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ABSTRACT

Recent studies have characterized copper-based nanoparticles (CBNPs) as relatively insoluble, raising
potential persistence, accumulation, and toxicological concerns about their long-term application as
agricultural pesticides. The dissolution rates of two CBNPs were measured in natural and artificial waters
under both saturated and unsaturated conditions with respect to CuQO (total Cu<l mg/kg). Kocide 3000",
an agricultural pesticide formulation with nano-scale Cu(OH), particles, rapidly dissolved with an
experimental half-life of less than eight (8) hours in natural water. Copper oxide nanoparticles were
longer-lived, with an experimental half-life of seventy-three (73) hours in natural water. In contrast to
prior reports of CuONP dissolution, our results suggest that even in moderately alkaline waters, CuO and
Cu(OH), NPs may persist as particles for days to weeks under quiescent conditions in a freshwater

environment.
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INTRODUCTION

Copper (Cu) salts and minerals have been extensively used as agricultural fungicides and
algaecides for over 100 years.'” Cu pesticides remain widely used today due to their low incidence of
resistance development and accepted use in organic food production.*’ Several studies have shown that
high concentrations of Cu in soils can lead to phytotoxicity in crops, toxicity in soil biota, and aquatic
toxicity in bodies of water that receive runoff from agricultural lands.*'> Commercial pesticide
formulations can contain nano-scale Cu minerals such as CuO or Cu(OH),.'® Previous studies have
indicated that Cu-based nanoparticles (CBNPs) are relatively insoluble and may have greater toxicity
compared to their bulk or dissolved counterparts.'” > However, most previous studies determine the “%
dissolved” Cu at the end of a specified time, and a NP concentration that is supersaturated with respect to
CuO(s), typically by several orders of magnitude (Table S1).>**’ This approach cannot provide reliable

estimates of the rate of dissolution of nanomaterials needed for fate and exposure modeling.”®

Only two studies have reported rates of dissolution of CuONPs, and indicate dissolution half-life
times of 1.4 h and 2 h, respectively.zg’ 3 However, Misra et al. used 750mg/L, well above saturation, and
particles were 7nm spheres, smaller than those in most products. Kent and Vikesland used AFM
measurements of particle height of CuO/Cu(OH), grown from, and adhered to an AFM substrate to
estimate a dissolution rate for flow through conditions in a stream.”” These two reported rapid rates
suggest extremely short lifetimes (hours) for CutONPs in the environment. However, neither situation
accurately represents a realistic dissolution scenario at low particle concentration in a quiescent

freshwater environment the particles will ultimately reside.

Several studies have indicated that pH, dissolved organic carbon (DOC), and inorganic ligands
affect CBNP equilibrium solubility and can increase the number of dissolved Cu species in soil and
water.>' Thermodynamic modeling indicates that in redox-neutral waters, pH, DOC, and carbonate will
largely determine Cu speciation at equilibrium (See SI Figure S1). Conway et al. found that Cu oxide

nanoparticle (CuONP) equilibrium solubility correlated well with pH, total organic carbon, and ionic
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strength in several natural and artificial oxic waters.” However, it still remains unclear the extent to
which these parameters affect the rate of dissolution.” Therefore, it is important to study the effects that
pH, DOC, and transformations have on the rate of CBNP dissolution so that they may be used to predict

the fate of CBNPs in the environment.

Here, we measure the rates of dissolution of dispersed CBNPs in situ, and at low concentration (1
mg/L) expected in the environemnt. This unique dataset provides critical dissolution rate data for
CuONPs and a commercially used Cu(OH), required for accurate environmental fate and exposure
modeling. Additionally, we compare dissolution rates of CBNPs in ligand-free deionized water (pH=5.8)
to that of natural water (pH=7.7) from a freshwater wetland mesocosm to qualitatively assess the
combined effects of pH, organic, and inorganic ligands on dissolution rates. Using dissolution rate data,

we estimated the dissolution half-life of CBNPs under these conditions.
MATERIALS AND METHODS

Thorough characterizations of the waters and nanoparticles used in this study are provided in the
supporting information.
Dissolution Experiments. Dissolution experiments were carried out in both the laboratory (with and
without mixing) and directly in the freshwater mesocosms. In all cases, Float-A-Lyzer G2 membrane
dialysis devices (Spectrum Labs; Rancho Dominguez, CA) with a molecular weight cutoff of 8—10 kDa
and a working volume of five milliliters were used to separate Cu nanoparticles from the dissolved Cu
species as previously described.***® A stock solution of Cu(NOs), or particles (CuO or Kocide) was
diluted to 1 mg/L with either ultrapure DI water or filtered mesocosm water. The suspensions were
sonicated briefly, then five milliliters of the suspension or solution was put into the dialysis bag.

In laboratory experiments, the dialysis apparatuses were placed inside centrifuge tubes (50 ml)
containing 20 mL of either ultrapure DI water or filtered mesocosm water. These were laid horizontally
on an orbital shaker, and mixed at 200 rpm at 20 °C+2 °C. Each experiment was performed in duplicate.

The media in the dialysate reservoir was replaced with fresh media after every sample was collected. Cu
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in the dialysate was determined by ICP-MS. The baseline copper concentration of the mesocosm water
was also determined by ICP-MS, and ranged from 7 to 25 ug L. This was then subtracted from the
copper concentration measured in the mesocosm water experimental samples to determine the copper
recovered due to dissolution and diffusion through the dialysis membrane. The pH of the DI and
mesocosm water for the Cu(NO;),, Kocide 3000® , and CuONP samples was measured after sample
collection but prior to acidification and was found to be 5.8 £ 0.3 and 7.7 + 0.3, respectively. A more
thorough description of the dissolution experiments is provided in the supporting information.

Stagnant Dissolution Experiments. Dissolution was also determined under more environmentally
relevant ‘no-mix’ conditions. One experiment was performed in a large tank of DI water to avoid buildup
of Cu concentration in the dialysate (Figure S10). A second was performed in-situ at the Duke mesocosm
facility (Figures S11 and S12). To determine the rate of Cu dissolution, a dialysis tube (Figure S13) was
sacrificially sampled at specified time points over 72 hours. The concentration of Cu in the aqueous
suspension aspirated from the tube and the mass of Cu attached to the membrane were both measured and
the difference between the initial mass of Cu and the mass of Cu in the tube at the sampling interval was
assumed to be the dissolved mass. A more thorough description of the stagnant dissolution experiments
is provided in the supporting information.

Dissolution model. Fickian diffusion through the dialysis membrane was assumed and the theoretical
diffusion model was fit to experimental data to calculate an effective first order diffusion rate constant,

kqigr. For a cylinder, the fraction of dissolved Cu diffused at time t is given by:3 !

M 8
v = 1=z exp(—Kaigrm’©) D

D
Where kdiff = z (2)

With M; (ng) the mass of Cu diffused at time, t (hr), M, (1g) the total mass in the system, L (m) the

membrane thickness, and D the diffusivity coefficient (m* hr™"). The effective first order diffusion rate
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constant for Cu was determined from Cu(NOs),. For particle dissolution scenarios, the calculated k°gris a

composition of the diffusion and dissolution processes in series:

1 1 1

€)

Kgire  Kaiff  Kdiss

The reported ki, (hr'l) values for Cu NPs are determined from a fit of the dissolution data to yield k°g,

and kg determined from the Cu(NO;), experiments (diffusion only).

RESULTS AND DISCUSSION

Characteristics of CBNPs and Experimental Waters. A full discussion of the characteristics of the
CuONPs can be found in Ma et al.** Briefly, TEM images indicated that the CuONPs are roughly
spherical with diameters ranging from 30-50 nm and the XRD pattern of the CuONPs showed
characteristic tenorite peaks at 20 values of 36 and 39, which are typical of the pristine CuONPs used in
previous studies.** *”*° The intensity-averaged HDD and ¢ potential of the CuO and Kocide 3000°
particles are presented in Table S4. X-Ray diffraction of Kocide 3000” indicated primarily Cu(OH),,
consistent with the reported “active ingredient” in the product (Figure S3 in supporting information).
TEM showed acicular particles that are typical of Cu(OH),*® (Figures S5, S7, and S8 in supporting
information). These particles were not stable in the TEM beam and transformed to small spheres after a
short period of time (few tens of seconds).

Dissolution and Kinetic Parameters in “mixed” laboratory experiments. The percentage of dissolved
Cu species recovered over time for dissolution of Cu (NOs),, Kocide 3000%, and CuONP are presented in
Figure 1. For Cu(NO;),, Cu recoveries of greater than 95% were observed in DI and mesocosm water
within 48 hours, indicating rapid diffusion of Cu species through the dialysis membrane. Similarly high
levels of recovery were achieved for Kocide 3000%, with 97% of dissolved Cu recovered from DI water
and 88% recovered from mesocosm water within 48 hours, indicating rapid dissolution of these particles
and transport of dissolved Cu species across the membrane. The dissolution rate of the CuONPs in both

waters was slower than for Kocide 3000 which is primarily Cu(OH),. The rates of dissolution for both
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Kocide 3000® and CuONPs were slower in mesocosm water than in DI water. The pH disparity between
the two waters, 5.8+0.3 for DI water and 7.740.3 for mesocosm water, was the factor most likely
responsible for the divergence. These differences are discussed in detail later in the paper. The effective
dissolution rate constant and half-lives of Kocide 3000® and the CuONPs were calculated from model fits
of the dissolution data (Table S5). The dissolution half-life estimates indicate that, at low concentration
(1 mg L") Kocide 3000® should readily dissolve in water, with a half-life of 1-8 h. The CuONPs also
readily dissolved, albeit more slowly with a half-life ranging from 30-73 h. This contrasts numerous
reports of low solubility and perceived environmental persistence of CuONPs based on measurements
made at higher concentrations of NPs.”>?**° The data here suggests that the persistence of CBNPs in the
water column will be a few days to a week, especially if the total Cu in the water remains under saturated
with respect to CuQOy).

Effect of Water Quality Parameters on Dissolution. Both Kocide 3000® and CuONPs had greater
dissolution rates in DI water than in mesocosm water. The difference can be attributed to the differences
in the chemical characteristics of the water types. Namely, the lower pH of the DI water compared to the
mesocosm water, divalent cations in the mesocosm water that increased the solutions ionic strength, and
the presence of DOC in the mesocosm water.

Visual MINTEQ was used to estimate the Cu saturation concentrations with respect to CuQOyg), 25
ng L for mesocosm water and 7.6 mg L™ for DI water, and model the Cu speciation for both waters.
The results indicated that for total Cu concentrations of 800 ug L' and 400 pg L™, roughly equivalent to 1
mg L' CuONP and 1 ppm Kocide 3000” respectively, DI water (pH=5.8) is undersaturated with respect
to CuO() whereas in mesocosm water (pH=7.7) is oversaturated. Only 25 pg L of total Cu exists as
dissolved Cu at equilibrium in mesocosm water, primarily Cu-DOM. The difference in speciation is the

higher [H'] in DI water, which favors CuO dissolution (eqn 4).

{cu}

Cu0 +2H* — Cu®™ +H,0; Keq = oy “)
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Despite the fact that the dialysis solution was changed at each sampling point to maintain a large driving
force for dissolution, the differences in the dissolution rate in DI water compared to mesocosm water is
likely due to accumulation of dissolved Cu between sampling events. The dissolution rate equation is
given in eqn 5, where C, is the saturation Cu concentration and C; is the Cu concentration at the

particle-bulk solution interface.

d
d_T = Kaiss (Cs - Csat) (5)

Dissolution in the undersaturated DI water proceeds at the maximum particle-specific rate until complete
dissolution occurs. However, in mesocosm water the concentration of dissolved Cu rapidly approaches
Ca, Which slows the rate of dissolution compared to the DI water condition. It is important to note that
other factors may also have affected the dissolution rate. The higher [H'] in DI water may have also
enhanced particle dissolution via surface protonation.” Wang et al. found that CuO underwent acid-
promoted dissolution at similar pH values.** The higher pH and ionic strength of mesocosm water may
have promoted aggregation as evidenced by the lower magnitude of { potential and higher HDD
measured for CBNP suspensions in mesocosm water compared to DI water (Table S4). It is also
possible that CBNPs in mesocosm water were coated by dissolved organic matter, potentially affecting
dissolution. While passivating layers on metallic nanoparticles are typically oxide films,* Levard et al.
suggested that organic coatings could also act as a passivating layer on Ag NPs , limiting ligand-

. |
enhanced dissolution.

The observed differences in dissolution rates for CBNPs in both waters corroborates previous
findings that while pH is the parameter that predominantly affects dissolution, other environmental factors
(DOC, TDS, etc.) can influence dissolution under thermodynamic conditions in which CBNPs would
otherwise be considered insoluble or poorly soluble.* **2¢

Effect of Mixing Conditions on Dissolution. Rates of CBNP dissolution under realistic stagnant

conditions were lower the rates of the ‘well-mixed' laboratory experiments (Figure 2; Table S5).
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Differences observed between the rate constants for the mesocosm water experiments may also be
attributed to differences in environmental conditions. The ‘well-mixed’ laboratory experiments were
conducted at a constant water temperature of 20°C while the water temperature of the in-sifu experiments
fluctuated from 10 to 16 °C, with direct implications for the dissolution rate. The pH of the mesocosm
water in the well-mixed experiments was relatively constant at 7.7 + 0.3 over the course of the experiment.
In contrast, the natural diurnal pH variations of the mesocosm water in-situ rose sharply to 9 during the
first 12 hours of the experiment, abruptly dropped to 7.5 in the subsequent 12 hours, and trended
downward toward a final pH of 6.7 (Figure S14). It is expected that the higher initial pH inhibited
dissolution over the first 12 hours and favored dissolution over the remainder of the experiment with
respect to the controlled laboratory experiments do to dynamic changes in the saturation concentration of
Cu with respect to the CuOy phase. For the ‘well-mixed’ laboratory experiments, samples of mesocosm
water were centrifuged and filtered to remove suspended solids and microorganisms that might induce
membrane fouling and inhibit Cu ion transport. The mesocosms contained those suspended solids and
microorganisms during the in-situ experiments and membrane fouling may have contributed to the
reduced dissolution rates during the final twenty-four hours of the experiment. Despite differences in
temperature, pH, and biological activity, the stagnant in-situ and ‘infinite dilution’ experiments

corroborate the ‘well-mixed’ laboratory experiments and also suggest CBNPs lifetimes of days to weeks.

Environmental Implications. These data suggest that, at relatively low aqueous concentrations, CBNPs
are unlikely to become persistent pollutants in their nanoscale form, as has been previously suggested.”
However, the dissolution half-life of eight (8) hours for Kocide 3000 and seventy-thee (73) hours for
CuONP estimated in quiescent mesocosm water at low NP concentration is an order of magnitude slower
than previously reported at high NP concentrations™ and under flow conditions.” This difference in
times scales (days to weeks vs. hours) suggests greater potential for uptake by organisms (e.g. plants) in
the time that nanoparticles remain suspended in the water column. Long-term low dose chronic inputs of

CBNPs in the water column may result is a steady-state concentration of particles that may behave
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differently than dissolved Cu species. Accumulation of dissolved or bulk Cu in agricultural soils may

remain a potential source of ecotoxicity to sensitive, non-target organisms.'® 2" 4**

CBNP dissolution appears to proceed at a slightly faster rate at lower pH values where the water
is under saturated with respect to the CuOy;, phase despite a lack of ligand-enhanced Cu”" ion release.”*
Even at higher pH where the water is oversaturated with respect to the CuOy, phase, CBNP dissolution
proceeds in natural waters, likely influenced by DOC, which is ubiquitous in agricultural runoff.*** In
addition, this work suggests that commercial formulations of nano-phase Cu minerals (primarily acicular
Cu(OH), particles) dissolve faster than CuONPs. Future investigations of CBNP transformation (e.g.
sulfidation or phosphorylation) in soils and soil-pore water would further improve predictions of CBNP
fate and transport in the environment. In particular, the dissolution rate of these materials in unsaturated
soils with low water content where Cu may exceed its solubility limit with respect to CuO;, must be

determined as this may affect the persistence and bioavailability of these materials in unsaturated soils.
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Figure 1. First-order dissolution model fit and duplicate experimental data for A) cupric nitrate, B) Kocide 3000®, and C) CuONPs in
“mixed” DI and mesocosm water. The calculated half-life times from fits of eqn 1 are 1h and 8h for Kocide 3000®, and 30h and 73h for
CuONPs, in DI and mesocosm water, respectively. The model fit for CuONPs suggest that there were two populations of particles, with
faster initial dissolution followed by slower dissolution at later times. However, this range of dissolution rates is captured in the 95%

confidence limits for the fitted value of kg (Table S5)
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Figure 2. First-order dissolution model fit and duplicate experimental data for stagnant dissolution

of A) Kocide 3000® and B) CuONPs in DI and mesocosm waters under ‘infinite dilution’ and in-situ

conditions, respectively. The calculated half-life times from fits of eqn 1 are 6h and 33h for Kocide

3000%, and 32h and 29h for CuONPs, in DI and mesocosm water, respectively. Rate constants and

95% confidence limits for these data fits are provided in Table S5.
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