°, which was similar with that predicted by the Schulze-Hardy
394  rule of z°¥. The difference could reflect the difficulty in preparing a pure monocationic montmorillonite
395  due to the potential release of multivalent cations (Mg®, AI’") from the clay minerals*’. It could also
396  reflect exchange of surface cations with the added electrolyte cation during aggregation®" **.

397 The same CCC of ca. 50 mM NaCl or NaNO; and ca. 2mM CaCl, were observed for both Na-
398  montmorillonite and Ca-montmorillonite at pH ~7 (Figure 5b). The cation used to saturate the basal
399  surface planes of montmorillonite had little to no impact on the suspension stability (Figure S3), which
400  was consistent with the similar values of zeta potentials for Na- and Ca-montmorillonite (Figure 2a). The
401 ratio of CCCn,/CCCc,) for Ca-montmorillonite was 25:1, or approximately z*® which was close to that

402  of Na-montmorillonite. A similar result was obtained by Tombacz et al.’' and as a result they

15
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hypothesized that montmorillonite aggregation depends only on the electrolyte, not the original cations
present in the montmorillonite. This was also consistent with the reported CCC of 70 mM for Mg-

montmorillonite at pH 7 in KCI ¥.

Homoaggregation of Illite

Typical two-regime, DLVO-type aggregation kinetics were also observed for Na- and Ca-illite in NaCl,
NaNO; and CaCl, (Figure 6a and 6b). CCCs of ca. 70mM NaCl or NaNOj; and ca. 2mM CaCl, were
determined for Na-illite at pH 7, while for Ca-illite the values were ca. S0mM NaCl or NaNO; and ca.
ImM CaCl,. Literature data for Na-illite aggregation at neutral pH conditions is limited and quite variable
with reported CCC values of Na-illite varying from 7 to 40 mM NaCl at pH 7°"*" "' This variation
likely reflects the different illite sources and sample preparation. For example, Hesterberg et al.*' prepared
their sample by first washing it with concentrated NaClO, and KCIO, solutions, followed by a
NaClO4/HCIO,4 wash at pH 3.5 and then concluding with equilibration in NaClO,4. The KClO4 was used to
maintain the illite’s structural K. In the end, their illite samples prepared as stock suspension at pH 7
contained residual Na" and K'. These residual ions may have decreased the CCCs of illite samples in their
experiments, as they reported a CCC of 30mM NaClO, at a pH of 7.5. Only homoionic aggregation data
is available for Ca-illite®*, with a CCC value for Ca-illite of < 0.5mM CaCl,. Based on these results, the
ratios of CCCy,/CCC[Ca] for both the Na- and Ca-illite were 2% and 2%, respectively. These were
close to those estimated from the Schulze-Hardy rule, with differences again possibly reflecting the
release of residual cations from the clays®’.

Similar to montmorillonite, the bound cation had little effect on the stability of illite (Figure S4). The
CCCs of Ca-illite and Ca-montmorillonite were similar, but the CCCs of Na-illite were slightly higher
than those for Na-montmorillonite (Table 1). Oster et al.*’ similarly observed the CCC of Na-illite was
higher than the CCC for Na-montmorillonite, while the CCCs of the two calcium forms of the clays were
similar. They concluded the irregular surfaces and terraced planar orientation (i.e., wheel-like orientation

in the TEM image of Na-illite in Figure S2b) of Na-illite lead to smaller edge-to-face attraction forces,

16
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429  and eventually a higher CCC for Na-illite than for Na-montmorillonite. At the same time, the PZC of illite
430  ranges from 3.5 to 4.5 and thus considering its structure is similar to montmorillonite a higher CCC
431  value of'illite than that of montmorillonite seems reasonable.

432

433  Heteroaggregation of Binary Component Systems

434 Silver Nanoparticles and Montmorillonite

435  The stability of the mixed silver nanoparticle and montmorillonite (either Na- or Ca-saturated) systems as
436  measured based on the position of the CCC was little changed compared to that for the single-particle
437  systems (Figure 7). At neutral pH, both the edge and the face of the montmorillonite flakes were
438  negatively charged'’. The silver nanoparticles were also negatively charged under these conditions'’. As a
439  result the aggregation behavior assumed a form characteristic of typical two-regime aggregation. TEM
440  imaging (Figure 8) of the mixture in 100mM NaCl indicates the silver nanoparticles self-aggregation was
441  limited, particularly when compared with that expected for 100 mM NaCl (see Li et al. '°) and that many
442  were associating with the basal planes of the montmorillonite, but not the edges. This was consistent with
443  the negatively charged edge on the montmorillonite repelling the negatively charged silver nanoparticles.
444  The basal plane, while also negatively charged, was saturated with either Na” or Ca>" ions which could
445  attract the silver nanoparticles®. Images collected at 10 mM NaCl not only indicate limited silver
446  nanoparticle self-aggregation, but also more limited interactions between the silver nanoparticles and the
447  clay minerals, as images collected showed the clay was devoid of deposited silver nanoparticles as well as
448  isolated silver nanoparticles (see Figure S6).

449 The rates of particle heteroaggregation at high electrolyte concentrations appeared to be dominated by
450  montmorillonite as the values for k4 for the binary-particle systems were similar to those for the
451  respective clay system as opposed to that for the silver nanoparticle system (See Tables S3 and S4). At
452  low electrolyte concentrations, however, the aggregation rates were intermediate between the two single
453  particle systems resulting in values for 1/W in the binary system being lower than those for either of the

454  single particle systems (e.g., see Figure 7a). These trends could reflect that the montmorillonite flakes

17
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were roughly five times larger than the silver nanoparticles (Figures Sla and S2a) and the particle number
of montmorillonite was greater than that of the silver nanoparticles. It could also reflect non-DLVO
depletion force interactions that can form in binary systems that have a large ratio in particle sizes '> when
the large particles are suspended in a dilute solution of the smaller ones’’. It occurs when the distance
between two large particles is less than the diameter of the smaller particles resulting in the small particles
being pushed out to leave a “free volume” between the large particles. This “free volume” will then lead
to an imbalance of pressure around the large particles, which in turn may form either attractive or
repulsive forces between these same particles **. The attractive form of the depletion force can lead to the
flocculation of particles’’. The limited change in the stability of the mixture compared to the clay-only
system suggests any such depletion force was negligible, if present at all, in this binary system.

Thus, we propose that as electrolyte concentrations approach the CCC for the respective binary
system that the heteroaggregation of silver nanoparticles and montmorillonite was comprised of two
simultaneous processes. The first entailed the deposition of the silver nanoparticles onto the
montmorillonite flakes, likely during the initial stage of the experiment™. In essence, montmorillonite acts
as a mobile collector in a manner that is analogous to the deposition of silver nanoparticles onto the
surface of sand® or silica® where silver nanoparticle deposition occurs at ionic strength values as low as
5 mM***. Since both the basal planes and the edges of montmorillonite were negatively charged at pH 7
as were sand*” and silica® their interactions with the silver nanoparticles should be similar. Based on the
size of nanoparticles (~60nm) and clay particles (200 — 400nm), however, it seems more likely that the
basal planes of the clay particles provide sites for nanoparticle deposition. The second process involved
the aggregation of the combined NP-clay particles, which aggregate more or less at the same rate as that
for the clay-only systems. Because of the larger particle number concentration of montmorillonite, the
deposition of bare silver nanoparticles appears to have little effect on its stability as the CCC of the

heteroaggregate system was similar to that for the clay-only system.

Silver Nanoparticles and Illite

18
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481  The stability of the mixture of silver nanoparticles and illite (either Na- or Ca-form) was also little
482  changed from that for the single-particle systems (Figure 9). Illite has negatively charged edge and basal
483  planes at pH 7 according to the reported PZC value of 3.5° and thus as hypothesized for the binary
484  system with montmorillonite, these results also suggests the nano-sized silver first associated with the
485  basal illite face and then its fate was bound to the subsequent aggregation of the clay’’. We were unable to
486  collect images for these systems, but this proposed interaction between illite and the silver nanoparticles
487  seems reasonable due to the large particle size and higher number concentration of illite in these systems
488  compared to that for the silver nanoparticles.

489

490 Conclusions

491  Our results did not show significant differences in the stability of binary component systems of silver
492  nanoparticle and clays at pH 7 when compared to the single particle systems at the same pH. We attribute
493  this to weakly charged or negatively charged clay edges, as well as permanently negatively charged basal
494  plane surfaces of the clays at pH 7, thus all six combinations between silver nanoparticles and the clays in
495  binary systems (i.e., face-to-face, face-to-edge, edge-to-edge, nanoparticle-to-nanoparticle, face-to-
496  nanoparticle, edge-to-nanoparticle) are barrier-controlled (i.e., high electrolyte concentration is needed to
497  overcome the energy barrier to form aggregates). Our expectation for greater dependence in illite
498  aggregation on solution chemistry was also not evident in our experiments. While we cannot completely
499  neglect possible non-DLVO forces that arise from size asymmetry, such as depletion forces, the lack of
500 differences observed in the single- and binary-particle systems suggests their influence under the
501 conditions studied was negligible. Our results suggest under neutral pH and moderate to elevated
502  electrolyte concentrations approaching the measured CCC values that binary systems of
503  montmorillonite/illite and silver nanoparticles can be treated as single component clay systems. Further
504  research specifically highlighting conditions where the silver nanoparticles interact with clay phases and
505 the role of additional complexities such as natural organic matter are needed in order to better extend our

506  observations to predict the fate of silver nanoparticles in natural systems.
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Table 1. Estimated Critical coagulation concentration (CCC) of suspensions

in different electrolyte types

Particle type CCC (mM)
NaCl NaNO; Ca(Cl,
Bare silver nanoparticles 40 35 2
Na-MONT 50 50 1.5
Ca-MONT 50 50 2
Na-Illite 70 70 2
Ca-Illite 50 50 1
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Figure Captions

Figure 1. Zeta potential of montmorillonite and illite from pH 4 to 10 in systems with ImM
NaCl.

Figure 2. Zeta potential of (a) montmorillonite and (b) illite in the systems with 1 — 500 mM
NaCl or 0.1 — 10 mM CaCls,.

Figure 3. Aggregation profiles of silver nanoparticles at pH 7.0 as a function of electrolyte
concentrations in (a) NaCl and (b) NaNO;.

Figure 4. Inverse stability ratio (1/W) of silver nanoparticles as a function of NaCl, NaNOs and
CaCl; concentration. The arrows indicate the CCCs for the different systems.

Figure 5. Inverse stability ratio (1/W) of (a) Na-montmorillonite and (b) Ca-montmorillonite as a
function of NaCl, NaNOj; and CaCl, concentrations. The arrows indicate the CCCs for the different
systems.

Figure 6. Inverse stability ratio (1/W) of (a) Na-illite and (b) Ca-illite as a function of NaCl,
NaNO; and CaCl, concentrations. The arrows indicate the CCCs for different systems.

Figure 7. Inverse stability ratio (1/W) of silver nanoparticles with Na-montmorillonite (left)/Ca-
montmorillonite (right) as a function of electrolyte concentrations: NaCl (a and d), NaNOs (b and
e) and CaCl, (c and f). The arrows indicate the CCCs for different systems.

Figure 8. TEM image of heteroaggregated silver nanoparticles with Na-montmorillonite at
100mM NaCl. Red circles highlight the interactions between AgNPs and basal planes of Na-
montmorillonite.

Figure 9. Inverse stability ratio (1/W) of silver nanoparticles with Na-illite (left)/Ca-illite (right)
as a function of electrolyte concentrations: NaCl (a and d), NaNO; (b and e) and CaCl, (c and f).

The arrows indicate the CCCs for different systems.
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