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ABSTRACT: Nanoparticles (NPs) and their colloidal aggregates
are ubiquitous and play important roles in the transport and release
of metals. Knowledge of their dissolution rates and aggregation
behavior in solution are crucial for better prediction of their fate in
biogeochemical cycling, ecotoxicity, and environmental remedia-
tion. There are however significant technical challenges to
accurately obtain such information as a result of the heterogeneity
and highly dynamic transformation exhibited by NPs, particularly
at relatively low particle concentrations in aqueous systems. Here,
we quantitatively examine the simultaneous dissolution and | :
aggregation behavior of metal sulfide NPs using single-particle digr;;i:gg;gn
inductively coupled plasma mass spectrometry (spICP—MS). We rate
focus on nickel sulfide (NiS), with additional data presented for

copper sulfide (CuS) and cobalt sulfide (CoS). The kinetics of metal release (dissolution and disaggregation) of NiS was fastest
under strongly oxidizing conditions (from 0.04 to >3 min~' with H,0, ) and were slower under near-neutral (HEPES buffer/H,0)
and acidic (1 mM HNO,) conditions (£0.006 min~"'). Metal release kinetics in HNO; was not faster than in H,0O or HEPES,
suggesting that the solution pH has an influence over both the dissolution kinetics of individual particles and the NP aggregation
states, which in combination affect metal release rates over time. Between different metal sulfides, the measured metal release rates
were largely consistent with predictions based on the crystallinity, solubility products, and specific surface areas of the NPs, following
an order of CoS > NiS > CuS. The spICP—MS approach described here can be easily applied to the characterization of metal release
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and aggregation of other NPs at low concentrations (~10° particles/mL) typically found in natural environments.
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B INTRODUCTION

Nanoparticles (NPs, <100 nm) and colloidal aggregates (1—
1000 nm) are ubiquitous and play important roles in the
transport and release of metals.' For example, transition
metals, such as nickel (Ni), copper (Cu), and cobalt (Co),
exist as various nanoparticulate metal oxides and sulfides
depending upon the redox conditions.” The kinetics of metal
release from these NPs are important in evaluating their
bioavailability as nutrient sources and potential toxicity as well
as evaluating their long-term efficiency in remediation efforts.

The dissolution kinetics of metal-bearing NPs can be
determined through several methods, with sequential filtration
and transmission electron microscopy (TEM) being the most
common. In sequential filtration, suspensions containing
particles are filtered through various pore sizes and
subsequently quantified over time, providing a measurement
of the operationally defined “dissolved” (<0.4S or 0.22 pm)
and particulate fraction. This technique averages within a size
fraction determined by the experimenter (i.e., <3 kDa for truly
dissolved and between 3 kDa and 450 nm for colloids), thus
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providing little insights into the dissolution mechanisms of the
NPs, which form various-sized aggregates with potentially
different reactivities in solution. Alternatively, time-resolved
TEM has been used to provide insights into particle
dissolution as a function of the size, shape, and aggregation
at the nanoscale.*™ To link to macroscale processes, however,
the changes in size of many particles need to be quantified,
which is often tedious and unfeasible. Both techniques are also
often applied at high initial particle concentrations (mg/L)
that are not representative of inorganic particle concentrations
commonly found in natural aqueous environments (ﬂg/L).8
Previous studies have shown that the dissolution and
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Table 1. Properties of the Starting Metal Sulfide NPs

metal

mass
NPs size and shape of primary NPs formula fraction
NiS S =+ 1 nm spheres Ni; ;S-1.5H,0 0.524
CuS <10 nm fine NPs, 30 nm CuS (covellite) 0.665

nanoplates, and ~30 X 8 nm
nanorods

CoS  unresolved, tend to form irregular CoS, go-138%H,0 0.648

aggregates of >50 nm

initial concentration”

densitg dried SSA “dissolved” particles/mL
(g/em®)”  (m?/g)°  total (ppb) (ppb) (x10%)
5.5 50 0.6 +03(17) 04 +02(12) 1.8 + 04 (12)
4.6 32 22+ 0.5 (4) 0.7 + 0.01 (2) 9.4 + 0.1 (2)
6.1 113 49 + 1.1 (6) 0.9 +0.05 (3) 163 + 0.8 (3)

“Averaged across all treatments. “Dissolved” refers to the concentrations of truly dissolved phase + particles below the spICP—-MS detection limit.
Numbers in parentheses indicated the number of samples from which statistics were derived. H,O,-treated samples were excluded from the
calculations of initial “dissolved” and particle concentrations as a result of rapid metal release before the first measurements. “On the basis of the
values for millerite (trigonal NiS), covellite (hexagonal CuS), and jaipurite (hexagonal CoS) listed in the Materials Project Database, version
2020_09_08 (https://materialsproject.org).”* “SSA = specific surface area, with a typical error of +6%. 9Calculated assuming stoichiometric CoS.

aggregation of NPs changed significantly as a function of the
initial particle concentrations.”

Single-particle inductively coupled plasma mass spectrome-
try (spICP—MS) is an established nanoanalysis technique
uniquely suited to fill the technical gap between sequential
filtration and TEM. spICP—MS relies on the detection of
pulses generated by single particles entering the plasma in a
time-resolved mode.'”'” To avoid coincidence (i, two
particles entering the plasma at the same time), the technique
is optimized for quantifying particle concentrations of ~10°
particles/mL or lower, a number considerably more
representative of environmental concentrations. spICP—MS
also allows for simultaneous quantification of the particle and
dissolved phases. Information can be gained on particle
number concentrations (particles/mL) and their mass
distribution, which can be integrated to obtain the total
particle mass concentration (ug/L) or converted to particle
size assuming a certain particle shape, density, and mass
fraction of the measured metal. At the same time, the
concentration of dissolved metals can be obtained from the
background intensities that comprise the baseline. This
technique has high throughput, rapidly yielding simultaneous
information on the dynamics of the particle and dissolved
phases. Consequently, spJCP—MS has been used to quantify
NP dissolution’*'* and aggregation,ls_18 although these
processes have often been studied separately. One study
determined the relative dominance of particle aggregation at
high initial concentrations relative to dissolution at low
concentrations.'” However, the feasibility of determining the
influence of aggregation on dissolution in dilute suspensions
was never demonstrated for this technique. It is important to
note that the “dissolved” phase detectable in spICP—MS may
also include NPs below the instrument detection limit, which
corresponds to ~20—50 nm NPs for transition metals (after
converting from mass to size assuming a certain shape,
composition, and density; see Table S2 in ref 19). Hence,
“dissolution rates” obtained from spICP—MS are better
described as “metal release” rates, in which large NPs and
aggregates decrease in size to a mixture of smaller, more
bioavailable particles and truly dissolved metals.

Here, we describe the application of spICP—MS to constrain
the metal release kinetics of several metal sulfide NPs and their
aggregates at near-neutral [with 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) buffer or H,0], acidic
(with HNO,), or strongly oxidizing (with H,0,) conditions.
We focus on nickel sulfide (NiS), with additional data

presented for copper sulfide (CuS) and cobalt sulfide (CoS).
These metal sulfide NPs have been found as precipitates in
acid mine drainages,”® hydrothermal systems,”’ metal-con-
taminated soils,”>** and microbial cultures.”**° Their occur-
rences have furthermore been predicted on the basis of
geochemical data from acidic modern soils and sediments and
the ancient oceans.”* ”® Their formation is particularly favored
in systems with high transition metal to iron ratios,” " such
as in some industrial wastewaters, mining wastes, and
weathering bedrocks naturally rich in transition metals. Metal
release kinetics of these metal sulfide NPs were derived and
compared to the respective properties of the metal sulfides.
The effects of aggregation on retarding metal release were
evident, especially under acidic conditions. Our approach can
be expanded for spICP—MS characterization of other NPs and
their aggregates at relatively low initial concentrations (~10°
particles/mL) that typify natural environments.

B EXPERIMENTAL SECTION

Materials. NPs of NiS, CuS, and CoS were abiotically
synthesized as described previously.”” ™' These NPs had been
extensively characterized by TEM and X-ray diffraction (XRD)
in prior studies; variations between batches were found to be
minimal as long as the synthesis conditions were the same.
Briefly, 0.5 mM (~60 000 ppb) dissolved metals were titrated
with excess sulfide under anoxic conditions (pH 7.2—8.2). NPs
formed immediately upon sulfide addition and were allowed to
age for <5 days at 25 °C, before aging was halted by storage in
sealed and purged serum vials with a N, headspace at 4 °C.
Formed NiS had an average spheroidal size of 5 + 1 nm with a
chemical formula of Ni;;S-1.5H,0. The minerals were
polyphasic in nature with a crystalline millerite-like core and
a Nirich hydrated amorphous shell.””> Formed CuS was
composed of heterogeneous mixtures of covellite NPs as fine
spheroidal particles, nanorods, and nanoplates, all <100 nm in
size.”’ Formed CoS was XRD-amorphous and tended to form
irregularly shaped aggregates of >S50 nm in size. This
precipitate was slightly sulfur-rich and was associated with
structural water, with a poorly defined formula of CoS, jo_ 34
xH,0.>° More information on these NPs is summarized in
Table 1.

Sample Preparation. Stock metal sulfide NP suspensions
were rehomogenized by hand-shaking, and an aliquot (taken
using N,-flushed syringes) was then serially diluted in either
H,O or HEPES buffer at pH 7. HEPES is a zwitterionic buffer.
Given that it has a pK, of 7.5 and is thought to be inert, it is
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Figure 1. Summary of the spICP—MS results for NiS experiments. Results from different solution matrices are arranged in rows, from
approximately the lowest (top) to highest (bottom) relative change in “dissolved” Ni. Different parameters are arranged by columns: first column,
concentrations of “dissolved”, particulate, and total Ni; second column, particle number concentration; third column, number-weighted mean
particle mass; and fourth column, frequency histogram (with 0.5 fg bins) of particle mass at initial (white bars) and final (gray bars) time points.
Note the different x axis for time for panels in the first three columns. Error bars represent either standard deviations (from triplicate tubes) or the
data range (duplicate tubes) and are sometimes covered by the marker.

commonly used in experiments to maintain a near-neutral pH. and bath-sonicated for 10 min. A small volume of concentrated
Samples were prepared as triplicates in three separate tubes reagents (16 M HNO; or 30% H,0,) was then added to the
C https://doi.org/10.1021/acsearthspacechem.1c00368
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desired final concentration just before analysis. Dissolution was
monitored in six different solution matrices: unbuffered H,0, 1
mM HNO; (pH 3), 100 mM HEPES buffer with and without
3% H,0, (pH 7), and 1 mM HEPES buffer with and without
0.3% H,0, (pH 7).

splCP—MS Analysis. The dissolution of metal sulfide NPs
and their aggregates in solution was monitored via spICP—MS
(NexION 300D, PerkinElmer; Colorado School of Mines) on
3 separate days. Fresh dilutions of standards (0—20 ppb of Ni/
Cu/Co in 2% HNO;) and samples were prepared every day.
The transport efficiency (TE) was determined every day based
on the particle mass method by comparing the median
intensity of S ppb of 100 nm gold (Au) NP standards (BBI
Solutions) to dissolved Au (0—20 ppb in 2% HCI, SPEX
Cer‘ciPrep).33 Masses at 'Au, °Ni, ¥Co, or ®Cu were
analyzed using a dwell time of 100 s, radio frequency (RF)
power of 1600 V, sampling depth of 3 mm, sample flow rate of
0.3 mL/min, and total data collection time of 45—60 s. Data
analysis was performed via a custom Python script following
the approaches of Pace et al.”* Particle pulses were identified as
those with intensities above the threshold background
intensity, which was defined as the mean + 3 standard
deviation of the average background. Less than 15 particles
were detected in blanks, while 900—20000 particles were
detected in samples (except samples that were treated with
H,0,, in which metal release was near complete). Hence, there
was a maximum of 2% false-positive particle signals; no blank
corrections were therefore applied. The total intensity of each
particle pulse is summed by consecutive readings above the
threshold (applying a criterion for a minimum consecutive
reading of three data points), from which the mass can be
determined and collected to generate a mass distribution
histogram. Metal mass was converted to particle size by
assuming the known mass fraction, shape, and density (Table
1). The number of particle pulses and the particle mass were
summed and converted to the particle number concentration
(particles/mL) and particle mass concentration (ug/L),
respectively, after applying the correction for TE and flow
rate. The average background intensity corresponds to the
concentration of the “dissolved” phases, which also included
particles smaller than the detection limit. Each sample
consisted of measurements from either duplicate or triplicate
tubes every 20—30 min for 90—185 min, with homogenization
by inverting the tube every time just before sampling. Error
bars indicate standard deviation from triplicate tubes (most
samples) or the data range from duplicate tubes (for NiS and
CuS samples dissolved in 1 mM HEPES with and without
0.3% H,0,).

Dynamic Light Scattering (DLS), XRD, and Surface
Area Measurements. The particle hydrodynamic diameter
was determined via DLS on the Zetasizer Nano. The same NP
stock suspension and dilution procedure as described in the
previous section was employed to obtain a final suspension
containing 5 ppm of metal sulfides. Samples were analyzed
using the default options: 173° backscatter measurement angle,
automatic number of runs, run duration, positioning and
attenuation selection to achieve count rates of 100—500
kilocounts per second, 3 repeat measurements, and general
purpose (normal resolution) analysis model.

To obtain enough samples for surface area analysis, 100 mM
solutions of dissolved metals were mixed with excess sulfide
(final pH = 4). Three cycles of washing with N,-degassed
water and centrifugation at 12000¢ for 15 min under anoxic

conditions were performed for particle collection. For
mineralogy examination with XRD, samples were dried as
thin films on glass slides under a N,—H, atmosphere.
Individual scans were collected using a Rigaku MiniFlex II
equipped with a Cu Ka source from 10 to 60° 26 with a step
size of 0.05° and a scan speed of 0.25°/min, totaling a
collection time of ~3.3 h per sample (Figure S1 of the
Supporting Information). Dried samples were also shipped in
sealed serum vials to the NanoEarth National Center at
Virginia Tech. On site, the samples were unsealed and
degassed at 100 °C overnight under high vacuum. Surface
areas were then determined via N, adsorption data by the
seven-point Brunauer—Emmett—Teller (BET) method. No
unexpected or unusually high safety hazards were encountered
throughout the methods outlined here.

B RESULTS AND DISCUSSION

Simultaneous Insight into Particle and “Dissolved”
Metal Dynamics during Dissolution. The release of metals
(dissolution + disaggregation to small NPs below the detection
limit) from NiS was monitored for up to 185 min in six
different solution matrices: unbuffered H,O, 1 mM HNO;
(pH 3), 100 mM HEPES buffer with and without 3% H,0,
(pH 7), and 1 mM HEPES buffer with and without 0.3% H,0,
(pH 7). Over 3 separate measurement days, the TE varied over
a relatively small range from 3.7 to 5.9%. The initial total Ni
concentrations averaged 0.6 + 0.3 ppb across all treatments
(Table 1). The initial “dissolved” Ni concentrations varied
from around 0.2 to 0.6 ppb and made up 13—99% of the total
Ni concentrations. Considering the solubility product of NiS
NPs** and millimolar levels of excess sulfide in the undiluted
stock NP suspension,”” the concentration of truly dissolved Ni
in the diluted suspensions used for the dissolution experiments
should be well below the parts per billion (ppb) level.
Therefore, the detectable levels of “dissolved” Ni from spICP—
MS likely reflected prior dissolution during sample preparation
and/or the presence of particles below the detection limit. The
particle detection limit was 0.26—0.33 fg (equivalent spherical
NiS size = 45—49 nm), indicating that only aggregates
composed of >700 primary NiS NPs (mass/NP = 4 X 107* fg)
were detectable as particles. For NiS treated with 3% H,O,,
“dissolved” Ni values were consistently high from the
beginning and nearly equal to the total Ni concentrations,
while particle detection was constantly low, suggesting that
extensive metal release had taken place even before the first
sampling point. Excluding this experiment, the initial particle
number concentration averaged 1.8 + 0.4 X 10° particles/mL
across all treatments (Table 1).

Figure 1 summarizes the obtained time evolution data across
all dissolution experiments. The plots are arranged from
approximately the lowest (top) to highest (bottom) relative
change in “dissolved” Ni. The process of metal release is best
illustrated by first considering the case of NiS treated with 1
mM HNO; (fourth row) as an example. Following HNO,
addition, the “dissolved” Ni concentration increased with time
with a concurrent decrease in both particle mass and number
concentrations (panels m and n of Figure 1). Metal release in
this treatment was also reflected in the changes in particle mass
distribution over time, in which there was a decrease in the
particle number in nearly all histogram bins (Figure 1p). Metal
release from NiS in other solution matrices yielded similar
trends, albeit to different degrees depending upon the extent of
dissolution and/or disaggregation. For example, metal release
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Table 2. Derived Metal Release Kinetics from the Experiments

first-order rate constant, k,,; (min™')

second-order rate constant, k,,, (L g™ min™")

solution matrix NiS“ CuS

H,0 0.003
0.977)

1 mM HNO, 0.003
(0.948)

100 mM HEPES 0.006
(0.973)

100 mM HEPES + 3% H,0, >3b

1 mM HEPES 0.001 NA®
(0.558)

1 mM HEPES + 0.3% H,0, 0.036 0.013
(0.837) (0.593)

“For NiS, surface-area-normalized rate constants (ks,) can be derived assuming a geometric surface area A of 218 m?/g. The kg,, values (ug m™
min™") for first-order rate laws are identical to k,,; values. The kg, values (L pg m~

CoS NiS“ CuS CoS

0.014
(0.963)
0.011
(0.922)
0.047
(0.945)
>119?
0.002 0.011 NA® 0.0006
(0.558) (0.566) (0.577)
>4P 1.6047 0.037 >18”

(0.983) (0.588)

* min™") for second-order rate laws are equal to k,, X 1/A.

“Minimum estimates as a result of rapid metal release even before the first sampling point, assuming complete metal release within 1 min. “Not
available; fitting gave negative values as a result of low extents of metal release. dSigniﬁcantly better fit with the second-order rate law. For all other
samples, both the first- and second-order rate laws had similar R* values. R* values are given in parentheses under each sample.

was minimal for NiS in HEPES buffers (panels a—h of Figure
1), while metal release was quite rapid following treatment
with H,0, (panels q—x of Figure 1).

Metal release from NiS was accompanied by different trends
in the mean particle mass depending upon the treatment. For
NiS treated with 1 mM HNO;, the mean particle mass
increased from 3.08 + 0.04 to 4.69 + 0.05 fg (Figure lo),
which corresponded to an increase in the mean equivalent
spherical size from 95 to 107 nm. This trend was also evident
for NiS treated with 100 mM HEPES + 3% H,0, (Figure 1w),
although the number of particle pulses counted was statistically
not significant (<40) after the initial time point for this sample.
In contrast, other treatments resulted in little changes to the
mean particle mass over time.

To compare metal release kinetics across treatments, rate
constants (k) were derived from the time evolution of the
particle mass concentration following either first- or second-
order rate laws, where R, is the metal release rate (ug L™" s™")
and P is the particle metal mass concentration (Ni, Cu, or Co).

firstorder: R, =k ,(B) (1)

secondorder: R, = k_,(P)* 2)

Integrating and rearranging the equations allow for solving k as
the slope of —In(P,) or 1/(P,) versus time &

firstorder:  —In(P) = kt In(B)) 3)
second order: L kot + 1
R R (4)

For particles, it is a common approach to normalize dissolution
rates with the total particle surface area that comes into contact
with solution.”> To obtain the total surface area, the particle
mass concentration can be multiplied with the surface area per
mass of NiS NPs (A), assuming a geometric surface area of 218
m?/ g

From these analyses, both the first- and second-order rate
laws were found to fit the data equally well for most samples
(Table 2 and panels a and b of Figure S2 of the Supporting
Information). The R* values were larger than 0.8, except for
NiS treated with 1 mM HEPES, in which metal release was
minimal. In only one case (NiS treated with 1 mM HEPES +

0.3% H,0,) was better fitting obtained with the second-order
rate law (R* = 0.983) versus the first-order rate law (R* =
0.837). While NP dissolutions are generally best explained with
first-order kinetics,>> second-order rate laws have been
reported for the dissolution of silver NPs and explained in
terms of slower late-stage kinetics that was influenced by
significant a§gregation or proximity to the solubility limit of
metal ions.”® For polyphasic NiS NPs, such as in this study,
slower late-stage metal release kinetics may also be explained
by a diminished rate after the amorphous shell was eroded,
exposing the more crystalline and likely recalcitrant millerite
core. Calculations indicate that the mass of Ni in the shell
should constitute 64—99% of the total Ni depending upon the
assumed NP size, core diameter, and density (Table S1 of the
Supporting Information). In our experiments, 37 to over 90%
of Ni was loss to the “dissolved” phase. The data and rate law
are therefore consistent with loss of Ni primarily from the shell
layer, but it does not rule out contribution of particle
disaggregation to the measured “dissolved” phase.

The trends in metal release kinetics were the same
irrespective of the rate laws used and followed the order
(from fastest to slowest): 100 mM HEPES + 3% H,0, > 1
mM HEPES + 0.3% H,0, > 100 mM HEPES > H,0 ~ HNO,
> 1 mM HEPES (Table 2). Thus, metal release was rapid
under strongly oxidizing conditions, while metal release was
slower in HEPES buffer, H,O, and under mildly acidic (pH 3)
conditions. It was surprising that the metal release from NiS
was relatively slow in HNO;, and this will be discussed further
in the next section. Surprisingly, metal release also proceeded
faster at pH 7 in 100 mM HEPES than in 1 mM HEPES and
H,0 (measured pH 4.4, but this value was uncertain given the
low ionic strength of the sample and was likely higher given
buffering by atmospheric CO, and residual sulfide). We
considered if this was caused by solution matrix effects. A
previous study found that dissolved carbon in the solution
matrix contributed to overestimation of Ni concentrations.”” A
solution of 1 mM HEPES corresponds to 0.096% carbon, while
a solution of 100 mM HEPES corresponds to 0.96% carbon.
On the basis of linear extrapolation from Narukawa et al,,”” we
estimate negligible matrix effects for 1 mM HEPES and a
potential Ni overestimation by 1.4 times in 100 mM HEPES.
Correcting for this potential matrix effect however made little
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Figure 2. Summary of the spICP—MS results for CuS and CoS dissolution experiments. Different parameters are arranged by columns: column 1,
concentrations of “dissolved”, particulate, and total metal; column 2, particle number concentration; column 3, number-weighted mean particle
mass; and column 4, frequency histogram (with 0.5 fg bins) of particle mass at initial (white bars) and final (gray bars) time points. In panels m and
n, insets are provided to highlight the small change in particle mass and number concentrations.

changes to the derived rate constants listed for treatments with
100 mM HEPES, as listed in Table 2 (<0.001 min~' and
<0.005 L pug™" min™" for first- and second-order rate constants,
respectively).

Why a higher concentration of HEPES contributed to faster
metal release of NiS is unclear. HEPES is not known to form
complexes with dissolved Ni?*,*** which would have
increased solubility and, therefore, may contribute to faster
dissolution. Some buffers are known to affect surface
chemistry40 and, hence, aggregation.41 Indeed, the mean
particle mass of NiS in 100 mM HEPES is larger than that
in 1 mM HEPES (compare panels g and ¢ of Figure 1).
However, this would have retarded metal release rather than
accelerating it. Free radicals that could accelerate oxidative
reactions have been known to be generated by HEPES in the
presence of Fe or Au(III) but not in the presence of Ni.*>*
Additionally, it was suggested that the sulfonic acid group of

HEPES can act as an oxidant and be reduced to sulfide in the
process.”* ™ If this reaction occurred, the reductant could
either be solid-bound Ni(II) or sulfide in NiS NPs, of which
either is speculative at the moment. Another possibility is that
the sulfonic acid group of HEPES can react with and remove
the hydroxide-rich shell layer of polyphasic NiS, similar to how
sulfate is known to remove the Fe—oxyhydroxide passivation
layer on the surface of zerovalent iron.**

In addition, we monitored the metal release from CuS and
CoS in 1 mM HEPES with and without 0.3% H,0, (Figure 2).
We aimed for initial total metal concentrations of ~1 ppb to be
directly comparable to NiS, but the measured averaged
concentrations were slightly higher for CuS (2.2 + 0.5 ppb
of Cu) and CoS (4.9 + 1.1 ppb of Co) across all treatments
(Table 1). The variation in initial concentrations between
metal sulfides was likely due to uncertainties during sampling
and dilution of heterogeneous aggregates from the stock
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Figure 3. Changes in the particle size over time for NiS in H,0 and 1 mM HNOj;: (a) time evolution of the maximum particle mass as determined
by spICP—MS and (b) time evolution of the mean hydrodynamic diameter of S ppm of NiS in 1 mM HNOj;. The size increased over time relative

to that in H,O (dashed line), indicative of aggregation.

suspensions. Initial “dissolved” Cu and Co concentrations were
<1 ppb, indicating that the majority of the mass was
contributed by NP aggregates, with masses higher than the
detection limit of 0.28 fg of Cu (equivalent spherical CuS size
of 49 nm) or 0.21 fg of Co (equivalent spherical CoS size of 41
nm). This was reflected in the high initial particle
concentrations (excluding those with H,0, addition) of 9.4
+ 0.1 x 10° particles/mL for CuS and 163 + 0.8 X 10°
particles/mL for CoS. Similar to NiS treated with 100 mM
HEPES + 3% H,0,, CoS treated with 1 mM HEPES + 0.3%
H,0, showed a trend of consistently high “dissolved” metal
and low particle concentrations from the first sampling point,
indicating that rapid metal release took place (panels m—p of
Figure 2). Slower release of metals was observable throughout
the measurement period for this sample (insets in panels m
and n of Figure 2). There were anomalous values detected at
time point 60 min with large error bars between replicates. We
were unable to explain their occurrences, and these anomalous
values were no longer detectable at later time points.

In comparison between metal sulfides, the metal release
kinetics followed the order (from fastest to slowest): CoS ~
NiS > CuS in 1 mM HEPES and CoS > NiS > CuS with the
addition of 0.3% H,0, (Table 2 and Figure S2c of the
Supporting Information). This trend was consistent with the
respective solubility product constant of the metal sulfides
(from most to least soluble): CoS (log K, = 1.2) > NiS (log
K,, = =2.7) > CuS (log K,, = —15.8).”"***"** The slow metal
release from CuS was consistent with its high stability under
oxic conditions.** ™! Additionally, the trend was also
consistent with the relative crystallinity and specific surface
areas (SSA) between the metal sulfides: CoS (113 m?/g, XRD
amorphous) > NiS (50 m*/g, polyphasic) > CuS (32 m?/g,
crystalline) (Table 1). The measured SSA values were not used
to derive surface-area-normalized rates because (1) these
samples were not identical to the samples used for spICP—MS
and (2) the SSA values measured for dried, aggregated samples
via BET were likely much lower than those for NPs in
suspension. The use of geometric surface areas for CoS and
CuS were also not possible given their poorly constrained and
heterogeneous nature, respectively. Nonetheless, the agree-
ment of our kinetics data with solubility product constant, SSA,
and crystallinity results showed that spICP—MS is an accurate

and rapid technique for quantifying the metal release rates of
metal-bearing NPs and their colloidal aggregates.

Effects of Aggregation on Metal Release. In the
previous section, it was shown that the metal release rate
constants for NiS in 1 mM HNO; are quite similar to those in
H,O (Table 2). This was surprising given that Ni (and other
transition metals) is many times more soluble under acidic
conditions.”* An inverted trend in which Ni solubility
increased with pH was observed previously but only at
moderate to highly alkaline values (pH from 8 to >11) in
which aqueous polysulfide complexes were estimated to be
dominant;** this mechanism is likely not relevant to our
system. At first glance, the metal release rate constants
appeared to be inconsistent with the larger relative decrease
of the particle number concentration and particle mass
distribution of NiS in HNO; compared to H,O (Figure 1;
compare the third and fourth rows). These observations are
best understood in terms of the primary factors controlling the
metal release rate, particle number concentration, and particle
mass distribution separately. A previous modeling study has
shown that the particle mass concentration is only sensitive to
dissolution, while the particle number concentration and mass
distribution are also sensitive to aggregation.53 Therefore, we
hypothesize that more extensive particle aggregation had
occurred in 1 mM HNO;, which affected the observed particle
dynamics and retarded metal release from NiS.

To test our hypothesis, the time evolutions of particle mass
distribution for NiS in H,0O and HNO; are compared side by
side (Figure 3a and Figure S3 of the Supporting Information).
In H,0, the maximum particle mass was consistently <15 fg
over the duration of the experiment. In contrast, the maximum
particle mass in HNO; continuously increased over time from
1S to ~25 fg, indicative of the formation of larger aggregates.
This was also reflected in the continuous increase in the mean
particle mass for NiS in HNO; (Figure 10), which was not
evident for NiS in H,O. The increase in the mean particle mass
cannot be explained by a higher particle detection limit as a
result of a higher “dissolved” background. Higher particle
detection limits were indeed observed over time but only by as
much as 0.01 fg. Over the same time period, the minimum
particle mass remained comparable and even decreased
slightly, signifying little effects of changes in detection limits
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over this small range to the overall particle population (Figure
S4 of the Supporting Information). In Figure 3a, we have
plotted the maximum particle mass parameter because it is
largely independent of the particle detection limit, and plotting
this parameter allows for unambiguous observation for the
increase in aggregation at lower pH.

The observation of more extensive aggregation at lower pH
is consistent with surface charge consideration; the point of
zero charge of NiS NPs is not known but is estimated to be in
the acidic pH range by comparison to other sulfides.”*>®
Support for our hypothesis was also corroborated through
measurements of the hydrodynamic diameter by DLS.
Measurements were performed at S ppm, ~5000X higher
than for spICP—MS analysis, as a result of the lower sensitivity
of DLS. The results nonetheless showed that HNO; addition
led to the formation of larger NiS aggregates compared to
those in H,O (Figure 3b). The polydispersity index was
between 0.3 and 0.4 for all samples, which indicates
moderately polydisperse suspensions.”® Thus, aggregation of
NiS NPs was favored under acidic conditions, and we
hypothesize that this led to lower metal release rates than
expected.

Our conclusion is consistent with studies on other metal
sulfide NPs. Aggregation was found to retard the dissolution of
galena (PbS), attributed to the slower diffusion rate of protons
in restricted pore spaces within aggregates.”” The aggregation
of mackinawite (FeS) at pH 4 was also observed to limit
isotopic exchange with aqueous Fe?* compared to in neutral
pH.>” In general, aggregation leads to a decrease in the total
reactive surface areas of particles.

Overall, our research has highlighted the power and
versatility of spICP—MS. A significant portion of metal sulfide
NPs was found to exist as colloidal aggregates even at relatively
low concentrations that are applicable to many natural settings.
Metal release kinetics was obtained from these NP aggregates,
enabling evaluation of the role of NP aggregation and
dissolution on metal biogeochemistry, toxicity, and sequestra-
tion efficiency. Minimal sample preparation (i.e., serial
dilution) was needed for analyses. Simultaneous insight into
metal release and particle behaviors was obtained; the
observation of aggregation was invaluable to explain the slower
than expected metal release from NPs under acidic conditions.
This information would not have been gained through any
other single technique in isolation.

The approaches that we outlined in this study can be applied
to a plethora of metal NPs and their colloidal aggregates under
many environmental conditions of interest. For example, we
envision a direct application of spICP—MS in remediation to
determine the fate of toxic metal contaminants being
sequestered as metal sulfide NPs in aquifers and groundwaters.
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