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Abstract
Background: Knowledge about silver nanoparticles in soils is limited even if soils are a critical pathway for their
environmental fate. In this paper, speciation results have been acquired using a silver ion selective electrode in
three different soils.
Results: Soil organic matter and pH were the most important soil properties controlling the occurrence of silver
ions in soils. In acidic soils, more free silver ions are available while in the presence of organic matter, ions were
tightly bound in complexes. The evolution of the chemical speciation of the silver nanoparticles in soils was
followed over six months.
Conclusion: During the first few hours, there appeared to be a strong sorption of the silver with soil ligands,
whereas over time, silver ions were released, the final concentration being approximately 10 times higher than at
the beginning. Ag release was associated with either the oxidation of the nanoparticles or a dissociation of
adsorbed silver from the soil surfaces.
Keywords: Chemical speciation, Complexation, Environmental fate, Ion selective electrode, Nanoparticles,
Nanosilver, Contaminated soils

Introduction
The field of nanotechnology has expanded rapidly in the
last few years. As of March 2011, there were 1317 products
or product lines containing nanomaterials [1]. Given its
antimicrobial properties, nanosilver (nAg) is one of the
nanomaterials found in the largest number of products [2]
including consumer goods such as textiles, soaps and medical products [3,4]. In the environment, the main sources
of nAg are expected to be from industrial wastes and
consumer products. They are thought to enter the environment through sewage treatment plants, waste incineration
plants and landfill [5-7]. Indeed, land application of sewage
sludge as well as soil and water contamination from landfills are believed to be the most important contamination
pathways for nAg. Nonetheless, most literature studies have
examined the fate of nAg in water [8-10]. Much less attention has been given to soils, despite the importance of this
pathway. Due to its small size, high reactivity and
ill-defined dissolution properties, it is currently difficult to
determine the environmental risks of nAg.
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In natural waters, nAg has been shown to be toxic to
several aquatic organisms [4,11,12]. In soils, toxicity tests
have been performed with earthworms, however, the
results appear to depend largely on the soil type. For
example, for earthworms in a sandy loam soil [13-15], a
small amount of nAg bioaccumulation in addition to
reproductive toxicity and decreased growth were observed. For the soil nematode, Caenorhabditis elegans,
reproduction was decreased by the addition of nAg [16].
Nonetheless, more controlled studies are required to
evaluate the risks of nAg under conditions that are
typical of natural soils. Specifically, given their ability to
oxidize under environmentally-relevant conditions [14,17],
it is not clear whether the nAg, Ag+ or Ag complexes are
the most bioavailable species. Both Ag+ ions [18] and some
of their complexes are known to affect bioavailability [19]
or be toxic. Speciation studies are thus required in order to
evaluate the risk of the nAg, and to distinguish it from that
of the released free Ag and silver complexes. Some of the
dissolved complexes of silver observed in soils include
Ag2S, AgI, AgBr, AgCl, AgNO3, Ag2SO4 as well as dissolved
organic matter [20].
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In soils, free Ag+ is expected to preferentially bind to
thiol groups and natural organic matter (NOM) [21].
Indeed, biologically-available silver is estimated to be less
than 5% of the total dissolved silver because of the
strong binding capacities of the humic and fulvic acids
[22]. Furthermore, much of the Ag(I) in soils will be
bound to colloidal particles in the size range between 10
and 200 nm or adsorbed to the soils [23]. For example,
Cornelis et al. found a median partition coefficient (Kd)
of 1791 L kg-1 for dissolved Ag, implying that most of
the Ag was highly retained by the soil [17].
Very few data are available on the partitioning of nAg
in soils or on the determination of the speciation of Ag+
in soils following the amendment of nAg. It becomes
more difficult to extrapolate and understand the fate and
potential transformation of nAg added to soils. Specifically, no standard method exists that allows the unambiguous discrimination of silver ions from nAg in soils.
The analytical difficulties arise largely from the significant oxidation of nAg in addition to the strong binding
of free Ag+ by natural colloids in a similar size range
[23]. Furthermore, the speciation of free Ag+ and the
transformations of nAg can be influenced by pH, ionic
strength and the presence of dissolved ions and natural
organic matter [17]. Specialized techniques such as
ultracentrifugation and X-ray absorption spectroscopy
have been used to determine the speciation of silver in
soil extracts or soils [14,17,23]. Simpler techniques such
as the ion selective electrode (ISE) have been applied
successfully to other metals in soil solutions [24,25]. The
ISE has the ability to discriminate the free ion from its
complexes, thus distinguishing it from other techniques
that measure either dissolved silver or a proportion of
the labile/dynamic metal complexes.
The aim of this study was to evaluate the chemical
speciation free Ag+ and the sorption of silver nanoparticles in soils. The chemical speciation used focuses
on the use of an Ag+ ion selective electrode and when
combined with “total” solution measurements, can help
us to differentiate what fraction of the nanoparticles
would have dissolved and thus occur as free Ag+ ions
and what portion would remain as nanoparticulate Ag
or Ag associated with the colloids or soil solids. Both
free (Ag ISE) and <0.45 μm fraction (by ICP-MS) were
measured in three soils that were spiked with either nAg
or silver nitrate. The evolution of the chemical speciation

of free Ag+ was measured over time on one of the soils.
The results provide insights into both the analytical determinations of Ag+ and the fate of nAg in soils.

Materials and methods
Soil samples

Two agricultural soils were collected from the Macdonald
Campus Farm (Ste-Anne-de-Bellevue, QC, Canada) and
one forest soil (Laval, QC, Canada). The surface layer
(0–20 cm) was sampled and sieved to ≤2 mm. The physical
and chemical characteristics of the soils are given in Table 1.
Organic carbon was determined by dichromate redox titration method [26], cation exchange capacity (CEC) by BaCl2
method [27], pH using a soil paste H2O method [28] and
particle size by a hydrometer method [29].
Short-term exposures

The three soils were dried at 70°C overnight. In a 50-mL
centrifuge tube, 20 mL of either a solution of silver
nanoparticles (Vive Nano, now Vive Crop Protection) or
silver nitrate were added to 10 g of the soils to obtain
final nominal concentrations of 1, 5, 10, 25, 50, 100 mg
Ag kg-1 dry soil. Sodium nitrate was added to the solutions (final concentration of 0.1 M) to facilitate measurements with the ISE. Solutions were shaken for 24 h on a
reciprocal shaker in order to allow the system to
approach equilibrium. The supernatant was isolated by
centrifuging the samples for 10 min at 4500 g.
Long-term exposures

Agricultural soil 2 was also exposed to silver nanoparticles for up to 200 days. In that case, the soil was
dried at 70°C overnight prior to the addition of nAg or
silver nitrate in order to obtain final nominal concentrations of 1, 5, 10, 25, 50, 100 mg Ag kg-1 (55 mL of silver
solutions at 3,6; 18,2; 36,4; 90,9; 182; 364 mg L-1).
Samples were shaken manually for 5 minutes. Two hundred grams of soil of each treatment were put in a pot
covered with a geotextile membrane in order to prevent
dust deposition while allowing air and water exchange.
The soil was maintained in the laboratory and sampled
at different times. The only water added thorough the
exposure was the water of the silver solution. At intervals, 10 g aliquots were extracted with 20 mL of 0.1 M
NaNO3. The tubes were shaken vigorously for 20 min
and then centrifuged at 4500 g for 10 min. The analytical

Table 1 Physical and chemical characteristics of the soils (averages are given with standard deviations of duplicate
measurements)
Soils

pH

Sand (%)

Silt (%)

Clay (%)

Organic carbon (%)

Conductivity (μS/cm)

Ionic Strength (mM)

CEC (cmol/kg)

Agricultural 1

7.48

71.5

19.5

9

2.9±0.1

96±2

1.25

13.1±0.5

Agricultural 2

6.65

88

10

2

1.5±0.1

61±6

0.79

8.9±0.9

Forest

4.50

80

17

3

3.1±0.1

88.3±0.6

1.15

3.5±0.1
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data for the smaller spiked concentrations (1 to 10 mg
Ag kg-1) were not consistent and only the higher
concentrations are reported (25 to 100 mg Ag kg-1) see
Additional file 1: Figure S1.
ISE measurements

The pH and the free Ag+ were measured in the supernatants without prior filtration. Soil solution pH was
measured with a calomel electrode (Accumet) and the
free Ag+ was measured with a combined silver ISE
(Orion 9616BNWP). The Ag ISE was calibrated daily
with concentration of silver nitrate that varied between
1×10-7 M and 1×10-3 M. Measurements were made in
order of increasing concentrations in order to avoid
memory effects. Between samples, the electrode was
rinsed with 10% v/v HNO3 and Milli-Q water (R>18 MΩ
cm. total organic carbon<2 μg C L-1) and gently blotted
with laboratory tissues.
Chemical speciation calculations for the calibration
using buffers were made using the “Visual MINTEQ”
software (Gustafsson, 2010) and the default constants
for complexation with halogens (Cl, Br, I). For the calculation, 9,18×10-6 M of Ag+ was mixed with 0,1M NaCl
or KBr while 9,26×10-7 M of Ag+ was mixed with 0,01
NaI. The stability and reproductibility of the free Ag+ ion
selective electrode was evaluated.
Characterization of the nAg

The nAg are stabilized by sodium polyacrylate (Ag content is 31% w/w) and were purchased from Vive Crop
Protection (formerly Vive Nano, Toronto, Canada). Particle size distribution, as determined by transmission
electron microscopy and fluorescence correlation spectroscopy, were between 1–10 nm [30].
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Quality control

Three replicates were measured for the short-term exposures and duplicate samples were analysed for the longterm exposures. Quality controls were performed in
order to ensure the accuracy of the results. A sandy
loam certified reference soil (CRM027-050), a nonspiked soil and a nitric acid control were analysed with
each batch of samples. A certified reference material
(NIST1640a) was analysed to verify the validity of the
GF-AAS and ICP-MS analyses, measurements were
within 15% of certified value (8.08 ± 0.05 μg L-1 for a
sample reported to contain 8.4±0.5 μg/L).

Results and discussion
The calibration of the ISE is shown in Figure 1. The limit
of detection was 1X10-7 M when measurements were
performed in Milli-Q water with added sodium nitrate
(blue diamonds). However, following the addition of
ligands for the Ag (Cl, Br, I), it was possible to calibrate
the electrode down to 1×10-14 M Ag+ with an excellent
linearity (R2=0.998) and a nearly theoretical Nernstian plot
(slope=62 mV M-1 vs. 59 mV M-1).
The effect of changing ionic strength from 0.01 M,
0.05 M and 0.1 M NaNO3 had a minimal impact on the
electrode response (calibration varying form 55×+525.0
to 56.2 × + 526.3 and 56.6 × + 526.1 – see Additional
file 2: Figure S2).
The response of the ion selective electrode to free Ag+
has been surprisingly stable over 22 calibrations curves
spawning 4 months of use (see Additional file 3: Figure S3).
The retention and chemical speciation of silver in the
3 soils are shown in Figures 2, 3 and 4. For treatments

400
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Chemical analysis

200
Potential (mV)

Following centrifugation of the soils, the supernatants
were filtered with a 0.45 μm cellulose acetate filter membrane (Whatman). The concentration of Ag in the <0.45
μm fraction was determined by adding 2 mL of concentrated HNO3 to 2 mL of the supernatant and then
digesting the sample for 48 hours at 98°C. This fraction
is presumed to represent the sum of colloidal and
dissolved Ag but could include also free Ag+ which is
bound to colloids. The total silver content of the soil
was determined by digesting 1 g of dry soil overnight
(90°C) in 10 mL of concentrated nitric acid (Trace metal
grade). The acid digests were filtered with a Q5 filter
(Fisherbrand) and diluted to 50 mL. Acidified solutions
were diluted appropriately for the analysis of Ag by
either graphite furnace atomic absorption spectrometry
(GFAAS; Varian) or by inductively coupled plasma mass
spectrometry (ICP-MS; NexION 300×, Perkin Elmer).
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Figure 1 ISE calibration curve for the measured potential of the
Ag ISE as a function of the log[Ag+] activity. (Blue diamonds):
solutions of AgNO3 in 0.1 M NaNO3. (Red triangles): solutions of
AgNO3 in 0.1 M NaNO3, except (1) 0.1M NaCl, (2) 0.1 M KBr, (3) 0.01
M NaI. The electrode response yielded a Nernstians response:
Potential =61.6[Ag+]+490, R2=0.998.
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Figure 2 Measurements of Ag+ and total solution Ag (presumed dissolved) following the addition of either nAg and AgNO3 in
Agricultural soil 1. The blue diamonds represent free Ag+ for the AgNO3 treatment, the red squares are for the <0.45 μm fraction in the AgNO3
treatment, the green triangles are for free Ag+ for the nAg treatment and the purple X are for the <0.45 μm fraction in the nAg treatment.

of either Ag nitrate or nAg, 3 measurements were
performed: (i) total Ag measured in the soil (x axis), (ii)
<0.45 μm fraction, which presumably refelects the sum
of dissolved and colloidal Ag and (iii) free Ag+ in solution. Generally speaking, the data do not necessarily
behave as expected from standard Freundlich-type
sorption. The AgNO3 treatments generated higher Ag
concentrations in the <0.45 μm solution fraction than
did an equivalent treatment of nAg (i.e. spiking to similar total soil Ag levels). Furthermore, less free Ag+ in
solution was observed in Agricultural soil 1 as compared
to the other two soils. We attribute this result to the

relatively high pH of this soil (pH 7.48) and the fact that
it contains twice the concentration of organic matter
with respect to Agricultural soil 2 and a higher clay
content. At higher pH values, free Ag+ is expected to be
increasingly sorbed onto the mineral surfaces of the soil,
since at higher pH, there is a higher CEC and thus more
negatively charged surface sites [22]. Also, free Ag+
binds tightly to organic matter, which could explain why
we see less free Ag+ in this soil with respect to the other
soils. Silver has a strong affinity for the nitrogen and the
sulphur groups that can be found in natural organic
matter [31,32].
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Figure 3 Measurements of Ag+ and total solution Ag (presumed dissolved) following the addition of either nAg and AgNO3 in
Agricultural soil 2. The blue diamonds represent free Ag+ for the AgNO3 treatment, the red squares are for the <0.45 μm fraction in the AgNO3
treatment, the green triangles are for free Ag+ for the nAg treatment and the purple X are for the <0.45 μm fraction in the nAg treatment.
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Figure 4 Measurements of Ag+ and total solution Ag (presumed dissolved) following the addition of either nAg and AgNO3 in the
Forest Soil. The blue diamonds represent free Ag+ for the AgNO3 treatment, the red squares are for the <0.45 μm fraction in the AgNO3
treatment, the green triangles are for free Ag+ for the nAg treatment and the purple X are for the <0.45 μm fraction in the nAg treatment.

In contrast, in Agricultural soil 2 (Figure 4), there are
only slight, potentially insignificant, differences between
the concentrations of Ag in the <0.45 μm fraction
observed following equivalent treatments of AgNO3 and
nAg. These data suggest that the nAg was nearly completely dissolved. An alternative hypothesis presuming
that the Ag+ and nAg were adsorbed in a similar manner
to the soil is unlikely since it assumes that the nAg
would not significantly oxidize. The major difference
between the two soils was their pH (7.48 in soil 1 vs.
6.65 in soil 2) and their organic matter content (2.9%C
in soil 1 vs. 1.5%C in soil 2). The higher pH and higher
organic matter content in soil 1 could help stabilize the
nAg [15], since lower pH favors the oxidation of the
nAg [9]. In both soils, their circumneutral pH favours both
the adsorption of the free Ag+ and its complexation to
dissolved organic matter in solution, thus explaining why
there was a significant difference between the <0.45 μm
fraction and free Ag+ in solution.
For the addition of Ag to the acidic (pH 4.5) forest soil,
the four curves were nearly superimposed, suggesting that
most of the nAg was dissolved and non-complexed. In this
case, the acidic soil solution likely both promoted the
oxidation of the nAg and minimized free Ag+ sorption
onto the soil solids (Figure 4). The lower pH is also partly
responsible for the low CEC observed in Table 1. In the
Forest soil, most of the silver in solution appeared to
occur as free Ag+, consistent with a lower affinity of
cations for the soil surfaces under acidic conditions [21].
The properties of the soils played an important role in
the speciation of the nAg. For example, Shoults-Wilson
et al. found that that the oxidation rate of nAg depended
on the soil type [14]. In their case, sandier and acidic
soils like the Forest soil showed a greater toxicity, with

ions being more available for biological uptake. In
contrast, for Agricultural soil 1, significant bioavailability
of Ag would not be expected due to the strong binding
of Ag by organic matter.
For the long-term exposures, the addition of 25–100 mg
Ag kg-1 dry soil, as either AgNO3 or nAg, resulted in similar concentrations of free Ag+ in solution after circa a
month of equilibration (Figure 5 and Additional file 1:
Figure S1). We can speculate that the Ag was rapidly
bound to the available ligands in the soil solution or onto
soil surfaces during the first hours of exposure. Subsequently, as the system equilibrates, Ag dissociation from
the soils may have resulted in higher free Ag+. For
example, Courtris et al. demonstrated that uncoated NPs
were a constant source of bioavailable Ag [23]. For the
same time series, a reverse trend was observed for the Ag
concentrations in the <0.45 μm fraction: adding 25 mg Ag
kg-1 as nAg initially generated a much higher concentration of dissolved Ag than adding an equivalent amount of
AgNO3 (see Figure 5a). In this case, the nAg are coated
with sodium polyacrylate and it is possible that over time,
the coatings are destabilized and the Ag oxidized, thus
releasing free Ag+ which was then able to sorb onto the
soils.
For the addition of a higher concentration of total soil
Ag (50 mg kg-1 dry soil), a different behaviour was observed (Figure 5b). In this case, the addition of such large
quantities of Ag probably exceeded the sorption capacity of
the soil and may have generated higher free Ag+ in solution
when compared to the addition of an equivalent concentration of nAg. Figure 5b also illustrated that with respect to
the concentration of Ag in the <0.45 μm fraction, when the
sorption capacity of the system was saturated, it made no
difference as to whether AgNO3 or nAg was added.
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Figure 5 Time evolution of silver fractionation. Speciation measurements of Ag+ and total solution Ag (presumed dissolved) following the
addition of either nAg and AgNO3 for a long-term exposure of Ag in agricultural soil 2 (a) 25 mg Ag/kg dry soil (b) 50 mg Ag /kg dry soil. The
blue diamonds represent free Ag+ for the AgNO3 treatment, the red squares are for the <0.45 μm fraction in the AgNO3 treatment, the green
triangles are for free Ag+ for the nAg treatment and the purple X are for the <0.45 μm fraction in the nAg treatment.

The patterns observed in Figure 5 and Additional
file 1: Figure S1 for AgNO3 and nAg were similar. The
concentration of Ag in the <0.45 μm fraction was higher
than free Ag+ during the first hours of exposure but the
concentrations were similar after 6 months. After 6
months, the concentration of Ag remaining in the <0.45
μm fraction seemed to correspond mostly to free Ag+.
Also, the concentration of Ag in the <0.45 μm fraction
for the nAg treatment was higher than that observed for
the AgNO3 treatment, especially for the soil having
received 25 mg kg-1 (Figure 5a). This could probably be
explained by a slower dynamics of the nanoparticles in
the soil as compared to AgNO3 [23].

Conclusion
This study provides a method to differentiate free silver
ions from silver in the <0.45 μm fraction in soil solution
and helps us understand how nAg reacts in soils. It indicated that nAg is likely to dissolve under normal soil
conditions and that the coating of nanoparticulate Ag
and the physicochemical properties of the soils are likely
very important when determining the integrity, retention
and mobility of silver nanoparticles. The roles of organic
matter and pH are likely key factors controlling the transformation of nAg amendments to soils. More studies need
to be performed on more types of soils in order to fully
understand the chemical speciation and fate of nAg.
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Additional files
Additional file 1: Figure S1. Long-term exposure of Ag in agricultural
soil 2 spiked at 100 Ag mg kg-1 dry soil.
Additional file 2: Figure S2. Calibration of the silver specific electrode
depending on the ionic strengh (a) 0,01 M NaNO3 (b) 0,05 M NaNO3 (c)
0,1 M NaNO3.
Additional file 3: Figure S3. Response of the silver ionic electrode over
4 months of use.

Competing interests
The authors declare they have no competing interests.
Authors’ contributions
RB has realized most of the laboratory manipulations and data treatment.
The experimental setup was designed by all co-authors (RB, KW & SS) and RB
has written the initial version of the manuscript which KW and SS have
further commented and reviewed. All authors have read and approved the
final manuscript.
Acknowledgments
This research was made possible through financial support from the Fonds
Québécois de Nature et Technologies du Québec and from the Natural
Sciences and Engineering Research Council of Canada.
Received: 15 February 2013 Accepted: 16 April 2013
Published: 25 April 2013
References
1. The Project on Emerging Nanotechnologies: The Project on Emerging
Nanotechnologies. http://www.nanotechproject.org/inventories/consumer/
analysis_draft/, consulted August 28,2012.
2. Abbey DE, Petersen F, Mills PK, Beeson WL: Long-term ambient
concentrations of total suspended particulates, ozone, and sulfur dioxide
and respiratory symptoms in a nonsmoking population. Arch Environ
Health 1993, 48(1):33–46.
3. Wijnhoven SWP, Peijnenburg W, Herberts CA, Hagens WI, Oomen AG,
Heugens EHW, Roszek B, Bisschops J, Gosens I, Van de Meent D, et al:
Nano-silver - a review of available data and knowledge gaps in human
and environmental risk assessment. Nanotoxicology 2009, 3(2):109–U178.
4. Farre M, Gajda-Schrantz K, Kantiani L, Barcelo D: Ecotoxicity and analysis of
nanomaterials in the aquatic environment. Anal Bioanal Chem 2009,
393(1):81–95.
5. Mueller NC, Nowack B: Exposure modeling of engineered nanoparticles in
the environment. Environ Sci Technol 2008, 42(12):4447–4453.
6. Bernhardt ES, Colman BP, Hochella MF, Cardinale BJ, Nisbet RM, Richardson
CJ, Yin LY: An ecological perspective on nanomaterial impacts in the
environment. J Environ Qual 2010, 39(6):1954–1965.
7. Benn T, Cavanagh B, Hristovski K, Posner JD, Westerhoff P: The release of
nanosilver from consumer products used in the home. J Environ Qual
2010, 39(6):1875–1882.
8. Benn TM, Westerhoff P: Nanoparticle silver released into water from
commercially available sock fabrics. Environ Sci Technol 2008,
42(11):4133–4139.
9. Liu JY, Hurt RH: Ion release kinetics and particle persistence in aqueous
nano-silver colloids. Environ Sci Technol 2010, 44(6):2169–2175.
10. Geranio L, Heuberger M, Nowack B: The behavior of silver nanotextiles
during washing. Environ Sci Technol 2009, 43(21):8113–8118.
11. Kennedy AJ, Hull MS, Bednar AJ, Goss JD, Gunter JC, Bouldin JL, Vikesland PJ,
Steevens JA: Fractionating nanosilver: importance for determining toxicity
to aquatic test organisms. Environ Sci Technol 2010, 44(24):9571–9577.
12. Navarro E, Piccapietra F, Wagner B, Marconi F, Kaegi R, Odzak N, Sigg L,
Behra R: Toxicity of silver nanoparticles to chlamydomonas reinhardtii.
Environ Sci Technol 2008, 42(23):8959–8964.
13. Coutris C, Hertel-Aas T, Lapied E, Joner EJ, Oughton DH: Bioavailability of
cobalt and silver nanoparticles to the earthworm Eisenia fetida.
Nanotoxicology 2012, 6(2):186–195.

Page 7 of 7

14. Shoults-Wilson WA, Reinsch BC, Tsyusko OV, Bertsch PM, Lowry GV, Unrine
JM: Role of particle size and soil type in toxicity of silver nanoparticles to
earthworms. Soil Sci Soc Amer J 2011, 75(2):365–377.
15. Tourinho PS, van Gestel CAM, Lofts S, Svendsen C, Soares AMVM, Loureiro S:
Metal-based nanoparticles in soil: fate, behavior, and effects on soil
invertebrates. Environ Toxicol Chem 2012, 31(8):1679–1692.
16. J-y R, Sim SJ, Yi J, Park k, Chung k, Ryu D-y, Choi J: Ecotoxicity of silver
nanoparticles on the soil nematode caenorhabditis elegans using
functional ecotoxicogenomics. Environ Sci Technol 2009, 43(10):3933–3940.
17. Cornelis G, Doolette C, Thomas M, McLaughlin MJ, Kirby JK, Beak DG,
Chittleborough D: Retention and dissolution of engineered silver
nanoparticles in natural soils. Soil Sci Soc Amer J 2012, 76(3):891–902.
18. Ratte HT: Bioaccumulation and toxicity of silver compounds: a review.
Environ Toxicol Chem 1999, 18(1):89–108.
19. Fortin C, Campbell PGC: Thiosulfate enhances silver uptake by a green
alga: role of anion transporters in metal uptake. Environ Sci Technol 2001,
35(11):2214–2218.
20. Lindsay WL: Chemical equilibria in soils. New York: John Wiley and Sons; 1979.
21. VandeVoort AR, Arai Y, Sparks DL: Environmental chemistry of silver in
soils:current and historic persective. In Advances in Agronomy, Volume 114.
San Diego: Elsevier Academic Press Inc; 2012:59–90.
22. Jacobson AR, McBride MB, Baveye P, Steenhuis TS: Environmental factors
determining the trace-level sorption of silver and thallium to soils.
Sci Total Environ 2005, 345(1–3):191–205.
23. Coutris C, Joner EJ, Oughton DH: Aging and soil organic matter content
affect the fate of silver nanoparticles in soil. Sci Total Environ 2012,
420:327–333.
24. Rachou J, Gagnon C, Sauvé S: Use of an ion-selective electrode for free
copper measurements in low salinity and low ionic strength matrices.
Environ Chem 2007, 4(2):90–97.
25. Sauvé S, McBride MB, Hendershot WH: Ion-selective electrode
measurements of copper(II) activity in contaminated soils. Arch Environ
Contam Toxicol 1995, 29(3):373–379.
26. Tiessen H, Moir JO: Total and organic carbon. In Soil sampling and methods
analysis. United States of America: Lewis Publishers; 1993:187–191.
27. Hendershot WH, Lalande H, Duquette M: Ion exchange and exchangeable
cations. In Soil sampling and methods analysis. Secondth edition. United
States of America: Taylor & Francis Group; 2008:197–206.
28. Hendershot WH, Lalande H, Duquette M, Hendershot WH, Lalande H,
Duquette M: Soil reaction and exchangeable acidity. In Soil sampling and
methods analysis. Secondth edition. United States of America: Taylor &
Francis Group; 2008:173–178.
29. Kroetsch D, Wang C: Particle size distribution. In Soil Sampling and
methods analysis. Edited by Gregorich MRCaEG. United States of America:
Taylor & Francis Group; 2008:713–725.
30. Peulen T-O, Wilkinson KJ: Diffusion of Nanoparticles in a Biofilm.
Environ Sci Technol 2011, 45(8):3367–3373.
31. Sikora FJ, Stevenson FJ: Silver complexation by humic substancesConditional stability-Constants and nature of reactive sites.
Geoderma 1988, 42(3–4):353–363.
32. Jones KC, Davies BE, Peterson PJ: Silver in welsh soils-physical and
chemical distribution studies. Geoderma 1986, 37(2):157–174.
doi:10.1186/1752-153X-7-75
Cite this article as: Benoit et al.: Partitioning of silver and chemical
speciation of free Ag in soils amended with nanoparticles. Chemistry
Central Journal 2013 7:75.

