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ABSTRACT: Transformations and long-term fate of engineered
nanomaterials must be measured in realistic complex natural systems
to accurately assess the risks that they may pose. Here, we determine
the long-term behavior of poly(vinylpyrrolidone)-coated silver nano-
particles (AgNPs) in freshwater mesocosms simulating an emergent
wetland environment. AgNPs were either applied to the water column
or to the terrestrial soils. The distribution of silver among water, solids,
and biota, and Ag speciation in soils and sediment was determined 18
months after dosing. Most (70 wt %) of the added Ag resided in the
soils and sediments, and largely remained in the compartment in which
they were dosed. However, some movement between soil and sediment
was observed. Movement of AgNPs from terrestrial soils to sediments
was more facile than from sediments to soils, suggesting that erosion
and runoff is a potential pathway for AgNPs to enter waterways. The AgNPs in terrestrial soils were transformed to Ag2S
(∼52%), whereas AgNPs in the subaquatic sediment were present as Ag2S (55%) and Ag-sulfhydryl compounds (27%). Despite
significant sulfidation of the AgNPs, a fraction of the added Ag resided in the terrestrial plant biomass (∼3 wt % for the
terrestrially dosed mesocosm), and relatively high body burdens of Ag (0.5−3.3 μg Ag/g wet weight) were found in mosquito
fish and chironomids in both mesocosms. Thus, Ag from the NPs remained bioavailable even after partial sulfidation and when
water column total Ag concentrations are low (<0.002 mg/L).

■ INTRODUCTION

The production and use of engineered nanomaterials (ENM)
continues to increase, but their fate and impacts in the
environment largely remain undetermined. In particular, there
is little information on the types of transformations that ENMs
will undoubtedly undergo in real, complex environments during
long-term aging, and the impact of these transformations on
their speciation, distribution in the environment, bioavailability,
and toxicity potential.1,2 In one study, the fate and
bioavailability of Au NPs were determined in estuarine
mesocosms of sufficient size (m3 scale) to begin to understand
the complex behaviors of nanomaterials in natural systems.3

However, this study was conducted for only 12 days, and
therefore did not necessarily capture the long-term behavior

and effects that may have resulted from more chronic exposures

to Au NPs. Here we describe the transformations and

distribution of poly(vinylpyrrolidone) (PVP)-coated silver

nanoparticles (AgNPs) in a freshwater emergent wetland

mesocosm 18 months after their introduction to determine

their partitioning behavior, speciation, and the bioavailability of

Ag to plants and aquatic species.
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There are many factors that may influence the fate,
distribution, persistence, and bioavailability of engineered
nanomaterials in the environment, including the location
where those materials are introduced, and biological4,5 and
abiotic transformations such as photodegradation,6−10 chemical
oxidation,11 and dissolution.12−15 For example, AgNPs may
enter aquatic environments through wastewater treatment plant
effluent,16 or may enter through terrestrial application of
biosolids containing AgNPs to agricultural lands.17,18 AgNPs
entering surface waters will likely be associated with other
natural colloids and settle to become sequestered in subaquatic
sediment.19 AgNPs present in biosolids that are added to
terrestrial soils may be mobilized (e.g., runoff) and transported
to receiving waters, and ultimately to subaquatic sediments.1,20

However, the extent of transport will depend on the types of
soil particles that the AgNPs associate with, and the nature of
the association. While the transport of natural colloids in the
environment has been widely investigated,21 the transport of
ENMs having synthetic high molecular weight polymeric
coatings such as PVP22−24 or gum arabic25 is less studied.
The presence of polymeric coatings may greatly affect the
affinity of attachment to soils,26,27 and their subsequent
mobility and behavior in the environment.28 The fate of
AgNPs in realistic complex environments resulting from
different routes of entry (water column vs terrestrial
application) has not yet been determined.
Transformations such as oxidation, dissolution, or sulfidation

will affect the ultimate form of the AgNPs in the environment
and may impact bioavailability and toxicity. These trans-
formations will depend on the local environmental conditions.
In an oxic environment AgNPs can be oxidized to Ag(I) species
(e.g., Ag2O) that may dissolve to form Ag+ ion or complexed
Ag(I) species.29,30 In the presence of inorganic or biogenic
sulfide, AgNPs may become partially or fully sulfidized to form
Ag2S(s).

31,32 This sulfidation decreases available Ag+ due to the
low aqueous solubility of Ag2S(s), and may limit the
bioavailability or toxicity of the AgNPs to aquatic organ-
isms.33−35 The speciation of AgNPs in terrestrial soils, the
water column, and subaquatic sediment in freshwater
mesocosms have not been measured under realistic conditions
or over time scales that allow for such transformations to occur.
Study Design and Objectives. The mesocosms were

designed to allow for the natural processes affecting AgNP
behavior and fate in an emergent wetland on a scale large
enough to capture the complexity and dynamic nature of real
environments.36 The mesocosms have a sloped bed that allows
for the existence of both an aquatic/subaquatic environment
and a terrestrial environment (design shown in detail in the
Supporting Information). The terrestrial environment had an
unsaturated vadose zone and was largely oxic, whereas the
subaquatic sediment was consistently flooded and predom-
inantly anoxic. This mesocosm design mimics an emergent
freshwater wetland environment, is open at the top and
therefore allows for the volumes of water and the terrestrial/soil
compartments to vary with rainfall as may be observed in
natural wetland environments, and has been used extensively to
study ecosystem responses to perturbations of environmental
conditions.37

A range of plant species often found in emergent freshwater
wetlands were planted in the mesocosms to determine the
ability of these types of plants to take up Ag or AgNPs released
to the environment. Mosquitofish (Gambusia holbrooki) and
other organisms (e.g., insects) were introduced incidentally

with the sediments and allowed to colonize the mesocosms
naturally prior to and after dosing with AgNPs. At the end of
the 18-month study period, the concentration of Ag in plants,
fish, and insects was determined to assess the long-term
bioavailability of the transformed Ag NPs to those organisms
and relate this bioavailability to the speciation of the AgNPs
and free Ag+ ion.
To determine if the location of the AgNP addition impacted

their behavior and long-term fate, the Ag NPs were added to
two identical mesocosms; in the first, AgNPs were added
directly to the aquatic compartment with none entering the
terrestrial compartment; in the second, the same mass of Ag
NPs was added, but only to the terrestrial compartment, similar
to land application of biosolids containing Ag NPs. Enough
AgNPs were added to the water column to achieve a total target
concentration of 25 mg/L, a value that was selected to ensure
that NPs could be tracked through the environment. The 25
mg/L value is higher than estimates from exposure models,38

although it is lower than many laboratory studies assessing the
fate, transport, and effects of AgNPs.24,39−42

The primary goals for this study were to determine the
distribution and speciation of AgNPs after an extended period
of aging in a realistic and complex freshwater environment, and
to correlate the properties of the environmental compartments
with the observed transformations. Specifically, we determined
(1) the movement of Ag between terrestrial and aquatic
compartments and the distribution of Ag among the various
environmental compartments (water, sediment, soil, plants,
fish) 18 months after the AgNPs were added and (2) the
chemical speciation of the AgNPs in the terrestrial soil and
subaquatic sediments where sufficient Ag had accumulated to
allow for speciation to be assessed. The effect of the resulting
Ag speciation on the availability of Ag to plants and organisms
is discussed.

■ MATERIALS AND METHODS

Mesocosms. The mesocosms were rectangular shaped
boxes constructed of treated wood and were kept outdoors in
an open area of the Duke Forest in Durham, NC. Each
mesocosm enclosure was 3.66 m long, 1.22 m wide and 0.8 m
deep (Supporting Information (SI) Figure S1a). The bed was
sloped at ∼13 degrees (SI Figure S1b), and the interior of the
mesocosms was lined with a potable water grade quality
geotextile (0.45 mm reinforced polypropylene, Firestone
Specialty Products, U.S.), making the mesocosms watertight.
Thus all waters were contained in the system except for losses
from evaporation, transpiration, and sample withdrawal.
Riparian wetland soil extracted from Sandy Creek (Durham,
NC), was air-dried and screened, and added to provide a
uniform 22 cm layer of soil throughout the mesocosm. The soil
had an average content of 63% sand, 10% clay, and 26% silt, the
loss on ignition is 1.83%. The soils are classified as Cartecay
(coarse-loamy, mixed semiactive, nonacid, thermic Aquic Udi-
fluvent)/Chewacla (fine-loamy, mixed, active, thermic Fluva-
quentic Endoaquepts) soils. These loam soils are formed on
floodplains through alluvial sedimentation and are considered
to be hydric soils.43 The mesocosms were filled with pristine
groundwater extracted from a well at the site in the Duke
Forest.
The mesocosms were planted with plugs of Juncus ef fuses,

Carex lurida, Panicum virgatum, and Lobelia cardinalis. (Mellow
Marsh Farm, Siler City, NC) on June 23rd 2009, 121 days prior
to dosing with Ag NPs. These represent typical wetland species
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found in wetlands in the Southeastern U.S. Eastern mosquito-
fish (Gambusia holbrooki), a species commonly found in
wetlands throughout the southeastern U.S., was incidentally
introduced via wetland plant translocations into the mesocosms
during the initial planting. Other vertebrates and invertebrates
colonized the mesocosms for variable amounts of time over the
18-month study period, including damselflies, dragonflies, and
chironomids.
AgNPs. The AgNPs used in this study were purchased from

NanoAmor (Houston, TX). They were reported by the
manufacturer to be 10 nm in diameter with a PVP coating
(10 000 g/mol). The physical properties of these particles have
been previously described.35,41 Briefly, the particles were
polydisperse with particle sizes ranging from 30 to 80 nm,
and with aggregates of up to 200 nm in diameter based on
TEM and DLS measurements (z-average hydrodynamic
diameter). The initial Ag(0) content as determined by X-ray
absorption spectroscopy was 80−85 wt % with the balance
being an oxidized form of Ag, either Ag2O or a mixture of Ag2O
and Ag2S. X-ray diffraction (XRD) confirmed the presence of
predominantly crystalline Ag(0). ICP analysis of the Ag content
of a known mass of Ag NP powder after acid digestion
indicated 70−75 wt % Ag. The balance of mass is attributed to
the PVP coating, which was determined to be ∼5 wt % using
TGA and was reported to be up ∼17 wt % of these
commercially available AgNPs,24 and any impurities in the
particles. Upon ultrasonication for at least 10 min, the particles
formed a dispersion that was stable against sedimentation long
enough for dosing the mesocosms as described next.
Mesocosm Dosing. The mesocosms were dosed on

October 18, 2009 in either the terrestrial compartment or to
the water column. AgNP dispersions were prepared at 700 mg/
L by sonicating 140 mg of the PVP-silver powder in 200 mL of
water at 89−95 W power for 20 min in an ice bath (Misonix
Sonicator 4000, QSonica LLC, Newton, CT). A total of 60
batches were prepared and combined to provide a total of 12 L
of suspension for dosing the mesocosms. Six liters of this
suspension were placed in a plastic vessel, pressurized, and then
sprayed evenly over either the water column or over the
terrestrial environment. A total of 4.2 g of AgNPs (∼2.9 g Ag)
was sprayed evenly onto the terrestrial compartment of the first
mesocosm over approximately 10 min. Care was taken to
minimize the amount of solution that landed on plant leaves
and stems. No precipitation occurred during or for at least five
days after dosing so the surface of the terrestrial soils dried
prior to any subsequent rainfall. However, a limited amount of
runoff from the soil to the water column may have occurred
during dosing of the terrestrial environment. The same mass of
AgNPs was sprayed evenly onto the water surface of the second
mesocosm to provide a target initial Ag concentration of 16.6
mg/L (25 mg/L AgNPs) in the water column.
Determination of pH, Temperature, Total Ag and

Dissolved Ag in the Water Column. Measurements of pH
and water temperature were made in the center of the water
column using a multiparameter probe (YSI556, YSI, Yellow
Springs, Ohio) at variable intervals. Total silver was determined
from 9.5 mL water column samples taken at approximately the
middle of the mesocosms (∼10 cm depth). Water (1 mL) from
inside of dialysis bags (3 kDa molecular weight cutoff) floating
in the mesocosm water column was defined in our experiments
to contain dissolved forms of silver. The dialysis bags were
hermetically sealed again after sampling and returned to the
mesocosm. At the sample collection site, each sample was

immediately acidified with trace metal grade HNO3 (Sigma
Aldrich, St. Louis, MO) to a final acid concentration of 5% (v/
v) and stored at 4 °C until digestion and analysis as described
in the SI.

Ag in Sediment and Terrestrial Soil Core Samples. At
the end of the experiment, the water was removed from the
mesocosm before taking sediment core samples. A 4.6 cm inner
diameter PVC tube was used to collect core samples in either
the sediment or the terrestrial compartment. The cores were
sectioned onsite by slicing sections approximately correspond-
ing to different depths (0−1 cm, 1−2 cm, 2−4 cm, >4 cm).
Whole slices were then homogenized and weighed. The water
content of each sample was determined after drying a portion
of the soil at 105 °C for 48 h. The silver concentration was
determined for each subsample after digestion and analysis by
graphite furnace AA as described in the SI.

Determination of Ag Concentration in Plants. The
plants were removed manually and washed with groundwater
from the same well used to fill the mesocosms to remove
adhered soil. The plants were identified (for species), stored
individually in paper bags, and dried in a forced air oven at 70
°C for 48 h. All plants were then weighed within 3 h after
drying. Roots were differentiated from the shoots and leaves,
for every species and subspecies. Subsamples for silver analysis
of every root species were rewashed again with DI water to
ensure that no soil residue was present on the root samples and
then were dried again. The silver concentration was determined
for each subsample by graphite furnace AA after digestion and
analysis as described in the SI.

Determination of Ag Concentration in Fish and
Insects. Mosquitofish, chironomids, and dragonfly larvae
were collected by hand-net and were immediately flash frozen.
Fish were processed individually, with eight replicates per
mesocosm. Dragonfly larvae were pooled into groups of two or
three, with nine pooled replicates for the mesocosm with
AgNPs added to the water column, and three for the mesocosm
with Ag NPs added to the terrestrial soil. Chironomids were
run as three pooled replicates for the aquatic mesocosm and
there were only sufficient numbers for a single replicate for the
terrestrial mesocosm. The total silver concentration in fish and
insects was determined for each subsample after digestion and
analysis by ICP-MS as described in the SI.
To investigate potential maternal transfer of Ag from

mosquitofish mothers into their eggs and/or developing
embryos, three gravid females were collected from each
mesocosm. As mosquitofish are ovoviviparous, their eggs are
internally fertilized and develop internally prior to hatching.
Following euthanasia with MS-222 (Sigma Aldrich, St. Louis,
MO), late-term developing embryos were removed from gravid
females. Mothers were analyzed individually and embryos were
pooled (by mother) for analysis. Samples were flash frozen and
subsequently processed for Ag body burdens as described
above.

Redox Conditions at the Sediment−Water Interface.
A 4 cm diameter undisturbed subaquatic sediment core was
obtained from each of the two mesocosm prototypes on May
19, 2010 (∼6 months after dosing). Vertical concentration-
depth profiles of dissolved manganese (Mn2+), iron (Fe2+), and
oxygen (O2) were measured at 1 mm scale resolution across the
sediment−water interface (SWI) of the cores using a solid-state
mercury−gold amalgam voltammetric microelectrode as
described previously.44 Details of the electrode construction
and voltammetric scan parameters are provided in the SI. After
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voltammetric electrode profiling of sediment cores, the upper
∼2−3 cm of sediment from the cores was transferred into
sterile glass containers. The samples were digested and analyzed
for selected metals (Ag, Cu, Co, Zn, Ni, Pb, and Cd) by ICP-
MS as described in the SI.
Acid Volatile Sulfide (AVS) and Selected Heavy

Metals. Subaquatic sediments for acid volatile sulfide (AVS)
determination were collected directly from each of the
mesocosms in glass jars. These samples were sealed and frozen
until analysis. AVS was quantified in these samples by acid
leaching (with dilute HCl), volatilization of H2S and
subsequent trapping in NaOH, followed by colorimetric
detection of sulfide by the Cline method.45,46 Water content
of the sediments was determined from the change in sample
mass after heating at 102 °C for at least 12 h. All concentrations
were normalized to dry mass of sediment.
Calculation of Total Ag Mass in Environmental

Compartments and the Ag Mass Balance. The concen-
tration of total Ag was determined in the environmental
compartments including the water column, the subaquatic
sediments, the terrestrial soils, and plant biomass 18 months
after introduction of the AgNPs. To best estimate the mass of
Ag residing in the sediment and soil, a grid pattern was used to
collect samples (SI Figure S2). The depth of penetration of Ag
into the sediment is an important factor affecting the mass
balance of Ag measured in the system since the measured
concentration is multiplied by the sediment volume to
determine the total mass of Ag. To get as accurate as possible
an estimate of total Ag in the sediment and terrestrial
compartments, cores were segmented by depth: 0−1 cm, 1−
2 cm, 2−4 cm, >4 cm. This provided a total of 72 samples (18
locations × 4 depths, see SI Figure S2). The sediments and
soils were heterogeneous so instead of assuming a constant
bulk density of the soil, the dry weight of each layer in each
core was measured. The total mass of Ag in each of the 18
“blocks” was then calculated based on the measured Ag
concentration in each slice (mg/kg dry weight) and the total
dry weight of the soil determined of that slice in the core. It was
assumed that the dry weight measured in the slice of the core
represented that layer for the “block” of the mesocosm (SI
Figure S2) from which it was sampled.
While the total plant biomass was measured, the mass of the

individual components (leaf, root, stem) was unfortunately not
measured and therefore the mass of Ag in plants could not be
calculated directly. Juncus sp. was the major plant species and
the majority of the Ag mass was associated with the plant roots.
Therefore, the total mass of Ag in the plant biomass was
estimated based on concentration of Ag measured in the roots,
and the average Ag concentration in the shoot (average stem
and leaf), and using a plant root to shoot mass ratio of 0.25
measured for Juncus in the mesocosms.
Ag Speciation in Mesocosms Soils. The speciation of Ag

present in the mesocosms was determined using X-ray
Absorption Spectroscopy (XAS) and linear combination fitting
as previously described.31,41 Samples from both the terrestrial
soils and surficial sediment (top ∼1 cm) were collected at
various locations within the mesocosms in May, 2011 (∼18
months after dosing). Surficial samples of the subaquatic
sediment, including solids and water, were collected with plastic
pipettes and placed into centrifuge tubes. The resulting solids
and water mixture was centrifuged and the pellet was saved for
X-ray analysis. The terrestrial soil samples were scraped from
the soil and placed into centrifuge tubes, with care taken to

minimize the amount of plant matter and rocks within the vial.
The samples were loaded as moist solids into Teflon sample
holders with Kapton tape windows for synchrotron X-ray
absorption spectroscopy (XAS) analysis. The concentration of
total Ag in the subaquatic sediment and terrestrial soil was
approximately 30 mg/kg and 70 mg/kg, respectively, as
determined from ICP-MS on samples previously collected in
those mesocosms.
Ag K-edge X-ray absorption spectroscopy (XAS), including

the extended X-ray absorption fine structure (EXAFS), out to
an energy equal to K = 9, was performed at the Stanford
Synchrotron Radiation Laboratory (SSRL) at BL4-3. Data
collection and analysis procedures, including data refinement
and background subtraction, were similar to those previously
described.31,41,42 Linear combination fitting was performed
using a model compound library of the chi(k) data out to k = 9
as previously described.47,48 One additional model compound
(Ag-cysteine) was used here and not reported previously. This
consisted of a 10 mM L-cysteine +10 mM Ag(I) (as AgNO3),
aged for 1 h at a pH 7.47.

■ RESULTS

Transient Behavior after Dosing. AgNPs rapidly
sedimented from the water column over the first 8 days as
evidenced by the rapid drop off of total Ag concentration in the
water column (SI Figure S3a). After the particles had settled,
the total Ag concentration in the water column decreased to
sub part-per-million concentrations for the duration of the
study. The terrestrial application of AgNPs resulted in less Ag
in the water column (SI Figure S3a), but a similar rate of
decrease in total Ag in the water column was observed for both
dosing methods. In both applications, the Ag concentration in
the water column was higher than in the water column of a
similar undosed control mesocosm which was not detected in
analysis. The addition of AgNPs did not greatly affect the pH of
the mesocosm water which remained near neutral during the
study (SI Figure S3b).

Sediment Redox Conditions. Sediment depth profiles of
dissolved O2, Fe

2+, and Mn2+ indicated a redox gradient in the
top 20 mm of the sediments (Figure 1). While an oxic sediment
zone was present in the upper 3−5 mm of sediment of both
mesocosms, the depths of O2 penetration and appearance of
reduced metals differed considerably (Figure 1). In both
mesocosms the dissolved oxygen was depleted within the first 5
mm of the sediment, indicating anoxic conditions had prevailed
below this layer within the sediment. In the mesocosm where
AgNPs were added to the water column and therefore sediment
concentrations of Ag were higher, an increase in both Fe(II)
and Mn(II) was observed at a shallower depth than for the
mesocosms where the AgNPs were added to the terrestrial
environment. However, it cannot be ruled out that the variation
in redox conditions between the two mesocosms was not
simply a result of heterogeneity between the samples.
Regardless, these measurements indicated reducing conditions
in the near surface sediment in both mesocosms. Similar
measurements were not made in the terrestrial soils because the
voltammetric electrodes are difficult to employ in unsaturated
soils.
Measurement of AVS in the same sediments confirmed

reducing conditions and the presence of available sulfide, with
AVS ranging from 50 to 110 μmol/kg sediment (dry wt.). The
lower end of the AVS range occurred in the mesocosm with
terrestrial addition of AgNPs, while the upper end of the range
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occurred in the mesocosms with the water column addition of
AgNPs. This molar concentration of AVS is similar to the
amount of AgNPs measured in the sediment and terrestrial
compartments of the mesocosms (∼100 μmol Ag/kg dry
weight) as discussed below. Monovalent silver has a strong
affinity to bind to sulfide, particularly when compared to other
metals such as Fe2+. While the AVS measurement methodology
is not expected to fully extract (nonacid soluble) Ag2S,

49 the
presence of other forms of sulfide (such as FeS) suggests that
sulfide is available to bind or sorb Ag(+I) in the sediments.
Long-Term Partitioning Behavior of Ag in the

Mesocosms. Determining the distribution of Ag among the
various environmental compartments is an important factor in
assessing the exposure potential and routes of exposure for
AgNPs. The concentration of total Ag remaining in the water
column at the time of sampling (∼18 months) was below the
detection limit (<2 μg/L). It should be noted that biofilms
were not apparent on the mesocosm liner surfaces and attempts
to collect biofilm for Ag analysis were unsuccessful. Thus, the
majority of the Ag resided in the other compartments; mainly
the sediment and terrestrial soils (Table 1). The majority of the
Ag remained in the location where it was dosed (Figure 2a,b),
however some transfer between the terrestrial and aquatic
compartments occurred over the 18 month period. In general,
Ag was primarily present in the upper layer of surficial sediment
(0−1 cm) and terrestrial soils after 18 months. Application to
the water column resulted in a greater depth of mixing,
especially in the far end of the mesocosm away from the slope
where sediment accumulated.
Most of the recovered Ag mass remained in the terrestrial

soils or sediment, but an appreciable mass of Ag was found in
the plant biomass at the end of the study. Tissue concentrations
in plants recovered from dosed mesocosms were variable over
the range of plant species present (SI Table S2) in the
mesocosms, but well above background concentrations of 0.04
mg/kg measured in undosed mesocosms. Generally the root
concentrations were higher than the shoot concentrations. The
total mass of Ag in plants accounted for approximately 0.2 wt %
(6 mg) and 3 wt % (90 mg) of the total Ag introduced into the
mesocosm for the aquatic and terrestrial dosed mesocosm,
respectively.

Even though fish and insects were not a major sink for Ag in
the system, mosquitofish, dragonfly larvae, and chironomids
living in both mesocosms showed relatively high levels of Ag
uptake. Average body burden of Ag ranged from 0.5 in
mosquitofish to as high as 3.3 μg Ag/g wet weight in
chironomids (Figure 3a). These body burdens were orders of
magnitude higher than those observed in similar mesocosms
that had not been dosed with AgNPs (e.g., 22 ng Ag/g wet
weight for mosquitofish). There was no statistically significant
difference in Ag body burdens between mesocosms for
mosquitofish or chironomids. Dragonfly larvae from the
aquatic-dosed mesocosm had more than double the amount
of Ag than those from the terrestrial-dosed mesocosm (p =
0.0001). Mosquitofish mothers and developing embryos were
also sampled to investigate maternal transfer of Ag. Female
mosquitofish transferred Ag to developing embryos during
development, with body burdens in embryos an order of

Figure 1. Profiles of dissolved O2, Mn2+, and Fe2+ in sediment cores taken from mesocosms where AgNPs were added to (a) the water column, and
(b) the terrestrial soil. Cores were collected and concentration profiles were quantified 215 days after dosing with AgNPs. Data points correspond to
the average (±1 standard deviation) of 3 measurements repeated at each depth.

Table 1. Estimated Distribution of Mass of Ag Recovered in
Mesocosms Dosed in either the Terrestrial Compartment or
the Water Columna

location of dose

compartment terrestrial soil water column

water column <0.03% <0.05%

terrestrial soil 58% 7%

subaquatic sediment 11% 60%

plants 3% 0.2%

total recovered 76% 68%
aNote that the total mass of Ag added to each mesocosm was
approximately 2.9 g. The upper limit of mass in the water column is
based in the MDL of 2 μg/L and a total water volume of 500L
(terrestrial dosed) and 726L (water column dosed) at the time of
sampling. The principle error associated with estimating silver mass in
plant biomass comes from using the average root to shoot ratio of 0.25
measured for Juncus sp. This results in errors of approximately 30% of
the estimates mass. Principle errors in estimating the mass of Ag in soil
and sediment come from variance in the measured Ag concentration
(Figure 2), and from heterogeneity in soil properties within each grid
block (SI Figure S2). The total plant mass collected was 16.6 and 10.5
kg in the terrestrial dosed and water column dosed mesocosms,
respectively. The total soil masses and measured Ag concentration in
each sample and at each depth are provided in SI Table S3.
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magnitude higher than control fish, and almost 50% of that
found in adult exposed fish (Figure 3b).
Speciation of Ag in Sediment and Terrestrial Soils.

Eighteen months after dosing, the AgNPs added to the system
were partially oxidized and sulfidized, with the degree of
sulfidation dependent on the compartment where they resided.
AgNPs recovered from terrestrial soils contained Ag2S
(acanthite) = 52% ± 1%, and Ag0 = 47% ± 1% (Figure 4a).
The R-factor for the LCF analysis was equal to 0.0398,
indicating a good fit of the data. AgNPs recovered from the
subaquatic sediment were more oxidized than those added to
the terrestrial compartment; ∼18% of the original Ag0 character
remained after aging. Oxidized silver species were more variable
than for the terrestrial case and included a match to reference
spectra for Ag2S = 55% ± 6% and Ag-Cysteine = 27% ± 6%
(Figure 4b). The R-factor for the model fit was equal to 0.229.
While it is unlikely that Ag existed solely as Ag-cysteine in the
samples, the need to incorporate the reference spectra for this
compound suggests that a proportion of the silver was
coordinated to sulfhydryl-containing organic ligands. The
concentration of Ag in sediments collected from the mesocosm
with AgNPs added to the terrestrial compartment was too low
to allow for XAS analysis. Similarly, there was an insufficient
concentration of AgNPs in terrestrial soils for the mesocosm
dosed to the water column for XAS analysis.

■ DISCUSSION

Transient Behavior of Ag in Water Column and Effect
of Sediment Redox Conditions. The AgNPs applied to the
water column rapidly settled into the aquatic sediments. The
suspended particles accounted for most of the Ag measured in
the water column during the first 8 days as dissolved Ag ions in
solution were below detection limits using ICP-MS (2 μg/L).
According to TEM images of particles collected from the water
column, the particles existed primarily as aggregates in the
water column (SI Figure S4). The 8-day settling time was
longer than expected based on homoaggregation studies with
these AgNPs at the same particle concentration. The resistance

to aggregation and settling may be a result of the very high
organic matter concentrations (∼50 mg/L) measured in the
water column at the time of dosing (SI Figure S5). Dissolved
organic matter can dramatically improve resistance to
aggregation.50−52 However, the sedimentation of particles
from the water column to the subaquatic sediment occurred
relatively rapidly compared to the total duration of the study.
The measurements of redox active species (i.e., dissolved O2,
Fe2+, and Mn2+) indicated large gradients in redox potential at
the sediment−water interface. While such a gradient is typical
for a sediment water interface,53 the lower potential at the
sediment-water interface for the water column dosed
mesocosm which had much higher AgNP concentrations
compared to the terrestrial dosed mesocoms suggests that the
Ag(0) in the AgNPs acted as a chemical reductant (i.e., redox
reactions stemming from the oxidation of Ag(0) to Ag(+I)) in
addition to other available reductants (e.g., organic carbon).
The AgNPs may have also acted as an indirect reductant by
inducing changes to the water quality that facilitated rapid
consumption of dissolved O2 (i.e., release of labile organic
carbon from plants and microbes exposed to silver).

Partitioning Behavior and Mobility of AgNPs Between
Environmental Compartments. The partitioning behavior
of AgNPs added to either the terrestrial soil (e.g., in biosolids)
or to the water column (which are then rapidly deposited to the
sediment) indicate that they can move between compartments.
This suggests that runoff during rain events or flooding events
may mobilize soil particles and attached nanoparticles from
terrestrial soils, providing a potential pathway for nanoparticles
to enter surface waters directly or bound to soil particles.
Transport from the subaquatic sediment to the soils appears to
be from movement of the AgNPs themselves during flooding
events since the concentration of dissolved Ag in the water
column was very low compared to the mass of silver in the
subaquatic sediment. Since most of the transport from the
sediment to the terrestrial environment occurred in the region
closest to the water line (Figure 2), it is possible that the
AgNPs transferred along with movement of algal/microbial/
mineral floc at the sediment-water interface that is mobilized as

Figure 2. Distribution of total Ag measured in sediments or soil of a) the mesocosm with Ag NPs dosed in the terrestrial compartment, and b) the
mesocosm with Ag NPs dosed in the water column. Values reported for each distance are the averge of the three measurements taken at that
distance from the edge of the mesocosm; for example, the average Ag concentration measured at points (0.5 a, b, and c in SI Figure S2) are named
0.5. Error bars are the standard error of the three measurements. Background Ag concentrations in soil from undosed mesocosms was below the
detection limit of ∼0.5 μg/g.
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the water level increases. Most of the Ag was found in this top
layer of sediment.
The majority of the Ag added to the system remained in the

soil or terrestrial compartments, but interestingly, 3 wt % versus
0.2 wt % of the mass of Ag added was found in the plant
biomass 18 months after dosing to the terrestrial compartment
or water column, respectively. The 10-fold higher amount of
silver in plants for the terrestrial dosed compared to the water
column dose cannot be accounted for solely in the greater total
biomass recovered in that mesocosm (16.6 kg) compared to
the water column dosed mesocosm (10.5 kg). It indicates that
for the dosing method used here, AgNPs in the terrestrial
environment were more available to plants than silver that had

settled into the subaquatic sediment. This observation is
consistent with the fact that water column concentrations of Ag
were below detection during the most of the study, and thus
uptake by plants growing in standing water was limited.
Similarly to plants, relatively high body burdens of Ag were
observed in fish and insects (Figure 3a), and transfer of Ag
from mosquitofish to embryos was observed (Figure 3b). The
accumulation of Ag in plants and these animals, even after the
first senescence, suggests that a portion of the Ag remains
bioavailable after settling into aquatic sediments and after
partial sulfidation to Ag2S and other Ag- sulfhydryl and
inorganic Ag phases as described next.

Speciation and Bioavailability of AgNPs in Meso-
cosms. The XAS data indicated that a large fraction of the
Ag(0) originating from the NPs was oxidized to Ag(I) and
subsequently sulfidized to form acanthite (Ag2S) phases in the
terrestrial applied mesocosms. Ag2S as well as Ag-sulhydryl
species (e.g., Ag complexed with reduced S in organic matter)
were present in sediments taken from mesocosms where
AgNPs had been applied to the water column. This result is
consistent with the fact that Ag2S and Ag-sulfhydryl compounds

Figure 3. Tissue concentrations of Ag collected from various
organisms from both the aquatic- and terrestrially dosed mesocosms.
(a) Total Ag body burden data for organisms inhabiting the two
mesocosms. Mosquitofish, dragonfly larvae, and chironomids all had
significant accumulation of Ag. The only significant difference between
concentrations for the two mesocosms was for dragonfly larvae, which
was higher in the aquatic-dosed mesocosm (p = 0.0001). Chironomids
had the opposite pattern, with a higher concentration in the group
from the terrestrially dosed mesocosm. However, there was only a
single pooled sample analyzed for chironomids from the terrestrially
dosed mesocosm. (b) Maternal transfer of Ag was confirmed for
mosquitofish. Female mosquitofish were shown to load a significant
amount of Ag into developing embryos, with estimates an order of
magnitude higher than control fish from similar mesocosms. Data from
both mesocosms were combined for maternal transfer analysis Error
bars represent SE.

Figure 4. Speciation of AgNPs aged in the mesocosms for 18 months
determined from EXAFS analysis and linear combination fitting with
spectra from reference materials (Ag2S, Ag(cysteine) complexes, and
Ag0 foil. (a) Determined in terrestrial soils for AgNPs dosed onto the
terrestrial soils. (b) For AgNPs in subaqueous surficial sediment taken
from the mesocosm that had been dosed with AgNPs in the water
column.
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are known to be the most thermodynamically likely, low
temperature, geochemical phases for monovalent Ag.54 Particles
in the aquatic sediments were sulfidized to a greater degree
than those present in the terrestrial compartment. The lower
extent of oxidation and sulfidation of AgNPs aged in the
terrestrial environment was consistent with the drier and more
oxic conditions in this compartment compared to sediments
which were always anoxic. There was also less AVS in the
terrestrial environment available to the particles. The level of
sulfidation found in AgNPs in terrestrial soils was greater than
might be expected for purely oxic soils, but likely occurred
during periods of prolonged rainfall when the terrestrial soils
were flooded for extended periods, allowing the soils to go
anoxic or anaerobic through microbial action, resulting in
partial sulfidation of the AgNPs. These results suggest that
AgNPs that are continuously exposed to anoxic conditions and
submerged in sediment will be more quickly oxidized and
sulfidized than those residing in relatively dryer and oxic
terrestrial environments. Differences in the degree of sulfidation
of the AgNPs can impact their bioavailability and toxicity.35

The transformation of AgNPs to Ag2S remained incomplete
even after 18 months. Thus, sulfidation occurred much slower
than had been observed in laboratory studies using Na2S as the
source of sulfide.31,32 The slower sulfidation of the AgNPs in
the sediments compared to laboratory sulfidation may be a
result of the relatively low AVS/Ag molar ratio (0.5−1 in the
terrestrial soil and sediment) and the presence of other metals
(e.g., Fe) that would compete for the sulfide. The slower
sulfidation could also be due to a limited amount of oxidant
(e.g., dissolved oxygen) that would be required to oxidize the
AgNPs during the sulfidation process.29

Despite partial transformation of the AgNPs to Ag2S and to
Ag-sulfhydryl species, Ag remained bioavailable to plants and to
biota that grew after the first senescence (approximately 6
months after dosing). The pathways of uptake were not studied
here, but potentially this is a result of the partial sulfidation of
the AgNPs and the mechanism of sulfidation that occurs. Given
the low levels of AVS in the sediment, sulfidation may be
occurring as a two step process whereby the particles oxidize
and dissolve to release free Ag+ ion which is then transformed
to Ag2S and the Ag-sulfhydryl phases observed.32 Silver
thiosulfate complexes may also form, but a model compound
for this complex was not included in the EXAFS study. Fortin
and Campbell (2001)55 found that silver uptake in aquatic
systems was greater in the presence of thiosulfate than based on
the free Ag+ water concentrations, and importantly, their
studies suggest the presence of an inorganic anion transport
system where a Ag−thiosulfate complex could give rise to
increased uptake in higher organisms, including fish. This
suggests that partial sulfidation, which should dramatically
decrease Ag+ ion release, does not completely prevent uptake of
Ag by organisms. It has been reported that Ag+ added to
sediments will not be bioavailable (or toxic) for Ag/AVS ratios
of less that 2, that is, greater than a stoichiometric amount of
sulfur to form Ag2S.

56 Here, AgNPs appeared to remain
bioavailable despite having a Ag/AVS ratio of less than 2. This
is likely a result of the particulate nature of the added Ag and
the partial sulfidation.
Here we report, for the first time, the long-term environ-

mental fate of a commercially available AgNP applied to a large-
scale mesocosm simulating a freshwater emergent wetland.
Extensive, but incomplete sulfidation of the AgNPs occurred
after 18 months, which based on laboratory studies would be

expected to decrease Ag bioavailability.31,35 Even though the
time at which Ag uptake occurred was unknown, Ag remained
bioavailable to plants and to other aquatic and sediment-
dwelling biota that grew after the first senescence, so long-term
availability of Ag is likely. Additional work is needed to
determine how long the Ag remains bioavailable, and to
determine the bioavailable form of Ag in the mesocosms (e.g.,
Ag ion vs Ag-sulfhydryl compounds vs Ag2S NPs). These
questions are currently being addressed in smaller scale well-
controlled studies to support ongoing long-term study with this
mesocosm facility.
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