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Environmental context. Soils contaminated with silver can have detrimental environmental effects because of
silver’s toxicity to a range of soil-dwelling organisms. The total concentration of silver in soil, however, is often
not a good indicator of potential toxicity as it does not account for variations in bioavailability. We report a
method for soil analysis that measures the amount of silver available for uptake by soil-dwelling organisms, and
hence could provide data that better reflect potential toxicity.

Abstract. There is increasing potential for pollution of soils by silver because of an increased use of this metal in
consumer and industrial products. Silver may undergo reactions with soil components that mitigate its availability and
potential toxicity, so that the total concentration of this metal in soil is not a useful indicator of potential risk. We developed
an isotopic dilution method to simultaneously measure the partitioning (Kg-value) and lability (E-value) of Ag in soils,
using the ''Ag isotope. An equilibration solution containing 10 mM Ca(NOs), was used along with a cation exchange
resin to correct for possible interferences from non-isotopically exchangeable Ag associated with soil colloids in
suspension (E;-value). The quantification limits for K4 and E, will depend on the amounts of radioisotope spiked and daily
detection limits of inductively coupled plasma-mass spectrometry instrumentation but are typically >4000Lkg " and
<0.92mgkg'. Measurement of K4 values for Ag in a range of soils indicated strong partitioning to the solid phase is
positively associated with soil cation-exchange capacity or total organic carbon and pH. The concentrations of labile Ag in
soils geogenically enriched in Ag were not detectable indicating occlusion of the Ag within poorly soluble solid phases.
Measurement of labile Ag in soils spiked with a soluble Ag salt and aged for 2 weeks indicated rapid conversion of soluble
Ag into non-isotopically exchangeable forms, either irreversibly adsorbed or precipitated in the soil. These results indicate
that measurement of labile Ag will be important to estimate toxicity risks to soil organisms or to predict bioaccumulation

through the food chain.
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Introduction

Silver is a precious metal that has long been used in the manu-
facture of coins, mirrors, jewellery, utensils, photographic film
and electronics. Anthropogenic sources of Ag to the environ-
ment include emissions from mining and smelting operations,
manufacture and disposal of photographic materials and elec-
tronics and coal combustion.!"] Historically the photographic
industry has accounted for a high proportion of all Ag dis-
charged into the environment from anthropogenic sources.!”)
Inputs of Ag from the photographic industry into the environ-
ment have rapidly declined in recent years because of the lower
demand for colour film with advancements in digital technol-
ogy. Emerging applications for Ag are in solar energy, water
purification, medicine and nanotechnology.*! Nanotechnology
is a rapidly emerging area, with Ag nanoparticles (AgNPs) one
of the most commonly used nanomaterials in consumer products
(e.g. washing machines and clothing) and medical applica-
tions.!-> The anti-bacterial properties that make Ag and AgNPs
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desirable in products may also lead to human and environmental
risks following their release into the environment.!)

The major sink for Ag entering into the environment is
terrestrial ecosystems. During the mining process, Ag losses
to the environment can occur through tailings, slag, smelting,
dust and leachate.l”"'% The major contamination pathway for
Ag from urban areas (e.g. consumer products and industries)
will occur through wastewater treatment plants (WWTPs),
predominately by land application of biosolids.”*'' If biosolid
materials produced in WWTPs have elevated concentrations of
Ag, they may pose a significant risk to terrestrial environments.
The presence of Ag in the environment is of concern because of
its potential toxicity to a range of organisms such as plants,
invertebrates, microbes and bacteria living in the soil.'* "% In
comparison to aquatic environments, there has been limited
research undertaken on the fate and behaviour of Ag in soil.
The predicted increase in Ag concentrations (e.g. because of
increased use of Ag and AgNP containing products) requires the

www.publish.csiro.au/journals/env



L. Settimio et al.

development of sensitive techniques that can be used to examine é >3 T " o
the fate and potential bioavailability (e.g. partitioning and g 2w Sss© 5555605550
lability) of Ag in soils. 5 = E
Solid—solution partitioning, which can be quantified using a g
distribution coefficient (Ky-value), can be used to provide a 2 S
simple measure of the partitioning of a metal in soil between the = 2
solid phase and the soil solution phase.!'”! The Ky-value can § g e © o ot
provide information on the total metal that is mobile and 2 g = S a-da —wom
possibly in a bioavailable form, which can assist in evaluating _5 & E
the potential risks of metals in soil. The partitioning of Ag in 2 5
soils has been reported to range from 10 to 32 000 L kg~ ' [!%!19] 3 =
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content, organic matter content and chloride (C1™) concentration % ’g
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cation, can form strong complexes with reduced sulfur and thiol 3 _i =
groups in SOM. 2] 8 g
The total concentration of metals in soils is known to be a g i E ~
poor indicator of the potential bioavailable fraction.”!) Methods 2 ; L"’, ﬁ (cf;: g ImegnTzee SRS
that measure the total labile metal fraction (in solution and on E S & &
solid phases in rapid exchange) such as chemical extractants, £ § £
resin techniques and isotope dilution (ID) methods have been g En —
shown to be better indicators of the bioavailable fraction of ‘g ::3 k) g Sloar—xwoom—om<
metals in soils.?*?*! ID methods have been shown to be a 5% SRV i - -7
powerful tool to determine the labile fraction of metals in £ BT, =
soils.**2%1 These ID methods provide a measure of the total 3 “3 o
labile fractioq of an element ip soil, alsp kpown as an E-value. § g g . G)T:D ssssssssssss
The E-value is calculated using the distribution of an added g ‘:'\:; T =g gER=aFIza =8I g
stable or radioactive isotope between the soil solution and g 8z g £
exchangeable surfaces on solid phases in rapid equilibrium = S § %
over an operationally defined time period e.g. 24-72 h.?7-%] é 2 E g ~
The E-value techni.que assumes that. the }abile element-in £ §D§ S = Lao gggsggggress
solution and associated with the soil solid phase remains T g2 © Ey SR 8y goF
in equilibrium throughout the measurement period.””) The == E ~
accuracy of the ID method in determining the labile pool of g -é e
metals in soils can be influenced by isotope fixation,**! changes =g g -
in speciation, differences in solution—solid phase partitioningBo] o 8 & o 2 N R I
. . s - SR ) NN AN —=nonnToOaAYa
and the presence of non-exchangeable metal associated with g £ O 3 — —© <+ =
colloidal materials in soil solutions.’*'** These potential errors 2t 5
in E-value determinations can be corrected through an under- . ;
standing of the solution and solid phase speciation of the metal 5 g —~
inSOilS.[3(.)732] . E ;i 8 L SzoavIgTenwey
The aim of this study was to develop an accurate and 3 A g -
sensitive ID method to simultaneously measure the partitioning J =
(K4-value) and lability (E-value) of Ag in soils. This method will 2
provide a powerful tool to examine the long-term fate of B 3@ 2nIgez2ezs2
Ag-containing materials added to soils, either from the perspec- 8 = -
tive of examining the transformation of soluble Ag salts into 2
non-labile forms, or for examining the dissolution of sparingly _§ g o o Sy D
soluble Ag compounds into labile forms. § T TV =SS o
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Materials and methods § -
Soil sampling and characterisation 2 % e %
This study used soils that were sourced from ten locations in E :i')* a
Australia and one location in France. The soils were collected ici =
from 0-10-cm depth, air-dried, homogenised and sieved to e
<2 mm. The soils were then characterised (Table 1) before use g:; %= g
in all experiments. g £ o = i £ -
Soil pH was measured using a soil-to-solution ratio of 1:5 5 g g = g _2=28¢ £ 5 %
(m/v), with ultrapure deionised water (Milli-Q, Millipore) and - = ExZE285¢8 RN~
shaking for 1h. Total organic carbon (TOC) contents, cation & & EERSCEE855488
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exchange capacity (CEC), particle size and oxalate-extractable
aluminium (Al,y) and iron (Fe,y) contents were determined
according to standard methods.****! Concentrations of dis-
solved organic carbon (DOC) were measured (Shimadzu
TOC-Vesycsn + TNM-1, Shimadzu, Kyoto, Japan) using a
1:5 (m/v) soil-to-solution ratio with ultrapure deionised water
(Milli-Q) and shaking for 1h, with the suspension filtered
through a 0.2-pum cellulose acetate filter (Sartorius, Goettingen,
Germany). Concentrations of soluble chloride were measured
(Dionex ICS-2500, Dionex, Sunnyvale, CA, USA) usinga 1:5
(m/v) soil-to-solution ratio with ultrapure deionised water
(Milli-Q) and shaking for 1h, with the suspension filtered
through a 0.2-um cellulose acetate filter (Sartorius, Germany).
Total Ag concentrations in soils were determined using a
microwave-assisted aqua regia (US-EPA 3051A) procedure.
This was conducted by weighing soil (0.25 g) into Teflon vessels
and adding HNO; and HCl at a ratio of 1 : 3 (v/v). The soils were
allowed to digest at room temperature overnight and then heated
for 45 min at 175 °C (after a 10-min ramp period) in a microwave
system (Mars Express, 1600 W, CEM, Matthews, NC, USA).
Each sample was filtered through a 0.2-um cellulose acetate
filter (Sartorius, Germany) and Ag" was measured by induc-
tively coupled plasma—optical emission spectroscopy (ICP-
OES) (Spectro ARCOS, Spectro, Kleve, Germany) or induc-
tively coupled plasma—mass spectrometry (ICP-MS) (Agilent
7500ce, Agilent, Santa Clara, CA, USA). The limit of detection
of the soil digestion method was 0.04 mgkg . A digest blank
and a certified reference material (NRC-CNRC PACS-2) with a
Ag concentration of 1.22+0.14mgkg™" were included for
quality control in all batches of digests. Blank solutions were
consistently lower than the limit of detection for Ag by ICP-MS
of 0.15ugL™" and the certified reference material was deter-
mined to have a Ag concentration of 1.15+0.16mg kg~

Soil spiking with soluble silver

Soils (50-200 g) were spiked to the desired Ag concentrations
using silver nitrate (Sigma—Aldrich, =99 %) in ultrapure deio-
nised water (Milli-Q). The Ag spiking solutions were aspirated
onto dry soils using a glass nebuliser, with spiking solutions
made in the required volume of water to hydrate the soils to 70 %
of field capacity (FC, determined at pF 2.0 using a tension plate
technique!™"). Soils were incubated at 22 °C in the dark, aerated
daily and maintained at 70 % FC by weight for 2 weeks before
the commencement of experiments. At the completion of all
experimental work, the total Ag concentrations in the spiked
soils were confirmed using the microwave assisted aqua regia
digest method outlined above (confirmed Ag concentrations are
reported in tables and figures).

ID method to determine the partitioning coefficient (K 4-
value) and isotopically exchangeable silver (E-value)

Soils (2.04+0.02¢g) (n=3) were weighed into 50-mL poly-
propylene centrifuge tubes (LabServ) and mixed end-over-end
for 48h with 20mL of equilibration solution (selection of
equilibration solutions is outlined below). Following this
initial equilibration period, each sample was spiked with
12kBq of "'™Ag in 100 L of carrier-free solution (in the form
of """™AgNO; (11, =250 days)). The '"""Ag spiked soil sus-
pensions were mixed on an end-over-end shaker for a further
72h, followed by centrifugation at 1200g for 20 min at room
temperature (22 °C) and the supernatants filtered through 0.2-um
cellulose acetate filters (Sartorius, Germany). Preliminary
experiments indicated that isotope exchange was essentially
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complete after 3 days of equilibration of llomAg with the soil
suspensions (data not shown). The pH of soil suspensions was
determined before ''"Ag addition and after the spike equilib-
rium period and no changes in pH were observed. The ''""Ag
activity in the samples was then determined by gamma spec-
troscopy (WIZARD?, Perkin Elmer) and total Ag concentrations
by ICP-OES or ICP-MS. As ''"Ag decays to ''°Cd emitting
both gamma and beta radiation, it can also be determined using
scintillation counting®®®! — we preferred gamma spectroscopy
because of the lower cost, absence of stability issues with scin-
tillants and limited generation of chemical waste.

The ''°™Ag activity in the samples was used to determine the
partitioning of Ag in the soils (K4-value) using the following
equation:

Ky = IR = r« « X (1)

Pk m

where Ky is the solid—solution partitioning coefficient of Ag in

soils (Lkg™"), IR is the initial spiked ''*™Ag radioactivity (Bq),

r* is the "'"™Ag solution radioactivity after equilibration (Bq),

v is the solution volume (L) and m is the sample mass (kg).
The isotopically exchangeable (labile) fraction of Ag in soils

(E-value) was determined using the following equation®”):

S
E-value = — x IR x Al
2 m

(2)
where the E-value is the isotopically labile Ag concentration in
soils (mgkg ') and Sis the solution Ag concentration (mgL ™).

A potential error in E-value determinations can occur as a
result of the presence of non-labile (fixed) elements associated
with colloidal material in soil suspensions. This potential error
on E-value determinations can be corrected using resin techni-
ques.***1 An 8-mL aliquot of the <0.2-pum soil suspensions
was pipetted into 15-mL centrifuge tubes with ~0.1 g of Chelex
100 resin (Bio-Rad Laboratories). The resin had previously been
converted from sodium into calcium form using calcium nitrate
(Sigma—Aldrich). The 0.2-um filtered samples with resin were
mixed end-over-end for 24 h, centrifuged at 1200g for 20 min at
room temperature (22 °C) and the supernatants discarded. The
resins were rinsed twice with ultrapure deionised water (Milli-Q)
and eluted with 6-12mL of 1 M nitric acid (this was found to
elute 100+9% of the Ag sorbed to the resin). The eluted
solutions were analysed for ''""Ag by gamma spectroscopy
and total Ag concentrations by ICP-OES or ICP-MS. The E-value
accounting for the possible presence of non-exchangeable Ag in
soil solutions (E.-value) was determined using Eqn 3.

S; v
E.-value = — x IR x —
7k m

(3)
where the E-value is the resin-corrected isotopically labile Ag
concentration in soils (mgkg "), S, is the solution Ag concen-
tration in the resin eluate (mg L™ ") and ¥ is the 110mAg solution
radioactivity in the resin eluate (Bq).

Optimisation of ID method for determination
of K4 and E-values

A series of experiments were undertaken to optimise the ID
method for the determination of K4 and E-values (£ and E,) for
Ag in soils. The selected soils that were used for each experi-
mental component are indicated in Table 1.



Experiment 1. Effect of equilibration solution
on partitioning and lability of silver

The initial experiment was conducted to identify the
most suitable equilibration solution to determine Ky and
E-values for Ag. Three solutions were initially compared
(Milli-Q H,O, 10mM Ca(NO3), and 10mM CaCl,, Merck
Millipore, Billerica, MA, USA), which were chosen because
they are commonly used for measuring partitioning and lability
of metals in soils.*”-**]

To compare the three equilibration solutions, soils with
varying physical and chemical properties (Mount Compass,
Tepko and Minnipa) were spiked to a concentration of
100 mgkg ", before the determination of K4 and E-values using
the method outlined above. Following this, the equilibration
solutions of H,O and 10 mM Ca(NO3), were selected to deter-
mine K4 and E-values on all soils (excluding Bordeaux and
Charleston), following spiking with a lower concentration of Ag
(5 mgkg™") and equilibration for 2 weeks at 70 % FC.

Experiment 2. Effect of Ca concentration
on partitioning and lability of silver

The extent to which varying concentrations of Ca(NOs),
affected the resulting Ky and E-values was determined by
following the ID method using equilibration solutions with
increasing concentrations of Ca(NOs), (0, 5, 10, 20 and
50 mM). This was performed using two soils with contrasting
soil properties (Bordeaux and Charleston) which had been
spiked to a Ag concentration of 100mgkg ' and equilibrated
for 2 weeks at 70 % FC.

Experiment 3. Potential for colloidal interferences
in determination of silver lability

The final optimisation experiment was conducted to examine
the effect of non-exchangeable Ag colloids in soil suspensions
on the accurate determinations of E-values for Ag. For this
experiment, two strongly adsorbing soils (high K4-values) with
high concentrations of TOC (Charleston and Millicent) were
spiked with Ag to concentrations of 10, 50 and 100 mgkg .
After 2 weeks of equilibration, £ and E,-values were determined
in the soils using 10 mM Ca(NOs), as an equilibration solution.
Differences in the £ and E,-values were then used to determine if
aresin clean up technique is required in the method to correct for
colloidal interferences in the soil suspensions.

Statistical analysis

Analyses of variance (ANOVA) were conducted using Genstat
11 to determine if significant differences were present between
various experimental treatments. All statistical analyses were
conducted at a significance level of 0.05. A multiple linear
regression analysis was used to determine if soil properties
significantly affected soil Ky4-values using Genstat 11.

Results and discussion

Effect of equilibration solution on partitioning
and lability of silver

The variation in Ky-values determined using different equili-
bration solutions highlights their importance when measuring
Ag partitioning (Fig. 1). The K4-values for Ag were significantly
higher (up to 70 fold) when CaCl, was used as the equilibrating
solution compared to H,O and Ca(NO;), (Fig. 1a). There were
no consistent trends in Ky-values when H,O and Ca(NOs), were
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Fig. 1. Partitioning (K,) and lability (E-values) (mean + standard devia-

tion of three replicates) for Tepko, Minnipa and Mount Compass spiked at
93, 84 and 80 mgkg ™! with different equilibration solutions: H,O, 10 mM
CaCl, and 10 mM Ca(NOs),. Ky-values (a) and E-values (b) with different
letters within soils are significantly different at P = 0.05.

used as the equilibration solutions, with Ca(NOs;), producing
significantly higher K-values in the Tepko soil, lower values in
the Minnipa soil and similar values in the Mount Compass soil
(Fig. 1a). Across the three soils (Fig. 1a) there was a large var-
iation in K4-values, suggesting soil properties may be important
in controlling partitioning of Ag in soil.

When the E-values were compared from the three equilibra-
tion solutions, they were found to be similar across all three soils
when H,0 and Ca(NO;), were used, and were either similar or
lower when CaCl, was used (Fig. 1b). The inconsistencies in the
overall Ky and E-values when CaCl, was used as an equilibra-
tion solution compared to the other solutions (H,O and
Ca(NOs),) is likely a result of precipitation of Ag™ as cerargyrite
(AgCl) in the soil suspensions. Measured solution concentra-
tions of Ag in the suspensions varied from 0.05 to 1.7mgL ",
and modelling of solution speciation using Visual MINTEQ"®]
confirmed that cerargyrite was indeed supersaturated in
these solutions. Using 10 mM CaCl, as the background ele-
ctrolyte effectively limits solution Ag concentrations to
0.11 mgL ™" because of precipitation of cerargyrite. This solu-
tion is therefore not suitable as a background electrolyte solution
for measuring partitioning and lability of Ag in soils. The
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Table2. Partitioning (K,) and lability (E-values) for Ag (mean =+ standard deviation of four replicates) measured
in H,0 and 10 mM Ca(NO3), in soils spiked at 5+ 1 mg kg™ ' with a comparison to dissolved organic carbon (DOC)
Probabilities between H,O and Ca(NOs), are all significant at: *, P < 0.005

Soils Kg-value (Lkg™") E-value (mgkg ") DOC (mgL™")
Hzo Ca(NO3)2 Hzo Ca(NO3)2 Hzo Ca(NO3)2
Thorpedale 410+ 8 >4000 32+05 <0.9 90 61
Tully 1700 £420 >4000 1.8+£0.3 <0.9 41 32
Berrigan 160* +37 1400 £ 280 2.74+0.2 1.2+0.5 19 9
Minnipa 93* £9 2200 £ 190 1.4+£0.0 <0.9 16 6
Tepko 340 £ 65 >4000 3.0+0.5 <0.9 44 20
Pinnaroo 1400 £ 82 >4000 1.7+0.1 <0.9 32 13
Emerald Black 3500+ 614 >4000 1.1+0.1 <0.9 14 5
Siekmann Trial 1207 >4000 0.6+0.1 <0.9 138 122
Mount Compass 7*+0 4+0 4.1+0.1 4.5+0.1 7 5
4.5 120 ~
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Fig.2. Multiple linear regression of the measured partitioning (K4)-values
in H,O for soils spiked at 5mgkg ' versus predicted Kq-values. The fitted
line is log(Kq)predictea = 0.94(log OC%) + 8.38(log pH) — 3.8 (TOC, total
organic carbon).

presence of C1™ highlights the limit on Ag lability in saline soils
where it is likely to precipitate as cerargyrite. Based on this
outcome, further experimentation focussed on H,O and
Ca(NO3), as equilibration solutions.

Partitioning and lability of Ag was measured in H,O and Ca
(NOs); solutions in a wider range of soils at a lower Ag spiking
concentration of 5mgkg™" (Table 2). When H,O was used as
the equilibration solution K -values were determined in all soils.
In contrast, when Ca(NO;), was used as the equilibration
solution Kg-values could only be determined in the Berrigan,
Minnipa and Mount Compass soils (Table 2). This was because
of the ''°™Ag activity (+*) in solution being below the quantifi-
cation limits of the gamma counter for the remaining soils.
Similarly it was difficult to determine E-values in the suspen-
sions using Ca(NOs), because of the extremely low concentra-
tions of total Ag (<0.1 ugL™") and activities (<1.6 BqmL™")
of “‘)mAg in these soil solutions (Table 2).

To demonstrate the effect of soil type on the partitioning of
Ag, the K4-values measured in the H,O solutions were analysed
using multiple linear regression, with the various soil properties
as predictive variables. Based on this analysis, the K4-values
were found to be positively correlated with CEC or TOC content
and pH of the soils (Fig. 2). The positive correlation of the
Kg4-values with soil TOC and pH is also consistent with other
studies.[*”! In addition to Ag binding being positively correlated
with TOC, it is likely there will be complexation of Ag with
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Fig. 3. Percentage recovery of Ag (+*) (mean =+ standard deviation of four
replicates) from the cation exchange resin for soils spiked with 5 + 1 mgkg ™!
when H,O was used as the equilibration solution.

DOC, resulting in increased Ag being found in the solution
phase of the soil suspensions in soils with higher DOC. This
process will be dependent on the partitioning of soil organic
carbon (OC) to the solution phase. Indeed, we found a positive
relationship between the Ag Ky-values and Ky-values for the
TOC (Figs S1, S2 in Supplementary material), indicating that
when TOC was more soluble, Ag K4-values were low

To further investigate this hypothesis, ionic Ag (Ag™) from
the H,O solutions was extracted using a cation exchange resin.
Following elution of the Ag™ from the resin with 1 M HNOs the
concentrations of Ag were determined. Comparison of the initial
and final concentration of Ag from the H,O solutions indicated
that the percentage of total Ag present as Ag™ decreased with
increasing DOC concentration (Fig. 3). This supports the
hypothesis of strong binding of Ag" by the DOC in the H,0
soil suspensions, which is similar to that observed for DOC in
natural waters in aquatic ecosystems. %]

As water suspensions of soils are well known to have higher
concentrations of DOC than dilute Ca*" suspensions (because
of Ca”" ions suppressing the mobilisation of DOC), which we
also observed (Table 2), the effect of DOC on the outcome
of partitioning studies with Ag are likely to be more pronoun-
ced when H,O is used as an equilibration solution. In addition,
it is generally accepted that using a dilute electrolyte like
Ca(NO3), compared with deionised H,O provides a more
realistic representation of a soil solution. Based on this,
Ca(NO3), is considered to be the most suitable equilibration
solution for experimental work determining partitioning and
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lability of Ag in soils. To overcome low concentrations
of """™Ag activity in strongly sorbing soils when using
Ca(NOs),, the amount of initial spiked ''°™Ag can be increased
from 12 to 24 kBq per sample.

Effect of Ca concentration in the equilibration
solution on silver partitioning in soils

To examine the effect of Ca®" concentration on the partitioning
of Ag, two soils were chosen; Bordeaux having acidic pH, low
clay content and low concentrations of DOC in water suspen-
sions and Charleston, having a similar pH but higher con-
centrations of clay and DOC (Table 1). When Kg-values were
determined in the soils using equilibration solutions with
Ca(NOs), concentrations of 0, 5, 10, 20 and 50 mM, there was
contrasting behaviour between the two soils (Fig. 4). In the
Bordeaux soil, Ag adsorption was reduced with increasing Ca
concentrations (Fig. 4a) concurrent with a decrease in pH of the
suspensions from 5.3 to 4.4 because of increasing Ca concen-
tration. In contrast, in the Charleston soil, partitioning to the
solid phase increased dramatically with a small increase in
Ca(NO3), concentration (5 mM), and then slowly declined fol-
lowing a similar trend to that observed in the Bordeaux soil
(Fig. 4b). We interpret these trends as an interaction between
three factors. First, increasing Ca>" concentrations may com-
pete with Ag" for weaker sorption sites on the soil. Second,
increasing ionic strength of the equilibration solution decreases
suspension pH which may decrease Ag™ sorption. These two
processes explain the observed reductions in Ky-values for Ag
noted in the Bordeaux soil with increasing concentrations
of Ca(NOs), and in the Charleston soil at concentrations of
Ca(NO3;), greater than SmM. Third, increasing Ca’t may
flocculate organic and mineral colloids in H,O suspensions and
hence affect Ag sorption as outlined previously. This last effect
was strongly apparent in the Charleston soil where a small
(5mM) increase in concentration of Ca(NOs), significantly
increased Ag™ sorption compared to H,O suspensions (0 mM),
concomitant with reductions in concentrations of DOC from 65
to 20mg L™". The effect was not observed in the Bordeaux soil
because of its low DOC concentration.

These results further confirm that use of H,O suspensions
to determine Ag" partitioning may lead to erroneously low
Kg4-values in soils with higher DOC concentrations. We
therefore recommend that a Ca(NOj3), solution be used as a
background electrolyte for determinations of Ag™ partitioning
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and lability in soils. A 10 mM solution is recommended as this
provides a Ca>" concentration and ionic strength similar to that
in the soil solution of most aerobic temperate region soils!****]
but lower concentrations of Ca(NO3), (e.g. 5 mM) could be used
in highly weathered soils.[*®)

Effect of colloids in the equilibration
solution on silver lability in soils

As outlined above, the use of Ca(NOs), as the equilibration
solution will reduce the error in E-values introduced by non-
labile Ag in colloidal forms in soil suspensions, but may not
remove completely the need for a resin clean-up. Possible errors
in determination of £-values of elements in soils can occur when
soil suspensions have significant concentrations of mineral or
organic colloids (defined as size <0.22- or <0.45-pum diameter,
depending on filtration used) containing non-labile elements.
A fundamental assumption of the ID method requires that the
determined solution concentration (S) is fully isotopically
exchangeable. These errors are likely to be more prevalent at
lower concentrations of Ag in soils, where low solution con-
centrations of Ag occur because of strong solid phase adsorption
and solution measurements of Ag can be easily affected by small
amounts of non-labile Ag in suspension.

We examined this possibility by spiking two soils
(Charleston and Millicent) with a range of Ag concentrations
(10, 50 and 100 mgkg ') and then determined labile Ag using
10 mM Ca(NOs), as an equilibration solution. To determine if
Ag in non-labile colloids in soil solutions could lead to errone-
ous estimates of the labile Ag fraction in soils, we compared
E-values determined with and without a cation exchange resin
clean-up step (E; and E-value respectively). The results showed
that at the two lowest Ag concentrations (10 and 50 mgkg™") in
both soils, the E,-values were significantly lower when com-
pared to the E-values (Fig. 5). At the highest rate of 100 mg kg '
the E,-value was only significantly lower in the Charleston soil
(Fig. 5a), whereas in the Millicent soil there was no difference
(Fig. 5b). These results indicate the potential for errors in
determination of labile Ag in soils as a result of the presence
of'non-labile colloidal Ag in suspensions. The lack of difference
between the E and E;-value in the Millicent soil is likely
attributable to the higher concentrations of Ag in suspension
being less affected by small concentrations of non-labile Ag.
This effect was confirmed by spiking soils with higher rates of
soluble Ag and determine E and E,-values —no differences were
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Fig. 5. Lability (£) and the possible presence of non-exchangeable Ag in soil solutions (£;)-values (mean + standard
deviation of five replicates) measured in 10mM Ca(NOs), for (a) Charleston spiked to 12, 55 and 105mgkg™'
and (b) Millicent spiked to 10, 48 and 110mgkg~'. Probabilities between £ and E, that are significant at P =< 0.05 are

marked with an asterisk (¥).

Table 3. Range of lability of added Ag in soils expressed as as a
percentage of total Ag in soil (E,%) values

Soil Total Ag added E%

(mgkg ™) (%)
Charleston 12 59
Charleston 55 61
Charleston 105 71
Millicent 10 15
Millicent 48 27
Millicent 110 47
Tepko 93 67
Minnipa 84 64
Mount Compass 80 44
Mean 51
s.d. 19

observed at high Ag concentrations in soil (data not shown).
Based on these results, we recommend the use of the resin clean-
up step for the determination of labile Ag in soils of varying Ag
concentration, even when 10mM Ca(NO;), is used as the
background electrolyte. Using 10 mM Ca(NOs), and the resin
clean-up step we calculate a detection limit (dependent on
the concentration of Ag" in solution) for labile Ag (E,) of
0.92mgkg™".

Partitioning and lability of silver in soils

Using the optimised ID method E,-values were determined in
several soils used throughout this study (Charleston, Millicent,
Tepko, Minnipa and Mount Compass). The change in lability of
added soluble metals usually requires consideration of the
lability of background metals in the soil, but in all the soils used
in this study the background concentrations of Ag were negli-
gible. Hence the lability of added Ag" was calculated as a
percentage of total Ag in soil as follows:

E,
E:% d

= ——— x 100
Total Ag X

4)

Values of E,% varied from 15 to 71 % depending on soil
type and spiking concentration (Table 3) but it is evident that
soluble Ag™ quickly partitioned to pools in soil not rapidly in
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equilibrium with Ag™ in soil solution. This has important
implications for studies of Ag™" ecotoxicity when soils are spiked
with soluble Ag salts, as significant amounts of the added Ag will
be transformed into non-labile forms over a short time period. It
is likely that additional reactions may take place in these soils
over time, further reducing the labile concentrations of Ag from
those reported in this study. These long-term aging reactions of
Ag in soil are the subject of a further study in our laboratory.

Finally, we used the optimised ID method to examine the
partitioning and lability of Ag in several European soils geo-
chemically enriched in Ag, sampled as part of the GEMAS

[47] . . .
program.”"'* These soils had total Ag concentrations varying
from 1 to 5mgkg~". The K4-values were high and varied from
250 to over 4000 Lkg '. This was consistent with the high
Kg4-values that were observed for Ag throughout the optimisa-
tion experiments conducted as part of this study. These results
are in agreement with earlier studies on Ag retention in soils
which also found strong retention by the solid phase.*#8-°1
Compared to other metals, Ag" which has a median K4 of
1400 Lkg ' (calculated from this study) appears to be retained
with a similar strength as Zn or As in soils.!!”?

We could detect no labile Ag in the European GEMAS soils
(because total Ag™ in solution was below the limit of detection
of ICP-MS) indicating that most of the geogenic Ag was
occluded in crystal lattices or precipitated/reduced (e.g. as AgCl
or Ag”) and not in forms likely to be readily available to
terrestrial organisms. This outcome is expected as in the soils
spiked with soluble Ag™ (Table 1) in this study, the Ag™ was
rapidly converted into non-labile pools in these soils following a
short incubation period (2 weeks) (Table 3). These results
indicate that when Ag is present in soils a high proportion is
likely to be non-bioavailable; however, this will be influenced
by soil and organism properties. This outcome will be useful
in gaining an overall understanding of the potential risks
associated with Ag in the terrestrial environment.

Conclusions

We present a method for determining the partitioning and
lability (E,-value) of Ag in soils using an ID method with a
10m Ao tracer equilibrated in soil suspensions for 72 h. The use
of'a 10 mM Ca(NOs), electrolyte solution is recommended as it
provides a Ca®>" concentration and ionic strength similar to that
in the soil solution of most aerobic temperate region soils and



reduces errors in £-value determinations by suppressing colloid
mobilisation (potentially containing non-labile Ag). We rec-
ommend a resin clean-up step for the determination of labile Ag
in soils of varying Ag concentration to correct for possible
interference in determinations from non-exchangeable Ag in
soil solutions.

This ID method should prove useful to examine the long-
term fate of Ag-containing materials added to soils, either from
the perspective of examining the transformation of soluble Ag
salts into non-labile forms, or for examining the dissolution of
sparingly soluble Ag compounds into labile forms (e.g. AgNPs).
We found partitioning of Ag™ to the solid phase was strongest
for soils with high CEC or TOC and pH. The presence of CI™
in the equilibration solution or in the soil increased partition-
ing to the solid phase, likely because of precipitation of AgCI(s)
and highlights the implications for Ag lability in saline soils. The
E-values expressed as a percentage of the total Ag concentra-
tion in soils also demonstrated that not all Ag added to the soils
remained in the labile pool — significant aging of Ag occurred in
a relatively short period of time (2 weeks). Further studies will
focus on exploring aging mechanisms because Ag" is known to
form strong complexes with reduced sulfur functional groups on
organic matter or in solution which may cause precipitation of
Ag,S and reduction to Ag’, and the role of environmental
conditions (e.g. salinity and wet—drying cycles) on the partition-
ing and lability of Ag in soils.
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